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ABSTRACT

Mitochondria are important organelles in most eukaryotic organisms as they
supply the majority of the ATP needed for cellular functions. Although mitochondria
contain their own DNA, the vast majority of mitochondrial proteins are encoded in the
nucleus. Thus, when mitochondria experience stress they signal the nucleus to alter
gene expression and provide a response to the stress. In Neurospora crassa, one
model for studying mitochondrial signaling is the induction of alternative oxidase
(AOX). This enzyme is a mitochondrial protein encoded by the nuclear aod-1 gene
and serves as an alternative terminal oxidase in the electron transport chain. Under
normal growth conditions, AOX is not expressed. However, induction of the AOX
occurs when cells are grown in the presence of drugs that decrease the function of the
standard electron transport chain or when they carry mutations affecting the standard
electron transport chain. The induction of AOX requires the function of two
Zn(I)Cys6 transcription factors named AOD2 and AODS. In this study, I
demonstrated that both AOD2 and AODS localize to the nucleus regardless of whether
or not cells are grown under conditions that induce AOX. AOD2 and AODS5 were also
shown to exist as a heterodimer in vivo.

The orthologues of AOD2 and AODS in other fungi have been shown to
regulate the expression of genes required for gluconeogenesis. Here, I have shown
that the growth of N. crassa on poor carbon sources was severely impaired in the
absence of AOD2 or AODS. Moreover, the expression of the gene encoding
phosphoenolpyruvate carboxylase (PEPCK), which is required for gluconeogenesis,
was greatly reduced in the absence of AOD2. However, no AOX was detected in cells

grown in poor carbon sources, suggesting that the action of AOD2 and AODS in



regulating gluconeogenesis and AOX is complex and might occur via response to
different signals.

To investigate whether AOD2 and AODS5 are involved in other cellular
functions, I performed chromatin immunoprecipitations followed by next generation
sequencing (ChIP-seq) to investigate the global binding of AOD2 and AODS in cells
grown in the presence and absence of chloramphenicol, a drug that inhibits
mitochondrial protein synthesis and, thus, indirectly affects the function of the
standard electron transport chain. I focused on the 65 ChIP-seq peaks that exhibited
more than four-fold enrichment from strains expressing tagged versions of AOD2 and
AODS that could be immunoprecipitated with commercial antibodies as compared to
a wild-type control strain with no tagged proteins. ChIP-seq was done following
growth in both AOX inducing and non-inducing conditions. I found that the 5’ regions
of aod-1 and PEPCK are constitutively bound by AOD2 and AODS. Furthermore,
AOD2 and AODS also bind to the 5’ regions of many other genes. Most of the
binding sites for the 65 peaks contain at least one AOX induction motif, which was
previously shown to bind AOD2 and AODS using in vitro assays. Several of the genes
associated with the 65 peaks were validated as requiring AOD2 and AODS5 for normal
expression using RT-qPCR. This study suggests that not only do AOD2 and AODS5
regulate the AOX induction pathway and gluconeogenic pathway, but they also appear
to play larger roles in energy homeostasis and reprogramming of metabolism under

oxidative stress.
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1 Introduction
1.1 Mitochondrial structure

The mitochondrion is a well-known organelle that is harbored in eukaryotic
cells. It is the power-house of the cell that produces adenosine triphosphate (ATP) via
oxidative phosphorylation (OXPHOS). It is a double membraned structure that is
composed of the mitochondrial outer membrane (MOM), the mitochondrial inner
membrane (MIM), the mitochondrial intermembrane space (IMS), and the
mitochondrial matrix (Fig. 1.1). The enzyme complexes involved in OXPHOS locate
to the MIM. Although the MOM and MIM are distinct structures, interactions
between them occur at sites of contact between these two membranes (Reichert &
Neupert 2002). The MIM can be subdivided into three functionally distinct domains:
the inner boundary membrane (IBM), which runs parallel to the MOM; the cristae
membrane, which protrudes into the mitochondrial matrix; and a special structure that
connects the latter two domains called the crista junction (Kuhlbrandt 2015; Vogel et
al. 2006) (Fig. 1.1). Four separate studies revealed that the contact sites between the
MOM and MIM are formed by a complex that is located mainly at crista junctions
and is required to maintain cristae structure (Alkhaja et al. 2012; Harner et al. 2011;
Hoppins et al. 2011; von der Malsburg et al. 2011). The complex contains six proteins
in yeast. The complex also appears to play a role in mitochondrial protein import and
lipid trafficking (van der Laan et al. 2012; Zerbes et al. 2012). Recently, the naming
of this complex and its proteins was standardized to the “mitochondrial contact site

and cristae organizing system” (MICOS) (Fig. 1.1) for the complex; and Mic10,



Figure 1.1. Basic structure of a mitochondrion. A mitochondrion has a double
membrane-bound structure composed of the MOM and the MIM, as well as two inner
compartments, the IMS and the matrix. The inward folding of the MIM forms
compartments named cristaec. As shown in the zoomed-in window, the MIM can be
further subdivided into the IBM and the cristae membrane. The opening of crista, at
the point where the IBM and the cristac membrane meet, is called the crista junction.
The cristae structure is maintained by MICOS, which also has interactions with the
MOM. The MOM interacts with the endoplasmic reticulum (ER) via the ER

mitochondrial encounter structure (ERMES) complex.
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Mic12, Mic19, Mic26, Mic27, Mic60 for the proteins (Pfanner et al. 2014).

1.2 Mitochondrial dynamics

Mitochondria cannot be produced via de novo synthesis but have to emerge
from an existing mitochondrion. This requires fission from an existing mitochondrion
to give rise to two new mitochondria. In fact, not only do mitochondria perform
fission during their biogenesis, but they are dynamic and undergo fission and fusion
constantly under normal conditions. Mitochondria can maintain stable tubular
structures and are often organized in a connected network in many types of cells.
Environmental and metabolic conditions can influence the level of fission or fusion
that occurs (Mishra & Chan 2016; Wai & Langer 2016). These behaviors are
beneficial because they allow cells to remove aged and damaged mitochondria and
replenish the mitochondria pool with healthy ones (Chan 2012; Labbe et al. 2014).
These processes are mainly mediated by dynamin-related GTPases (DRPs).
Mitochondrial fusion involves MFNI1 (mitofusin 1) and MFN2 in mammals, or Fzolp
(fuzzy onions 1) in yeast, which are responsible for merging the MOMs of separate
mitochondria. The OPA1 (optic atrophy 1) protein in mammals, or the Mgmlp
(mitochondrial genome maintenance 1) protein in yeast, are required for the fusion of
MIMs (Chan 2012; Labbe et al. 2014). On the other hand, DRP1 (dynamin-related
protein 1) in mammals, Dnm1p (dynamin 1) in yeast, mediate mitochondrial fission.

Non-DRP proteins also participate in mitochondrial fusion/fission processes.

In mammals, DRP1 also interacts with MFF (mitochondrial fission factor), MID49



(mitochondrial dynamics proteins of 49 kDa), and MID51 to mediate mitochondrial
division (Gandre-Babbe & van der Bliek 2008; Palmer et al. 2011). In yeast, the
non-DRP proteins Ugolp (ugo means fusion in Japanese) (Sesaki & Jensen 2001) and
Mdm30p (mitochondrial distribution and morphology 30) participate in MOM fusion
(Anton et al. 2011; Cohen et al. 2011), while Fislp (fission 1) (Mozdy et al. 2000)
and Mdvlp (Tieu & Nunnari 2000) are components of the mitochondrial division
machinery.

Interestingly, the sites where mitochondria divide in yeast were found to be
wrapped by the endoplasmic reticulum (ER), before recruitment of the fission protein
Dnmlp (Friedman et al. 2011), indicating that the ER marks mitochondrial division
sites. The structure that tethers the ER and mitochondria is termed the
ER-mitochondrial encounter structure (ERMES) (Kornmann et al. 2009) (Fig. 1.1). It
consists of Mmmlp (maintenance of mitochondrial morphology 1), MdmlOp
(mitochondrial distribution and morphology 10), Mdm12p, Mdm34p (Kornmann et al.
2009), and Gemlp (Kornmann et al. 2011). The ERMES has also been linked to a
wide variety of mitochondrial structures and functions (Kornmann & Walter 2010;
Lang et al. 2015; Michel & Kornmann 2012). However, ERMES is absent in animals

(Wideman et al. 2013).

1.3 Mitochondrial DNA
Mitochondria harbor their own DNA in the matrix. In humans, the

approximate 16,500 bp mitochondrial DNA (mtDNA) encodes 13 proteins, 2



ribosomal RNAs and 22 transfer RNAs (Anderson et al. 1981). Even though
mitochondria are involved in a great many cellular functions, the 13 mtDNA-encoded
proteins of humans are only found in components of the OXPHOS system including
cytochrome b of Complex III, seven subunits of Complex I, three subunits of
Complex 1V, and two subunits of Complex V. The size and coding capacity of mtDNA
varies considerably among different organisms (Gray 2015). The Jakobid protists such
as Reclinomonas americana and Andalucia godoyi have the largest number of total
genes in their mtDNA (97 and 100, respectively), and 67 and 72, respectively, are
protein coding (Burger ef al. 2013). In Neurospora crassa, the mitochondrial genome
encodes 14 protein subunits involved in the OXPHOS system (Davis 2000). Given
that there are over 1000 mitochondrial proteins in mammals (Calvo & Mootha 2010;
Gregersen et al. 2012), it is obvious that the vast majority is encoded by the nuclear

genome, translated in the cytosol, and imported into mitochondria.

1.4 Origin of the mitochondrion

The idea of endosymbiosis was first proposed in 1905 by a Russian scientist
named Constantin Sergeevich Merezhkowsky who suggested that plastids arose from
cyanobacteria (as reviewed in Sapp et al. 2002). The hypothesis was revived in 1970
by Lynn Margulis and extended to mitochondria (Margulis 1970). It is now accepted
that the contemporary mitochondrion shares a common ancestor with a-proteobacteria.
This point of view was first developed from phylogentic analysis of ribosomal RNA

sequences (Cedergren et al. 1988; Gray et al. 1984). As genome sequences from



different prokaryotes became available, more and more phylogenetic constructions
supported the a-proteobacterial ancestry of mitochondria (Esser et al. 2004), with the
mitochondrial group placing close to the Rickettsiales (Brindefalk et al. 2011;
Fitzpatrick et al. 2006; Georgiades et al. 2011; Thrash et al. 2011; Wang & Wu 2015;
Williams et al. 2007).

The host that engulfed the endosymbiont ancestor of mitochondria has been
long debated. Recent data appear to favor the eocyte hypothesis (Lake ef al. 1984)
which states that there are only two domains of life, Bacteria and Archaea, with
eukaryotes originating within the Archaea group. It has been shown that the Archaea
in the TACK superphylum (Thaumarchaeota, Aigarchaeota, Crenarchaeota, and
Korarchaeota) encode various proteins related to eukaryotic signature proteins (such
as those involved in the cytoskeleton system) and therefore represent the closest
relatives of the original host that engulfed the mitochondrial ancestor (Archibald 2015;
Williams & Embley 2015; Williams ef al. 2013). The most promising of these is the
recently discovered Lokiarcheota (Embley & Williams 2015; Koonin 2015; Spang et
al. 2015) which harbors the most eukaryotic signature proteins that have been found

thus far in an Archaea species (Koonin 2015; Saw ef al. 2015).

1.5 Mitochondrial protein import
The mitochondrial genome only encodes a small proportion of mitochondrial
proteins while the vast majority is encoded by the nuclear genome (Calvo & Mootha

2010; Schmidt et al. 2010). Thus, mitochondria are equipped with a protein



translocation system to import proteins that are encoded in the nucleus and produced
on cytosolic ribosomes. This system consists of a series of translocases and
chaperones in mitochondria that direct and escort precursor proteins (preproteins) to
their target subcompartments. Many mitochondrial proteins contain an N-terminal
presequence of 15 to 50 amino acids containing an alpha helix with a net positive
charge on one face and hydrophobic residues on the other. These features target the
protein to the mitochondrial matrix or the MIM (Schulz et al. 2015). The presequence
normally forms an amphipathic a-helix. Once the presequence is imported to the
matrix, the presequence is proteolytically removed by peptidases (Mossmann ef al.
2012; Teixeira & Glaser 2013). Other mitochondrial proteins contain non-cleavable
targeting signals that reside in internal positions of the proteins (Chacinska et al.
2009). These targeting signals are not removed upon import.

Most mitochondrial preproteins interact with the translocase of the outer
membrane (TOM) complex where they are translocated across the MOM (Becker et
al. 2012; Dudek et al. 2013; Wenz et al. 2015b). Tom40 is the major component of the
actual import pore of the TOM complex. Tom40 has a B-barrel structure (Gessmann et
al. 2011; Lackey et al. 2014; Mager et al. 2011; Zeth 2010). Recent data shows that
Tom40 forms a trimeric complex with Tom22 (3xTom40-3xTom?22), another
component of the TOM complex, and other small Tom proteins, during preprotein
translocation through the TOM complex (Shiota ef al. 2015).

The MOM also harbors another type of protein import machinery called the

SAM (sorting and assembly machinery) complex. This complex serves as an insertase



for assembling precursors of [-barrel proteins into the MOM. Once [-barrel
precursors have been translocated across the MOM via the TOM complex into the
IMS, they are chaperoned by the small Tim (translocase of the inner membrane)
proteins (Klein ef al. 2012; Kutik et al. 2008) to the SAM complex. Thus, insertion of
these proteins into the MOM occurs from the IMS side. Recent findings suggest that
the TOM and SAM complexes form a supercomplex via interactions between Tom22
and Sam37 (Qiu et al. 2013; Wenz et al. 2015a; Wenz et al. 2014), which are subunits
of the TOM and SAM complexes, respectively. The supercomplex promotes the
assembly of B-barrel proteins. Mic60, a component of the MICOS complex, also
interacts with the TOM and SAM complexes to facilitate the import of B-barrel
proteins (Horvath ef al. 2015; Wenz ef al. 2015b). A third complex in the MOM is the
MIM complex. This complex is involved in insertion of MOM proteins with single or
multiple transmembrane helices from the cytosolic side of the membrane (Becker et al.
2008; Becker et al. 2011; Papic et al. 2011).

Many proteins targeted to the IMS contain an internal IMS-targeting signal
that features either a twin Cys-X3-Cys or a twin Cys-Xo-Cys motif (Milenkovic et al.
2009; Sideris et al. 2009). These proteins are imported via the MIA (mitochondrial
IMS import and assembly machinery) system (Chacinska et al. 2004). The Mia40
protein of the MIA system forms transient disulfide bonds with the reduced precursor
proteins, ultimately oxidizing them to assist their folding. The sulfhydryl oxidase
Ervl then reoxidizes Mia40 to enable a new cycle of reduced precursor protein

oxidation (Hell 2008; Riemer et al. 2011). Mic60 also plays a role in the MIA system



by mediating the interaction between Tom40 and Mia40 to promote the import of IMS
precursor proteins (von der Malsburg ef al. 2011). Not only does Mia40 support IMS
protein import, but it has also been shown to promote the import of Atp23, a protease
that is targeted to the MIM (Weckbecker et al. 2012), and Mrp10, a component of the
mitochondrial ribosome that is targeted to the mitochondrial matrix (Longen et al.
2014), in Saccharomyces cerevisiae.

After translocation through the MOM via the TOM complex, precursor
proteins with presequences are transported through the MIM via the TIM23
(translocase of the inner membrane 23) complex (Mokranjac & Neupert 2010; Schulz
et al. 2015; Wenz et al. 2015b). The translocation requires the membrane potential
across the MIM (Malhotra et al. 2013; Martinez-Caballero et al. 2007). Another
driving force is provided by the PAM (presequence translocase-associated import
motor) complex, which includes the ATP-dependent mitochondrial Hsp70 (heat-shock
protein 70) (Wenz et al. 2015b). Precursor proteins that are targeted to the matrix are
recognized by the MPP (mitochondrial processing peptidase), which cleaves their
targeting signal presequence (Teixeira & Glaser 2013).

Some preproteins are released into the MIM laterally by the TIM23 complex
and therefore are not targeted to the matrix (Botelho et al. 2011; Popov-Celeketic ef al.
2011). These proteins contain a stop-transfer signal that resides C-terminal to
presequences (Schulz et al. 2015). Release into the MIM was recently shown to be
regulated by Mgr2 (mitochondria genome required 2) (leva et al. 2014), a small
subunit of the TIM23 complex. Some preproteins targeted to the MIM use a different
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import pathway. This involves transient translocation into the matrix by the TIM23
complex, and then insertion into the MIM from the matrix side by the OXA (oxidase
assembly translocase 1) machinery (Saller ef al. 2012). The OXA is also required for
integrating some of the mtDNA-encoded proteins into the MIM (Hennon et al. 2015;
Horvath et al. 2015; Neupert 2015).

Another large complex in the MIM is the TIM22 complex, which is
responsible for insertion of a large class of carrier proteins into the MIM. The
substrates of the TIM22 complex do not possess an N-terminal presequence but do
contain several hydrophobic transmembrane domains. After translocation through the
MOM via the TOM complex, the precursors of these proteins are guided by the small
Tims in the IMS to the TIM22 complex where they are inserted into the MIM with the
need of membrane potential (Becker ef al. 2012; Wenz et al. 2015b). Interestingly,
one of the subunits of the TIM22 complex, Sdh3 (Gebert et al. 2011), is also a subunit
of Complex II, suggesting a possible connection between respiration and protein

import.

1.6 Mitochondria and human diseases

Because mitochondria are involved in many important cell functions,
compromised mitochondria often associate with complex human diseases. Mutations
in mtDNA can directly affect subunits of the OXPHOS complexes, which lead to
disease phenotypes in humans. For instance, mtDNA mutations in genes that encode
subunits of Complex I can cause Leber’s hereditary optic neuropathy (LHON),
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mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS),
and Leigh syndrome (Ylikallio & Suomalainen 2012). Mutations affecting tRNA
genes encoded in mtDNA have been shown to give rise to diseases such as myoclonus
epilepsy and ragged red fibres (MERRF) and MELAS (Schon et al. 2012). A
large-scale deletion in mtDNA (more than 1 kbp) can cause one of the following
diseases: Pearson syndrome, Kearns-Sayre syndrome (KSS), or chronic progressive
external ophthalmoplegia (CPEO) (Pinto & Moraes 2014).

Some diseases are caused by mutations in nuclear genes that are involved in
mtDNA functions. Mutations affecting the nuclear encoded Pol y (mtDNA
polymerase) and TWINKLE (mtDNA helicase) significantly compromise mtDNA
replication and associate with several diseases including Alpers syndrome,
mitochondrial recessive ataxia syndrome (MIRAS), Parkinsonism, and progressive
external ophthalmoplegia (PEO) (Copeland 2012, 2014; Sarzi et al. 2007; Stumpf &
Copeland 2011; Stumpf et al. 2013; Wanrooij & Falkenberg 2010). Since most
mitochondrial proteins are encoded by the nuclear genome, the integrity of the
respiratory complexes requires the coordination of expression and assembly of
subunits encoded by both mtDNA and nuclear DNA. Therefore, mutations in nuclear
genes of the complexes can lead to similar disease phenotypes as found for mtDNA
mutations. For instance, some mutations found in the nuclear gene NDUFS1, which
encodes a subunit of Complex I, caused Leigh syndrome (Zhu et al. 2009).

Apart from OXPHOS dysfunctions, there are also connections between
mitochondrial quality control and diseases. For instance, as mentioned above (section
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1.2), MFN2 and OPA1 are two key proteins involved in mitochondrial fusion, and
mutations affecting their functions cause Charcot Marie Tooth 2A syndrome and
dominant optic atrophy (Burte ef al. 2015; Chen et al. 2014a; Escobar-Henriques &
Anton 2013; Zorzano & Claret 2015). In addition to mitochondrial fusion,
dysfunction in PINK1 (PTEN-induced putative kinase 1)/parkin mediated mitophagy
have been implicated in familial early-onset Parkinson’s disease (Durcan & Fon 2015;
Kazlauskaite & Mugqit 2015; Pickrell & Youle 2015). In fact, mitochondrial
dysfunction has been associated with the pathogenesis of many human
neurodegenerative diseases including Alzheimer’s disease, Huntington’s disease, and
amyotrophic lateral sclerosis. The connections between these diseases and
mitochondria have been discussed recently (Cabezas-Opazo et al. 2015; Carri et al.
2015; Chaturvedi & Flint Beal 2013; Cozzolino et al. 2015).

The relationship between ageing and mitochondrial dysfunction in human
cells is also intriguing. This is because aged human cells often possess characteristics
such as accumulated somatic mtDNA mutations, reduced sETC (standard electron
transport chain, see section 1.7) activities, and elevated oxidative stress in
mitochondria (Payne & Chinnery 2015; Schon et al. 2012; Wang & Hekimi 2015). It
is conceivable that ageing is due to the accumulation of mtDNA mutations. This
hypothesis was tested in “mutator” mice, which contain homozygous nuclear
mutations that affect the proofreading function of the mtDNA polymerase (Kujoth et
al. 2005; Trifunovic et al. 2004). These mice accumulated more somatic mtDNA
mutations and had shortened life time. However, the mice did not exhibit elevated
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oxidative stress as expected for ageing phenotypes. Moreover, heterozygous mice
possessing the same mutations in the mtDNA polymerase had normal lifespan,
although the mutation frequency in the heterozygous mice was about 30 times higher
than that in the aged wild-type mice (Vermulst et al. 2007). These findings suggest
that accumulation of mtDNA mutations is not the only factor that accelerates ageing.
Although reduced sETC activities is one of the hallmarks of aged human
cells, mutations affecting some nuclear genes which encode components of individual
sETC complexes surprisingly extend Caenorhabditis elegans lifespan (Chang et al.
2015). Knocking down some nuclear genes involved in respiration by RNA
interference has also been shown to extend the lifespan in C. elegans (Dillin et al.
2002; Hamilton et al. 2005; Lee et al. 2003) and Drosophila melanogaster (Copeland
et al. 2009). The mechanism of how defects in components of the sETC prolong
lifespan is not known. One possibility is the activation of the mitochondrial unfolded
protein response (UPR™, see section 1.9.2). However, this suggestion seems unlikely
since a recent study, performed in C. elegans, showed that activation of the UPR™ did

not lead to lifespan extension (Bennett ef al. 2014).

1.7 The sETC, OXPHOS, and the tricarboxylic acid (TCA) cycle

The mitochondrial sETC, consists of four large enzyme complexes as well as
ubiquinone (coenzyme Q) and cytochrome c¢. The sETC and the ATP synthase
complex (Complex V) of mitochondria are important apparatuses that are involved in
ATP production (Fig. 1.2). They are predominantly located in the cristaec membrane
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Figure 1.2. Schematic of ETC and OXPHOS. Complex I and II oxidize NADH +
H" and FADH,, respectively, and transfer electrons (direction of flow is indicated
black arrows) to ubiquinone, reducing it to ubiquinol. Complex III removes electrons
from ubiquinol and relays them to cytochrome c. Finally, Complex IV removes
electrons from cytochrome ¢ and combines them with protons and molecular oxygen
to form water. Complexes I, III, and IV contribute to proton pumping (blue arrows)
which results in the formation of a proton gradient across the MIM. The number of
protons pumped by Complex I, III, and IV shown on the figure is based on transfer of
pairs of electrons. Complex V harnesses the gradient (orange arrow) to produce
bioenergy by converting ADP and phosphate to ATP. The Fi, Fo domains, central and
peripheral stalk of Complex V are indicated. These complexes are located in the MIM
and their orientations are shown relative to the mitochondrial matrix and the IMS. In
some organisms, under certain conditions, there is an alternative respiration pathway
where electrons from ubiquinol are extracted by the alternative oxidase (AOX)

(section 1.10). AOX also reduces oxygen to water but does not pump protons.
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(Vogel et al. 2006). Reduced nicotinamide adenine dinucleotide (NADH + HY) is
oxidized by Complex I (NADH:ubiquinone oxidoreductase) and the electrons are
passed to ubiquinone. This also results in the pumping of protons from the
mitochondrial matrix to the IMS. Complex II (succinate:ubiquinone oxidoreductase),
which contains an FAD (flavin adenine dinucleotide) prosthetic group, also
contributes to electron transport by oxidizing succinate to fumurate and reducing
ubiquinone to ubiquinol. However, it does not participate in proton pumping.
Ubiquinol is oxidized by Complex III (ubiquinol:cytochrome ¢ oxidoreductase) and
the electrons are passed to cytochrome c. This is coupled to proton translocation to the
IMS by Complex III. Electrons are then transferred from cytochrome ¢ to Complex IV
(cytochrome c¢ oxidase). Complex IV is the final complex in the sETC. It uses the
electrons to reduce oxygen to water and also transfers protons to the IMS from the

mitochondrial matrix (Sun et al. 2013).

1.7.1 Complexes L, IL, IIL, IV, and V

Complex I is the first and largest enzyme in the sETC. In Bos taurus,
Complex I from heart mitochondria is composed of 45 proteins (Carroll et al. 2006).
Most of these are accessory subunits and only 14 are core subunits. The latter are
conserved in both prokaryotes and eukaryotes and play significant roles in energy
transduction. The accessory subunits are thought to be involved in assembly of the
Complex and in protection from oxidative stress (Hirst 2011; Kmita & Zickermann
2013). The crystal structure of eukaryotic Complex I was recently determined from
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Yarrowia lipolytica (Zickermann et al. 2015). It was found to be an L-shaped enzyme
composed of a peripheral domain (hydrophilic) and a membrane domain
(hydrophobic). The peripheral domain extends to the mitochondrial matrix and
contains seven of the 14 core subunits. The peripheral domain also contains an FMN
(flavin mononucleotide) and eight iron-sulfur (Fe-S) clusters. The Fe-S cluster that is
closest to the MIM is named N2 and is the one that actually reduces ubiquinone
(Hunte et al. 2010). The membrane domain contains the remaining seven core
subunits. Unlike other core subunits in Complex I, these seven core subunits are
encoded by the mitochondrial genome (Hirst 2013). Three of the subunits, ND2
(NADH dehydrogenase 2), ND4, and NDS5, are structurally similar and belong to the
multiple resistance and pH adaptation (Mrp) Na'/H" antiporter family, making them
strong candidates for proton translocation (Moparthi et al. 2014; Moparthi et al. 2011).
Between the peripheral domain and the ND1 in the membrane domain, there is a
small chamber that is thought to be an entry path to the Fe-S cluster N2 (Hirst 2013;
Tocilescu et al. 2007). This chamber is suspected to be the binding site for the
hydrophobic ubiquinone headgroup.

Not only is Complex II a component of the sETC, but it is also an enzyme
involved in the TCA cycle where it catalyzes the conversion of succinate to fumarate.
The crystal structure of Complex II has been determined from Escherichia coli,
porcine heart, and chicken (Huang ef al. 2006; Sun et al. 2005; Yankovskaya et al.
2003). In eukaryotes, Complex II is composed of two hydrophilic subunits, a
flavoprotein and an iron-sulfur protein, both of which are located in the mitochondrial
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matrix; and two hydrophobic subunits that are embedded in the MIM. The
flavoprotein covalently binds an FAD whereas the iron-sulfur protein contains three
different iron-sulfur clusters. The hydrophilic subunits are both required to convert
succinate to fumarate and transfer electrons to ubiquinone, which is reduced within
the hydrophobic subunits. There are two ubiquinone binding sites in the hydrophobic
subunits of Complex II. One of them is close to the iron-sulfur clusters (and also close
to the mitochondrial matrix) and this is thought to be the primary site of ubiquinone
reduction (Sun et al. 2005). The second binding site is distal from the mitochondrial
matrix and the ubiquinone that binds to the site probably accepts electrons from a
b-type heme bound to the hydrophobic subunits.

Complex III transfers electrons from ubiquinol to cytochrome c. The crystal
structure from several organisms revealed that Complex III exists as a homodimer
(Berry et al. 2010; Esser et al. 2008; Gao ef al. 2002; Huang et al. 2005; Hunte et al.
2000; Iwata et al. 1998; Xia et al. 1997; Zhang et al. 1998). In bovine heart, each
Complex III monomer contains 11 subunits and two b-type hemes (br and bn), one
c-type heme (c;), and a Rieske Fe-S protein containing one 2Fe-2S cluster.
Interestingly, there are two quinone binding sites (Q, and Q;) in Complex III. Two
electrons from a ubiquinol entering the Q, site, which is close to the IMS, are
separated. One of them proceeds to the Rieske Fe-S cluster, heme ¢;, and ultimately
cytochrome ¢, while the other is handed over to heme b1 and by and then transferred
to a ubiquinone or semiubiquinone that is in the Q; site (Sarewicz & Osyczka 2015).
Meanwhile, protons are released to the IMS at the Q. site, but ubiquinone or
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semiubiquinone at the Q; site accepts protons from the mitochondrial matrix. However,
the four Q sites in the dimer are not isolated from each other. Rather, they are
proposed to constitute an H-shaped electron-transfer system (Swierczek et al. 2010),
in which an electron-transfer bridge between two heme bis in a dimer is postulated to
be able to transfer electrons from one monomer to the other. This was based on the
study of cytochrome b gene in Rhodobacter capsulatus. Two identical cytochrome b
genes were fused in the cells and hence mimicked a Complex III dimer. When one of
the four Q sites was removed from the modified cytochrome b gene, the reduction rate
of cytochrome ¢ was only slightly reduced when compared to the duplicated
cytochrome b without any Q sites removed (Swierczek et al. 2010). When one of the
two Q sites in a wild-type cytochrome b was removed, almost no reduction of
cytochrome ¢ was detected (Swierczek et al. 2010).

Crystal structures of Complex IV revealed that it is comprised of Cua, heme
a, and a binuclear complex which includes heme a3 and Cug (Iwata et al. 1995;
Ostermeier et al. 1997; Svensson-Ek et al. 2002; Tsukihara et al. 1996; Yoshikawa et
al. 1998). The Cua contains two copper atoms whereas the Cug contains one (Nelson
& Cox 2013). In bovine heart mitochondria, the crystallographic data revealed that
Complex IV had a dimeric structure and each monomer contained 13 subunits
(Tsukihara et al. 1996). Electrons from cytochrome c are passed to Cua, then to heme
a, and ultimately end up in the binuclear complex where water is produced.

The protons pumped into the IMS by Complex I, III, and IV generate a
proton electrochemical gradient across the MIM. The energy in the gradient is
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harvested by Complex V, an ATP synthase. Complex V has a catalytic F1 domain and
a membrane-bound motor Fo domain connected by a central and a peripheral stalk, as
shown by crystal structures (Fig. 1.2) (Abrahams et al. 1994; Dickson et al. 2006;
Gibbons et al. 2000; Rastogi & Girvin 1999; Stock et al. 1999). The function of these
domains was recently reviewed by Walker (2013). The Fo domain contains an
oligomeric ring named the c-ring. The number of subunits in the c-ring varies in
different species (Stock et al. 1999; Watt et al. 2010). Proton passage through the Fo
domain causes rotation of the c-ring. The Fi domain is composed of three a-subunits
and three B-subunits. The arrangement of alternate a-subunits and -subunits forms a
ring structure. These six subunits are organized around the central stalk which follows
the rotation of the c-ring and changes the conformation of B-subunits. Synthesis of
ATPs only occurs in B-subunits and a-subunits do not seem to be involved in the
catalytic process. One ATP molecule is synthesized in every 120° step of the rotation
of the central stalk following proton influx to the mitochondrial matrix (Yasuda et al.
2001). The possible role of the peripheral stalk, which connects on one side of the F;
and Fo domains, is thought to assist the F1 domain in resisting the rotational torque of

the rotor (Rees et al. 2009).

1.7.2 Respiratory supercomplexes

Complexes I, III, and IV of the sETC can be organized to form
supercomplexes in which two or three complexes associate with each other (Cruciat et
al. 2000; Schagger & Pfeiffer 2000). Based on the recently proposed plasticity model
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(Acin-Perez & Enriquez 2014), the single respiratory complexes can either diffuse
freely or assemble into supercomplexes, depending on the environment that the cell is
exposed to. This model appears to be becoming well accepted (Porras & Bai 2015).
Various supercomplexes have been identified with different make-up. These include
one Complex I with two Complex IlIs; one Complex I with two Complex IlIIs plus up
to four Complex IVs; and two Complex IIIs with up to two Complex IVs (Eubel et al.
2003; Heinemeyer et al. 2007; Schagger & Pfeiffer 2000; Vartak et al. 2013). It has
been proposed that the supercomplex I-1II; may serve as a platform for the formation
of the supercomplex I-III-IV,. In addition, Complex I in the supercomplex I-III; is
more stable than its freely diffusing form (Vartak ef al. 2013). In rare cases, Complex
I may also associate with supercomplexes. Conceivably, formation of
supercomplexes facilitates the channeling of electrons between complexes and
increases electron flux rate. Indeed, cryo electron microscopy experiments have
shown that the distance between the quinol binding sites in Complex I and III and the
cytochrome ¢ binding sites of Complex III and IV are very short (13 nm and 10 nm,
respectively) when the Complexes are in supercomplexes (Althoff et al. 2011;
Dudkina et al. 2011). In addition, the generation of reactive oxygen species (ROS, see
section 1.9.1) is also attenuated in supercomplexes (Ghelli ef al. 2013; Maranzana et
al. 2013). A recent study proposed that the assembly of various supercomplexes
depends on two ubiquinone/ubiquinol pools, one derived from NADH, and the other
from FADH> (Lapuente-Brun ef al. 2013). This proposal was based on the observation
of changes in the electron flux in response to different carbon substrates. However,
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this point of view was challenged by Blaza et al. (Blaza et al. 2014).

Although Complex V is not part of the supercomplexes, many studies show
that Complex V has a dimeric structure (Arnold et al. 1998; Brunner et al. 2002). The
function of the dimeric Complex V is largely unknown, but because the dimerized
form was found to cluster in the apex of cristac membranes (Strauss et al. 2008), it
was suggested that the dimeric Complex V shapes the cristae membranes by inducing

membrane curvature (Davies et al. 2012).

1.7.3 TCA cycle

In addition to producing ATP as an energy source for the cell via OXPHOS,
the mitochondrion is also a metabolic hub of the cell because it harbors the TCA cycle
(also known as the citric acid cycle or Krebs cycle). The role of the TCA cycle in
metabolism was recently reviewed by Akram (Akram 2014). Pyruvate, the end
product of glycolysis, enters the TCA cycle via conversion into acetyl-CoA, which is
then condensed with oxaloacetate to form citrate. At the completion of the cycle,
citrate is converted back to oxaloacetate and oxaloacetate reacts with acetyl-CoA to
begin the cycle again. The consumption of each acetyl-CoA in the cycle gives rise to 3
NADH, 1 FADH», and 1 GTP. NADH and FADH; are oxidized by the sETC to
generate ATP. In addition to feeding the ETC, some of the intermediates of the TCA

cycle are precursors for synthesizing amino acids and nucleic acids (Akram 2014).

1.8 Retrograde regulation
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The term “retrograde regulation” is used to describe the signaling events
from mitochondria to the nucleus. Signals generated from poorly functioning
mitochondria are conveyed to the nucleus resulting in altered expression of some
nuclear-encoded genes. The term was first proposed in 1993 when Liao et al. studied
the expression of two citrate synthases in p° petites (cells devoid of mtDNA) in S.
cerevisiae (Fig. 1.3). It was found that the expression of CIT2, which encodes a
peroxisomal citrate synthase, was greatly increased in p°cells (Liao & Butow 1993;
Liao et al. 1991). A genetic screen revealed that CIT2 expression in p° cells required
the function of at least three genes RTG1 (retrograde 1), RTG2, and RTG3 (Jia ef al.
1997; Liao & Butow 1993; Rothermel et al. 1997). Both RTG1 and RTG3 encode
basic helix-loop-helix leucine zipper transcription factors. They localize to the
cytoplasm in p" wild-type cells but are translocated to the nucleus when mitochondria
are dysfunctional, such as in p° cells. The translocation requires dephosphorylation of
Rtg3p and was shown to be dependent on Rtg2p (Sekito et al. 2000).

Further work, most notably genetic screens for mutants that could activate
the RTG response in the absence of Rtg2p, revealed that the system was more
complicated, involving several additional proteins (Fig. 1.3). For example, in cells
devoid of the Mkslp, the RTG response is constitutively on, and does not require
Rtg2p. Under normal conditions, dephosphorylation of Rtg3p is inhibited by Mkslp,
itself a phosphoprotein. When the RTG pathway is off, Mks1p is hyperphosphorylated
by unknown kinases and binds to the 14-3-3 proteins Bmhlp and Bmh2p. This
complex prevents dephosphorylation of Rtg3p by an unknown mechanism, and
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Figure 1.3. Schematic of the RTG pathway. The RTG pathway shown in the figure
applies to yeast cells grown using glucose as the carbon source. Left: In p* cells,
where mtDNA (indicated by red circles) is present in the mitochondrion (top left),
Mks1p is hyperphosphorylated (indicated by three yellow ovals) and is bound by the
14-3-3 proteins Bmhlp and Bmh2p. In this form Mkslp inhibits the
dephosphorylation of Rtg3p and prevents its translocation to the nucleus with Rtglp.
Lst8p, which is a component of the TORC complex, promotes the
hyperphosphorylation of Mkslp. Right: In p° cells where mtDNA is absent, the
defective mitochondrion (top right) sends signals to activate Rtg2p. Mkslp is
hypophosphorylated (indicated by a single yellow oval) by unknown mechanisms and
binds to Rtg2p. The formation of the Rtg2-Mkslp complex promotes the partial
dephosphorylation of Rtg3p and the translocation of both Rtglp and Rtg3p to the
nucleus. The Rtglp/Rtg3p complex binds to the promoter of the CIT2 gene and
activates its transcription. Since Mksl1p is hypophosphorylated, Bmhlp and Bmh2p
no longer bind to Mks1p. Some excess Mks1p which binds to neither Bmh1p-Bmh2p
nor Rtg2p is recognized by Grrlp, a subunit of the E3 ubiquitin ligase complex, and

processed for degradation (striped green rectangle).
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therefore inhibits Rtg3p nuclear translocation (Liu ef al. 2003; Liu et al. 2005). When
the RTG pathway is active, Mks1p is hypophosphorylated and dissociates from the
Bmhlp-Bmh2p complex. Instead, it forms a complex with Rtg2p, which inhibits
Mkslp and promotes the dephosphorylation of Rtg3p (Sekito et al 2002).
Furthermore, the stability of Mkslp is modulated by Grrlp, which is a subunit of the
SCFS! (Skp1-Cdc53/Cullin-F box protein) E3 ubiquitin ligase complex (Liu et al.
2005). It has been shown that the expression of CIT2, the usual indicator of a
functional RTG pathway, was increased in dominant GRR1 mutants (Grrlp is
hyperactive), which had a Artg2 and p" genetic background, as compared to wild-type
cells (Liu ef al. 2005). The effect is mediated by Mks1p degradation by hyperactive
Grrlp. Mkslp was also degraded in Artg2 cells expressing loss-of-function bmhl and
wild-type GRR1 (Liu ef al. 2005). Therefore, Grrlp facilitates the removal of Mks1p
that is not bound to a partner protein (either Rtg2p or the Bmh1p-Bmh2p complex).
Lst8p, a seven WD40-repeat protein, negatively regulates the RTG pathway,
as /st8 mutants restored CIT2 expression when RTG2 was deleted (Liu ef al. 2001). It
was also shown to be a component of TORC1 (target of rapamycin complex 1). Thus,
Lst8p links TOR pathways to the regulation of the RTG pathway (Giannattasio et al.
2005) (Fig. 1.3). The TOR pathway was found in yeast mutants that showed resistance
to rapamycin, an antifungal drug (Conrad et al. 2014; Loewith & Hall 2011). TOR
regulates cell growth in response to alteration of nutrients. Mks1p has been shown to
be one of the downstream targets of TOR (Dilova et al. 2004; Dilova et al. 2002), as
inhibition of TOR by rapamycin caused dephosphorylation of Mkslp. Thus, TOR
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indirectly affects the translocation of Rtgl/3p (Dilova et al. 2004; Komeili et al.
2000). In addition to the TOR pathway, RAS2 (resistance to audiogenic seizures 2, the
yeast homologue of the RAS proto-oncogene) also regulates the RTG pathway since
in ras2 mitochondrial petite cells the expression of CIT2 is dramatically reduced
(Kirchman et al. 1999).

Initial genetic screening showed that rtgl, rtg2 and rtg3 deletion mutants
were also glutamate auxotrophs in p” cells grown on glucose medium. Growth of
yeast cells on glucose does not require respiration and leads to glucose repression of
several genes encoding mitochondrial proteins (Jia ef al. 1997; Liao & Butow 1993),
However, rtg deletion mutants were no longer glutamate auxotrophs in p* cells grown
on medium that required respiration (Liu & Butow 1999). This is because under
conditions of respiratory chain activation Hap2-5p, a heteromeric transcriptional
complex that is involved in respiratory metabolism, takes control of the expression of
genes involved in the TCA cycle. However, in cells with very low respiratory activity,
these genes are controlled by the RTG system. Specifically, RTG genes are required
for the normal expression of CIT1, ACOIl (aconitase 1), IDHI1 (isocitrate
dehydrogenase 1), and IDH2 (Epstein ef al. 2001; Liu & Butow 1999). These TCA
cycle genes encode enzymes that lead to the production of a-ketoglutarate, which can
be converted to glutamate by glutamate synthase. Thus, RTG genes are required for
the expression of the above TCA cycle genes in p° cells (unable to respire) regardless
of the medium, and in p* cells on medium that does not require respiration and results
in glucose repression.
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The RTG pathway has also been shown to be involved in yeast chronological
lifespan (CLS, the length of time that yeast cells stay alive without cell divisions,
measured in the postdiauxic state of a yeast culture, see Longo et al. (2012) for
detailed definition) extension, as deletion of RTG genes reduced the CLS of yeast
cells (Barros et al. 2004; Hashim et al. 2014). Rtglp and Rtg3p have also been shown
to be required for cell survival in response to osmostress (Ruiz-Roig et al. 2012). In
this circumstance, the transcriptional activity and nuclear translocation of the Rtgl/3

complex is regulated by Hoglp (high osmolarity glycerol 1).

1.9 Mitochondrial signaling
1.9.1 ROS-dependent signal transduction

ROS include the superoxide anion (Oy’), hydrogen peroxide (H202), and the
hydroxyl radical (OH-). The mitochondrion is considered to be the main ROS
generation site in the cell since, as pairs of electrons flow down the respiratory chain,
there is a chance for one-electron reduction taking place. Instead of reducing oxygen
to water, the reaction produces superoxide anion radicals (Quinlan ef al. 2012). Under
normal conditions, superoxide is predominantly generated from Complex I. When
OXPHOS is inhibited, both Complexes I and III become the contributors to Oz
production (Quinlan ef al. 2012). Apart from the respiratory chain, superoxide can
also be produced at some other sites within mitochondria such as glycerol
3-phosphate dehydrogenase and 2-oxoglutarate dehydrogenase (see review Brand
(2010)). However, these sites are considered as generating less significant amount of

29



O than that from Complexes I and III (Holmstrom & Finkel 2014).

Frequently, the O generated from the ETC is converted to H>O» by
superoxide dismutases (SODs). SOD2 (MnSOD) is responsible for the dismutation of
Oy in the mitochondrial matrix (O2” + Mn(III)SOD — Mn(I[)SOD + O, Mn(I1)SOD
+ Oy + 2H" — Mn(IIHSOD + H»0,), whereas SOD1 (Cu/ZnSOD) eliminates Oy in
the cytoplasm or mitochondrial IMS (O; + Cu(I)ZnSOD — Cu(I)ZnSOD + O,
Cu(I)ZnSOD + Oy + 2H" — Cu(I)ZnSOD + H>0») (Fukai & Ushio-Fukai 2011). A
few ROS scavengers are able to reduce H2O> to water. They include glutathione
peroxidases (GPXs), peroxiredoxins (PRXs), and catalase (Reczek & Chandel 2015;
Sena & Chandel 2012; Shadel & Horvath 2015). H20O can further react with iron or
copper to produce OH- via the Fenton reaction (Winterbourn 2013).

Although ROS have generally been considered to be harmful products of
energy metabolism, much evidence has now implicated ROS in important cell
signaling roles (Finkel 2012; Sena & Chandel 2012). Among ROS, H>O: is the
primary candidate for being a signaling molecule because it is relatively stable and
able to diffuse through biological membranes (Cadenas & Davies 2000). In contrast,
O2" and OH- have limited diffusion due to their high reactivity, short half-life, and
charged nature (Cadenas 2004), though it should be noted that diffusion through the
MOM is possible via the voltage-dependent anion channel (VDAC) (Han et al. 2003).
The main physiological role of H>O: is to oxidize cysteine residues and to convert the
thiolate anion (S) to the sulfenic form (SO") (Cys-SH + H,0O2 — Cys-SOH + H>0). In
some cases, oxidation by H2O2 occurs at the catalytic site of a protein, such as the
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cysteine in tyrosine phosphatase (Boivin et al. 2010; Karisch ef al. 2011), and thus
can directly affect the function of the protein. Protein modifications by H>O> can often
be reversed. This requires the action of glutaredoxins (GRXs) and thioredoxins
(TRXs), which reduce the oxidized protein to its functional form (Schieber & Chandel
2014).

One well-studied example where H>O directly affects transcriptional
regulation is the KEAP1 (Kelch-like ECH-associated protein 1) -NRF2 (nuclear factor
erythroid 2-related factor 2) pathway. Under normal conditions, mammalian
transcription factor NRF2 is constantly targeted for proteasomal degradation due to
association with the KEAP1 and CUL3 (E3 ubiquitin ligase cullin 3) proteins
(Furukawa & Xiong 2005). Upon exposure to stressed environments such as the
presence of H202, reactive cysteines in KEAP1 are oxidized, leading to the disruption
of the KEAP1-CUL3 complex. NRF2 is released from the complex and translocates
to the nucleus, resulting in transcription of antioxidant genes such as TRX1, PRXI1,
and glutathione S-transferase (GST) (D'Autreaux & Toledano 2007; Holmstrom &

Finkel 2014; Richardson et al. 2015).

1.9.2 Unfolded protein response (UPR)

Mitochondria possess protein quality control systems to maintain protein
homeostasis. Molecular chaperones are capable of assisting the folding of
polypeptides that have translocated through the protein import machinery (Tatsuta
2009). Misfolded or unfolded proteins in the mitochondrial matrix are recognized by
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the ATP-dependent proteases ClpXP and Lon resulting in their degradation (Tatsuta
2009). These processes are part of the mitochondrial quality control (mQC) system.
However, when unfolded proteins accumulate in mitochondria due to stresses such as
mutations affecting SETC genes that lead to imbalance of protein homeostasis and
exceed the capacity of mQC systems, mitochondria will activate the mitochondrial
UPR (UPR™) signaling pathways to alter the expression of various nuclear genes
(Jovaisaite et al. 2014).

In C. elegans, UPR™ is initiated by CLPP-1 which is a protease located in
the mitochondrial matrix and cleaves unfolded proteins in stressed mitochondria
(Haynes et al. 2007) (Fig 1.4A). Inhibitors affecting the activity of CLPP-1 abolish
the UPR™. The cleaved peptides of unfolded proteins are exported to the
mitochondrial IMS via an ABC (ATP-binding cassette) transporter named HAF-1
(Haynes et al. 2010). How the peptides are exported to the cytosol is not known, but
may simply proceed by passive diffusion via VDAC in the MOM. These peptides may
be a signal for initiation of the UPR™. The efflux of peptides is thought to result in the
nuclear localization of ZC376.7 (Haynes et al. 2010). This protein was later shown to
be a leucine zipper transcription factor named ATFS-1 (activating transcription factor
associated with stress—1) (Nargund et al. 2012). ATFS-1 contains both an N-terminal
MTS and a NLS (nuclear localization sequence). Normally, ATFS-1 is preferentially
imported into mitochondria (probably because the protein is translated in the vicinity
of mitochondria) and degraded by the mitochondrial protease Lon. However, upon
UPR™ activation, import into mitochondria is partially impaired, possibly due to the
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Figure 1.4. UPR™ in C. elegans and mammalian cells. A. The ATFS-1 transcription
factor plays a central role in the UPR™ in C. elegans. Unfolded peptides (red twisted
threads) are fragmented by the CLPP-1 protease. The fragments (short red bars) are
exported to the IMS by HAF-1. The release of peptides into the cytoplasm,
presumably by passive diffusion via VDAC in the MOM, prevents ATFS-1 from
being imported into the mitochondria where ATFS-1 is degraded by the Lon
mitochondrial protease. Instead, ATFS-1 is translocated from the cytoplasm to the
nucleus. UBL-5 and DVE-1 are also imported to the nucleus under conditions of
mitochondrial stress. These three proteins coordinate to drive the expression of
mitochondrial chaperones. B. One possible pathway of the UPR™ in mammalian cells
is via the JNK signaling pathway. C-Jun is activated by JNK2 and binds to the AP1
element of both the CHOP and C/EBPJ promoters. These two proteins subsequently
bind to the CHOP site in the promoter region of the Cpn60, Cpnl0, ClpP, and mtDnalJ
genes and induce their expression. This figure was adapted from Jovaisaite et al.

(2014).
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efflux of cleaved peptides. ATFS-1 then translocates into the nucleus where it induces
the transcription of genes encoding mitochondrial chaperones such as DNJ-10 and
HSP-60 (Nargund ef al. 2012).

Two additional proteins, UBL-5 (ubiquitin-like protein 5) (Benedetti et al.
2006) and a homeodomain-containing transcription factor named DVE-1 (Haynes et
al. 2007), are also involved in UPR™ in C. elegans. They both localize to the nucleus
in response to mitochondrial stress and form a complex to regulate HSP-60
transcription (Benedetti et al. 2006; Haynes et al. 2007). It is not well understood how
the UBL-5/DVE-1 complex coordinates with ATFS-1, but because the mammalian
homologues of DVE-1 (SATBI1 and SATB2) are involved in chromatin remodeling
(Cai et al. 2003; Dobreva et al. 2003), it is conceivable that the binding of ATFS-1 to
DNA is facilitated by the UBL-5/DVE-1 complex (Jovaisaite ef al. 2014) (Fig. 1.4A).

In mammalian cells, expression of a truncated version of the mitochondrial
matrix protein OTC (ornithine transcarbamylase) that lacks the carbamyl
phosphate-binding domain, resulted in transcription of genes encoding molecular
chaperones Cpn60 and Cpn10 (homologues of HSP60 and HSP10), ClpP, and mtDnal,
due to activation of the UPR™ (Zhao et al. 2002) (Fig 1.4B). An element in the
upstream region of these genes that is recognized by the leucine zipper transcription
factor CHOP (C/EBP (CCAAT/enhancer-binding protein)-homologous protein), as
well as its binding partner C/EBPp, has been identified (Zhao et al. 2002). Moreover,
the CHOP element is also found in the promoters of mitochondrial proteases
YMEIL1 and MPPp, the mitochondrial import component Tim17A, a subunit of
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Complex I NDUFB2, endonuclease G, and TRX2 (Aldridge et al. 2007). These genes
were also shown to be upregulated in cells expressing truncated OTC (Aldridge et al.
2007). Two additional conserved elements, named mitochondrial unfolded protein
response element 1 (MURE1) and MURE?2, are also found on both sides of CHOP
element in those promoters (Fig. 1.4B) and they have also been shown to be required
for activation of the UPR™ (Aldridge ef al. 2007). Examination of both the CHOP and
C/EBPp promoters revealed a regulatory element called the AP-1 (activator protein-1)
binding site (Horibe & Hoogenraad 2007). This binding site is essential for the
CHOP-mediated UPR™ in cells expressing truncated OTC. The AP-1 site is occupied
by the phosphorylated transcription factor c-Jun and hence transcription is activated
(Weiss et al. 2003). Because c-Jun is activated by JNK (c-Jun N-terminal kinase) via
phosphorylation (Sabapathy 2012), it is conceivable that the UPR™ is mediated by the
JNK signaling pathway. In fact, it has been shown that inhibition of the
phosphorylation of JNK2, which activates the JNK signaling pathway, abolished the
activation of UPR™ induced by the truncated OTC (Horibe & Hoogenraad 2007). The
mechanism of how truncated OTC leads to the phosphorylation of JNK2 is yet to be
elucidated.

A complementary pathway to the ATFS-1 pathway was discovered recently
in C. elegans. When mitochondrial dysfunction occurs, the GCN-2 (general control
nonderepressible-2) protein inhibits protein translation by altering the phosphorylation
of elF2a (eukaryotic initiation factor 2a) (Baker ef al. 2012). A similar finding was
observed in mammalian systems where truncated OTC induced UPR™ in mouse
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intestinal epithelial cells is associated with phosphorylation of elF2a by PKR (double
stranded-RNA-activated protein kinase) (Rath ef al. 2012). The reason for this may be
to limit protein production to alleviate protein folding stress in mitochondria that
overwhelms mitochondrial chaperones. In addition to truncated OTC, Papa and
Germain (2011) found another UPR™ in breast adenocarcinoma MCF-7 cells which
was caused by overexpressing an endonuclease G mutant that lead to aggregates of
the protein in the IMS. This stress in the IMS induced phosphorylation of ERa
(estrogen receptor o) and hence activated it. Activation of ERa further induced
expression of NRF1 and subsequently increased the activity of the proteasome, which
alleviated the IMS stress (Papa & Germain 2011).

A general scheme outlining the process of mitochondrial signaling is shown

in Fig. 1.5.

1.10 AOX

AOX is a quinol terminal oxidase. It acts in an alternative, cyanide-resistant,
respiration pathway. AOX accepts electrons from the ubiquinol pool and converts
molecular oxygen to water via a four-electron reduction reaction. Thus, the reaction
bypasses the energy coupling sites of Complexes III and IV in the sETC
(Vanlerberghe & MclIntosh 1997) (Fig 1.1). AOX does not contribute to proton
pumping and the lost energy is dissipated as heat. AOX is sensitive to
salicylhydroxamic acid and n-propyl gallate (Schonbaum et al. 1971; Siedow &
Bickett 1981).
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Figure 1.5. Schematic of mitochondrial signaling. Mitochondria house the TCA
cycle (dashed circle) and the sETC (blue small rods) in most eukaryotic cells. They
contain their own DNA (mtDNA, red circles). When mitochondria are under stress
(represented by a red star), such as in the presence of inhibitors of the sETC,
mitochondria may produce signals that affect the expression of nuclear genes. This
may result in the production of proteins (yellow hexagon) that help alleviate the stress.
The signals may include, but are not restricted to: ROS, reduced NAD"/NADH ratio,
increased AMP/ATP ratio, or calcium ions. The signals are thought be directly or
indirectly transduced to the nucleus where they alter the expression of certain nuclear
genes, possibly via activation of transcription factors (green and purple rods).
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1.10.1 Taxonomic distribution of AOX

AOX is widely distributed in the Kingdom Plantae. It also occurs in many
fungi, some protists that lack plastids, and several primitive animals which are
represented in nine separate phyla (McDonald & Vanlerberghe 2004; McDonald &
Vanlerberghe 2006; McDonald et al. 2009; Neimanis et al. 2013). Examples of
animals possessing AOX include Meloidogyne hapla (root-knot nematode) and Ciona
intestinalis (sea squirt) (McDonald et al. 2009). However, no vertebrate has been
found to contain the enzyme, suggesting it was lost in that lineage.

AOX has also been identified in prokaryotes such as the soil bacterium
Novosphingobium aromaticivorans (Stenmark & Nordlund 2003). However, AOX is
restricted to a-proteobacteria and no other bacterial groups or Archaea have yet been
found to encode the protein (McDonald ef al. 2003; McDonald & Vanlerberghe 2005,
2006). This suggests that the ancient a-proteobacterium that was the ancestor of
modern mitochondria probably contained AOX-encoding gene(s) that were
subsequently lost in many eukaryotic species (Atteia et al. 2004; Finnegan et al.
2003).

Interestingly, a separate protein with high sequence similarity to AOX was
identified in Arabidopsis thaliana. This protein localizes to the thylakoid membrane
of plastids and is called plastid terminal oxidase (PTOX) (Carol et al. 1999; Wu et al.
1999). It branches from the normal electron transport pathway in plastids and reduces
O2 using electrons from plastoquinol. The protein is essential for chloroplast
biogenesis and carotenoid biogenesis (McDonald et al. 2011). Given that PTOX is
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also found in cyanobacteria, and the similarity between PTOX and AOX (McDonald
et al. 2003), it is conceivable that PTOX and AOX evolved from a common AOX
ancestor protein. The genes found in modern eukaryotic genomes probably arose via
endosymbiosis of cyanobacteria and a-proteobacteria, respectively (McDonald &

Vanlerberghe 2006).

1.10.2 AOX gene families

In eukaryotes, AOX is encoded by a nuclear gene and localizes to the matrix
side of the MIM. The first cloning of an AOX gene was in 1991 by Rhoads and
MclIntosh when screening a ¢cDNA library of Sauromatum guttatum (voodoo lily)
(Rhoads & MclIntosh 1991). Subsequently, AOX has been cloned from many plants
and other organisms.

Based on genomic sequences and expressed sequence tag data of AOX genes,
it has been shown that there are two AOX subfamilies (AOX1 and AOX2) in
angiosperms (Considine ef al. 2002). The AOX1 subfamiliy is widely found in both
monocots and eudicots whereas the AOX2 subfamily is limited to eudicots (Considine
et al. 2002). It was originally proposed that each subfamily had specific functions
since AOX1 was thought to be responsive to oxidative stress while AOX2 was
thought to be tissue specific and not stress responsive (Considine et al. 2002).
However, more recent findings suggest that there are some exceptions to this rule,
since the AOX2 in some plants is also induced by stress (Cavalcanti ef al. 2013; Costa
et al. 2010). Analysis of genomic sequence from A. thaliana revealed a third AOX
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subfamily (AOX3) which might be involved in response to chilling stress (Borecky et
al. 2006). A recent study reclassified the AOX1 and AOX2 subfamilies into four
phylogenetic clades (AOXla, b, c/le, AOX1d, AOX2a, b, ¢, and AOX2d) in
angiosperms (Costa et al. 2014). The AOX2d group includes the aforementioned
AOX3 group. They also found that some eudicots have only one of the two
subfamilies. The AOX1 and AOX2 subfamilies are also present in some
gymnosperms such as Coniferophyta (Frederico ef al. 2009; Neimanis et al. 2013).

Of the fungal species described in the literature, most contain only a single
AOX gene (Albury et al. 2009; Rogov et al. 2014). Exceptions include Candida
albicans (Huh & Kang 1999, 2001), and N. crassa (Tanton ef al. 2003), which were
found to have two AOX gene copies. However, a BLAST search of fungi in recent
fungal genomic databases reveals that many species have two or more genes (F.

Nargang, unpublished).

1.10.3 Structure of AOX

AOX belongs to the R2-type diiron carboxylate protein family, which
includes methanemonooxygenase, ribonucleotide reductase subunit R2, and the
stearoyl-ACP A’-desaturase (Berthold et al. 2000). To reduce oxygen to water, the
diiron center in the AOX protein is required, and ferrous iron is essential for the
formation of active AOX (Minagawa ef al. 1990). Based on the result of modeling,
alignments, and mutagenesis studies, a model was proposed for AOX as an interfacial
membrane protein with four glutamate and two histidine residues binding the two iron
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atoms of the diiron center within a bundle of four a-helices (Andersson & Nordlund
1999; Berthold et al. 2000).

Recently, many aspects of the model were confirmed by examination of the
crystal structure of a recombinant Trypanosoma brucei AOX (rTAO) expressed in E.
coli (Shiba et al. 2013) (Fig. 1.6). The result showed that the rTAO forms a
homodimer. In each monomer, there are six long a helices (a1-06) and four short
helices. The four-helical bundle proposed in the above model (Berthold et al. 2000)
was found to coordinate the diiron center of rTAO and involves helices 02, a3, a5,
and a6. Although the two histidine residues predicted to be involved in coordinating
the iron atoms do help form the active site, they do not appear to directly bind the iron
atoms because they are too distant from the diiron center. The N-terminus is thought
to be responsible for dimer formation, since it protrudes from one monomer into the
other. The crystallographic data, however, is contradictory to the previous findings
that suggested the T brucei AOX exists as a monomer (Chaudhuri et al. 2005). In
addition, it has been long thought that fungal AOX is monomeric since it has been
reported that Pichia stipites and N. crassa lack AOX dimers (Umbach & Siedow
2000). However, the crystallographic data also show that six amino acids located at
the interface between rTAO monomers are highly conserved, suggesting a universal
dimeric AOX structure (Moore et al. 2013; Shiba et al. 2013) .

The crystal structure of rTAO shows a hydrophobic surface containing al, o4
and part of 02 and a5 (Shiba ef al. 2013). These regions are thought to interact with
one leaflet of the MIM with al and 04 being buried in the leaflet. Besides the iron
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Figure 1.6. Structure of 7. brucei AOX (rTAO). The rTAO contains six long

a-helices and four short helices but only the six long a-helices are shown here. The
C-terminal loop following a helix is colored the same as the helix. The N-terminal
region of the protein, preceding the al helix, is in black. The N- and C- terminus of
the rTAO are indicated. Note that the rTAO is dimeric but only one monomer is
shown. The N-terminal part extends to the other monomer which is not shown here.
The a2, a3, a5, and a6 helices are associated with the diiron (purple circles). The
AOX is thought to attach to one leaflet of the MIM by the al and 04 helices, which
are buried in the MIM. The horizontal lines and squiggles represent the lipid bilayer
of the MIM. The figure was adapted from the crystal structure published in Shiba et al.

(2013).
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binding motif, the structure also suggests that tyrosine-122, which is the closest
tyrosine to the diiron center, is critical for the catalytic activity (reduction of oxygen
to water) of AOX, consistent with previous mutational studies (Albury et al. 2002;
Nakamura et al. 2005). Using protein tunnel visualization software called CAVER
(Chovancova et al. 2012), three channels that lead to the diiron center were predicted.
Two of them were thought to be possible ubiquinol-binding sites based on their size,

and the third one was thought to facilitate the transport of oxygen and water (Moore et

al. 2013).

1.10.4 Functions of AOX

Early studies linked cyanide-insensitive respiration with heat generation in
thermogenic plants such as Arum italicum and Sauromatum guttatum (Meeuse 1975),
even though AOX was not characterized at that time. In fact, thermogenesis is critical
in some plants that maintain a relatively high temperature in comparison to their
surroundings to facilitate volatilization of odors in flowers to attract pollinators (Zhu
et al. 2011). For example, in floral tissues of the sacred lotus (Nelumbo nucifera), the
temperature is 16 to 20 °C higher than the ambient environment during flowering.
This floral thermogenesis occurs via increased alternative respiratory activity (Watling
et al. 2006) and was shown to associate with elevated AOX protein (Grant et al.
2008).

However, there are many plants that are not thermogenic. Perhaps the most
important function of AOX in these species is to prevent the sETC from
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over-reduction and to reduce ROS production by the SETC (Feng et al. 2013; Rogov
et al. 2014; Vanlerberghe 2013). Over-reduction of all or part of the SETC can be
caused by inhibition of electron flow from the ubiquinol pool, excess input of
reducing equivalents such as NADH, and a high ATP/ADP ratio. For instance, it has
been observed that mitochondrial superoxide and nitric oxide (NO) levels were
increased in tobacco leaves when AOX was knocked down with RNA interference
(Cvetkovska et al. 2014; Cvetkovska & Vanlerberghe 2012). The generation of NO by
the sETC is likely due to reduction of nitrate by electron leaks from Complexes III
and IV (Gupta et al. 2011; Igamberdiev et al. 2014). The increase in levels of
superoxide and NO was also observed in wild-type tobacco cells treated with
antimycin A, but was greatly reduced in a transgenic line that overexpressed AOX
(Cvetkovska & Vanlerberghe 2013). Therefore, AOX functions to ensure the
continuation of electron flow and respiration. In addition, since respiration consumes
NADH mostly generated by the TCA cycle, AOX may help allow continuation of the
TCA cycle and carbon metabolism for growth and development by increasing
oxidation of NADH and replenishing NAD" as a substrate for the TCA cycle
(Millenaar 2003).

Rapid accumulation of ROS by inhibition of the respiratory chain can lead to
programmed cell death (PCD) in plants. Many studies have suggested an important
role of AOX in suppression of PCD, since cells lacking AOX become more sensitive
to PCD upon treatment with antimycin A, salicylic acid (SA), aluminum, and azide
than wild-type cells (Amirsadeghi et al. 2006; Li & Xing 2011; Robson &
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Vanlerberghe 2002; Vanlerberghe et al. 2002). In AOX mutant plant cells that do not
express functional AOX, signaling networks that induce antioxidant defense systems
such as MnSOD, GPXs, and catalase, are activated under stresses such as low
temperature, light, drought (Giraud et al. 2008; Watanabe et al. 2008), and under
normal conditions (Amirsadeghi et al. 2006). On the other hand, overexpressing AOX
in transgenic tobacco lines did not induce genes encoding antioxidant defense systems
in response to ozone exposure, whereas these genes were induced in wild-type cells
(Pasqualini et al. 2007), suggesting that AOX limits ROS production and thus
antioxidant defense systems are not activated. AOX also plays an indispensable role
in plants under biotic stress. For instance, it has been shown that transgenic tobacco
plants in which AOX is silenced exhibit higher H2Oz levels and faster cell death in
leaves than wild-type plants when infected by a bacterial pathogen (Zhang et al.
2012).

Interestingly, AOX can also be important to certain pathogens. In some
fungal pathogens such as Crypfococcus neoformans and Aspergillus fumigatus,
decrease in fungal AOX expression or inhibition of AOX activity by SHAM, greatly
reduces the viability of these pathogens in the host (Akhter et al. 2003; Magnani et al.
2008; Ruiz et al. 2011; Thomazella et al. 2012). The protective role of AOX in
pathogens is likely due to the ability of AOX to allow bypass of the inhibition of their
cytochrome respiratory pathway which occurs due to NO generated by the host
defense system (Hanqing et al. 2010). In African trypanosomes, which cause sleeping
sickness, AOX is used as the terminal oxidase (instead of Complex IV) to support
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respiration when the pathogen is in its bloodstream form (Chaudhuri et al. 2006).
Because AOX is not found in the mammalian hosts of trypanosomes, it provides a
potential target for therapy of the disease. Consequently, some inhibitors targeting
trypanosome AOX have been developed to effectively limit the growth of 7. brucei in

bloodstream cells (Saimoto et al. 2013).

1.10.5 Studies of AOX in animal models

Although most species in the animal kingdom have lost AOX during
evolution, the potential therapeutic benefit of introducing AOX to compensate for
mitochondrial dysfunction is being explored. In 2006, Hakkaart et al. successfully
expressed AOX from the ascidian Ciona intestinalis (sea squirt) in human embryonic
kidney HEK cells (Hakkaart et al. 2006). AOX localized to mitochondria and cells
expressing the enzyme displayed respiration that was resistant to cyanide. Since then,
AOX has been expressed in different types of COX-deficient human cells and was
found to restore their growth defects (Dassa et al. 2009a; Dassa et al. 2009b).
However, a recent study showed that the AOX-driven respiration did not function in
human cells grown in the presence of high glucose when the cells were treated with
antimycin A (Cannino et al. 2012). It was suggested that this might have been due to
activation of fermentation at high glucose when respiration was inhibited.

Drosophila has also been used as a model to study the role of AOX in
OXPHOS deficient cells. Expression of C. intestinalis AOX rescued the detrimental
phenotypes caused by addition of antimycin A to fly food or by knockdown of various
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subunits of Complex IV (Fernandez-Ayala et al. 2009; Kemppainen et al. 2014b). The
fly model was also used to study human diseases that are caused by mitochondrial
dysfunction (Chen et al. 2014b; Humphrey et al. 2012; Kemppainen et al. 2014a;
Vartiainen et al. 2014). For instance, downregulation of the catalytic subunit of
mtDNA polymerase in flies results in premature aging and progressive
neurodegeneration, but expressing C. intestinalis AOX in flies is able to reverse these
phenotypes (Humphrey et al. 2012). C. intestinalis AOX has also been expressed in
mice and found to confer cyanide-resistant respiration and limit ROS production
(El-Khoury et al. 2013). It is of note that the above studies emphasized that the
expression of AOX in flies, mice, and human cells appeared not to have deleterious

effects on the sSETC and OXPHOS functions.

1.10.6 Transcriptional control of AOX genes in plants

AOX is a good model to study mitochondrial retrograde regulation (MRR)
since it is encoded in the nuclear genome but localizes to the MIM. Also, in many
cases, it is produced in response to mitochondrial dysfunction (Rhoads & Subbaiah
2007), implying that a signal is generated that induces its expression. For instance, it
has been shown that inhibition of Complex III by antimycin A in the electron transport
chain leads to the increased expression of AOX genes in tobacco, soybean, and A.
thaliana (Djajanegara et al. 2002; Saisho et al. 1997; Vanlerberghe & Mclntosh 1994,
1996). In maize, there are three AOX paralogues and treatment with antimycin A
induces all three AOX genes. However, rotenone induces only the AOX2 gene and

47



cyanide induces only the AOX3 gene (Karpova et al. 2002). Inhibition of ATP
synthesis with oligomycin also leads to AOX induction in A. thaliana (Saisho et al.
2001). In addition to OXPHOS malfunctions, increased levels of citrate (either by
supplementation of citrate to the medium or by inhibiting aconitase, the enzyme that
converts citrate to isocitrate in the TCA cycle) also induce AOX genes in tobacco
(Vanlerberghe & Mclntosh 1996) and Poa annua (Millenaar et al. 2002). Interestingly,
since treatment with antimycin A does not cause citrate accumulation (Vanlerberghe
& MclIntosh 1996), it seems likely that signaling via citrate or antimycin A occur by
separate pathways.

Exogenous H>O; treatment has been shown to induce AOX genes in A.
thaliana (Clifton et al. 2005; Ho et al. 2008; Vanlerberghe & McIntosh 1996), maize
(Polidoros et al. 2005), and rice (Feng et al. 2010). ROS may serve as signaling
molecules in inducing AOX genes since addition of intracellular ROS scavengers
weakened the induction by ROS (Feng et al. 2010; Maxwell et al. 2002). Other
molecules found to induce AOX genes in plants include NO, SA, jasmonic acid (JA),
and ethylene (Djajanegara et al. 2002; Ederli et al. 2006; Huang et al. 2002; Rhoads
& Mclntosh 1993). SA, JA, and ethylene are key hormones involved in plant
development that are capable of inducing ROS production in plants. The relationship
between these plant hormones and ROS production was recently reviewed by Xia et
al. (2015). NO has a detrimental impact on Complex IV (Hill ez al. 2010) and thus has
the potential to generate ROS. Whether these signaling molecules induce AOX genes
by ROS production or by activating other signaling pathways remains to be
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elucidated.

It has been shown that AOX transcripts are greatly increased in plants under
abiotic stresses such as chilling, drought, high salt, light, and limited nutrients (Feng
et al. 2013; Vanlerberghe 2013). Some of these stresses induce AOX via a hormone
signaling pathway. For instance, it has been shown that inhibition of the production of
ethylene abolishes the induction of AOX/a under salt stress in 4. thaliana (Wang et al.
2010). However, the exact physiological role that AOX plays under these different
abiotic stresses is not well elucidated.

Analysis of the upstream region of AOX genes in soybean identified regions
that either positively or negatively regulate AOX gene expression (Thirkettle-Watts et
al. 2003). In A. thaliana, there are five AOX genes (4tAOXIa-d and AtA0X2) but
only AtAOXIa is highly expressed in all tissue tested under normal conditions
(Thirkettle-Watts et al. 2003). Investigation of the promoter of 4t40XIc, which is an
oxidative stress non-responsive gene, revealed seven sequence elements that were
similar to the elements found in soybean (Ho et al. 2007). On the other hand,
AtAOXla has 10 CAREs (cis-acting regulatory elements) that are responsible for
response to oxidative stress within its promoter (Ho et al. 2008). One of the CAREs,
which is a strong repressor element of the 4240X1a, contains the binding site of the
transcription factor ABI4 (abscisic acid insensitive 4) (Koussevitzky et al. 2007).
Indeed, ABI4 was shown to bind to the CARE by an electrophoretic mobility shift
assay (EMSA) and the expression of AtAOXIa was significantly increased in an
abscisic acid signaling mutant that contains a mutation in the ABI4 gene (Giraud ef al.
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2009). Since ABI4 also has important functions in the plastid retrograde response, it is
a critical factor in both mitochondrial and plastid retrograde signaling pathways in
plants (Leon et al. 2012).

Recently, the role of Trp-Arg-Lys-Thr (WRKY) proteins in the plant MRR
has been investigated. WRKY proteins are transcription factors that contain a WRKY
amino acid sequence near the N-terminus and a zinc finger motif near the C-terminus
(Rushton ef al. 2010). They are involved in many processes including abscisic acid
signaling (Rushton et al. 2012). They target a binding motif named the W box
(TTGACC/T) (Rushton et al. 2010). Three W boxes were found in the promoter of
AtAOXIa (Dojcinovic et al. 2005). One study revealed that the overexpression of
AtWRKY15, a ROS-induced transcription factor, repressed the salt-induced
expression of AtAOXIa (Vanderauwera et al. 2012). However, there was no direct
evidence that AtWRKY15 was actually bound to the promoter of At40XIa. A
separate study using a yeast one-hybrid system to screen 72 AtWRKY proteins
revealed that 12 AtWRKY proteins were able to bind two W boxes of the 4t40X1a
promoter, although the binding intensity varied (Van Aken et al. 2013). An EMSA
further confirmed that individual AtWRKY57, AtWRKY63, and AtWRKY75 were
able to bind one of the two W boxes tested above (Van Aken et al. 2013). Furthermore,
among the 12 AtWRKY proteins, it was shown that AtWRKY40 negatively regulated
the expression of 4240X1a when cells were treated with antimycin A, or were under
high light stress. AtWRKY63 positively regulated the expression of 4t40X1a under
high light stress (Van Aken ef al. 2013).
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The NAC (no apical meristem/Arabidopsis transcription activation factor/
cup-shaped cotyledon) transcription factors (Olsen et al. 2005) have been the focus of
a recent study of plant MRR. Through a yeast one-hybrid assay, Arabidopsis NAC
domain-containing protein 13 (ANACO013), ANACO016, ANACO017, ANACO053, and
ANACO078 were shown to bind the so-called “mitochondrial dysfunction motif” in the
promoter of 4t40X1a (De Clercq et al. 2013). Only ANACO013 and ANACO017 have
been characterized so far (De Clercq et al. 2013; Ng et al. 2013b). Both proteins
localize to both the nucleus and the ER and positively regulate the expression of
AtAOXla. The mechanism by which regulation is achieved is not yet well understood.

Apart from transcription factors, a recent genetic screen using a cell line,
which harbored an At40X1a promoter fused to a luciferase reporter gene, to look for
regulators of alternative oxidase (rao mutants), identified the CDKEI1 (cyclin
dependent kinase El) (raol) which positively regulated the expression of At40XIa
when cells were treated with antimycin A (Ng et al. 2013a). However, the mechanism
of the CDKEI regulation is unknown. In addition, mutations in four rao genes (rao3,
4, 5, and 6), which are deficient for auxin transport, resulted in significantly greater
induction of 4t40XIa in cells treated with antimycin A as compared to wild-type
cells (Ivanova et al. 2014). Addition of auxin analogues inhibited the induction of
AtAOXla caused by antimycin A treatment in the wild-type strain, indicating crosstalk
between the auxin signaling pathway and the induction of 4t40XIa (Ivanova et al.

2014).
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1.10.7 Induction of AOX in fungi

Similar to some plants, AOX in three yeast species C. parapsilosis, C.
albicans, and Debaryomyces occidentalis is constantly found throughout various
growth stages (Veiga et al. 2003). As mentioned in section 1.10.2, C. albicans
possesses two AOX-encoding genes. One of them has been shown to be constitutively
expressed, whereas the expression of the other gene is induced when cells are in the
early stationary phase of growth. Even greater induction occurs by treatment with
drugs such as cyanide and paraquat (Huh & Kang 2001). In Pichia pastoris,
maximum AOX expression was observed upon glucose depletion when cells enter the
stationary phase (Kern ef al. 2007). Similarly, it has also been shown that AOX is
produced upon glucose depletion in stationary phase in Y. lipolytica (Medentsev &
Akimenko 1999). In addition to growth in stationary phase on glucose, growth
utilizing non-fermentable carbon sources such as glycerol and ethanol induces the
expression of AOX in C. albicans (Huh & Kang 2001).

Since AOX is known to lower the levels of ROS, the induction of AOX
under oxidative stress has been widely studied. Addition of H2O; to the medium or
treatment with ETC inhibitors such as cyanide or antimycin A has been shown to
induce AOX in C. albicans (Huh & Kang 2001), 4. fumigatus (Magnani et al. 2007),
A. niger (Honda et al 2012), Magnaporthe grisea (Yukioka et al. 1998),
Paracoccidioides brasiliensis (Martins et al. 2011), and P. anomala (Minagawa et al.
1992). However, induction of AOX by ROS does not seem to occur in all fungal
species. For example, addition of H>O; or paraquat to the medium reduces the
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transcript levels of AOX in Podospora anserina (Borghouts et al. 2001). In A.
nidulans, long-term exposure to menadione, a reagent that decreases the reduced
glutathione pool and causes oxidative stress (Ross ef al. 1985), does not induce the
expression of AOX (Pusztahelyi et al. 2011). In line with the latter observation, a
recent study showed that sensitivity of 4. nidulans to H>O> or menadione was not

altered in a strain that lacked AOX (Suzuki et al. 2012).

1.10.8 Post-translational regulation of AOX

As described in section 1.10.3, the crystallographic data showed that rTAO
exists as a dimer and indicated that the dimeric structure could be universal to AOX in
other species. In plants, an early study showed that AOX existed as a mixture of
covalent and non-covalent dimers in soybean (Umbach & Siedow 1993). Two
conserved cysteine residues were found at the N-terminus of plant AOX
(Vanlerberghe & McIntosh 1997) and they were named Cysl and CyslII (Berthold et al.
2000) (Cysl is closer to the N-terminus of the protein). These cysteine residues are
conserved in the vast majority of plant AOXs, but rare exceptions are known (see
below). Using site-directed mutagenesis to convert the two cysteine residues to
alanine in 4. thaliana AOX (Rhoads et al. 1998) and tobacco AOX (Vanlerberghe et
al. 1998), it was revealed that only Cysl is responsible for the formation of a disulfide
bond between two monomers. Thus, the covalently joined plant dimer results from a
disulfide bond between the Cysl residues in two monomers.

The reduced form of plant AOX, which exists as a non-covalently joined
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dimer, exhibits higher activity than the oxidized form (Umbach & Siedow 1993). The
activity of the reduced form of most plant AOXs increases even further in the
presence of a-keto acids such as pyruvate (Millar et al. 1993; Vanlerberghe et al.
1995). The activation by a-keto acids is dependent on the presence of Cysl but CysII
also appears to play a minor role. The mechanism of activation is yet to be elucidated.
Some plants possess AOXs in which the Cysl is substituted by a serine residue but
CyslI is unchanged (Grant et al. 2009; Holtzapftel et al. 2003). These AOX isoforms
have been shown to be activated by succinate instead of pyruvate. Cysll was
suggested to be involved in the activation of AOX by glyoxylate when 4¢t40X1a was
expressed in Escherichia coli (Umbach et al. 2002). In contrast, Cysl and CysII are
absent in fungi, protists, and animals (Moore ef al. 2013). In fungi such as N. crassa
and Y. lipolytica, it has been shown that AOX is activated by the presence of purine

nucleoside 5’-monophosphates (see review McDonald (2008)).

1.10.9 AOX in V. crassa and other filamentous fungi

In N. crassa, AOX is encoded by the nuclear aod-/ (alternative oxidase
deficient) gene (Li et al. 1996). Under normal conditions, the AOX protein is
undetectable in cells. However, conditions that reduce the function of the SETC lead
to induction of the enzyme (Bertrand et al. 1983). For example, growth in the
presence of inhibitors of OXPHOS complexes such as antimycin A and cyanide, will
induce aod-1, as will mutations in mitochondrial or nuclear genes involved in the
function or assembly of the sETC (Bertrand et al. 1983; Tanton et al. 2003). Growth
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in the presence of chloramphenicol (CM) which specifically affects mitochondrial
translation, and thus the function of OXPHOS complexes containing mtDNA encoded
subunits of Complexes I, III, IV, and V, is also an effective inducer of AOX
expression (Li ef al. 1996).

Several years ago, another nuclear gene, aod-2, was found to be essential for
the induction of AOX (Bertrand et al. 1983) and more recently the Nargang lab
identified four additional mutants that showed defects in AOX induction. The latter
were named aod-4, aod-5, aod-6, and aod-7 (Descheneau et al. 2005). Both aod-2 and
aod-5 have been shown to encode proteins that belong to the Zn(II) Cys6 binuclear
cluster family of fungal transcription factors (Chae et al. 2007b). Analysis of their
protein sequence predicted that each contained a nuclear localization signal and a
possible PAS (Per-Arnt-Sim) domain. Analysis of the promoter of the aod-I gene
identified an AOX induction motif (AIM) at positions -172 to -184 bp upstream of the
translation start site. This sequence was shown to be required for the expression of the
enzyme under inducing conditions (Chae et al. 2007a). The AIM contains two CGG
repeats separated by 7 bp. Tandem CGGs are common binding sites for members of
the Zn(II) Cys6 binuclear cluster family of transcription factors (MacPherson et al.
2006; Schjerling & Holmberg 1996). EMSA analysis showed that the DNA-binding
domains of AOD2 and AODS synergistically bound the AIM in a sequence-specific
manner (Chae et al. 2007b), which suggested that AOD2 and AODS5 may form a
heterodimer to activate expression of the aod-I gene. Using tagged proteins that
contained the DNA binding domains of AOD2 and AODS, in vitro experiments
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verified the physical interaction between these two proteins (Chae & Nargang 2009).
Quantitative PCR revealed that transcripts of aod-2 and aod-5 were not increased
when AOX was induced (Chae et al. 2007b), indicating that AOD2 and AODS5 are
likely to be activated post-translationally.

In addition to induction of AOX, it has been discovered that the homologues
of AOD2 and AODS in other fungi are involved in the regulation of gluconeogenesis.
Rds2p, which is the S. cerevisiae homologue of AOD2, binds to the promoter of a
number of genes when cells are shifted from medium containing glucose to ethanol
(Soontorngun et al. 2007). These genes included PEPCK (phosphoenolpyruvate
carboxykinase) and FBP (fructose-1,6-bisphosphatase), which catalyze two key steps
in gluconeogenesis. Moreover, Rds2p was shown to be phosphorylated by Snflp, an
AMPK (AMP activated protein kinase). Interestingly, Snflp was also found in a
screen of an N. crassa knock-out library for strains that were unable to grow in the
presence of antimycin A (Nargang ef al. 2012). This suggests that Snflp may play a
role in the induction of AOX in N. crassa. The binding of Rds2p to the yeast genome
when cells were shifted from medium containing glucose to glycerol was also
investigated (Soontorngun et al. 2012). The result showed that Rds2p bound to the
promoter of about 150 genes. These genes included PEPCK, FBP, two transcription
factors SIP4 and ADRI, as well as HAP4, a subunit of the Hap2/3/4/5 complex
involved in regulation of respiration. RDS2 has also been shown to play a critical role
in oxidative stress survival in a clinical isolate of S. cerevisiae (Diezmann & Dietrich
2011). The aod-5 homologue in S. cerevisiae, ERT1, has also been characterized
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using ChIP-chip analysis (Gasmi et al. 2014). Similar to Rds2p, Ertlp was detected in
the promoter of PEPCK and FBP in cells grown in the presence of ethanol. In addition,
Ertlp also binds to the PDCI1 (pyruvate decarboxylase 1) promoter and negatively
regulates its expression. Because PDCI1 is an important enzyme for fermentation, it is
conceivable that Ertlp represses the expression of PDC1 when ethanol is used as a
sole carbon source.

In A. nidulans, two genes AcuM and AcuK, identified in a genetic screen for
acetate utilization mutants, are the homologues of aod-2 and aod-3, respectively. They
were found to be essential for growth in poor carbon sources because PEPCK and
FBP were severely deficient in both mutants (Hynes ef al. 2007). They have also been
shown to bind an AIM sequence upstream of the PEPCK gene (Suzuki et al. 2012). In
a search for metabolites that induced the PEPCK gene when cells were grown in poor
carbon sources, Suzuki et al. (2012) found that cells with a deletion of the cytosolic
malate dehydrogenase gene showed greater induction the PEPCK gene when grown
in the presence of acetate or proline when compared to wild-type cells. However, this
induction was abolished when AcuM or AcuK were absent. Because it was
conceivable that malate accumulated when the cytosolic malate dehydrogenase was
absent in cells grown in acetate or proline, it was suggested that malate might be the
metabolite responsible for the induction of the PEPCK gene and the activation of
AcuM and/or AcuK in A. nidulans. Suzuki et al. (2012) also showed that the
transcript levels of AOX were increased when cells were grown in the presence of
acetate and proline when compared to glucose, and they hypothesized that malate also
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induced AOX via activation of AcuM and/or AcuK.

In A. fumigatus, in addition to regulating gluconeogenesis, AcuM is also
required for iron uptake and high levels of virulence (Liu ef al. 2010). However,
deletion of AcuM in A. nidulans does not affect iron acquisition. A recent
transcriptome study in 4. fumigatus revealed that a AacuK mutant had defects similar
to the AacuM mutant, and both mutants exhibited similar transcriptional profiles
during growth outside the host (Pongpom et al. 2015). Nevertheless, the study also
showed that the deletion mutants had different transcriptional profiles during murine
pulmonary infection, indicating that the two proteins may act independently in certain
cases.

P. anserina is an unusual fungus in that it has a finite lifespan and cannot be
cultured indefinitely. In this organism, increased lifespan is often associated with a
deficient sETC. Mutants with an extended lifespan phenotype caused by deficiencies
in Complex III or IV, were screened for spontaneous revertants of the extended
lifespan. Mutations were found to affect several genes including rse2 and rse3
(Sellem et al. 2009). These mutants exhibited much higher expression levels of AOX,
PEPCK, and FBP than the wild type strain even under normal conditions. The RSE2
and RSE3 proteins were found to be homologues of AOD2 and AODS, respectively,
and the study revealed that the mutants expressed constitutively active RSE2 and
RSE3 (Sellem et al. 2009). A microarray analysis with these mutants identified
several genes that show altered expression in the mutants including PEPCK and FBP
(Bovier et al. 2014). Metabolome profiling of an rse2 mutant showed that it was
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similar to wild type cells that had been treated with antimycin A.

1.11 Objectives of this study

In N. crassa, previous work on AOD2 and AODS5 has focused on in vitro
biochemical analysis such as EMSA. However, little is known about how they act to
induce AOX in vivo. Obviously, questions regarding their functions include: What is
the subcellular localization of AOD2 and AODS5 under normal conditions? Does the
localization change in response to mitochondrial dysfunction? Do they have
posttranslational modifications that are associated with the induction of AOX?
Therefore, the first goal of this investigation was to investigate the behavior of AOD2
and AODS in response to mitochondrial dysfunction in vivo. My hypothesis was that,
as in the RTG system of yeast (section 1.8), the subcellular localization of the proteins
would change in response to a signal(s) from dysfunctional mitochondria. My
investigation included determination of the subcellular localization of AOD2 and
AODS5 under normal and AOX-inducing conditions. This would allow me to
differentiate between two major hypotheses (Chae & Nargang 2009). The first would
be that AOD2 and AODS are sequestered in the cytosol under normal conditions, and
translocate to the nucleus when an inducing signal(s) is released from dysfunctional
mitochondria. Relocalization from cytosol to nucleus is a strategy used by some other
Zn(II) Cys6 transcription factors (MacPherson et al. 2006). For instance, the Zn(II)
Cys6 transcription factor Seflp in C. albicans is sequestered in the cytoplasm by Sful
under iron-replete conditions, but is phosphorylated and localizes to the nucleus under
iron-depleted conditions (Chen & Noble 2012). As described in section 1.8, the
classic RTG system of yeast also depends on localization of transcription factors from

cytosol to nucleus in response to mitochondrial dysfunction, although they are not
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Zn(I1)Cysb6 cluster transcription factors. Another possibility would be that AOD2 and
AODS are located in the nucleus at all times and become activated under inducing
conditions. Thus, I began by performing cell fractionation experiments to determine
the location of AOD2 and AODS5 so that I could distinguish between these two
possibilities. As shown in subsequent chapters, my initial hypothesis was rejected
since no evidence for re-location of the proteins under inducing conditions could be
found.

As mentioned in section 1.10.9, the orthologues of AOD2 and AODS in other
fungal species have been shown to play a role in gluconeogenesis. Therefore, it is
very likely that AOD2 and AODS in N. crassa are also involved in gluconeogenesis,
and my hypothesis was that the proteins are required for transcription of PEPCK and
FBP. I began to investigate this second goal by determining whether or not lack of
AOD?2 or AODS affects the growth of N. crassa cells in poor carbon sources. This
was coupled to a transcriptional analysis of the PEPCK and FBP genes under various
conditions. In this case, evidence was obtained for a role of AOD2 and AODS in the

expression of PEPCK, but not for FBP.

A third goal towards understanding the functions of AOD2 and AODS5 was to
obtain genome-wide binding data of AOD2 and AODS. This was because AOD2 and
AODS5 were already shown to be involved in the regulation of gluconeogenesis and
the induction of AOX in various organisms, and it was possible that they also regulate
other genes under certain conditions. My hypothesis was that AOD2 and AODS5
would be implicated in the regulation of several genes. This hypothesis was explored
by a ChIP-seq analysis using strains expressing tagged version of AOD2 and AODS.

Cells grown under both AOX inducing and non-inducing conditions were analyzed.

60



This analysis showed several genes were regulated by AOD2 and AODS.
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2 Materials and methods
2.1 Growth of N. crassa and strains used

Unless otherwise stated, N. crassa was grown on Vogel’s medium as
described (Davis & De Serres 1970; Nargang & Rapaport 2007). Solid medium
(containing 1.25% agar) was used for production of conidiaspores (conidia). To
produce small amounts of conidia for freezer stocks and transformation screening,
strains were inoculated on slants containing 2 to 5 mL agar solidified medium. To
produce large amounts of conidia, strains were inoculated into 250 mL flasks
containing 50 mL of solid medium. Cultures were grown in the dark at 30°C for 1 to 2
days, until hyphae covered the surface of the agar and began to grow up the sides of
the slant or flask. Cultures were then exposed to the light for 2 to 5 days at room
temperature to allow formation of conidia. Conidia were used for inoculation of liquid
medium within three weeks of conidia formation. Between 10° and 2.5 x 10° conidia
were used per ml of liquid medium for inoculation. Inhibitors used in this study were
CM (Fisher Scientific, Pittsburgh, USA, catalogue number: BP904-100) at a final
concentration of 2 gm/L of medium, antimycin A at 500 pg/L medium, and
hygromycin (Calbiochem, USA) at 500 mg/L medium.

N. crassa strains used in this study are described in Table 2.1.

2.2 Crossing

The procedure for crossing two N. crassa strains was as described in (Davis
& De Serres 1970) with modifications. Briefly, conidia from the parent chosen to act
as the female were spotted at the center of a piece of filter paper which was laid on
Westergaard medium in a petri dish. The plates were incubated at room temperature

for one week until protoperithecia formed. To fertilize the protoperithecia, conidia
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Table 2.1. N. crassa strains used in this study.

Strain Origin' Genotype
NCN251 FGSC # 987 A
(74-OR23-1A)
CNA33 Chae et al. (2007) aod-2, pan-2, a
PL23-40 Descheneau et al. (2005) aod-5, pan-2, A
AOD2-N-HA-3 This study. Transformation aod-2, pan-2, a
of CNA33 with paod-2hyg Contains an ectopic copy
N-HA of genomic aod-2 with
N-terminal 3x HA tag
Hygromycin resistant.
AOD2-N-HA-10 This study. Transformation aod-2, pan-2, a
of CNA33 with paod-2hyg Contains an ectopic copy
N-HA of genomic aod-2 with
N-terminal 3x HA tag
Hygromycin resistant.
AOD2-C-HA-8 This study. Transformation aod-2, pan-2, a
of CNA33 with paod-2hyg Contains an ectopic copy
C-HA of genomic aod-2 with
C-terminal 3x HA tag
Hygromycin resistant.
AOD2-C-Myc-4 This study. Transformation aod-2, pan-2, a
of CNA33 with paod-2hyg Contains an ectopic copy
C-Myc of genomic aod-2 with
C-terminal 3x Myc tag
Hygromycin resistant.
AODS5-N-HA-1 This study. Transformation aod-3, pan-2, A
of PL23-40 with Contains an ectopic copy
paod-5hyg N-HA of genomic aod-5 with
N-terminal 3x HA tag
Hygromycin resistant.
AODS5-C-HA-22 This study. Transformation aod-3, pan-2, A

of PL23-40 with
paod-5hyg C-HA

Contains an ectopic copy
of genomic aod-5 with
C-terminal 3x HA tag
Hygromycin resistant.
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AOD5-C-Myc-4 This study. Transformation aod-3, pan-2, A
of PL23-40 with Contains an ectopic copy
paod-5hyg C-Myc of genomic aod-5 with
C-terminal 3x Myc tag
Hygromycin resistant.
DX13 CNA33 x PL23-40 aod-2, aod-5, pan-2
(Cheryl Nargang and
Nancy Easton)
AOD2-C-Myc This study. Transformation aod-2, aod-5, pan-2
AOD5-N-HA A1 of DX13 with paod-2hyg  Contains an ectopic copy
C-Myc and paod-5hyg of genomic aod-5 with
N-HA N-terminal 3x HA tag and
of genomic aod-2 with
C-terminal 3% Myc tag
96H9 FGSC # 18947 Aaod-1::hygR A
44H6 FGSC # 16838 Aaod-3::hygR a
97Bl1 FGSC # 19465 Aaod-2::hygR a
1C3 FGSC # 11227 Aaod-5::hygR
44H6-3 This study. 44H6 x 96H9  Aaod-1::hygR,
(44H6 was the female Aaod-3::hygR

parent)

1

generate many of these strains.
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from the male parent were spread on the filter paper with an inoculation loop. The
petri dish was incubated in the dark at room temperature for two weeks and then
removed to a lab bench in the light.

Upon exposure to light, fertilized perithecia shoot ascospores onto the lid of
the petri dish. To collect the ascospores, 1 mL of sterile dH>O was added to the lid
and swirled to suspend the ascospores. The water containing the ascospores was then
transferred to a 1.5 mL Eppendorf tube and incubated at room temperature overnight
to hydrate the spores. The spores were then heat shocked at 60°C for 45 min in a
water bath. The ascospores were spread onto a plate containing Vogel’s sorbose
medium. The plate was incubated at 30°C overnight. Germinated ascospores were
identified using a dissecting microscope on the next day. A sterile Pasteur pipette was
used to pick single germinated ascospores onto a slant containing Vogel’s medium

with the appropriate supplements and/or antibiotics.

2.3 Construction of plasmids containing tagged version of aod-2 or aod-5

The genomic versions of the aod-2 and aod-5 genes, including upstream and
downstream regions (1509 bp upstream from aod-2 coding region and 783 bp
downstream, 609 bp upstream from aod-5 coding region and 470 bp downstream)
were previously cloned from the N. crassa pMOcosX cosmid library into pBSKII by
Michael Chae in the Nargang lab. Briefly, a Hindlll/Xbal fragment (from the cosmid
on plate X14, position D3 of the library) containing the aod-2 gene was cloned into
plasmid pBSKII at the Hindlll and Xbal sites to give plasmid paod-2-9. The aod-5
gene was contained on an Nrul/Pvull fragment (from the cosmid on plate X15,
position B9 of the library). This fragment was inserted into the EcoRV site of pBSKII

to give paod-5-6. A hygromycin resistance cassette from pCSN44 (Staben et al. 1989)
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contained on an Apal/Hindlll fragment was cloned into paod-2-9 to yield
paod-2hyg-3. An Xhol fragment from pCSN44 was cloned into the Sall site of
paod-5-6 to give paod-5hyg-69.

Both the paod-2hyg-3 and paod-5hyg-69 plasmids contained a Notl site in
the pBSKII plasmid backbone. Because our protein tags were designed to be cloned
into Notl sites, I removed the plasmid Nofl sites before I introduced NotI sites into the
aod-2 and aod-5 coding sequence where the tags were desired. To remove the Notl
sites, the paod-2hyg-3 and paod-5hyg-69 plasmids were digested with Nofl and the 5’
sticky-end overhang were filled in using Klenow DNA polymerase and dNTPs. The
plasmids were then religated and transformed into E. coli. Plasmids were isolated
from selected transformants and tested for loss of the NotI sites. Plasmid paod-2hyg-3
ANotl and paod-5hyg-69 ANotl were selected for further work. I then performed
polymerase chain reaction (PCR) mutagenesis to introduce Notl restriction sites into
both the paod-2hyg-3 ANotl and paod-5hyg-69 ANotl plasmids. For each plasmid,
Notl sites were introduced individually at two locations. In one case the site was
inserted right after the start codon. In a separate mutagenesis, a Notl site was inserted
right before the stop codon. This resulted in plasmids paod-2hyg N Notl, paod-2hyg
C Notl, paod-5hyg N Notl, and paod-5hyg C Notl. These Notl sites were then used to
clone 3x HA or 3x Myc tags into the plasmids (Fig. 2.1). The tags were derived from
plasmids pFN-NofI-HA3 and pFN-Nofl-Myc3, respectively, that had been constructed
according to our specifications by Integrated DNA Technologies (IDT, Coralville,
USA). The resulting plasmids were named paod-Zhyg N-HA, paod-2hyg C-HA,
paod-2hyg N-Myc, paod-2hyg C-Myc, paod-5hyg N-HA, paod-5hyg C-HA,

paod-5hyg N-myc, paod-5hyg C-myc (see Appendix Table 1 for details). The triple
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Figure 2.1. Construction of plasmids containing HA or Myc tags. aod-2 and aod-5
(blue arrows), as well as a hygromycin resistant cassette (hygromycin B, red arrows),
were cloned into plasmid pBSKII by Michael Chae (resulting in paod-Zhyg-3 and
paod-5hyg-69, respectively). The Nofl site on the pBSKII backbone was then
removed by Notl digestion, end-filling, and religation to give the plasmids shown in
the figure. Notl sites were then separately introduced at the N- and C-terminus of the
coding region of the aod-2 and aod-5 genes. 3x HA and 3% Myc tags were cloned
separately into these Notl sites as indicated in the boxes. The start codon (ATG) and
stop codon of aod-2 and aod-5 are shown in red. Amp, ampicillin resistant cassette.
Plasmids were drawn using online software named PlasMapper (http://wishart.

biology.ualberta.ca/PlasMapper/). Restriction sites indicated on the plasmid map were
used for construction of the paod-2hyg-3 ANotl and paod-5hyg-69 ANotl plasmids. It
is of note that the restriction sites used for cloning in paod-5hyg-69 are no longer

available due to mixed blunt-end ligations and non-identical sticky-end ligations.
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nature and orientation of all tags in the correct reading frames was verified by Sanger

sequencing using appropriate primers (see Appendix Table 2 for details).

2.4 N. crassa strains expressing tagged AOD2 and/or AODS

HA or myc tagged aod-2 and aod-5 constructs were transformed into either
the aod-2 mutant strain CNA33 or the aod-5 mutant strain PL23-40, respectively (see
Table 2.1 for genotypes) by electroporation. Transformed conidia were plated on
medium containing hygromycin. For each transformation 20 to 30 colonies, with a
diameter of more than 8 millimeters after 3 to 4 days at 30°C, were transferred to
slants containing hygromycin for conidiation. Conidia were then streaked on
hygromycin-containing plates to obtain single colony isolates. A single colony from
each transformant was selected as a stock strain for further examination. These strains
were tested for their ability to grow on plates containing antimycin A. Ability to grow
on antimycin A should indicate that a functional aod-2 or aod-5 gene was present in a
transformant. Among those strains that grew in the presence of antimycin A, about 10
strains from each tagged category were chosen for genomic DNA isolation and PCR
of the introduced gene to verify the presence of a tagged aod-2 or aod-5 gene in the
selected transformants. Mitochondria were then isolated from the verified
transformants following growth in medium containing CM. Levels of AOX in the
mitochondria were compared by Western blot analysis with mitochondria isolated
from wild type strain NCN251, grown in the same medium. Transformants able to
induce AOX to the level in the wild type control were chosen for subsequent
experiments.  Isolates = AOD2-N-HA-10, AOD2-C-HA-§, AOD2-C-Myc-4,
AODS5-N-HA-1, AOD5-C-HA-22, and AODS5-C-Myc-4 were chosen for further

analysis.
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I also wished to express both AOD2-Myc and AOD5-HA tagged proteins in
an aod-2 aod-5 double mutant strain DX13 (Table 2.1). Verification of the double
aod-2 aod-5 mutant genotype in DX13 was done by Nancy Easton in the Nargang lab.
paod-2hyg C-myc and paod-5Shyg N-HA were cotransformed into DXI3.
Transformants were sequentially selected for hygromycin and antimycin A resistance
as described above. Levels of AOX in CM induced cells were examined in
mitochondria by Western blot and compared to wild type. One transformant,
AOD2-C-Myc AODS5-N-HA Al, that expressed AOX at wild type levels was chosen

for further work.

2.5 Transformation of V. crassa conidia by electroporation

The electroporation procedure was as described previously (Tanton et al.
2003) with some modifications. Briefly, 50 mL sterile water was used to harvest
conidia from a 250 mL flask containing 50 mL solid Vogel’s medium (section 2.1).
Conidia were suspended in the sterile water, and transferred to a sterile 50 mL tube.
The conidia were then pelleted in a clinical centrifuge. The supernatant was discarded
and the conidia were washed once with fresh 50 mL sterile water and three times with
50 mL of 1 M sorbitol (Sigma-Aldrich, St. Louis, USA). The final concentration of
conidia was adjusted to 2 to 2.5 x 10’ conidia per mL of 1 M sorbitol. 40 pL aliquots
of conidia were made for each electroporation and mixed with 1 to 5 pg DNA that
was dissolved in 5 pL dH>O. The conidia and DNA were transferred to an
electroporation cuvette (Fisher Scientific, Pittsburgh, USA) that had been chilled on
ice for at least 5 min before electroporation. As a negative control, 5 uL. dH>O without

DNA was used for electroporation.
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To electroporate conidia, a BTX model ECM 630 machine (Harvard
Apparatus, Holliston, USA) was employed. Settings were 2.1 kV, 475 Ohms, and 25
uF. For successful electroporations, the pulse was between 10 ms and 13 ms.
Immediately after the electroporation, 1 mL 1M sorbitol was added to the cuvette and
the mixture was transferred to a 1.5 mL tube using the sterile pipette provided with
the cuvette. The conidia were then incubated at 30°C for at least 1 hr to allow
recovery from electroshock. Before plating, the conidia were added to 10 mL of warm
top agar (40 to 42°C, Vogel’s sorbose medium with 1 M sorbitol, 1.25% agar, and
inhibitors as required in specific transformations (hygromycin or antimycin A)) for
each plate. The conidia-containing top agar was evenly poured over plates (Vogel’s
sorbose medium with 1.25% agar, plus appropriate inhibitor) to cover the surface.
After the top agar had solidified, the plate was incubated at 30°C for 2 to 4 days until

robust colonies formed.

2.6 Isolation of crude nuclei from N. crassa

250 mL of Vogel's liquid medium in a 1 L baffled flask was inoculated with
10° conidia per mL and shaken at 200 rpm at 30°C for 18 hr (in the absence of CM),
or 20 hr (in the presence of CM) at 30°C. Normally 5 to 10 gm of mycelium was
obtained and ground in liquid nitrogen. The mycelium powder was suspended in 2 mL
of SEMP buffer (0.25 M sucrose, 10 mM MOPS (Sigma-Aldrich, St. Louis, USA)
[pH 7.2], 1 mM EDTA, 1 mM PMSF) per 1 gm of mycelium. After thawing on ice,
the suspension was filtered twice through Miracloth (Calbiochem, USA) and then
centrifuged at 5,000 rpm (3,600 % g) for 5 min at 4°C in an SA-600 rotor (Sorvall,
Mandel Scientific, Guelph, ON) using a Sorvall model RC5C plus centrifuge (Mandel

Scientific, Guelph, ON). The pellet was resuspended in 100 uL SEMP buffer (0.25 M
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sucrose, 10 mM MOPS [pH 7.2], 1 mM EDTA, 1 mM PMSF) per 5 gm of the starting

mycelium.

2.7 Isolation of purified nuclei

The protocol for purified nuclei isolation was a modified version of the
method described by Talbot and Russell (1982). 1.5 L of Vogel's liquid medium in a 2
L flask was inoculated with 10° conidia per mL and bubbled with filter sterilized air
for 18 hr (in the absence of CM), or 20 hr (in the presence of CM) in a 30°C water bath.
Mycelium was harvested by vacuum filtration and ground in liquid nitrogen. The
resulting powder was suspended in 2 mL of ice-cold Buffer A (1 M sorbitol, 5% [v/v]
Ficoll 400, 20% [v/v] glycerol, 5 mM MgCl,, 10 mM CaCla, 1% [v/v] Triton X-100, 50
mM Tris-HCI [pH 7.5], 1 mM PMSF, protease inhibitors (final concentrations of 2
pug/mL aprotinin, 1 ug/mL leupeptin, and 1 pg/mL pepstatin A)) per 1 gm mycelium.
The homogenate was filtered twice through Miracloth (Calbiochem, USA) and then
centrifuged at 2,400 x g for 10 min at 4°C in an SA-600 rotor using a Sorvall model
RCSC plus centrifuge to remove cellular debris. The supernatant was centrifuged at
9,000 x g for 50 min at 4°C in an SA-600 rotor to yield a partially purified nuclear
pellet.

To further purify nuclei, the partially purified nuclear pellet was resuspended
in ice-cold Buffer B (1 M sucrose, 50 mM Tris-HCI [pH7.5], 5 mM MgCl,, 10 mM
CaCly, 1% Triton X-100, 1 mM PMSF, protease inhibitors (final concentrations of 2
pug/mL aprotinin, 1 pg/mL leupeptin, and 1 pg/mL pepstatin A)) using 1 mL per 3 to 5
gm of the original weight of mycelium. This nuclei-containing suspension was added
to two volumes of Percoll-sucrose stock solution, which was made by adding nine

volumes of Percoll (GE Healthcare, UK) to one volume of 2.5 M sucrose. The total
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suspension was mixed by gentle pipetting. 3 mL aliquots of the mixture were
transferred to 3.2 mL polycarbonate centrifuge tubes (Beckman, Brea, USA). These
were centrifuged at 58,000 x g in a TLA-110 rotor (Beckman, Brea, USA) using a
Beckman Optima™ MAX table top ultracentrifuge (Brea, USA) for 45 min at 4°C.
Following centrifugation, purified nuclei were layered between the middle position of
the tube and the bottom where a yellow thick Percoll pellet was covered by a layer of
white material which consisted of clumps of nuclei (Figure 2.2). The band of nuclei
was collected with a pipette and transferred to a fresh 3.2 mL polycarbonate
centrifuge tube without addition of any buffers. To remove Percoll particles from the
collected nuclear band, the fraction was centrifuged at 100,000 x g in a TLA-110 rotor
for 2 hr at 4°C. The nuclei (white) appeared as a pellet above the Percoll pellet
(yellow). Using a 1000 pL pipettor, the nuclei were mixed with the supernatant
without disturbing the Percoll pellet and the mixture was transferred to fresh 2 mL
Eppendorf centrifuge tubes. After centrifugation at 13,000 rpm (16,000 x g) for 30 min
at 4°C in a Sorvall Biofuge® fresco table top centrifuge (Sorvall, Mandel Scientific,
Guelph, ON), the supernatant was discarded and the nuclei were suspended in 100 pL
suspension buffer (25 mM sucrose, 50 mM Tris-HCI [pH7.5], 5 mM MgCl,, 10 mM

CaCly).

2.8 Isolation of crude mitochondria from N. crassa

Crude mitochondria were isolated as previously described (Nargang &
Rapaport 2007) with minor modifications. Cultures were grown for 18 hr (in the
absence of CM), or 20 hr (in the presence of CM) at 30°C. Mycelium was harvested by
vacuum filtration, and rinsed with dH>O. The wet weight of the pad was measured. It

was then ground using a mortar and pestle, with the same weight of sand plus 1 mL
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Percoll gradient
surface

= Purified nuclei

Nuclei clumps

Percoll pellet

Figure 2.2. Schematic of nuclei banded in a Percoll gradient. A Percoll gradient
was formed by ultracentrifugation as described in the text (section 2.7). Following
centrifugation, a band of nuclei was present in the middle of the gradient as indicated
by the grey band in the diagram, though the actual color of the band was white. Some
Percoll particles precipitated at the bottom of the tube and appeared as a yellow pellet.
A layer containing many white small clumps were visible above the Percoll pellet and
they also contained nuclei as assessed by Western analysis for histone H3. Sometimes
thin white bands (dashed lines) appeared beneath the gradient surface but they were

found not to contain any nuclei.
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SEMP buffer (0.25 M sucrose, 10 mM MOPS [pH 7.2], 1 mM EDTA, 1 mM PMSF)
per 1 gm of mycelium. The ground slurry was centrifuged at 5,000 rpm (3,600 x g) for
5 min in an SA-600 rotor. The supernatant was further centrifuged at 12,000 rpm
(20,800 x g) for 20 min in an SA-600 rotor to pellet mitochondria. When required, the
supernatant was saved for isolation of cytosol and microsomes (section 2.10). The
pellet containing mitochondria was washed twice in SEMP buffer, suspended in 50 to
500 uL SEMP buffer (depending on starting quantity of mycelium), and stored at

-80°C if not immediately used.

2.9 Isolation of purified mitochondria from N. crassa

When highly purified mitochondria were required, they were subjected to
flotation gradient purification (Lambowitz 1979). The final pellet of crudely purified
mitochondria (section 2.8) was suspended in 1 mL 60% sucrose buffer (60% [w/v]
sucrose, 10 mM MOPS [pH 7.2], 1 mM EDTA) by stirring and gentle pipetting. It was
then transferred to a 3.2 mL polycarbonate centrifuge tube and the volume was
brought up to 1.5 mL with 60% sucrose buffer to form a uniform 60% sucrose layer.
This layer was slowly overlaid with 1.5 mL of 55% sucrose buffer (55% [w/v]
sucrose, 10 mM MOPS [pH 7.2], 1 mM EDTA), followed by 750 uL of 44% sucrose
buffer (44% [w/v] sucrose, 10 mM MOPS [pH 7.2], | mM EDTA). The gradients were
then centrifuged at 35,000 rpm (25,400 x g) for 2 hr at 4°C in a TLA-110 rotor. A band
with continuous clumps appeared between the 44% and 55% sucrose layers. This
band was retrieved with a 1000 puL pipettor and transferred to a fresh 1.5 mL tube.
The purified mitochondria were mixed with 1 mL SEMP buffer and the mitochondria

were pelleted by centrifugation at 13,000 rpm (16,000 x g) for 20 min at 4°C in a
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Sorvall Biofuge® fresco centrifuge. The pellet was washed with 1 mL SEMP buffer.

The final pellet was suspended in 100 pL SEMP buffer.

2.10 Purified cytosol and microsome isolation

To isolate cytosol and microsomes, 1 mL of the supernatant described in the
crude mitochondria isolation procedure (section 2.8) was centrifuged at 48,000 rpm
(27,900 x g) in a Beckman TLA-55 rotor for 1.5 hr at 4°C. The pellet was suspended in
150 pLL SEMP buffer as the microsomal fraction whereas the supernatant was saved as

the cytosolic fraction. Both fractions were kept at -80°C if not immediately used.

2.11 Salt extraction of proteins from nuclei

Nuclei containing 100 pg protein were brought up to 60 pL volume using the
suspension buffer described at the end of the isolation of purified nuclei procedure
(section 2.7). The nuclei were mixed with 60 uL of 0.4 M KCIl prepared by dissolving
the appropriate amount of KCl in nuclear suspension buffer (25 mM sucrose, 50 mM
Tris-HCI [pH7.5], 5 mM MgCl,, 10 mM CaCl,) containing 1| mM PMSF and protease
inhibitors (final concentrations of 2 pug/mL aprotinin, 1 pug/mL leupeptin, and 1 ug/mL
pepstatin A). The suspension was gently rocked for 1.5 to 2 hr at 4°C using an
Orbitron Rotator I (Boekel Scientific, Feasterville, USA). Insoluble material was
removed by centrifugation at 13,000 rpm (16,000 % g) for 30 min at 4°C in a Sorvall
Biofuge® fresco centrifuge. Meanwhile, a Zeba™ Spin Desalting column (Thermo
Scientific, Rockford, USA) was activated following the manufacturer’s instructions.
The supernatant containing salt extracted proteins was slowly loaded onto the center
of the resin bed of an activated desalting column which was placed into a fresh 1.5

mL Eppendorf tube. The desalting column was centrifuged at 1,500 x g (4,000 rpm)
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for 2 min at 4°C in a Sorvall Biofuge® fresco centrifuge with the top of the resin bed
facing outward. The flow-through was immediately used for co-immunoprecipitation

experiments.

2.12 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE gels were prepared as described (Laemmli 1970). Based on the
size of protein of interest, the percentage of acrylamide in the resolving gel was
adjusted (from 10% to 12.5%) while keeping the stacking gel unchanged. 10 to 100
pg protein was mixed with cracking buffer (2% SDS, 10% glycerol, 5%
B-mercaptoethanol, 0.005% bromphenol blue, 62.5 mM Tris-HCI [pH 6.8]) to a final
volume of 30 to 50 pL. Samples were mixed for 10 min, incubated at 95°C for 5 min,
and then centrifuged at 13,000 rpm (16,000 x g) for 5 min in a Sorvall Biofuge® pico
centrifuge. The supernatant of the samples, as well as 15 uL of a prestained protein
marker (New England Biolabs, Ipswich, USA), were loaded into separate wells
formed in the stacking gel. Electrophoresis was performed with constant current at

220 V for about 3 hr.

2.13 Western blot

Western blotting was performed as described (Towbin et al. 1979) with
modifications. Briefly, after SDS-PAGE, proteins on acrylamide gels were transferred
to a nitrocellulose membrane using a Bio-Rad (Berkeley, USA) Trans-Blot® Cell
apparatus. Blots were transferred at 67 V for 1.5 to 2 hr. The membrane was then
incubated in 5% skim milk buffer (milk powder dissolved in TBST: 25 mM
Tris-HCI [pH7.5], 150 mM NacCl, 0.05% Tween-20) for 1 hr, followed by incubation

in primary antibody for 1 to 2 hr. Primary antibodies were diluted 1:500 to 1:50,000
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in 5% skim milk buffer. The degree of dilution was specific for each antibody. The
membrane was then washed three times in TBST for 5 min, and incubated in
secondary antibody (Bio-Rad goat anti-rabbit or anti-mouse antibody conjugated to
horseradish peroxidase, diluted 1:3,000 in skim milk buffer) for 1 hr. The membrane
was then washed three times in TBST for 10 min and once in TBS (25 mM Tris-HCI
[pH 7.5], 150 mM NaCl) for 10 min. Illuminating reagent LumiGLO®
Chemiluminescent Substrate (KPL, Maryland, USA) was evenly spread on the
membrane which was then exposed to X-ray film (Eastman Kodak, New York, USA)

for various time periods in a dark room. Films were developed and scanned.

2.14 Phos-tag SDS-PAGE

Phos-tag SDS-PAGE was performed as described (Kinoshita et al. 2009)
with modifications. To prepare a Phos-tag™ solution, 10 mg Phos-tag™ AAL-107
(Wako Pure Chemical Industries, Ltd., Japan) was dissolved in 100 pL. methanol and
the volume was brought up to 3.2 mL with distilled water. When making a 7 mL
resolving gel as described in section 2.12, 140 pL Phos-tag™ AAL solution and 140
pL 10 mM manganese chloride (Sigma-Aldrich, St. Louis, USA) were added to the
gel solution. The stacking gel solution remained unchanged.

When doing a Western blot after phos-tag SDS-PAGE, additional steps were
required to achieve good transfer. The phos-tag gel was soaked in transfer buffer
containing | mM EDTA for 10 min, and then in transfer buffer without EDTA for 10
min to minimize the effect of manganese ions that inhibit transfer of phosphorylated
proteins to the membrane. The gel was then ready for transfer as described in section

2.13.
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2.15 Isolation of genomic DNA

The method described in Nargang and Rapaport (2007) was used to isolate
genomic DNA from N. crassa with modifications. For each sample, 50 mL Vogel’s
liquid minimal medium in a 250 mL flask was used to grow cultures. To begin,
approximately 4 mL from this 50 mL Vogel’s liquid medium in the flask was poured
into a slant containing a conidiated culture to harvest the conidia. After vigorous
mixing, the conidia and medium were poured back into the flask and the culture was
grown at 30°C for at least 16 hr with constant shaking. Mycelium was harvested by
vacuum filtration and ground with 1.5 gm of sand (Sigma-Aldrich, St. Louis, USA)
and 5 mL Genomic DNA Isolation Buffer (100 mM Tris-HCI [pH8.0], 10 mM EDTA,
1% SDS) for each gm of mycelium. After grinding with a mortar and pestle, another 5
mL of Genomic DNA Isolation Buffer was added to make a slurry. The slurry was
transferred to an SA-600 Sorvall centrifuge tube and incubated at 70°C in a water bath
for 1 hr followed by chilling on ice for at least 10 min. 640 pL 8 M potassium acetate
(pH4.3) was then added and the slurry was stirred with a 5-mL pipette to achieve
mixing. The tube was incubated on ice for an additional 1 hr. The slurry was
centrifuged at 14,000 rpm (28,400 x g) for 15 min at 4°C in an SA-600 rotor using a
Sorvall model RC5C plus centrifuge. The supernatant was transferred to a fresh
SA-600 tube. 10 mL of isopropanol was added to the supernatant and mixed to
precipitate the DNA. The tube was then centrifuged at 10,000 rpm (14,500 x g) for 5
min at 4°C in an SA-600 rotor and Sorvall centrifuge. The supernatant was discarded
and the pellet was dried at room temperature for 10 min. The pellet was then
dissolved in 400 uL 1 mM EDTA (pHS8.0) and transferred to a 1.5 mL Eppendorf
tube. To remove RNA from the genomic DNA, 200 puL Hi Salt Buffer (2.5 mM

Tris-HCI [pH7.4], 0.25 mM EDTA, 1 M NaCl) and 15 pL boiled RNase A (10
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mg/mL) were added, followed by incubation at 37°C for 30 min. After digestion of
the RNA, the DNA was extracted with 600 pL phenol-chloroform (1:1 [v/v]) (both
from Fisher Scientific, Pittsburgh, USA) to remove proteins. This step was done twice
and 400 pL of the aqueous layer was transferred to a fresh tube. To precipitate
genomic DNA, 40 pL 3M sodium acetate (pH5.2) and 1 mL 95% ethanol were added
and mixed. The solution was centrifuged at 13,000 rpm (16,000 X g) for 10 min at 4°C
in a Sorvall Biofuge® fresco centrifuge. The pellet was washed with 70% ethanol once
and air dried for 15 min. 10 to 50 pL Milli Q water was added to dissolve the pellet

and the genomic DNA was stored in a -20°C freezer.

2.16 Co-immunoprecipitation

The Pierce® ProFound™ HA or c-Myc Tag IP/Co-IP kit (Thermo Scientific,
Rockford, USA) was used for co-immunoprecipitation experiments following the
manufacturer’s instructions with minor modifications. A small plug provided in the
kit was inserted into the bottom of an IP spin column before use. Approximately 120
pL of desalted nuclear proteins (section 2.11) were then loaded onto the column. The
same volume of 2 x IP buffer (100 mM HEPES-KOH [pH7.4], 300 mM NaCl, 0.2%
Triton X-100 (Sigma-Aldrich, St. Louis, USA)) containing 1 mM PMSF and protease
inhibitors (final concentrations of 2 pug/mL aprotinin, 1 pg/mL leupeptin, and 1 ug/mL
pepstatin A) was then added to the column, followed by addition of 20 uL anti-HA or
10 pL anti-Myc coated agarose beads (depending on which tag the IP was targeting).
A lid was screwed tightly onto the IP spin column and the column was gently rocked
overnight at 4°C to allow binding of the antigen to the beads. Following the binding
period, the small plug was removed from the column, the column was placed in a

collection tube, and the lid was loosened. The IP spin column in the collection tube
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was pulse centrifuged for 10 sec at 4°C in a Sorvall Biofuge® fresco centrifuge. The
flow-through was either saved for further analysis or discarded. The agarose beads
were washed three times with 500 uL ice-cold BupH™ Tris Buffered Saline by pulse
centrifugation for 10 sec at 4°C in a Sorvall Biofuge® fresco centrifuge for each
washes. The antibody-bound proteins were eluted by adding 50 pL Lane Marker
Non-Reducing Sample Buffer (provided in the kit) that contained a final concentration
of 12.5% PB-mercaptoethanol (freshly added) and heating the column at 95°C for 10
min in a heat block. The proteins were removed from the column by centrifugation at
13,000 rpm (16,000 x g) for 10 min in a Sorvall Biofuge® pico centrifuge at room

temperature and then loaded onto an SDS-PAGE gel.

2.17 Total RNA isolation

RNA isolation was performed using the QIAGEN (Hilden, Germany)
RNeasy Plant Mini Kit and followed the manufacturer’s instructions. All pestles,
mortars, and forceps were baked in a 240°C oven overnight to deactivate RNase. A
final concentration of 10° conidia/mL for normal gene expression testing was
inoculated into a 1 L baffled flask containing 100 mL Vogel’s liquid medium.
Cultures were grown at 30°C with constant shaking for 12 hr (in the absence of CM)
or 14 hr (in the presence of CM). Approximately 100 mg mycelium was used for RNA
isolation. Immediately after weighing, the mycelium was frozen in liquid nitrogen and
ground to a powder. The powder was transferred to a 2 mL RNase-free tube and
suspended in 450 uLL RC buffer (supplied with the kit, with 10 pL B-mercaptoethanol
(Sigma-Aldrich, St. Louis, USA) added per 1 mL RC buffer before use). The tube was
vortexed for 1 min. The mixture was then loaded onto a QIAGEN shredder column and

centrifuged at 13,000 rpm (16,000 x g) for 2 min in a Sorvall Biofuge® pico centrifuge.
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The flow-through (cell lysate) was transferred to a fresh 2 mL tube, snap-frozen in
liquid nitrogen, and stored at -80°C. To isolate total RNA, frozen cell lysate was
thawed in a 37°C water bath for 15 min. The RNA isolation followed the QIAGEN
kit’s instructions. Briefly, the cell lysate was loaded onto an RNeasy Mini Spin
column. The column was centrifuged at 13,000 rpm (16,000 % g) for 15 sec at room
temperature in a Sorvall Biofuge® pico bench top centrifuge. The flow-through was
discarded and the column was washed once with 700 pL RW1 buffer and twice with
500 uL RPE buffer (buffers were supplied with the kit). For each wash, the column
was centrifuged at 13,000 rpm (16,000 x g) for 15 sec at room temperature. After
washes, the column was centrifuged at 13,000 rpm (16,000 x g) for 1 min at room
temperature to remove residual ethanol. The RNA was eluted from the column twice
with 50 pL RNase-free water (supplied with the kit). The RNA was immediately

examined for concentration and RNA integrity.

2.18 Measurement of RNA concentration

The concentration of total RNA was measured using a Nanodrop ND 1000
spectrophotometer (Thermo Scientific, Rockford, USA). Each RNA sample was
diluted ten-fold using RNase-free water provided in the RNA isolation kit. Each

sample was measured three times and the average was taken as the concentration.

2.19 Measurement of RNA integrity

RNA integrity was measured using an Agilent 2100 Bioanalyzer system and
the Agilent RNA 6000 Nano kit (Agilent Technologies, USA). Each RNA sample was
diluted to 250 ng/uL in RNase-free water prior to use. RNA ladder, gel-dye mix

(provided in the Agilent RNA 6000 Nano kit), and samples were loaded onto an
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Agilent RNA 6000 Nano chip according to the manufacturer’s instructions. The
loaded chip was placed in an Agilent 2100 Bioanalyzer and analyzed using Agilent
2100 Expert software for Plant Nano Assay. Only those samples that had an RNA
integrity number (RIN, calculated by the software) value of greater than 9 (the

maximum value is 10) were used for cDNA synthesis.

2.20 First-strand cDNA synthesis from total RNA

First-strand cDNA was synthesized using SuperScript™ III Reverse
Transcriptase (Invitrogen, Carlsbad, USA) following the manufacturer’s instructions.
Other Invitrogen products included Oligo(dT)i2-1s Primer, RNaseOUT™
Recombinant Ribonuclease Inhibitor, and dNTPs. For each reaction, 1 pg total RNA

was used. cDNA was stored at -80°C before use.

2.21 Principals of quantitative PCR (qPCR) primer design

Either Roche probefinder (http://qpcr.probefinder.com/organism.jsp) or IDT
PrimerQuest (http://www.idtdna.com/primerquest/Home/Index) was used for qPCR
primer design. Roche probefinder was primarily used. “Other Organism” was selected
in the dropdown menu on the website and the target sequence with exons only was
pasted into the sequence box. The intron assay was opted out. When the “design”
button was clicked, the system processed the target sequence and the best pair of
primers was shown. To view additional primers, “More Assay” was chosen. Only
those pairs of primers that either flanked an intron, or that had one of the primers
spanning the splicing site of an intron, were considered. For non-intron containing

genes, the pair of primers with the highest ranking was selected.
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IDT PrimerQuest provided more flexible options. The target sequence with
exons only was pasted into the sequence box. “Show Custom Design Parameters” was
selected, and parameters were adjusted as follows:

Results to Return: 50

Primer Tm (°C): Min 59, Opt 60, Max 63
Primer GC (%): Min 40, Opt 50, Max 60
Primer Size (nt): Min 19, Opt 20, Max 24
Amplicon Size (bp): Min 60, Opt 70, Max 100

When all parameters were entered, primers were designed accordingly by
clicking the “Get Assays” button. Primer sets that flanked an intron, or where one
primer of a set spanned an intron were preferred. For non-intron containing genes, the

pair of primers with the highest ranking was selected.

2.22 Validation of qPCR primers

Primers for qPCR must be validated to ensure that the amplification
efficiency of the gene is similar to an endogenous control and that only one product is
amplified. To begin the validation, both 100 uM forward and 100 uM reverse primers
were mixed and diluted to 4.8 uM per primer using DNase-free water (IDT,
Coralville, USA). To obtain a standard curve, cDNA from a first-strand cDNA
synthesis reaction (cDNA was synthesized from total RNA isolated from a wild-type
culture grown in the presence of CM as described in section 2.20) was diluted
four-fold, 16-fold, 64-fold, 256-fold, and 1024-fold. 2.5 pL diluted cDNA, 2.5 pL
diluted primers, and 5 pL 2 x KAPA SYBR® Fast qPCR master mix (KAPA
Biosystems, Wilmington, USA) were added to each well of a 96-well plate

(BIOplastics, Landgraaf, Netherlands). For each dilution and each pair of primers,
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three technical replicates were used. Loaded plates were sealed using the EU
Opti-Seal (BIOplastics, Landgraaf, Netherlands) system and subjected to qPCR on a
StepOnePlus qPCR machine (Applied Biosystems, Foster City, USA). StepOne
software (Applied Biosystems, Foster City, USA) was used to run the qPCR programs
and to generate amplification curves for each pair of primers. The amplification
efficiencies were compared to the endogenous control beta-tubulin (for example, the
slope of the amplification curve and R? value (coefficient of determination of the
curve) to determine whether the primers were able to amplify the target genes as
efficiently as the endogenous control. In addition, melt curves were obtained
following amplification using the same qPCR machine. The melt curve gives the
temperature at which the DNA double strand formed during the amplification will
dissociate during increased heating. This was measured to determine whether or not
the amplification generated non-specific PCR products. The goal is to identify a pair
of primers where the melt curve shows only one peak, which suggests that only one

PCR product was amplified from the target gene.

2.23 qPCR

Forward and reverse primers that had been validated (section 2.22) were
mixed and diluted to 4.8 uM using DNase-free water (IDT, Coralville, USA). cDNA
was diluted 20-fold from each first-strand cDNA synthesis reaction using the same
DNase-free water. For each qPCR reaction, 2.5 uL 20-fold diluted cDNA, 2.5 uL
diluted primers, and 5 pL 2 x KAPA SYBR® Fast qPCR master mix (KAPA
Biosystems, USA) were added to each well of a 96-well plate (BIOplastics,
Netherlands). For each condition, samples from four independent biological samples

were analyzed using three technical replicates. Loaded plates were processed as
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described in section 2.22. StepOne software (Applied Biosystems, Foster City, CA)

was employed to run qPCR programs and to obtain Ct values.

2.24 Chromatin immunoprecipitation (ChIP)

The protocol for ChIP was as described by Guo ef al. (2010) and Kuras and
Struhl (1999) with modifications. N. crassa cultures were started with 2.5 x 108
conidia in 100 mL Vogel's medium and were grown for 12 hr at 30°C in the absence of
CM, or 14 hr in the presence of CM. To cross-link proteins to DNA, formaldehyde
(catalogue number: F79-500, Fisher Scentific, Pittsburgh, USA) was added to each
culture to a final concentration of 1% followed by constant shaking for 15 min at room
temperature. Following the reaction, 20 mL of 1.25 M glycine was added to each
culture and shaking was continued for 5 min to quench the cross-linking reaction.
Myecelium was then harvested by vacuum filtration and washed twice with ice-cold
TBS (25 mM Tris-HCI [pH7.2], 150 mM NacCl) and once with FA lysis buffer (50 mM
HEPES-KOH [pH7.5], 150 mM NaCl, 1 mM EDTA, 0.1% Na deoxycholate (Thermo
Scientific, Rockford, USA), 1% Triton X-100, 0.1% SDS). The washed mycelium was
ground in liquid nitrogen and the resulting powder was suspended in FA lysis buffer (1
mL per 2 gm of mycelium powder) containing 1 mM PMSF and protease inhibitors
(final concentrations of 2 ug/mL aprotinin, 1 pg/mL leupeptin, and 1 pg/mL pepstatin
A). Once the powder had thawed in FA lysis buffer, the mixture was divided into
aliquots of 2 mL and each was sonicated 30 times, each time with a 30 sec sonication
pulse (Sonic Diesmembrator Model 300, Fisher Scientific, Pittsburgh, USA, 30%
power with a micro-tip) followed by a 2 min cooldown on ice. This produced DNA
fragments of approximately 200 to 400 bp in size. To remove cellular debris, the

sonicated lysate was centrifuged at 10,000 x g at 4°C for 15 min in an SA-600 rotor.
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The supernatant was transferred to a fresh 2 mL LoBind tube (Eppendorf, Germany)
and snap-frozen in liquid nitrogen. We refer to this supernatant as ChIP lysate. The
ChIP lysate could be stored at -80°C for several months. The concentration of ChIP
lysates was adjusted to 2 mg protein per 750 pL before subsequent operations.

Before immunoprecipitation from the ChIP lysate, the protein A agarose
beads (Invitrogen, Carlsbad, USA) used for antibody binding were blocked. 480 pL
beads were washed twice in 500 puL Phosphate Buffered Saline (PBS, 137 mM NacCl,
2.7 mM KCIl, 10 mM Na>HPOg4, 2 mM KH2PO4 [pH7.4]), and then incubated in 1 mL
FA lysis buffer containing 100 pg/mL bovine serum albumin (BSA, Sigma-Aldrich,
St. Louis, USA) (dissolved in FA lysis buffer) and 100 pg/mL boiled sonicated salmon
sperm DNA. The mixture was rocked at 4°C overnight. Beads were pelleted at 4,000 x
g (6,300 rpm in Sorvall Biofuge® fresco centrifuge) for 2 min at 4°C and 520 pL of
the supernatant was removed to bring the volume back to 480 uL.

To prepare a pre-cleared ChIP lysate, 60 pL of blocked beads (in BSA and
salmon DNA) were first incubated with 750 uL ChIP lysate at 4°C for 5 to 7 hr by
constant rocking. The beads were then removed from the lysate by centrifugation at
4,000 x g (6,300 rpm in Sorvall Biofuge® fresco centrifuge) for 2 min at 4°C. The
beads were discarded and the pre-cleared lysate was transferred to a fresh 1.5 mL
LoBind tube (Eppendorf, Germany) and either 24 pL anti-HA or 6 pL anti-Myc
antibody (catalogue number of HA antibody: H98-63R-100; catalogue number of
anti-Myc antibody: M86-61M-100, SignalChem, Canada) was added. Binding of
antigen to the added antibodies was achieved by overnight incubation at 4°C with
gentle rocking. The next day, 60 pL of the blocked protein A agarose beads were
added and the mixture was continuously rocked for 6 to 7 hr longer to allow the

antibody to bind to the beads. The beads were then pelleted at 4,000 x g (6,300 rpm in
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Sorvall Biofuge® fresco centrifuge) for 2 min at 4°C and the supernatant was
removed. The beads were then consecutively washed one time in 1 mL low salt
washing buffer (0.1% [w/v] SDS, 1% [v/v] Triton X-100, 2 mM EDTA, 150 mM
NaCl, 20 mM Tris-HCI [pHS8.0]), one time in 1 mL high salt washing buffer (0.1%
[w/v] SDS, 1% [w/v] Triton X-100), 20 mM Tris-HCI [pHS8.0], 500 mM NacCl), one
time in 1 mL LNDET (0.25 M LiCl, 1% [w/v] NP40 (Sigma-Aldrich, St. Louis,
USA), | mM EDTA, 10 mM Tris-HCI [pHS8.0]), and two times in 1 mL TE buffer (1
mM EDTA, 10 mM Tris-HCI [pHS8.0]). For each wash, beads were rocked for 5 min
at 4°C after addition of buffer. After the washes, proteins and genomic DNA that was
bound to the beads were eluted by adding 400 uL elution buffer (25 mM Tris-HCI
[pH7.5], 10 mM EDTA, 0.5% [w/v] SDS) and incubating the tube in a 65°C water bath
for 30 min. The tube was inverted several times every 10 min to mix the buffer and the
beads. The beads were then pelleted by centrifugation 4,000 x g (6,300 rpm in Sorvall
Biofuge® pico centrifuge) at room temperature and the supernatant was transferred to
a 1.5 mL LoBind tube. To reverse cross-linking between tagged proteins and the bound
genomic DNA, 16 pL of 5 M NaCl was added to the supernatant followed by
overnight incubation in a 65°C water bath.

After reversal of cross-linking, the tagged protein-DNA mixture was treated
with 2 pLL of 10 mg/mL protease K (Roche, Basel, Switzerland) in a 45°C water bath
for 2 hr to degrade proteins. The sample was then extracted with 400 pL
phenol-chloroform (1:1 [v/v]) (both from Fisher Scientific, Pittsburgh, USA) by
vortexing for 10 sec. After centrifugation at 13,000 rpm (16,000 x g) for 1 min in a
Sorvall Biofuge® pico centrifuge the top (aqueous) layer was transferred to a 1.5 mL
LoBind tube and 40 pL (1/10 volume) of 3 M sodium acetate (pHS.2), 1 uL glycogen

(Roche, Basel, Switzerland), and 1 mL 95% ethanol were added. The tube was inverted

88



several times and kept at -80°C for 1 hr. The frozen tube was centrifuged at 13,000 rpm
(16,000 x g) for 30 min at 4°C in Sorvall Biofuge® fresco centrifuge to precipitate the
ChIP DNA. The DNA pellet was washed once with 70% ethanol. The pellet was dried
at room temperature for 5 to 10 min. The DNA was dissolved in 10 pL sterile MilliQ
water or DNase-free water (IDT, Coralville, USA) and stored at -80°C. The
concentration of DNA was measured using a Qubit® Fluorometer (Invitrogen,
Carlsbad, USA) following the manufacturer’s instructions. Usually the yield of the
ChIP DNA was approximately 10 ng.

To obtain DNA fragments with an average size of 200 bp, the ChIP DNA
was sent to Delta Genomics for further sonication using the Covaris S2 system. The
operation conditions and settings in the Application Software were as follows:
Intensity: 5
Duty cycle: 10%

Cycle per Burst: 200

Treatment Time: 3 cycles and 60 sec per cycle
Temperature: 7°C

Power Mode: frequency sweeping

AFA Intensifier: yes

Before Covaris sonication, the volume of the DNA solution was brought up
to 120 pL using TE buffer (1 mM EDTA, 10 mM Tris-HCI [pH8.0]). After
sonication, the volume of the DNA solution was reduced to approximately 60 pL via
evaporation in a clean fumehood for 8 to 10 hr. The concentration of DNA was then
measured using a Qubit® Fluorometer. The final concentration of ChIP DNA was
adjusted to 5 to 10 ng per 50 pL and samples were sent to Delta Genomics

(Edmonton, Alberta, Canada). Delta Genomics used the Illumina® TruSeq® ChIP
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Sample Preparation Kit (Illumina, San Diego, USA) for library preparation. They then
used the Illumina sequence platform to sequence the ChIP DNA library. The sequence
data for determination of binding sites of AOD2 following growth in the presence of
CM were obtained using an Illumina HiScan SQ with read lengths of 51 nucleotides.
All other data was obtained using an Illumina HiSeq2000 with read lengths of 101
nucleotides.

ChIP-seq was performed on eight separate samples. Four of these were from
strains AOD2-C-HA-8 and AOD5-C-Myc-4 each grown in both the presence and
absence of CM, and four were from a wild-type control (NCN251) which contains no
tagged proteins grown under the same conditions. This resulted in four data sets when

controls were subtracted from experimental results.

2.25 Analysis of ChIP-seq data

Raw sequence data from Delta Genomics was sent to our collaborators
(Kristina Smith, Erin Bredeweg, Michael Freitag) at Oregon State University. Each
set of experimental versus control data was analyzed using MACS2 (Zhang et al.
2008). The false discovery rate (FDR, g-value) cut-off was set to 0.05. The definition
of FDR and it calculation was as decribed in Zhang et al. 2008, Johnson et al. 2006,
and Song et al. 2007. Data was aligned with the N. crassa genome sequence in

GBrowse (Stein et al. 2002).

2.26 Peaks count relative to translation start sites (TSS)
The distance of each ChIP-seq peak relative to the TSS was withdrawn from
the ChIP-seq data files (generated by MACS2 by Kristina Smith, Erin Bredeweg,

Michael Freitag). The distances were sorted from -10,000 bp to 10,000 bp in order
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using Microsoft Excel. The numbers of peaks in 100-bp windows were counted using
the FREQUENCY function in Microsoft Excel. The number of peaks in each window
was then plotted on a graph. Peaks that are more than 10,000 bp away (either

upstream or downstream) from a gene were excluded from the plots.

2.27 Standard techniques

Standard protocols were used for determination of protein concentration
using the Bio-Rad protein assay reagent (Hercules, USA), agarose gel electrophoresis
(Sambrook & Russell 2001), E. coli chemical transformation (Sambrook & Russell
2001), Sanger sequencing (performed by the Molecular Biology Service Unit), PCR
reaction using Pfu DNA polymerase (Thermo Scientific, Rockford, USA), and nucleic
acids concentration measurement using a Nanodrop ND 1000 spectrophotometer
(Thermo Scientific, Rockford, USA). Plasmid DNA was extracted from E. coli cells
using GeneJET miniprep kits according to the supplier’s instructions (Thermo

Scientific, Rockford, USA).
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3 Results

3.1 Characterization of AOD2 and AOD5S

3.1.1 Cellular localization of AOD2 and AODS under AOX inducing and
non-inducing conditions

A major goal of this work was to gain insight into how AOD2 and AODS
activate transcription of aod-1. As a first step towards this goal I wished to determine
the cellular location of these transcription factors under conditions that both do, and
do not, induce expression of aod-1.

It should be noted that the possibility of the aod-2 and aod-5 genes
themselves being transcriptionally regulated in response to a signal from
dysfunctional mitochondria seemed unlikely, since it had been previously shown that
the levels of their mRNAs did not change dramatically between inducing and
non-inducing conditions (Chae ef al. 2007b). It was also conceivable that the AOD2
and/or AODS proteins would not be synthesized under non-inducing conditions due to
a translational control mechanism. Although the possibility was not directly addressed,
evidence from the experiments described below strongly suggests that this is not the

casc.

3.1.1.1 Tagging AOD2 and AODS5 with HA and Myc epitopes

Antibodies against AOD2 and AODS5 are not available. Therefore, to track
the location of the proteins, I developed constructs of the aod-2 and aod-5 genes
encoding three repeated 3x hemagglutinin (HA) epitopes or 3x c-Myc (Myc) epitopes
at either the 5” or 3’ end of their coding sequences. These constructs also contained
more than 500 bp of the endogenous gene sequence both upstream and downstream of

the coding sequence. To allow selection in N. crassa the constructs were cloned into a
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plasmid that contained a hygromycin resistance cassette (Staben et al. 1989) (see
section 2.3 for details). The resulting plasmids were transformed into the
corresponding aod-2 or aod-5 mutant strains (CNA33 and PL23-40) respectively.
Groups of transformants were named after the protein, with a one letter symbol for the
tagged terminus, and the type of tag. Thus, there were eight different groups
AOD2-N-HA, AOD2-C-HA, AOD2-N-Myc, AOD2-C-Myc, AODS5-N-HA,
AOD5-C-HA, AOD5-N-Myc, and AOD5-C-Myc. Individual transformants were
distinguished by isolation numbers following the group transformation name. At least
25 individual colonies that were able to grow on medium containing hygromycin were
selected from each of the eight transformations and inoculated into
hygromycin-containing slants. Only those that showed normal conidiation on these
slants were chosen for further work. These transformants were then purified by single
colony isolation as described in section 2.4. The single colonies in each
transformation group were analyzed further.

The first step in the analysis of transformants was to determine if the aod-2
or aod-5 defects had been rescued. This was done by checking for the ability of the
transformants to produce wild-type levels of AOX under inducing conditions. The
first transformants analyzed were from the AOD2-N-HA group. Seven transformants
were grown in the presence of CM. Mitochondria were isolated and analyzed on
Western blots to determine if AOX could be induced. All seven transformants were
found to contain AOX at or near wild-type levels (Fig. 3.1A). Crude nuclei were then
prepared to determine if HA-tagged AOD2 could be detected. The predicted size of
AOD?2 with the 3x HA tag was 60.6 kDa. A band was seen at approximately this
molecular weight, but this band was also present in a non-HA-tagged control (Fig.

3.1B). However, a strong band that was not present in the control was observed in all
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Figure 3.1. Initial examination of AOD2-N-HA transformants. A. A plasmid
construct containing N-terminal 3x HA tagged aod-2 was transformed into an aod-2
mutant strain (CNA33) and seven transformants that exhibited good conidiation were
examined for their ability to express AOX. Strains were grown in the presence of CM
and mitochondria were isolated. Mitochondrial proteins were subjected to SDS-PAGE,
blotted to nitrocellulose and analyzed by Western blot. The MOM protein Tom70 was
used as a loading control. The control strain was the wild-type strain NCN251. B.
AOD2-N-HA transformants were examined for the presence of 3x HA tagged AOD?2.
Crude nuclei were isolated from cells grown in the absence of CM. Nuclear proteins
were extracted, subjected to SDS-PAGE, blotted to nitrocellulose, and examined by
Western blot. Histone H3 was used as a loading control. Antibodies used are indicated
on the right. The control strain was as for panel A. Arrowheads point to the
transformants that were selected for further work. The arrow on the right indicates the
position of AOD2-N-HA protein. Molecular weight markers for the HA blot are

indicated on the left.
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the transformants between the 62 and 83 kDa markers. Thus, it seems likely that this
band represents HA-tagged AOD2. The size of the band was calculated to be about 70
kDa. Strains AOD2-N-HA-3 and AOD2-N-HA-10 were chosen for further work. A
similar analysis was done for the AOD2-C-HA set of transformants (Supplementary
Fig. 3.1). Again, the 70 kDa band was observed in all transformants. Strain
AOD2-C-HA-8 was chosen for further analysis.

Analysis of the AOD2-N-Myc transformants showed that none of the nine
transformants analyzed were capable of inducing AOX to wild-type levels following
growth in CM (Supplementary Fig. 3.2). Transformants from this group were not
pursued further. Analysis of more transformants may have yielded a usable strain, but
given the relatively high success rate in the other groups, this seemed unlikely. It is
not known why this group failed to produce rescued strains but it is conceivable that
the 3x Myc tag at the N-terminus of AOD?2 interferes with the function, stability, or
targeting of the protein. The AOD2-C-Myc transformants were capable of expressing
AOX at wild-type levels (Supplementary Fig. 3.3). The Myc Western blots sometimes
showed non-specific bands at both 63 kDa and 82 kDa. However, a band of 70 kDa,
similar to the size seen for HA-tagged AOD?2 transformants, was also observed. Strain
AOD2-C-Myc-4 was chosen for further work.

Several transformants of the AODS5-C-HA group were able to induce AOX to
wild-type or near wild-type levels (Fig. 3.2A). Crude nuclear preparations of
AODS5-C-HA transformants showed no band near the predicted molecular weight of
the tagged AODS protein (83.3 kDa). However, a band specific to two transformants,
and not present in the HA untagged control, was visible above the 83 kDa marker (Fig.
3.2B left panel). The size of this band was calculated to be about 100 kDa. A similar

sized band was observed in other transformants (Fig. 3.2B right panel). Strain
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Figure 3.2. Initial examination of AODS5-C-HA transformants. A. A plasmid
construct containing a C-terminal 3% HA tagged aod-5 was transformed into an aod-5
mutant strain (PL23-40) and 12 transformants that exhibited good conidiation were
examined for their ability to express AOX. Strains were grown in the presence of CM
and mitochondria were isolated. Mitochondrial proteins were subjected to SDS-PAGE,
blotted to nitrocellulose and analyzed by Western blot. The MOM protein Tob55 was
used as a loading control. (Tob55 appears as a doublet because alternative splicing of
its transcript gives rise to different versions of the protein (Hoppins et al. 2007)). The
control was the wild-type strain NCN251. B. Several AOD5-C-HA transformants
were examined for the presence of 3x HA tagged AODS. Crude nuclei were isolated
from cells grown in the absence of CM. Nuclear proteins were extracted, subjected to
SDS-PAGE, blotted to nitrocellulose, and examined by Western blot. Histone H3 was
used as a loading control. Antibodies used are indicated on the right. The control was
as for panel A. Arrowhead points to the transformant that was selected for further
work. The arrow indicates the position of AODS5-C-HA protein. Molecular weight

markers for the HA blots are indicated on the left.
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AODS5-C-HA-22 was chosen for further work. Similar analysis on AODS5-N-HA
transformants also detected a band of 100 kDa (Supplementary Fig. 3.4). Strain
AODS5-N-HA-1 was chosen for further work.

Several AOD5-C-Myc transformants were capable of producing wild-type
levels of AOX (Supplementary Fig. 3.5A). Initial attempts to detect tagged AODS5 in
the AODS5-C-Myc group, showed that a band of approximately 85 kDa, close to the
predicted size of the protein, was present. However, this band was also present in the
Myc untagged control lane (Supplementary Fig. 3.5B). Subsequent analysis showed a
band at 100 kDa that was not present in the control non Myc tagged strain
(Supplementary Fig. 3.5B). The band is similar in size to that detected in the AODS5
HA tagged transformants (Fig. 3.2B). AOD5-C-Myc-4 was chosen for further work.
Transformants in the AOD5-N-Myc group were able to produce varying levels of
AOX (Supplementary Fig. 3.6A). Strains AOD5-N-Myc-10 and -12 were judged to
produce AOX at or near wild-type levels. However, no unique Myc tagged protein
was observed in crude nuclei of these strains (Supplementary Fig. 3.6B) and no

further work was done with these strains.

3.1.1.2 Cell fractionation to localize AOD2 and AODS5

The AOD2-N-HA-10 strain was selected for cell fractionation experiments.
Cells were grown in both the presence and absence of CM. Cultures were harvested
and gradient purified nuclei and mitochondria were isolated (described in section 2.6 -
2.9). In addition, cytosolic and microsomal fractions were isolated (described in
section 2.10). The fractions were subjected to SDS-PAGE and analyzed on Western
blots. Histone H3, Arginase, Tom70, and Kar2 were used as markers for the nuclear,

cytosolic, mitochondrial, and microsomal fractions, respectively. Fractions were also
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analyzed for the presence of AOX to further demonstrate inducibility of AOX in the
tagged constructs. The results (Fig. 3.3A) showed that each fraction was almost free
from contamination by the other fractions, although the microsomal protein Kar2 was
also found in the nuclear fraction. This is likely a reflection of the contiguous
relationship of the ER and nuclear membranes. AOD2 was only detected in the
nuclear fraction. It was found in nuclei isolated from cells grown under both inducing
(+CM) and non-inducing (-CM) conditions (Fig 3.3A). The levels of AOD2 were
similar in both conditions. AOX was present in mitochondria isolated from both the
control strain and the AOD2-tagged strain only when cultures were grown under
inducing conditions (+CM). Similar results were obtained from AODS5-N-HA-1 cell
fractions. AODS was also shown to occur only in the nucleus (Fig 3.3B).

Although the above results showed nuclear localization of AOD2 and AODS,
it was possible that the N-terminal HA epitope tags interfered with the native
localization of the proteins. In an attempt to rule out this possibility, I used the
AOD2-C-HA-8 and AODS-C-Myc-4 strains to repeat the cell fractionation
experiments. As seen with the N-terminal tagged proteins, both of the C-terminal
tagged AOD2 and AODS proteins were detected exclusively in the nuclear fraction.
Nuclear localization was again seen to be independent of the presence or absence of
CM in the growth medium (Fig. 3.3C, D). Similar amounts of both proteins were
present in both +CM and —CM conditions. Taken together, the results show that
AOD?2 and AODS localize to the nucleus under both AOX inducing and non-inducing
growth conditions. The amount of each protein is similar in both growth conditions.
An unknown protein band seen in the cytosolic fraction of the anti-AOX blot was
observed (arrows on cytosolic lanes of Fig. 3.3 A, B, C, D examined by the AOX

antibody). Given its slightly larger molecular weight compared to the mature AOX
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Figure 3.3. Localization of AOD2 and AODS5. A. AOD2-N-HA-10 was grown in
both the presence or absence of CM. Gradient purified nuclei and mitochondria were
isolated, as well as cytosolic and microsomal fractions. The wild-type strain, NCN251,
served as a non-tagged control. Fractions were subjected to SDS-PAGE and proteins
were transferred to nitrocellulose membrane for Western blot analysis. AOD2 was
detected using antibodies against the HA tag. Other antibodies served to detect
markers for the different cellular fractions as indicated on the right of the panel.
Molecular weight markers for one of the HA blots are indicated on the left. B. As
described for panel A using fractions isolated from strain AOD5-N-HA-1. Molecular
weight markers are indicated on the left of the HA blot. C. As described for panel A
using fractions isolated from strain AOD2-C-HA-8. Molecular weight markers are
indicated on the left of the HA blot. D. As described for panel A using fractions
isolated from strain AODS5-C-Myc-4. Detection of the tagged AODS protein was
achieved with an antibody directed against the Myc tag. In all four panels, arrows
indicate unexpected bands in the cytosolic fractions that were detected by the AOX
antibody. The bands have a slightly higher molecular weight than mature processed

AOX (section 3.1.1.2 and Appendix III).
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seen in the mitochondria, I hypothesized that it might represent unprocessed AOX still
containing its mitochondrial targeting signal (predicted molecular weight of AOX
processed = 34.7 kDa, unprocessed = 41.3 kDa (Li et al. 1996)). This was of
particular interest since the band usually seemed more prevalent in the cultures grown
in non-inducing conditions. Thus, it was possible that AOX was synthesized but
prevented, by some mechanism, from entering mitochondria. Another possibility was
that it represented the AOD3 protein (Tanton et al. 2003) (predicted molecular weight
of AOD3 processed = 37 kDa, unprocessed = 42.3 kDa). These possibilities were
investigated by examining cytosolic fractions from double Aaod-1 Aaod-3 mutants.
No evidence for either of these possibilities was found to be true since the bands were

still present in the cytosolic fractions of the double mutant (Appendix III).

3.1.2 In vivo interaction between AOD2 and AOD5

Previous in vitro electrophoretic mobility shift assay (EMSA) experiments by
Michael Chae in the Nargang lab showed that the DNA binding domains of both
AOD2 and AODS5 must be present for binding to the AIM sequence in the aod-1
promoter region (Chae et al. 2007b). A physical interaction between the proteins in
vitro was also shown (Chae & Nargang 2009). To confirm that this interaction also
occurs in vivo, | performed a co-immunoprecipitation (co-IP) experiment. Plasmids,
which contained the aod-2 gene with the 3x Myc tag just before the stop codon and
the aod-5 gene with the 3x HA tag just after the start codon (as described in section
2.4) were co-transformed into an aod-2 aod-5 double mutant (DX13). Both plasmids
also contained a hygromycin resistant gene. Transformants were selected either on
medium containing antimycin A or hygromycin. Transformants AOD2-C-Myc

AODS5-N-HA numbers Al, A2, A3, A5, and A6 were selected from antimycin
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A-containing medium, whereas transformants AOD2-C-Myc AODS5-N-HA numbers 3,
5, 14, 18, and 19 were chosen from hygromycin-containing medium. All these strains
were examined for AOX content following growth in the presence of CM.
Surprisingly, strains A2 and A6, which were resistant to antimycin A, exhibited no
AOX proteins in +CM mitochondria (Fig. 3.4A). The reason is unknown. Strains 3, 5,
and 14 examined from the hygromycin resistant transformants also showed no AOX
following growth in CM (Fig. 3.4A). However, strains Al, A3, 18, 19 appeared to
express normal AOX levels (Fig. 3.4A). Moreover, the AODS5-N-HA and
AOD2-C-Myc tagged proteins were detected in crude nuclei from all four strains (Fig.
3.4B). I selected strain AOD2-C-Myc AOD5-N-HA Al for co-IP experiments.

The Al strain was then grown in the presence and absence of CM, and
nuclear proteins were extracted from crude nuclei (section 2.6). Immunoprecipitation
was performed for AOD2-C-Myc with Myc antibody. The Western blot showed that
the proteins eluted from the co-IP contained AOD2-C-Myc and AODS-N-HA
regardless of whether cells were grown under inducing or non-inducing conditions
(Fig. 3.5A). In the reciprocal experiment, where AODS5-N-HA was
immunoprecipitated from extracted nuclear proteins with HA antibody, AOD2-C-Myc
was also eluted (Fig. 3.5B). These data strongly suggest that AOD2 and AODS5 do

interact with each other in vivo.

3.1.3 Search for post-translational modifications of AOD2 and AODS in response
to AOX inducing conditions

One hypothesis to explain the change in activity of AOD2 and/or AODS that
occurs under inducing conditions is that they are post-translationally modified. One

possible modification is phosphorylation. In S. cerevisiae, the homologue of AOD2

103



Figure 3.4. Examination of AOD2-C-Myc AODS-N-HA transformants. Linearized
plasmid constructs paod-2hyg C-Myc and paod-5hyg N-HA were cotransformed into
the aod-2 aod-5 double mutant DX13 strain and transformants were selected on
medium containing either antimycin A (those designated with an “A” followed by a
number) or hygromycin (those with a number only). A. Mitochondria were isolated
from the indicated strains following growth in the presence of CM. The control is the
wild-type strain NCN251. Proteins were subjected to SDS-PAGE and AOX levels
were examined by Western blot with Tom70 serving as a loading control. B. Four
transformants were tested for the presence of HA and Myc tagged proteins. Cultures
were grown in the presence of CM and crude nuclei were isolated. Extracted nuclear
proteins were subjected to SDS-PAGE and Western blot analysis using antibodies to
the HA or Myc tag as appropriate. The control strain is the untransformed aod-2
aod-5 double mutant strain DX13. Each lane contains the extract from crude nuclei
containing 30 pg of nuclear protein. Arrows indicate the tagged AOD2 or AODS
protein. Arrowheads point to the transformant that was selected as a representative
AOD2-Myc AODS5-HA double tagged strain. Molecular weight markers for the HA

and Myc blot are indicated on the left.
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Figure 3.5. In vivo interaction between AOD2 and AODS. Mycelium was harvested
and gradient purified nuclei were isolated from the AOD2-C-Myc AODS5-N-HA Al
transformant, and a wild-type control (NCN251), following growth in both the
presence and absence of CM. The Al strain expresses both the AOD2-C-Myc and
AODS5-N-HA tagged proteins. Immunoprecipitation (IP) was performed to pull down
AOD2-C-Myc (panel A) or AODS-N-HA (panel B) with anti-Myc and anti-HA
antibodies, respectively. Elution fractions from the IPs were subjected to SDS-PAGE
and the separated proteins were blotted to nitrocellulose membrane. The membranes

were probed with the antibodies shown to the right of the panels. Histone H3 was



(Rds2) is phosphorylated when cells use ethanol as the sole carbon source as
compared to cells grown in glucose (Soontorngun et al. 2007). Depending on the
number of phosphates added, a change in the phosphorylation status of a protein can
sometimes be observed as a shift in molecular weight by traditional SDS-PAGE.
However, I did not observe any mobility difference in the AOD2 or AODS proteins
from cells grown in either inducing or non-inducing conditions in the cell
fractionation experiments (Fig. 3.3). This suggests that no major change in the
molecular weight of the AOD2 or AODS occurred upon AOX induction by growth in
the presence of CM. To further investigate the phosphorylation status of AOD2 and
AODS, I used Phos-tag SDS-PAGE (Kinoshita et al. 2009). However, no consistent
differences were observed (Appendix IV.1).

Since there are five cysteine residues C-terminal to the DNA binding domain
of both AOD2 and AODS5, and because it is conceivable that growth in CM or other
AOX inducers might lead to changes in the redox status of the cell, I also examined
the proteins for changes in cysteine residue redox status following growth in either
AOX inducing or non-inducing conditions. However, no differences were detected

(Appendix IV.2).

3.2 The role of AOD2 and AODS in gluconeogenesis
3.2.1 Confirmation of the involvement of AOD2 and AODS in gluconeogenesis

As described in the introduction (section 1.10.9), studies in different fungi
have identified a role for the orthologues of AOD2 and AODS in gluconeogenesis
(Gasmi et al. 2014; Hynes et al. 2007; Liu et al. 2010; Sellem et al. 2009; Soontorngun
et al. 2007). To determine if the proteins play a similar role in N. crassa, I investigated

the growth rates of aod-2 and aod-5 mutant strains on various carbon sources. Aaod-2
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(97B1) and Aaod-5 (1C3) mutants from the N. crassa knock-out library were tested for
growth in liquid medium containing 1.5% sucrose, 2% glycerol, 150 mM acetate, or 1%
ethanol as the sole carbon source. Both mutants exhibited an approximate 40%
reduction in the mass of mycelium produced following 24-hour growth in the presence
of sucrose, suggesting at least some role(s) for AOD2 and AODS5 in growth in
sucrose-containing medium. However, the growth relative to wild type was reduced to
a much greater extent in glycerol (85%), acetate (92%), and in ethanol (99%) (Fig.
3.6A). These data indicated that AOD2 and AODS are both required for efficient use
of these poor carbon sources.

Since it is known that AOD2 and AODS are transcriptional regulators for the
synthesis of AOX in N. crassa, one possible explanation of the above data would be
that AOX is required for efficient growth in poor carbon sources. Therefore, I also grew
the Aaod-1 mutant (96H9) in media containing the same carbon sources. The aod-1
mutant grew at near the rate of the wild-type strain in all conditions (Fig. 3.6A), thus
eliminating the possibility that AOX itself plays a part in gluconeogenesis or growth on

poor carbon sources.

3.2.2 Investigation of how AOD2 and AODS coordinate AOX induction and
gluconeogenesis

The apparent involvement of aod-2 and aod-5 in gluconeogenesis lead me to
ask if transcription of the genes encoding PEPCK and FBP are controlled by AOD2
and AODS as their orthologues do in S. cerevisiae (Gasmi et al. 2014; Soontorngun et
al. 2007), A. nidulans (Hynes et al. 2007), and P. anserina (Bovier et al. 2014). These
enzymes perform crucial steps in the gluconeogenic pathway that are not simply

reversal of steps in glycolysis using the glycolytic enzymes (described in section 4.3).
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Figure 3.6. Participation of AOD2 and AODS in the regulation of gluconeogenesis.
A. The wild-type control strain (NCN251), and the Aaod-1 (96H9), Aaod-2 (97B1),
and Aaod-5 (1C3) knockout strains were grown in medium containing 1.5% sucrose,
2% glycerol, 150 mM sodium acetate, or 1% ethanol. Mycelium was harvested from
these cultures at 20 hr, 72 hr, 72 hr, and 96 hr, respectively, and weighed. The
experiment was done in triplicate. Error bar, #SEM. B-D. RT-qPCR was performed
for the aod-1 (panel B), PEPCK (panel C), and FBP (panel D) genes using total RNA
isolated from the wild-type control strain (NCN251) and Aaod-2 grown in medium
containing a variety of carbon sources, with or without CM, as indicated on the panels.
Each experiment used four biological replicates and three technical replicates. The
Student’s t test was used to compare data between two different conditions. Error bar,
+SEM. n.s., not significant (p value > 0.05). E. Mitochondria were isolated from the
wild-type control strain (NCN251) and the knockout strains Aaod-I and Aaod-2
grown in the presence or absence of CM, and in different carbon sources as indicated
at the top of the panel. Mitochondrial proteins were subjected to SDS-PAGE and the
proteins were transferred to nitrocellulose membranes. The blots were probed with the

antibodies indicated on the right. A light and dark exposure are shown for AOX.
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To address this question I grew wild-type strain NCN251 under various conditions
(sucrose with or without CM, glycerol without CM, acetate without CM, and ethanol
without CM) and measured the transcript levels for PEPCK, FBP, and aod-1 using
RT-gqPCR. The results showed that the levels of aod-1 transcript appeared to be slightly
increased in all poor carbon sources (two to four fold) when compared to sucrose —-CM,
but the increases were not found to be statistically significant (Fig. 3.6B). About 19
fold increases in aod-1 were observed following growth in sucrose +CM (Fig. 3.6B).
On the other hand, the transcripts of PEPCK were slightly increased in sucrose +CM
(two fold, just above the cutoff for statistical significance), and moderately increased
in acetate —CM (four-fold) and ethanol —CM (five-fold) (Fig. 3.6C). There is
apparently little induction of PEPCK in glycerol -CM. The rationale might be that the
metabolism of glycerol does not require the function of PEPCK (see Fig. 4.1 in the
discussion).

There was also no difference in expression for FBP following growth in
sucrose with or without CM (Fig. 3.6D). Growth in poor carbon sources, in contrast,
significantly induces the expression of the FBP transcript (Fig. 3.6D), which is
consistent with the role that FBP plays in gluconeogenesis. Transcript levels were also
measured following growth of the Aaod-2 strain in sucrose and acetate. A surprising
observation was that while the induction of the aod-1 and PEPCK transcripts were
dependent on AOD2 (Fig. 3.6B and C), there appeared to be no effect on FBP transcript
levels in the Aaod-2 strain (Fig. 3.6D). This demonstrates that AOD2 is not required for
the induction of FBP in N. crassa. Since aod-1 and PEPCK are induced to different
extents in CM and poor carbon sources, these data also suggest that AOD2, and by
extension its binding partner AODS, are activated by different signals that result from

growth in CM versus poor carbon sources.
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It was of interest to know if the AODI protein was produced when cells are
grown on poor carbon sources even though the transcript levels of aod-1 are not
altered significantly comparing to cells grown on sucrose. I isolated mitochondria
from wild type and mutant strains and performed Western blot analysis for the
presence of AODI. As shown previouslyy, AODI1 was readily detectable in
mitochondria from strains grown in sucrose +CM (Fig. 3.6E). A small amount of AOX
was also observed in sucrose -CM mitochondria after long exposure (Fig. 3.6E). On
the other hand, AOD1 appeared to be absent in cultures grown in poor carbon sources

(Fig. 3.6E).

3.3 Investigation of genome-wide binding of AOD2 and AODS by ChIP-seq
3.3.1 Summary of the ChIP-seq data by MACS2

Although I found that AOD2 and AODS localized to the nucleus under both
—CM and +CM conditions, I was interested in knowing whether or not they are
constitutively bound to the aod-1 promoter. In addition, since they also appear to
regulate the gluconeogenic gene PEPCK, it was of interest to investigate if they were
bound to this promoter in cells grown in both the presence and absence of CM.
Furthermore, the reduction in growth rate of the Aaod-2 and Aaod-5 mutants that was
observed when sucrose was the carbon source, suggested that the proteins may have a
wider role in gene expression. Thus, to obtain a fuller understanding of the function of
AOD?2 and AODS, I performed chromatin immunoprecipitation assays in combination
with next generation sequencing (ChIP-seq) using four sets of samples as shown in
Table 3.1. Since no antibodies were available to AOD2 or AODS, I utilized two of the
strains described in the localization experiments (section 3.1.1.1). The strains chosen

were AOD2-C-HA-8 and AODS5-C-Myc-4, which express a C-terminal HA
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Table 3.1 Four experimental data sets of ChIP-seq.

Experiment Strain Protein Antibody CM  Mapped  Peaks (>4 fold
-tag used Reads enrichment vs
(millions) control)

AOD2-C- HA HA + 9.9
HA-8

1 wild-type none HA + 6.9 217
(strain
NCN251)
AOD2-C- HA HA - 0.9
HA-8

2 wild-type none  HA - 1.4 303
(strain
NCN251)
AODS5-C- Myc Myc + 33
Myc-4

3 wild-type none Myc - 2.5 754
(strain
NCN251)
AODS5-C- Myc Myc - 2.0
Myc-4

4 wild-type none Myc - 1.3 243
(strain

NCN251)
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tagged AOD2 and a C-terminal Myc tagged AODS, respectively.

The tagged strains were grown in both the presence and absence of CM and
processed as described in the Materials and Methods (section 2.24) using commercial
antibodies to HA and Myc. The isolated DNA was used to develop libraries for next
generation sequencing. As controls for non-specific binding of the antibodies, the
same experiments were performed using the same antibodies with an untagged
wild-type strain (NCN251). In each data set, the number of sequence reads that were
mapped to the N. crassa genome is also shown in Table 3.1. Sequences were analyzed
by our collaborators at Oregon State University (Kristina Smith, Erin Bredeweg, and
Michael Freitag) using MACS2 software (Zhang et al. 2008) to call peaks and
calculate p-values and false discovery rates (FDR, g-value) for the peaks. Peaks in
controls were subtracted from the corresponding region of the experimental data sets
for MAC2 analysis. Only those peaks with both p-value and g-value smaller than 0.05
were considered further. The data were placed in the context of the N. crassa genome
sequence using GBrowse (Stein ef al. 2002).

To determine whether the peaks called by MACS2 were found randomly
throughout the genome or clustered in the 5’ region upstream of coding sequences, |
plotted the number of peaks against the distance of the peaks to their closest genes on
both sides of the peaks using Microsoft Excel (see section 2.26 for details). I found
that the peaks were mainly clustered at positions less than 1000 bp 5’ upstream
relative to the translation start site (TSS) of genes across the four experimental data
sets (Fig. 3.7). This indicates that AOD2 and AODS were predominantly bound close
to genes in the 5° upstream region of these genes. The number of peaks dramatically
dropped at the vicinity of the TSSs (Fig. 3.7), though there seemed to be a smaller

secondary peak around 1000 bp downstream of the TSS (Fig. 3.7). The reasons for
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Figure 3.7. The distance between peaks called by MACS2 and the TSSs. The
occurrence of ChIP-seq peaks relative to coding sequences was plotted using the
Microsoft Excel. On the x-axis, the value 1 represents the position of the TSS.
Negative values indicate the upstream distance from the TSS whereas positive values
represent the downstream distance. The number of peaks was counted in a 100-bp

window.
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this are not clear. Overall, these data suggest that AOD2 and AODS5 bound
predominantly in the promoter region of genes.

We arbitrarily chose to focus on peaks that had more than four-fold
enrichment in a tagged strain compared to the wild-type control for the same growth
condition and antibody. Given that AOD2 and AODS5 are thought to act as a
heterodimer, and because both proteins were found to localize constitutively to the
nucleus, we further refined the data set to those peaks in common to all four
experimental conditions as determined by a Venn diagram program called VENNY
(http://bioinformatics.psb.ugent.be/webtools/Venn/). Seventy peaks in common to all
four categories were found (Fig. 3.8). In cases where the peak was between two genes
at their 3’ ends, these genes were not considered further. This left a set of 65 peaks for
further analysis. The genes that are found in the vicinity of the 65 peaks are
summarized in Table 3.2. When examining peaks in GBrowse, the y-axis of mapped
reads for the different experiments was set based on the ratio of total mapped reads for
the different experiments. However, only the experiments involving one of the
antibodies, either the HA IP or the Myc IP, were compared directly. The maximum of
the y-axes were then set to best reveal the peaks in the set of 65. Upon visual
inspection, many of the peaks appear to have a bimodal, trimodal, or multimodal
shape. These shapes were often different for the four experimental results of a single
gene. This suggests that multiple binding sites may be present in a given promoter. It
is also possible that other factors may influence binding.

As expected, one of the peaks within the set of 65 was found in the aod-1
promoter region. This peak has a varying enrichment over the untagged control
ranging from 6.7 to 22.7 in the four experiments (Fig. 3.9A). The data in section 3.2.2

showed that PEPCK was also regulated by AOD2, and by implication, AODS5. Thus,
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AODS5 Myc +CM AOD2 HA -CM

AOD2 HA +CM AODS5 Myc -CM

Figure 3.8. Venn diagram of the number of peaks that overlap within the four
experimental data sets. Peaks with more than four-fold enrichment were analyzed by
the VENNY program (http://bioinformatics.psb.ugent.be/webtools/Venn/) which
searches for elements that are either unique or common within the data sets. In this
study, I focused on the 70 peaks (represented in grey, at the center) that were common
to all four data sets. However, some peaks that were unique to AOD2 (both —-CM and
+CM) or to AODS5 (both —CM and +CM) were also analyzed (section 3.3.3). From left
to right: AOD2 HA +CM (purple); AODS5 Myc +CM (yellow); AOD2 HA -CM

(green); AODS5 HA —CM (red).
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Table 3.2 Peaks in common to all four ChIP-seq experiments with over four-fold enrichment relative to the controls. Horizontal
lines separate single genes or pairs of genes that occur in the correct orientation relative to each set of peaks.

NCU Gene name Found in P. anserina  Presence  Regulation by AOD2
number! microarray of AIM and/or AOD5?
NCUO00577  hypothetical protein AIM nd?

NCUO00576  hypothetical protein nd

NCU00682 serine/threonine-protein kinase PRKX AIM nd

NCU00866  DUF1275 domain-containing protein AIM nd

NCU00865 oxalate decarboxylase nd

NCUO01195 amination-deficient Yes AIM no effect observed
NCUO01224 268 protease regulatory subunit 4 o AM effect observed
NCUO01225  ubiquitin conjugating enzyme no effect observed
NCUO01744  glutamate synthase Yes AIM nd

NCUO01742  hypothetical protein nd

NCU01808 cytochrome ¢ AIM AOD2 AODS positive
NCU01807 hypothetical protein nd

NCUO01834 hypothetical protein AIM nd

NCU01944 hypothetical protein no AIM  nd

NCU02092 hypothetical protein AIM nd

NCU02474 Tom5 AIM no effect observed
NCU02475 glycine dehydrogenase AOD2 AODS positive
NCU02496  M-phase inducer phosphatase 3 AIM nd

NCU02497  hypothetical protein nd

NCU02514 ATPase-1 AIM* no effect observed
NCU02549 processing enhancing protein AIM nd

NCU02550 a-galactosidase nd
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NCU02720  hypothetical protein AIM nd

NCU02732 hypothetical protein no AIM  no effect observed
NCUO03118 hypothetical protein AIM nd

NCU03120 hypothetical protein nd

NCU03257  ammonium transpoter MEP1 AIM nd

NCUO03364  DENN domain-containing protein AIM nd

NCUO03365  hypothetical protein nd

NCU03408 hypothetical protein Yes AIMS AOD2 AODS positive
NCUO03409  RNA lariat debranching enzyme no effect observed
NCU03466 hypothetical protein AIM nd

NCUO03548  hypothetical protein AIM nd

NCU03549  hypothetical protein nd

NCU03593 kaleidoscope-1 AIM nd

NCU03651 NADP-dependent malic enzyme AIM AOD2 AODS positive
NCU03749 hydroxyacylglutathione hydrolase no AIM 2%];[2)? OD5 negative
NCU04307  MSF1 AIM no effect observed
NCU04569 5-oxoprolinase AIM AOD2 AODS positive
NCU04730  post-transcriptional silencing protein QDE-2 AIM? no effect observed
NCU04801 hypothetical protein AIM nd

NCU04874  aod-3 AIM AODS negative (-CM)
NCU04953 penicillopepsin AIME nd

NCU04954 hypothetical protein nd

NCU04986 hypothet%cal prote?n 10 AIM nd

NCU11067  hypothetical protein nd
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NCU05202  hypothetical protein AIMS no effect observed
NCU05203 hypothetical protein no effect observed
NCU05299  NADH:ubiquinone oxidoreductase 29.9 no AIM  no effect observed
NCU05390 mitochondrial phosphate carrier protein AIM nd

NCUO05391 hypothetical protein nd

NCUO05477  hypothetical protein AIM nd

NCU11913 hypothetical protein nd

NCUO05616  arsenite S-adenosylmethyltransferase AIM’ nd

NCU05989  hypothetical protein AIM nd

NCU06083 hypothetical protein AIM® nd

NCU06230 serine/threonine protein kinase AIM AOD2 AODS negative
NCU06381 GPI-anchored cell wall beta-1; 3-endoglucanase EglC AIM nd

NCU06382 ABC transporter AOD2 AODS positive
NCU06387  hypothetical protein AIM nd

NCU06389  DUF625 domain-containing protein nd

NCU06424 aminomethyl transferase AIM nd

NCU06425 hypothetical protein AIM nd

NCU06426 hypothetical protein nd

NCU06724  glutamine synthase AIM nd

NCU06939  endosome-associated ubiquitin isopeptidase AIM nd

NCU06940 hypothetical protein Yes AOD2 AODS5 positive®
NCUO07098  hypothetical protein AIMS nd

NCUO07099  hypothetical protein nd

NCUO07166  hypothetical protein AIM nd

NCUO07167  isoflavone reductase nd

NCU07327 hypothetical protein AIM nd
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NCUO07530  transporter Smf2 AIME nd
NCUO07531 copper-transporting ATPase nd
NCU07668 MFS multidrug transporter AIMP nd
NCU11717 hypothetical protein nd
NCUO07676  hypothetical protein 10 AIM nd
NCUO07678  hypothetical protein no effect observed
NCUO07807  fructose bisphophatase aldolase AIM no effect observed
NCU07941 aspartate aminotransferase AIM nd
NCU07942  hypothetical protein nd
NCU07953 aod-1 Yes AIM AOD2 AODS positive
NCUO07954  hypothetical protein nd
NCU08674 pentatricopeptide repeat protein AIM!® AOD2 AODS positive
NCUO08877  glycine cleavage system H protein AIM no effect observed
NCUO08878 TEMI1 no effect observed
NCU08940  ubiquinol-cytochrome c reductase complex protein AIM nd
NCU08941 calcium-binding mitochondrial carrier protein Aralar2 nd

no effect observed

4 hypothetical i

NCU0s946 yPOt. ctical protein . no AIM''  AOD2 AODS positive
NCUO08947  ubiquinol-cytochrome ¢ reductase complex protein (+CM)
NCU08976 fatty acid elongase AIM nd
NCU08977 long chain fatty alcohol oxidase nd
NCU09656  carboxymethylenebutenolidase AIM AOD?2 positive (-CM)
NCU11414 plasma membrane zinc ion transporter Yes no effect observed
NCU09873  PEPCK Yes AIM AOD2 AODS positive
NCU10007 malate synthase AIM AOD2 AODS positive
NCU1089%4 hypothetical protein AIM nd
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NCU12093  N-acyl-phosphatidylethanolamine-hydrolyzing no AIM  nd
phospholipase D

! Genes in wrong orientation on one side or both sides of a peak were excluded from this table.

2 As determined by RT-qPCR on cultures grown in both the presence and absence of CM. Wild-type, Aaod-2, and Aaod-5 strains were
analyzed and compared. See section 3.3.3 for details.

3 nd, not determined.

* The AIM is located in the coding region of NCU11471 on the Freitag lab GBrowse version of the genome. The AIM aligns with the
summit of the peak. However, NCU11471 is not found in FungiDB (Stajich ef al. 2012) but another gene NCU16361 is present between
NCU02514 and NCU02515. NCU16361 encodes a hypothetical protein of 174 amino acids distributed in four small exons. It appears
that the summits of the peaks in the AOD2 —CM and +CM experiments align with one of the exons of NCU16361 whereas the ones in
the AOD5 —CM and +CM experiments align with an intron of the gene.

> An AIM was found in the intergenic region but does not align with the summit of a peak.

6 (-CM) or (+CM) indicates that the AOD2 and/or AOD5 positive and/or negative regulation only occurs in -CM or +CM cultures,
respectively.

7 The peak region partially overlaps with the coding region of NCU05617. There is an AIM located in the coding region of NCU05617
but it does not align with the summit of the peak.
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8 The RT-qPCR was performed by Natasa Bosnjak.

 Two AIMs are located in the coding region of NCU11717 on the Freitag lab GBrowse version of the genome. One of the two AIMs
aligns perfectly with summit of the peak. However, NCU11717 is not found in FungiDB (Stajich et al. 2012) but another gene
NCU16786 is present between NCU07666 and NCU07668. NCU16786 encodes a hypothetical protein of 173 amino acids distributed in
five small exons. It appears that the summit of the peak in the AOD2 +CM experiment aligns with an intron of NCU16786 whereas the
ones in the AOD5 —CM and +CM experiments align with an exon of the gene.

19 Two AIMs are located in the coding region of NCU08672 and align with summit of the peak. However, NCU08672 encodes a
hypothetical protein of only 107 amino acids distributed in three small exons and may not represent an actual protein coding gene.

' The peak region in within the coding region of NCU08947 which encodes a subunit of Complex III of the ETC.
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Figure 3.9. ChIP-seq peaks in the 5’ upstream region of aod-1 and PEPCK. A.
The regions of the N. crassa genome containing the aod-I and PEPCK genes with
associated ChIP-seq peaks are shown. The location of the regions on the appropriate
chromosomes is indicated at the top. The coding region of the genes is indicated in
blue and the 5’ and 3’ UTRs are shown in grey. Introns are indicated by the thin
folded lines and the orientation of a gene is shown by the black arrows. ChIP peaks
are shown below the genes in black with the experimental data sets indicated on the
left. As described in the text, the different y-axis values represent the ratio of the
number of reads in the different ChIP-seq experiments (Table 3.1). The HA data sets
are related to each other and the Myc data sets are related to each other, but there was
no attempt to assign a ratio between the IPs involving different antibodies. The actual
values of the y-axis were then chosen to best visualize peaks for all genes in the set of
65. For PEPCK, the two peak sets in the 5’ upstream region are separated by
approximately 27 kbp. B. The region between the PEPCK gene and its closest 5’
upstream gene are shown. The PEPCK gene is highlighted in yellow and labeled. This
region is neither located near the centromere (green box) of chromosome 6 (Smith et
al. 2011), nor at one of the ends of the chromosome. The synteny of this region in N.
crassa, N. tetrasperma, and N. discreta is shown as given at FungiDB (Stajich ef al.
2012). Genes in the same orientation as PEPCK are shown in blue and those in
opposite orientation are shown in red. Orthologues in these species are connected by
two grey straight lines. The region containing the far 5° upstream ChIP-seq peak of
PEPCK is indicated by a black box and an arrow in the N. crassa row. The numbers

on the top and in the middle indicate the location on chromosome 6.
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as expected, PEPCK was included in the set of 65 peaks identified. By inspection, two
major peaks were associated with the PEPCK gene. The first peak set was 1.3 to 1.4
kbp upstream of the coding sequence of PEPCK, the second was found 30 to 33 kbp
upstream (Fig. 3.9A). Strangely, of the four experimental sets, only the “close” peak
in the AOD2 —CM experiment had less than four-fold enrichment (2.1-fold). By
contrast, the “far” peak set was relatively broad (Fig. 3.9A) and had more than
four-fold enrichment across all four experimental sets.

Between the two major peaks that were associated with the PEPCK gene,
there is an extremely long intergenic region (Fig. 3.9A). The length of this intergenic
region varies among other N. crassa species (Fig. 3.9B). Of the species whose
sequence is listed on FungiDB (Stajich et al. 2012), the smallest version of the region
was in N. tetrasperma (about 13 kbp) and the largest in N. crassa (about 33 kbp).
Moreover, this region seems not to be associated with the centromere of chromosome
6 (Fig. 3.9B) and it is unclear why such a large non-coding region exists at this
position. It is not known if both regions contribute to PEPCK transcription regulation.

Both regions do contain AIM sequences (see below).

3.3.2 Alignment of AIM with ChIP-seq peaks in the intergenic region

Since the AIM was shown to be bound by the AOD2/AODS dimer in EMSA
experiments (Chae ef al. 2007b), I next asked whether the location of the 65 peaks on
the genomic DNA coincides with the position of an AIM sequence (Fig. 3.10 and
Supplementary Fig. 3.7). Three AIM sequences were found at the position of the peak
in the aod-1 upstream region (Fig. 3.10A). The AIM closest to the coding sequence
was the one previously characterized (Chae ef al. 2007a). Interestingly, the peaks in

the AOD2 —CM, AOD2 +CM, and AODS5 —CM experiments appear to have multiple
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Figure 3.10. Position of AIM sequences in some typical peaks. Snapshots of the
peak sets are taken from GBrowse for the genes indicated in panels A through G on
the figure. Unlike Fig. 3.9 where the y-axis was set based on ratio of read numbers,
the y-axes in this figure were set to maximize visualization of the summits and their
relationship to AIM sequence positions. The control data sets are not shown.
CGG(N7)CGG motifs on the + strand (DNA strand from 5’ to 3’ corresponds to the
order from left to right on GBrowse) are indicated by black arrows whereas the
palindromic counterpart CCG(N7)CCG motifs on the + strand are indicated by red
arrows. In cases where CGG(N7)CGG and CCG(N7)CCG sequences are too close to
each other to be resolved, green arrows are used. One green arrow signifies a mixture
of a CGG(N7)CGG and a CCG(N7)CCG. Shorter green arrows with two numbers
above indicate the number of CGG(N7)CGG sequences (black number) and
CCG(N7)CCG sequences (red number). If there are two or more closely clustered
CGG(N7)CGG repeats, the black arrows are shortened and the number on the top
indicates the number of repeats. The same applies to CCG(N7)CCG repeats using
shortened red arrows. The peaks are shown between two genes, with the exception of
the peaks at PEPCK, which occur at two loci within a 35-kbp intergenic region. This
region is divided into two separate regions (panels B and C). The orientation of the
genes are indicated by the short black arrows attached to the genes. A. The peak set
close to the aod-1 gene. B and C. The “far” and “close” peak sets in the 5’ upstream
region of PEPCK. D. The peak set close to NCU06940. E. The peak set close to the
5-oxoprolinase gene. F. The peak set close to NCU05202. G. The peak set close to the

aod-3 gene.
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summits while the AOD5 +CM has only one summit whose position coincides with
the middle AIM. The AIM sequence previously investigated appears to align with a
small summit in the AOD2 +CM data.

As mentioned above, there are two upstream regions of PEPCK that are
enriched for peaks. I found that each region contained five AIM sequences. The
region at 30 kbp upstream had multiple peaks that contained four AIMs in total.
However, the peak summits did not align precisely across all four ChIP experiments
(Fig. 3.10B). In contrast, among the five AIMs in the region just upstream of the
PEPCK coding sequence, four of them are tandem CCG(N7)CCG repeats. There
seems to be good concordance of the position of these tandem AIMs and the ChIP-seq
summits (Fig. 3.10C). The fifth AIM was found in a smaller upstream summit.

Among the 65 peaks that are common to all four experimental data sets,
some peaks have their summit quite precisely aligned with an AIM position, such as
the peaks in the promoters of NCU06940 (hypothetical protein) (Fig. 3.10D) and
NCU04569 (5-oxoprolinase) (Fig. 3.10E). Some peaks contained one or more AIMs
but the summits do not match the AIMs precisely, such as the peak in the 5’ region of
NCUO05202 (hypothetical protein) (Fig. 3.10F). Nine peak sets were not associated
with any AIMs, such as the peaks in the promoter region of NCU01224 (26S protease
regulatory subunit 4) and NCU03749 (hydroxyacylglutathione hydrolase) (Table 3.2
and Supplementary Fig. 3.7). Two of these nine peak sets (peaks in the 5 upstream
regions of NCU07678 and NCU11067) were associated with a special binding motif
for AOD2 only and are described in section 3.3.6. The peak sets associated with
NCUO05202 that do not align with the AIM (Fig. 3.10F) are also in this “special AOD2”
group. This left seven peaks that were not associated with any AIMs or special AOD2

binding sites. When compared to the peak in the promoter region of aod-1, three of
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the nine peak sets (peaks in the 5’ upstream regions of NCU01944, NCU02732, and
NCU08946) were much smaller and two of them (the peak associated with
NCUO01944 and NCU08946) contained multiple peak summits (Supplementary Fig.
3.7). Four additional peak sets (peaks in the 5’ upstream regions of NCU01224,
NCU03749, NCU05299, and NCU12093) exhibited good peak quality but were not
associated with any AIMs. The reason that AOD2 and AODS5 bind to these four
regions is unknown, but it may involve additional proteins or another undefined
binding site. Interestingly, all four of the latter peak sets show much more efficient
binding of AOD2 than AODS5 when compared to the ratios seen for aod-1.

I also looked for the presence of the AIM sequence in the five peak sets
within the group of 70 identified by Venny (Fig. 3.8) that were found to be between
the 3 downstream regions of two genes (in other words, in the wrong orientation).
Four of them (peaks in the 3’ downstream regions of NCU01791, NCU03614,
NCU05425, and NCU06076) were associated with AIMs and one (the peak in the 3’
downstream region of NCU01958) was not (Supplementary Fig. 3.7). Furthermore,
the AIMs in the four 3’ regions align perfectly with the summit of the peak sets
(Supplementary Fig. 3.7). However, the peak sets in the 3’ downstream regions of
NCUO01791, NCU03614, and NCU05425 were relatively small when compared to the
one in the 5’ upstream region of aod-1. It is not known if binding of AOD2 and AOD5

in these regions plays any role in regulation.

3.3.3 Validation of regulatory role of ChIP-seq peaks by RT-qPCR
To determine whether the AOD2 and AODS proteins actually influence the
expression of genes in the set of 65, I performed RT-qPCR experiments to measure

the transcript levels of 34 genes in the wild-type control strain (NCN251), as well as
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Aaod-2 and Aaod-5 knockout strains, grown in the presence and absence of CM. A
cutoff point of two-fold difference in expression was chosen to most likely represent
actual biological significance. The selection of the 34 genes examined was influenced
by a subjective judgment of peak quality and/or position of peaks in proximity to
genes and/or a predicted metabolic function. I found that the expression of 11 of these
34 genes was positively regulated by AOD2 and AODS5 (Table 3.2). That is, the
transcript levels were reduced by two-fold or more in the Aaod-2 and Aaod-5
knockout strains when compared to the control strain under both of the growth
conditions (Fig. 3.11). As expected, aod-1 and PEPCK were included in this group.
Among these 11 genes, there appeared to be two general categories. For 8 genes there
was greater than two-fold increase in the transcript levels for wild-type cells grown in
the presence of CM (Fig. 3.11A). The expression of the remaining three genes was
increased less than two-fold in wild-type cells grown in the presence of CM (Fig.
3.11B).

AOD2 and AODS5 were also found to negatively regulate the expression of
two genes in the presence of CM, NCU03749 (hydroxyacylglutathione hydrolase) and
NCU06230 (serine/threonine protein kinase), since their transcript levels were more
than two-fold higher in the absence of the proteins (Fig. 3.12A). One gene NCU04874
(aod-3) was found with an unusual pattern of regulation. It appeared to be regulated
negatively by AODS5 only in the absence of CM (Fig. 3.12B). The aod-3 gene codes
for a homologue of aod-1, but its transcript was found to be undetectable on Northern
blots following growth with or without CM (Tanton ef al. 2003). The aod-3 gene was
found in the 65 peaks that are common to all categories and it is unknown why loss of
AOD?2 had no effect on its expression. When examined for AIM sequences, the peak

set in the aod-3 upstream region covered one CCG(N7)CCG sequence, but three
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Figure 3.11. Transcript levels of genes that are positively regulated by AOD2 and
AODS. RT-gPCR was performed using total RNA isolated from wild-type, Aaod-2
and Aaod-5 strains grown in both the absence and presence of CM. Primers for the
indicated genes were chosen as described in section 2.21. The data was analyzed
using the AACtmethod. B-tubulin was used as an internal amplification control and
data from all experimental conditions was normalized to the wild-type —CM data.
Data was determined for four biological replicates, each with three technical
replicates. The Student’s t test was used to compare data between two different
conditions. *, p value < 0.05. **, p value < 0.01. ***_ p value < 0.001. Error bars,
+SEM. (The data for NCU06940 was obtained and supplied by Natasa Bosnjak.) A.
Genes with increased expression in wild-type cells grown in the presence of CM
compared to the absence of CM. B. Genes with expression unaffected by CM in

wild-type cells.
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Figure 3.12. Genes that are negatively regulated by AOD2 and/or AODS in the
presence of CM. Expression of the indicated genes was examined as described in the
legend to Fig. 3.11. A. Genes that are negatively regulated by AOD2 and/or AODS in
the presence of CM. B. The aod-3 gene is negatively regulated by AODS5 in the

absence of CM.
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CGG(N7)CGG sequences were only associated with small summits (Fig. 3.10G). It is
noteworthy that lack of induction of aod-3 by growth of wild-type cells in CM shows
a clear difference in regulation from aod-I and is in agreement with previous
observations (Tanton ef al. 2003).

The RT-qPCR data also revealed that the expression of five genes was not
controlled by AOD2 and AODS5 under the -CM and +CM conditions tested (Fig.
3.13A). However, their transcript levels were moderately increased (two to four-fold)
in cells grown in the presence of CM (Fig. 3.13A). Thus, other factors appear to
mediate this expression. Conceivably AOD2 and AODS5 could play a role in some
untested condition. It was of interest to note that the NCU02474 (Tom5) and
NCU02475 (glycine dehydrogenase) genes were found on opposite sides of a single
ChIP-seq peak. Strangely, Tom5 appears to respond to the presence of CM, in a
manner independent of AOD2 and AODS5 (Fig. 3.13A) while expression of
NCU02475 is dependent on AOD2 and AODS5 but does not respond to CM (Fig.
3.11B). The expression of NCU08947 (ubiquinol-cytochrome ¢ reductase complex
protein, Fig. 3.13B), which is found adjacent to NCU08946 of Fig. 3.13A was also
peculiar. The gene exhibits up regulation in the presence of CM in wild-type cells.
However, unlike the genes shown in Fig. 3.11A, the transcript levels of the gene were
not dependent on AOD2 and AODS in the absence of CM. On the other hand,
expression of the gene was reduced in the Aaod-2 and Aaod-5 knockout strains grown
in the presence of CM (Fig. 3.13B). Unexpectedly, the ChIP-seq peak associated with
NCU08946 was within the coding region of NCU08947. The peak was relatively
small and not associated with any AIM sequences (Supplementary Fig. 3.7 and Table
3.2). The mechanism of how AOD2 and AODS regulate the expression of NCU08947

in the presence of CM remains to be elucidated.
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Figure 3.13. Genes showing increased expression in the presence of CM. Genes
were examined by qPCR as described in the legend to Fig. 3.11. A. Genes with
increased expression following growth in CM, but no dependence on AOD2 or AODS.

B. Gene with increased expression in the presence of CM. AOD2 and AODS are

required for increased expression only in the presence of CM.
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The expression of one gene NCU09656 (carboxymethylenebutenolidase) was
affected by the absence of AOD2, with about three-fold reduction in the Aaod-2 cells
grown in the absence of CM and minor reduction (about 3.3-fold) in the presence of
CM when compared to the control strain (Fig. 3.14). There were 13 genes of the 34
examined that showed little or no effect on expression by AOD2 or AODS, and no
effects from growth in CM (Supplementary Fig. 3.8).

In addition to the 65 peak sets that are common to the four ChIP-seq
experiments, I was interested in investigating certain peaks in other regions of the
Venn diagram common to only certain experiments (Fig. 3.8). These include certain
peaks that are either common to three of the four experiments, or only found in AOD2
or AODS experiments, or only specific to -CM or +CM experiments and that were in
the correct orientation relative to the peaks. Again, the choice of genes examined was
influenced by subjective consideration of peak quality and predicted gene function. As
above, RT-qPCR was performed to determine whether AOD2 and/or AODS affected
the expression of the genes. The data are summarized in Table 3.3 and Fig. 3.15.

Many of these genes showed unexpected behavior with respect to their
expression. The expression of NCU00628 (hypothetical protein), though found in the
5- 5+ experimental class (see Table 3.3 for abbreviations of experimental classes),
was only increased two-fold in Aaod-2 cells grown in the presence of CM more than
two-fold and did not seem to be affected by the absence of AODS5 (Fig. 3.15A).
NCU04392 (hypothetical protein), NCU04752 (hypothetical protein), and NCU(09144
(hypothetical protein) showed greater than two-fold increased expression only in the
Aaod-5 knockout cells grown in the absence of CM (Fig. 3.15B). However, of those
latter three genes showing effects in the Aaod-5 cells, only NCU04752 was found in

the 5- 5+ experimental class. NCU04392 and NCU09144 were in the 2- 2+ 5+ and 2-
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Figure 3.14. Reduced expression of NCU09656 in Aaod-2 cells grown in the

presence of CM. The gene was examined by qPCR as described in the legend to Fig.

3.11.

138



Table 3.3 Summary of RT-qPCR data for genes associated with ChIP-seq peaks not included in the set of 65. The peaks are

common to three of the four experiments on the Venn diagram, or are found in AOD2 or AODS only, or in +CM only. Horizontal lines

separate single genes or pairs of genes in the correct orientation relative to each set of peaks.

Gene chosen Experimental class Experimental class Presence Regulation by AOD2
abbreviation of AIM and/or AODS5!
NCU00628 (hypothetical) AOD2 negative
AODS5 -CM, AOD5 +CM  5- 5+ no AIM

NCU00629 (6-phosphofructokinase) no regulation
NCUO01053 (hypothetical) AOD2 -CM, AOD2 +CM  2-2+ no AIM  no regulation

. AOD2 -CM, AOD2 +CM, .

- -2+ 5+ -
NCUO02128 (D-arabinitol dehydrogenase) AODS +CM 2-2+5 no AIM  AOD?2 positive (-CM)
262 itoch ial h i
NCU02623 (mitochondrial hypoxia AOD5 -CM, AOD5 +CM 5, 5+ AIM?  no regulation
responsive domain)
AOD2 -CM, AOD2 +CM
- ’ © 2.2+ 5+ 2 ive (-
NCU04392 (hypothetical) AODS +CM 2-2+5 AIM AODS negative (-CM)
NCU04752 (hypothetical) AODS negative (-CM)
NCU04753 (NADH:ubiquinone AOD5 —CM, AOD5 +CM 5- 5+ AIM i
oxidoreductase subunit 11.6kD) 1o regtiation
NCU04797 (FBP) AODS5S -CM, AOD5S +CM  5- 5+ AIM no regulation
NCU04899 (malate dehydrogense) AODS5 -CM, AOD5 +CM  5- 5+ no AIM  AOD2 AODS positive
- - n ~

NCU05627 (high affinity glucose AOD2 +CM, AODS -CM, 24 5. 54 no AIM  AOD2 AODS positive

transporter)

AODS +CM
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uiti
NCUO05995 (ubiquitin) AOD2 _CM, AOD5 _CM,
NCU05996 (C6 finger domain-containing AODS +CM 2-5-5+ AIM

protein)

no regulation

no regulation

AOD2 +CM, AODS —CM,

+5-5+ i
NCUO06211 (malate dehydrogense) AODS +CM 2+5-5 AIM no regulation
AOD2 -CM, AOD2 +CM
NCU09144 (hypothetical) AgD 5 gM », AD M, 2- 2+ 5- no AIM  AODS negative (-CM)

!'In some cases effects of missing AOD2 and/or AOD5 were only seen in the absence of CM (indicated as -CM) or the presence of CM

(indicated as +CM). If an effect was seen in both -CM and +CM, no —CM or +CM symbol is added.

2 An AIM is present in the region of the peak set, but does not align with the peak summit.
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Figure 3.15. Expression of genes associated with ChIP-seq peaks from categories
of the Venn diagram not common to all four experimental conditions. Genes were
analyzed as described in the legend to Fig. 3.11. Genes were identified in either three
of the four ChIP-seq experiments in the Venn diagram, or the 2- 2+, 5- 5+, 2- 5-, or 2+
5+ experimental classes (classes defined in Table 3.3). Genes to be analyzed were
chosen by inspection of peak quality and/or assigned metabolic function. A. Genes
with increased transcript levels in the Aaod-2 cells grown in the presence of CM. B.
Genes with increased transcript levels in Aaod-5 cells grown in the absence of CM. C.
Genes with decreased transcript levels in Aaod-2 cells grown in the absence of CM. D.
Genes with decreased transcript levels in Aaod-2 and Aaod-5 cells grown in the
presence and absence of CM. E. Gene with transcript levels that were only affected by

the presence of CM in all the strains tested but did not respond to presence or absence

of AOD2 or AODS.
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2+ 5- class, respectively, but they were not seen to be controlled by AOD2 under the
conditions tested.

Similar to NCU04392, NCUO02128 (D-arabinitol dehydrogenase) was found
in the 2- 2+ 5+ class, but was only affected by AOD2, as its expression was reduced
more than two-fold in the Aaod-2 cells grown in the absence of CM (Fig. 3.15C).
(Note that NCUO02128 also belongs to a special class of genes discussed in section
3.3.6.) Two genes NCU04899 (malate dehydrogenase) and NCU05627 (high affinity
glucose transporter), found in the 5- 5+ group and the 2+ 5- 5+ groups, respectively,
were shown to be positively regulated by both AOD2 and AODS. The transcript levels
of NCU04899 were only slightly reduced in the Aaod-2 and Aaod-5 knockout strains
grown in the absence of CM, but were reduced 1.7- and 2.1-fold in the respective cells
grown in the presence of CM (Fig. 3.15D). The expression of NCU05627 was
reduced more than two-fold in cells lacking AOD2 or AODS5 in —CM, but was reduced
1.8-fold and two-fold in +CM, respectively (Fig. 3.15D). These results are
contradictory to the experimental class the genes are in. However, visual inspection
reveals obvious peaks in the AOD2 -CM and AOD2 +CM experiments for
NCUO05627. For NCU04899, the ChIP-seq peaks in the 2- 2+ experiments are
extremely small whereas the peaks for AODS experiments are obvious. This might
explain why AOD2 had less impact than AODS5 on the expression of NCU04899.
Given the RT-qPCR results for NCU04899, I also looked at the transcription of
another malate dehydrogenase (NCU06211) but it seemed not to be dependent on
AOD2 or AODS5 (Supplementary Fig. 3.9). One gene NCUO02623 (mitochondrial
hypoxia responsive domain) was shown to behave similar to the genes in Fig. 3.13A
that showed a response to CM, but were not affected by loss of AOD2 or AODS5 (Fig.

3.15E). The gene was found in the 5- 5+ experimental class, but its expression does
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not appear to be regulated by AODS5 under the conditions tested.

Seven genes were shown to have no changes greater than two-fold in their
transcript levels when AOD2 or AODS were absent, regardless of whether the cells
were grown in the presence or absence of CM (Supplementary Fig. 3.9). It is
noteworthy that NCU04797 (FBP) was in this group. Found in the 5- 5+ experimental
class, FBP is a gluconeogenic enzyme (discussed in section 4.3) that has been
reported to be regulated by AOD2 and AODS orthologues in A. nidulans, P. anserina,
and S. cerevisiae (Gasmi et al. 2014; Hynes et al. 2007; Sellem et al. 2009;
Soontorngun et al. 2007). The fold-enrichments for binding the AOD2 protein in both
AOD?2 experiments (-CM and +CM) are more than three but less than the arbitrary
four-fold cutoff in the upstream region of the FBP gene (Supplementary Fig. 3.10). In
addition, inspection of the AOD2 experimental peaks shows that they are very small
(Supplementary Fig. 3.10). The fold enrichments for the AODS5 +CM and AODS -CM
experiments are 10.8 and 4.3, respectively. While it is conceivable that AOD2 and
AODS do bind the FBP gene promoter, the RT-qPCR data for ChIP-seq peak
validation (Supplementary Fig. 3.9) and for gene expression in cells grown in poor
carbon sources (Fig. 3.6D) strongly suggest that AOD2 and AODS5 do not play a role
in FBP induction in N. crassa, at least under the conditions tested. Taken together,
these data show that certain genes outside the group of 65 do show dependence on
AOD?2 and/or AODS for expression. In addition, it appears that the categorization of
genes by MACS?2 is not always in agreement with the experimental data.

I was also interested in the expression NCU10051 (flavohemoglobin)
because it was found in a microarray study of the Arse2 and Arse3 cells in P. anserina
(Bovier et al. 2014). This gene was found in the 5+ group of the Venn diagram

(Supplementary Fig. 3.11A). The expression of its orthologue was reported to be
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dramatically increased when cells were grown in the presence of antimycin A in P
anserina (Bovier et al. 2014). However, induction was abolished in cells lacking the
orthologues of AOD2 and AODS5 (Arse2Arse3 cells). My RT-qPCR results showed
that AOD2 and AODS5 do not affect expression of the gene under normal conditions,
but expression was increased slightly (1.9-fold and 2.1-fold) in Aaod-2 and Aaod-5
cells, respectively, grown in the presence of CM (Supplementary Fig. 3.11B). Thus,
AOD2 and AODS5 may have a slightly negative effect on flavohemoglobin expression

in the presence of CM.

3.3.4 Gene expression in the Aaod-2 Aaod-5 double mutant

From Fig. 3.11, I noticed that in either Aaod-2 or Aaod-5 cells or in both
mutant strains, there were slightly more transcripts of aod-1 in +CM cells than —-CM
cells. A similar observation occurred for transcripts of the NCU01808 (cytochrome c¢),
NCUO03408 (hypothetical protein), NCU03651 (NADP-dependent malic enzyme),
NCU04569  (5-oxoprolinase), NCU06382 (ABC transporter), NCU06940
(hypothetical protein), NCU08674 (pentatricopeptide repeat protein), NCU09873
(PEPCK), and NCU10007 (malate synthase) (Fig. 3.11) from the group of 65. One
possible explanation for these observations is that when AOD?2 is lacking, AODS5
alone is capable of facilitating a slight induction of these genes, and vice versa.
Another possibility is that unknown proteins are involved in the induction. To
distinguish between these possibilities, I performed RT-qPCR on an aod-2 aod-5
double mutant (strain DX13) to test the expression of the above genes (except
NCU06940). When grown in the absence or presence of CM, all genes in the double
mutant background showed a pattern of transcript levels similar to the mutant strains

(less than two-fold change, even though in many cases the differences are statistically
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significant as judged by Student’s t test), with two apparent exceptions. One exception
was NCU09873 (PEPCK) (Fig. 3.16) where the transcript levels were not
significantly altered in the aod-2 aod-5 double mutant compared to Aaod-2 cells
grown in the absence of CM. However, levels were more than three-fold reduced
compared to Aaod-2 alone when the double mutant cells were grown in the presence
of CM. In contrast, the transcript levels in the aod-2 aod-5 double mutant was reduced
(more than two-fold) when compared to the Aaod-5 cells following growth in both the
presence or absence of CM. The other exception was NCU10007 (malate synthase)
which displayed slightly decreased expression (more than two-fold) in the double
mutant (Fig. 3.16). The data suggest that other factors may play a role in low level

expression of these genes.

3.3.5 Functional categorization of genes found in ChIP-seq

To determine if the ChIP-seq peaks identified in this study were associated
with genes of related function, I analyzed the genes identified using a web-based tool
called Fungifun2 (Priebe et al. 2015). This tool allows gene set enrichment analyses
and gene functional classification such as FunCat (Functional Catalogue) (Ruepp ef al.
2004) analysis. It is an annotation scheme that consists of 28 main functional
categories such as “metabolism” and “interaction with the cellular environment”.
Each category contains subcategories and different levels of categories are organized
in a hierarchical structure. For the functional annotation of a certain level and a
certain category of gene, a FunCat ID is assigned, which includes information about
the level and category. It is noteworthy that a gene could belong to more than one
category. For instance, the SNF1 gene is assigned to FunCat ID 30.01.05 (30 (main

category): cellular communication/signal transduction mechanism; 30.01: cellular
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Figure 3.16. Expression of genes associated with ChIP-seq peaks in a Aaod-2
Aaod-5 double mutant. The genes shown here were also shown in Fig. 3.11, but here
the data from the Aaod-2 Aaod-5double mutant strain is included. Methods of
Student’s t test analysis, and data collection were all as described in the legend to Fig.

3.11. Genes were selected from Fig. 3.11.
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signaling; 30.01.05: enzyme mediated signaling transduction) and to FunCat ID
14.07.03 (14 (main category): protein fate; 14.07: protein modification; 14.07.03:
modification by phosphorylation, dephosphorylation and autophosphorylation).
Assignment to these two categories reflects: 1. Its involvement in signaling pathways
and 2. The kinase activity of the protein (Ruepp et al. 2004).

I first used FunCat function to analyze the 98 genes that are associated with
the 65 ChIP-seq peaks (Table 3.2). Note that of the 98 genes, 37 genes had no
annotated functions as indicated by Fungifun2 and therefore had no FunCat IDs
assigned by the system. Of the remaining 61 genes, Fungifun2 found that 43 genes
were assigned to 29 FunCat IDs that were over-represented (p-value < 0.05)
(Supplementary Table 3.1). These FunCat IDs were chiefly in the FunCat main
categories of “metabolism” (12 IDs), “energy” (7 IDs), “cellular transport, transport
facilitation and transport routes” (4 IDs), and “cellular communication/signal
transduction mechanism” (3 IDs) (Fig. 3.17A and Supplementary Table 3.1). When I
adjusted the p-values using the FDR correction tool available in the program, only 4
FunCat IDs were found to be over-represented. These IDs were “biosynthesis of
glutamate”, “degradation of glycine”, “aerobic respiration”, and “respiration” (Fig.
3.17B). They belonged to the “metabolism” and “energy” FunCat main categories.

I also performed FunCat analysis for those genes associated with the
ChIP-seq peaks with more than four-fold enrichment in their 5° upstream region,
compared to the corresponding wild-type control experiment, from the individual data
sets for AOD2 +CM (280 genes), AOD2 —CM (401 genes), AODS5 +CM (1038 genes),
and AOD5 —CM (325 genes) experimental data sets. Of the input genes, 115, 155, 384,
and 118 genes from the AOD2 +CM, AOD2 -CM, AODS5 +CM, and AODS5 -CM

experimental data sets, respectively, had no annotated functions in the database and
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Figure 3.17. FunCat main categories in the 98 genes common to all four
ChIP-seq experiments. The 98 genes that are associated with the 65 ChIP-seq peaks
listed in Table 3.2 were entered into the Fungifun2
(https://elbe.hki-jena.de/fungifun/fungifun.php) online system. In the “Advanced
Options” menu, “Hypergeometric distribution” with  “over-representation
(enrichment)” was chosen for p-value calculation. A. The pie chart was created based
on the FunCat main categories that were over-represented and the total number of
genes in 29 FunCat IDs that were calculated to be significant (p-value < 0.05,
Supplementary Table 3.1). The p-values were not adjusted with the program’s FDR
correction. The genes in FunCat IDs that belong to the same main category were
lumped together. B. As in A, but the p-values were adjusted with the FDR correction
by selecting the “Benjamini-Hochberg Procedure (FDR correction)” in the “Advanced
Options” menu in Fungifun2. In this case, only four FunCat IDs were found to be

over-represented.
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thus were not given a FunCat ID. 82, 155, 322, and 97 genes were assigned to 30, 47,
48, and 32 FunCat IDs that were overrepresented (p-value < 0.05) in the AOD2 +CM,
AOD2 -CM, AOD5 +CM, and AODS5S -CM experiments, respectively
(Supplementary Tables 3.2 to 3.5). Therefore, 50%, 63%, 49%, and 47% of the genes
with annotated functions in the four experiments were found to be significantly
enriched with respect to a related function. Among the FunCat IDs that have the 20
smallest p-values in each experiment, “biosynthesis of glutamate”, “degradation of
glycine”, “‘aerobic respiration”, “respiration”, ‘“mitochondrial transport”, and
“glycolysis and gluconeogenesis” were found in all experiments. Furthermore, three
of the FunCat main categories (“metabolism”, “energy”, and “cellular transport,
transport facilitation and transport routes”) which were found within the 98 genes, as
mentioned above, were also over-represented in all four experiments. These results
suggest that AOD2 and AODS5 may play an import role in modulation of metabolism and
energy production. Moreover, many genes not captured in our arbitrary set of genes that

occurred in all four experiments may be affected by AOD2 and/or AODS.

3.3.6 An additional binding motif for AOD2

During our general analysis of the ChIP-seq data, searches for conserved
sequence motifs associated with the genes listed in Table 3.2 and 3.3 using the
SCOPE motif finder (Martyanov & Gross 2011) revealed that a subset of the genes
was associated with another well conserved upstream sequence that was not related to
the AIM. Further investigation showed that 10 ChIP-seq peak sets were associated
with a 310 bp sequence that is repeated with greater than 85% identity in 11 places

throughout the N. crassa genome (Table 3.4). There are also smaller subsets of the
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Table 3.4. A 310 bp conserved sequence associated with genes identified in the ChIP-seq analysis. The sequence upstream of

NCUO02128 was arbitrarily chosen as the probe to search against the N. crassa genome. The table includes all sites with > 85% identity

over 310 base pairs.

Location % identity to Peak set Gene name Experimental class?

NCU02128 > gene(s)!

310 bp

upstream region
Supercontig 1 .

1 212 D- 1 deh 2-2+ 5+
1155455-1155765 00 NCU02128 arabinitol dehydrogenase 5

. 3
Supercontig 1 28 NCU019573 AR? ‘ 245 51
1865502-1865814 NCUO01958 mating-type protein A-1
Supercontig 1 . :
_0+ 5.
5481346.5481655 87 NCU09144 hypothetical protein 2-2+5
Supercontig 2 100 NCU03408 hypothetical protein 65
825079-825389 NCU03409 RNA lariat debranching enzyme
Supercontig 4 100 NCU07676 hypothetical protein 65
2271671-2271981 NCU07678* hypothetical protein
Supercontig 4 %7 NCU04986 hypothetical protein 65
1096849-1097159 NCU11067 hypothetical protein
Supercontig 4 %7 NCU05202 hypothetical protein 65
5768811-5769121 NCU05203 hypothetical protein
tig 4

Supercontig 86 NCU04392  hypothetical protein 2-2+ 5+

3512618-3512927
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Supercontig 5 NCU01321 high-affinity nickel transporter

87 . . 2+ 5- 5+
3654597-3654907 NCU01322 transcription factor TFIIE complex alpha subunit
Supercontig 6 ) :
-2+
1613020-1613330 87 NCUO05527 hypothetical protein 2-2
Supercontig 7 26 NCU09460° NADH:ubiquinone oxidoreductase 20.1kD subunit N/A
3974291-3974600 NCU099933 helicase swr-1

I Gene or genes listed occurs in the 5’ to 3’ direction relative to the region, unless noted otherwise.

2 Abbreviation used as described in Table 3.2. “65” indicates that the peaks are in the group of 65, whereas 2- 2+ 5- 5+ indicates that

the peaks are common to all four experimental sets but the genes associated with the peaks are in the incorrect orientation relative to the
peaks.

3 Both genes are in the incorrect orientation relative to the peaks.

*  The peak is much closer to the 5° end of this gene of the pair.

> These genes are at least 7 kbp distant from the repeat region and not associated with any ChIP-seq peaks.
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310 bp sequence abundant in the genome. Each of the 310 bp sequences contains a set
of 78 bp inverted repeats at the ends of the sequence (Fig. 3.18). The inverted repeats
may have functional significance since they are more highly conserved than the
region between them (Fig. 3.18A). The 310 bp repeats appear to have been subjected
to the mutagenic process of repeat induced point mutation (RIP) that occurs with
repeated sequences in N. crassa (Aramayo & Selker 2013; Gladyshev & Kleckner
2014; Selker 1990), since the majority of the changes found among the sequences are
transitions, which are characteristic of RIP. Of the 80 positions containing a change in
at least one of the 11 sequences, only 15 are transversions and one is in insertion of
two bp. RIP was long thought to occur only with repeats greater than 400 bp (Watters
et al. 1999) but recent data has shown that repeats as small as 155 bp may serve as
substrates (Gladyshev & Kleckner 2014).

Of the 11 loci that contain the conserved sequence, five are associated with
ChIP-seq peaks in the group of 65 (Table 3.4). Another five loci were found in other
positions of the Venn diagram (Fig. 3.8). Only one of the repeated regions, which
occurred between genes NCU09460 and NCU09993 on supercontig 7, was not found
to be associated with any ChIP-seq peaks called by MACS2 (Table 3.4). A
characteristic of the peak sets associated with these repeat sequences is the binding of
relatively large amounts of AOD2 and smaller variable amounts of AODS5 (Fig. 3.19A)
as compared to most “typical” peak sets observed in this study, such as for
NCUO09753 (aod-1) and NCU06940 (hypothetical protein) (Fig. 3.19B). One obvious
exception to this rule is the repeat sequence in the region between genes NCU09460
and NCU09993 where, as mentioned above, no binding of either protein was observed.
For the three repeat sequences near NCUO01321, NCU03408, and NCU04986, there

are higher levels of AODS5 bound than for the other repeats (Fig. 3.19A). Another
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Figure 3.18. Alignment of 310 bp repeat regions. A. Schematic diagram of the
repeat sequence (red) showing the inverted repeats (arrows). Two blue boxes indicate
the positions of the highly conserved motif that is associated with AOD2 binding
summit. The sequence of the motif is shown on the top and at the bottom of the blue
boxes. The black line at the bottom of the panel defines the position of the two
palindromic sequences, the sequence between them, and the percentage of overall
conservation of the three regions. B. Sequences were retrieved following BLASTN of
the N. crassa genome using the 310 bp repeat sequence upstream of NCU02128 as the
probe. Clustal (Larkin et al. 2007) was used for the alignment. The palindromic
regions are highlighted by the red lines. Asterisks indicate identical nucleotides
among all sequences. Yellow shading in both panel A and panel B indicates the

conserved AOD2 binding motif in each of the palindromic regions.

A S-ACTTTTTGGCAAAA-3°

|
3-AAAACGGTTTTTCA-5’

88% 59% 90%
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TTCCCACACTCAAACGCCTETGCAGTC TTGECEGEACGTEGTGCGTETACACACACACACAL
TTCCCACACTCARACGCCTGETGCAGTC TTGGCGGACGTGTGCGTGTACACACACACACAR
TTCCCACACTCAARACGCCTGTGCAGTC TTGGCGGACGTGTGCGTGTACACACACACACAA
TTCCCACACTCAAACGCCTGTGCAGTC TTGGCGEACGTGTGCG TG TACACACACACACAL
TTCCCACACTCAAACGCCTGETGCAGTC TTGECEEACGTEGTGCGTETACACACACACACAL
TTCCCACACTCAAACGCCTETGCAGTC TTGECEEACGTEGTGCGTETACACACACACACAL
TTCCCACACTCARRCACCTGETGCAGTC TTGGCGGACGTGTGTGTGTACACACACACACAR
TTCCCACACTCAARACACCTGTGCAGTC TTGGCGGACGTATGTGTGTATATACACACACAA
TTCCCACACTCAATCGCCTGTGCAGTC TTGGCGEACGTGTGTG TG TACACGCACACACGA
TTCCCACACTCAATCGCCTGETGCAGTC TTGECEGEACGTEGTGTGTETACACGCACACACGA
TTCCCACACTCAATCGCCTGETGCAGTC TTGGECEEACGETGTGTGTGTACACGCACACACGA

khkkhkhEAhhkhh K hhkhhkhhhhhhhrhhhhhhth K% hikik % kERkERK K

CTTTTTGGCAAAACGEACCATCGACAAAATTTCATTTGC TTATATCTCTACCAAACGAGE
CTTTTTGGCARAACGGACCATCGACARAATTTCATTTGC TTATATCTCTACCARACGAGE
CTTTTTGGCARARCGGACCATCGACARALTTTCATTTGC TTATATCTCTACCARACGAGG
CTTTTTGGCARARCGGACCATCGATGAGATTTCATTTGCTTATATCTCTACCAAACARAG
CTTTTTGGCAAARCGGACCATCGATGAGATTTCATTTGC TTATATCTCTAC TAAACARAG
CTTTTTGGCAAAACGEGACCATCGATGAGATT TCATTTGC TTATAT TTCTAT TAAGCGAAG
CTTTTTGGCARAATGEGACCATCGATGAGATTTCATTTGC TTATATCTCTACCARACGGGE
CTTTTTGGCAARARTGGACTATCGATAAGATTTTATTTACTTATATCTCTAC TAARCGGGG
CTTTTTGGCAAARCGGACTATCGATAAGATTTCGTTTGCTTATATCTCTACCAAACGAAG
CTTTTTGGCAAAACGGACTATCGATAAGATTTCGTTTGC TTATATCTCTACCAAACGAAG
CTTTTTGGCAAAACGEGACTATCGATAAGATTTCGTTTGC TTATATCTCTACCAAACGAAG
ThkkhkkhhkbEk kkkk khkkkEd K khkk  kkk khkkkEkd kkkEk  kk & *
AGATGAAAGAGARCCGACT TGAGAT TTAGAATTAGAGTACT TARAAT TATCARGAGARAL
AGATGAAAGAGAACCGACT TGAGAT TTAGAATTAGAGTACT TAAAAT TATCAAGAGARAARA
AGATGAAAGAGAACCGACT TGAGAT TTAGAATTAGAGTACT TARAAT TATCAAGAGARAL
AGATAAAAGRAAATCCGACT TGAGAT TCAGAGTCAGCGTACT TAAGAT TATTAAGAGAATA
AGATAAAAGRAAATCCGACT TGAGAT TCAGAATTAGCGTACT TAGGAT TGTTAAGAGAGAL
AGATAAAAGARAATTGACT TGAAAT TCARAGTTAGTGTACT TAAGAT TATCAAGAGACAR
AGATAGAGGAAARCCGACT TGAGAT TTAGGATCAGCGTACT TAGAACTACTAAGAAR-TA
AGATAAAGGAGAACCGACT TGAGAT TTAGGATTAGCGTACT TARAAC TACT AAGAAAATA
AGATAARAGRAAATGEACT CARATT TTAGAATCGGCETACC TAAGAC TACT AAGACARATA
AGATAAAAGRAAAATGGEACT CARATT TTAGAATCGECETACC TAAGAC TACTAAGACAATA

AGATAARAGARAATGGACT CARATT TTAGAATCGGCGTACC TGGC GGAACTAAGACAATA
kkkk  k kk K kkkk K k% * £k kkkk K kkxk £ %

GTTTTTT--CTATAGGATAATTGAATTCCTTCATCTTCGTCTT TCGT TTCAGTAGTCCAT
GTTTTTT--CTATAGGATAATTGAATTCCTTCATCTTCGTCTT TCGT TTCAGTAGTCCAT
GTTTTTT-—CTATAGGATAATTGAATTCCTTCATCTTCGTCTTTCGT TTCAGTAGTCCAT
GTTTTTTTTCCATAGGATAATTGAGTTTCTTCATCTTCGTCTT TCGT TTCAATAGTCCAT
GTTTTTT--CCATAGGATAAT TGAATT TATTCATCTTCGTCTT TCGT TTCAATAGTCCAT
GTTTTTT--CTATAGGATAATTGAATTTCTTCATCTTCGTCTT TCGT TTCAATAGTCCAT
GTTTTTC -—CTCCAGGATAATTACATCTCGTCATCTCCATCTTTCGTTTCAATGSTCCGT
GTTTTTC-—CTCTAGGATAATTGCATTTCGTCATCTCCATCTTTCGT TTCGATAGTCCGT
ATCTTTT--CTATAGTATAAT TGAATTTCTTCATCTTCGTCTTTCGT TTCGATGETCCGT
ATCTTTT--CTATAGTATAAT TGAATTTCTTCATCTTCGTCTTTCGT TTCGATGETCCGET

ATCTTTT——CTATAGTATAATTGAATTTCTTCATCTTCGTCTTTCGT TTCGATGGTCCGT
* Kk * kk kkkkkx % khkhhk k hhhhkihhhkik & kEkk &

TTTGCCARRRRGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCETT
TTTGCCAARRAGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCETT
TTTGCCAARAAGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCGTT
TTTACCAARAAGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCGETT
TTTACCAARALGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCETT
TTTGCCARRRRGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGGCETT
TTTGCCAARRAGT TGTGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGETGTT
TTTGCCAARAMGT TETGTGTGTGTGTACACGCACACGTCCGCCAAGACTGCACAGETGTT
TTTGCCAARRAAGTCGETGTGTGCGTGTACACACACACATCCGCCAAGACTGC ACAGGCGAT
TTTGCCAARRAMGTCETGTGTGCGTGTACACACACACATCCGCCAAGACTGCACAGGCGAT

TTTGCCAAARAAGTCGTGTGTGCGTGTACACACACACATCCGCCAAGACTGCACAGGCGAT
kkk khkkkhkhhhk khhkhkhkhkh khhkihkhhk hikhhkkx hhhhhhhhrhhhhrhhrhhr * %
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Figure 3.19. ChIP-seq peaks at regions containing the conserved 310 bp sequence.
A. Peak sets associated with the conserved sequence are shown. The coding region of
the genes is indicated by blue boxes and the 5’ and 3’ UTRs are indicated in grey.
Introns are indicated by the thin folded lines and the orientation of a gene is indicated
by a black arrow. ChIP-seq peaks are shown in blue with the y-axis representing the
number of reads in the ChIP-seq. The maximum value of the y-axis in each
experiment was adjusted based on the ratio of mapped reads in the anti-HA or
anti-Myc data sets. The scale bar at the bottom indicates the length of 1 kbp. Note that
the right side gene associated with the peak at the 5° region of NCU09144 is more
than 20 kbp away from NCU09144. B. Peaks associated with NCU07953 (aod-1) and

NCU06940 are shown for comparison. Features indicated are as in panel A.
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characteristic of these 10 binding sites is that the AOD2 peak is usually divided into
two summits especially in the +CM data sets. The AOD2 peak summits at these
sequences are always found associated with all or a portion of a highly conserved 14
bp sequence (Fig. 3.18), which occurs at the ends of the inverted repeats. These
AOD2 peaks are located in the correct upstream position for at least one of the genes
adjacent to the peaks in nine of the 10 cases (Table 3.4) and could contribute to the
regulation of the genes.

Of the 18 genes listed in Table 3.4 that are associated with the 310 bp repeat,
NCUO01957 and NCUO01958 are in the wrong orientation relative to the sequence, and
NCU09460 and NCU09993 are each more than 7 kbp distant from the sequence. In
the latter case, no ChIP-seq peaks present at the repeat site. RT-qPCR analysis was
performed on eight of the 14 remaining genes. NCU03408 was found to be positively
regulated by both AOD2 and AODS5 under the conditions tested, whereas NCU03409
was unaffected (Fig. 3.11A, Supplementary Fig. 3.8). The expression of NCU02128
(D-arabinitol dehydrogenase) was only affected by AOD2 (Fig. 3.15C), as the
transcript levels were reduced more than two-fold when Aaod-2 cells were grown in
the absence of CM. The expression of NCU07678, NCU05202, and NCU0520 was
not dependent on AOD2 or AODS (Fig. 3.13A and Supplementary Fig. 3.8). For
NCU04392 and NCU09144, an unexpected two-fold increase in their expression was
observed in Aaod-5 cells grown in the absence of CM (Fig. 3.15B), despite the fact
that little AODS binding is associated with these genes (Fig. 3.19A). Expression of
these latter two genes was not affected by loss of AOD2 under the conditions tested
(Fig. 3.15B). There is no obvious explanation for these observations. Much more
work is required to gain insight into the role of this AOD2 binding motif.

With regard to preferential binding sites for AOD?2, it should also be noted
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that there are 17 ChIP-seq peaks in the Venn diagram that are common to only the
AOD2 —CM and +CM experiments (Fig. 3.8). However, visual inspection revealed
that most of the peaks are not associated with abundant AOD2 binding. Of the genes
in this class, only the peak set associated with the NCU01053 gene exhibits good peak
quality in the AOD2 experiments and virtually no AODS5 binding (Supplementary Fig.
3.12). Unlike the peaks listed in Table 3.4 and shown on Fig. 3.19, however, the
NCUO01053 peak is not bimodal in shape, nor is the 310 bp repeat sequence found at
this site. RT-qPCR data showed that the expression of NCU01053 was not affected by

the absence of AOD2 under the conditions tested (Supplementary Fig. 3.9).
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Supplementary Figure 3.1. Initial examination of AOD2-C-HA transformants. A.
A plasmid construct containing C-terminal 3x HA tagged aod-2 was transformed into
an aod-2 mutant strain (CNA33) and four transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM protein Tom70 was used as a loading control. The control strain was the
wild-type strain NCN251. B. AOD2-C-HA transformants were examined for the
presence of 3x HA tagged AOD2 on two separate gels. Crude nuclei were isolated
from cells grown in the absence of CM. Nuclear proteins were extracted, subjected to
SDS-PAGE, blotted to nitrocellulose, and examined by Western blot. Histone H3 was
used as a loading control. Antibodies used are indicated on the right. The control
strain was as for panel A. Arrowheads point to the transformant that was selected for
further work. The arrow on the right indicates the position of AOD2-C-HA protein.

Molecular weight markers for the HA blots are indicated on the left.
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AOD2-N-Myc

7 12 16 18

Supplementary Figure 3.2. Initial examination of AOD2-N-Myc transformants. A
plasmid construct containing N-terminal 3% Myc tagged aod-2 was transformed into
an aod-2 mutant strain (CNA33) and nine transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM protein Tob55 was used as a loading control. (Tob55 appears as a doublet
because alternative splicing of its transcript gives rise to different versions of the

protein (Hoppins et al. 2007)). The control was the wild-type strain NCN251.
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Supplementary Figure 3.3. Initial examination of AOD2-C-Myc transformants.
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A. A plasmid construct containing C-terminal 3x Myc tagged aod-2 was transformed
into an aod-2 mutant strain (CNA33) and 10 transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM protein Tob55 was used as a loading control. (Tob55 appears as a doublet
because alternative splicing of its transcript gives rise to different versions of the
protein (Hoppins et al. 2007)). The control was the wild-type strain NCN251. B).
AOD2-C-Myc transformants were examined for the presence of 3x Myc tagged
AOD?2. Crude nuclei were isolated from cells grown in the absence of CM. Nuclear
proteins were extracted, subjected to SDS-PAGE, blotted to nitrocellulose, and
examined by Western blot. Histone H3 was used as a loading control. Antibodies used
are indicated on the right. The control was as for panel A. Arrowheads point to the
transformant that was selected for further work. Although isolate 6 expressed more of
the tagged protein, it seemed likely that this was due to overexpression since all other
isolates expressed a lesser, but similar, amount of the protein. The arrow on the right
indicates the position of AOD2-C-Myc protein. Molecular weight markers for the

Myc blots are indicated on the left.
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Supplementary Figure 3.4. Initial examination of AODS-N-HA transformants. A.
A plasmid construct containing N-terminal 3% HA tagged aod-5 was transformed into
an aod-5 mutant strain (PL23-40) and 13 transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM proteins Tom70 or Tob55 were used as loading controls. (Tob55 appears as a
doublet because alternative splicing of its transcript gives rise to different versions of
the protein (Hoppins ef al. 2007)). The control was the wild-type strain NCN251. B.
AODS5-N-HA transformants were examined for the presence of 3x HA tagged AODS.
Crude nuclei were isolated from cells grown in the absence of CM. Nuclear proteins
were extracted, subjected to SDS-PAGE, blotted to nitrocellulose, and examined by
Western blot. Histone H3 was used as a loading control. Antibodies used are indicated
on the right. The control was as for panel A. Arrowheads point to the transformant
that was selected for further work. The arrow on the right indicates the position of
AOD5-N-HA protein. Molecular weight markers for the HA blot are indicated on the

left.
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Supplementary Figure 3.5. Initial examination of AODS-C-Myc transformants.
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A. A plasmid construct containing C-terminal 3x Myc tagged aod-5 was transformed
into an aod-5 mutant strain (PL23-40) and eight transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM protein Tob55 was used as a loading control. (Tob55 appears as a doublet
because alternative splicing of its transcript gives rise to different versions of the
protein (Hoppins et al. 2007)). The control was the wild-type strain NCN251. B.
AODS5-C-Myc transformants were examined for the presence of 3x Myc tagged
AQODS. Crude nuclei were isolated from cells grown in the absence of CM. Nuclear
proteins were extracted, subjected to SDS-PAGE, blotted to nitrocellulose, and
examined by Western blot. Histone H3 was used as a loading control. Antibodies used
are indicated on the right. The control was strain AOD2-C-HA-8, which is an AOD5
untagged strain. Arrowhead points to the transformant that was selected for further
work. The arrow on the right indicates the position of AODS5-C-Myc protein.

Molecular weight markers for the Myc blots are indicated on the left.
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Supplementary Figure 3.6. Initial examination of AOD5-N-Myc transformants.
A. A plasmid construct containing N-terminal 3% Myc tagged aod-5 was transformed
into an aod-5 mutant strain (PL23-40) and 11 transformants that exhibited good
conidiation were examined for their ability to express AOX. Strains were grown in the
presence of CM and mitochondria were isolated. Mitochondrial proteins were
subjected to SDS-PAGE, blotted to nitrocellulose and analyzed by Western blot. The
MOM protein Tob55 was used as a loading control. (Tob55 appears as a doublet
because alternative splicing of its transcript gives rise to different versions of the
protein (Hoppins et al. 2007)). The control was the wild-type strain NCN251. B.
AODS5-N-Myc transformants were examined for the presence of 3x Myc tagged
AQODS. Crude nuclei were isolated from cells grown in the absence of CM. Nuclear
proteins were extracted, subjected to SDS-PAGE, blotted to nitrocellulose, and
examined by Western blot. Histone H3 was used as a loading control. Antibodies used
are indicated on the right. The control was as for panel A. The 100 kDa protein band
identified as tagged AODS in the previous analysis (Fig. 3.2B) was not detected in
either of the transformants analyzed. Molecular weight markers for the Myc blot are

indicated on the left.
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Supplementary Figure 3.7. Alignment of AIM sequences with ChIP-seq peaks.
The 70 peaks that are common to all four sets of experiments were examined.
CGG(N7)CGG sequences on the + strand are indicated by black arrows whereas
CCG(N7)CCG sequences on the + strand are indicated by red arrows. In cases where
CGG(N7)CGG and CCG(N7)CCG sequences are too close to each other to be
resolved, green arrows are used. One green arrow is a mixture of a CGG(N7)CGG
and a CCG(N7)CCG. Shorter green arrows with two numbers above indicate the
number of CGG(N7)CGG sequences (black number) and CCG(N7)CCG sequences
(red number). If there are two or more closely clustered CGG(N7)CGG repeats, the
black arrows are shortened and the number on the top indicates the number of repeats.
The same applies to CCG(N7)CCG repeats using shortened red arrows. Note that
some regions have no AIMs and thus no color arrows are shown. Peaks are shown
between the two genes closest to the peak. The y-axis was adjusted for each gene set
to maximize the ability to detect summits and therefore did not reflect the ratios used
in other figures based on number of reads per experiment. The control experiments

are not shown.
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Supplementary Figure 3.8. Expression of genes associated with the group of 65
ChIP-seq peaks that show no difference greater than two-fold in mutant strains.

Analysis was performed as described in the legend to Fig. 3.11.
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Supplementary Figure 3.9. Expression of genes associated with the ChIP-seq

peaks from outside the group of 65 that show no difference greater than two-fold

in mutant strains. Analysis was performed as described in the legend to Fig. 3.11.
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Supplementary Fig. 3.10. ChIP-seq peaks associated with FBP. Information shown
is as described in the legend to Fig. 3.19. Y-axes height are shown as for other Figures

(for example, Fig. 3.9, Fig. 3.19 and Supplementary Fig. 3.11 - 3.12).
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Supplementary Figure 3.11. ChIP-seq peaks associated with flavohemoglobin

and expression of the gene. A. Information shown is as described in the legend to

Fig. 3.19. B. The flavohemoglobin gene was analyzed as described in the legend to

Fig. 3.11.
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Supplementary Fig. 3.12. ChIP-seq peaks associated with NCU01053. Information

shown is as described in the legend to Fig. 3.19.
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Supplementary Table 3.1. FunCat analysis of the 98 genes associated with the 65 ChIP-seq peaks.

FunCat ID  FunCat description FunCat main category Gene ID(s) Exact # genes  # genes
p-value  found/# found/#
genes in  genes
category input
01.01.03.02 biosynthesis of Metabolism NCUO01195, NCU01744, NCU04569, 4.84E-05 5/39 5/98
.01 glutamate NCU06724, NCU(07941
02.13.03 aerobic respiration Energy NCUO01808, NCU02514, NCU02549, 0.000156 7/112 7798
NCU04874, NCU07953, NCU08940,
NCU08947
01.01.09.01 degradation of Metabolism NCU02475, NCU06424, NCU08877 0.000174 3/11 3/98
.02 glycine
2.13 respiration Energy NCU00865, NCU01808, NCU02514, 0.000769 6/ 105 6/98
NCU04874, NCU05299, NCU07953
2.11 electron transport and Energy NCUO01808, NCU02514, NCU02549, 0.001611 6/121 6/98
membrane-associated NCU05299, NCU08940, NCU08947
energy conservation
20.03 transport facilities Cellular transport, NCUO01808, NCU03257, NCU05390, 0.001816 10/323 10/98
transport facilitation and NCU05391, NCU06382, NCU07531,
transport routes NCU07668, NCU08940, NCU08941,
NCU08947
01.01.03 assimilation of Metabolism NCUO01744, NCU04569, NCU06724  0.00218 3/25 3/98
ammonia,
metabolism of the
glutamate group
34.01.03.03 homeostasis of Interaction with the NCU05390, NCU05391 0.00376 2/9 2/98
phosphate environment
20.01.01.07 phosphate transport Cellular transport, NCU05390, NCU05391 0.009186 2/14 2/98

.07

transport facilitation and
transport routes
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01.20.38 metabolism of Metabolism NCU05616 0.010552 1/1 1/98
toxins/drugs

01.05.05.07 C-1 compound Metabolism NCU02475, NCU08877 0.011951 2/16 2/98
catabolism

01.01.03.02 metabolism of Metabolism NCU06724, NCU07941 0.013453 2/17 2/98
glutamate

20.01.01.01 heavy metal ion Cellular transport, NCU07530, NCUO07531, NCU11414  0.017125 3/52 3/98

01 transport (Cu+, Fe3+, transport facilitation and
etc.) transport routes

01.20.37.01 metabolism of Metabolism NCU03749, NCU04569 0.018418 2/20 2/98
thioredoxin,
glutaredoxin,
glutathion

1.02 nitrogen, sulfur and Metabolism NCUO01195, NCUO01744, NCU02475, 0.020401 5/150 5/98
selenium metabolism NCU06724, NCU07941

30.01.05.07 two-component Cellular communication NCU03593 0.020994 1/2 1/98
signal transduction / signal transduction
system (e.g. mechanism
phosphorelay)

01.01.06.02 biosynthesis of Metabolism NCU07941 0.020994 1/2 1/98

.01 asparagine

2.45 energy conversion Energy NCU00865, NCU10007 0.022093 2/22 2/98
and regeneration

30.01.09.07 cAMP/cGMP Cellular communication NCU00682, NCU03466 0.022093 2/22 2/98
mediated signal / signal transduction
transduction mechanism

02.11.05 accessory proteins of  Energy NCUO01808, NCU02549, NCU08940  0.022871 3/58 3/98

electron transport and
membrane-associated
energy conservation
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01.20.35.01 metabolism of Metabolism NCU04801, NCU07167 0.030259 2/26 2/98
phenylpropanoids
2.09 anaplerotic reactions  Energy NCUO03651 0.031328 1/3 1/98
20.09.04 mitochondrial Cellular transport, NCUO02514, NCU05390, NCU07530, 0.039171 4/122 4/98
transport transport facilitation and NCU08941
transport routes
42.22 endosome Biogenesis of cellular NCUO08878 0.041554 1/4 1/98
components
01.02.02.06 assimilation of Metabolism NCU03120 0.041554 1/4 1/98
ammonia
01.01.09.01 metabolism of Metabolism NCU08877 0.041554 1/4 1/98
glycine
30.01.05.01 JAK-STAT cascade  Cellular communication NCU06939 0.041554 1/4 1/98
.01 / signal transduction
mechanism
2.01 glycolysis and Energy NCU07807, NCU09873, NCU10007  0.044161 3/75 3/98
gluconeogenesis
11.02.01 rRNA synthesis Transcription NCU02497, NCU04986, NCU0O7166 0.04564 3/76 3/98
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Supplementary Table 3.2. FunCat analysis of the genes associated with the ChIP-seq peaks that are more than four-fold

enrichment in the AOD2 +CM experiment.

FunCat ID  FunCat description FunCat main category Gene ID(s) Exact # genes  # genes
p-value  found/# found/#

genes in  genes

category input

16.21.15 biotin binding Protein with binding NCU00050, NCU02505, NCU08535  0.000734 3/7 3/280
function or cofactor
requirement (structural
or analytic)

01.01.03.02 Dbiosynthesis of Metabolism NCUO01195, NCUO01744, NCU03500, 0.000737 6/39 6/280
.01 glutamate NCU04569, NCU06724, NCU07941

2.09 anaplerotic reactions  Energy NCU02505, NCU03651 0.002384 2/3 2/280
2.13 respiration Energy NCU00385, NCU00865, NCU01808, 0.002907 9/105 9/280

NCU02514, NCU03031, NCU04874,
NCU05299, NCU07953, NCU08093

01.01.09.01 degradation of Metabolism NCU02475, NCU06424, NCU08877  0.003182 3/11 3/280
.02 glycine
02.13.03 aerobic respiration Energy NCU00385, NCU01808, NCU02514, 0.004485 9/112  9/280

NCU02549, NCU03031, NCU04874,
NCU07953, NCU08940, NCU09477

01.01.03 assimilation of Metabolism NCUO01744, NCU03500, NCU04569, 0.005066 4/25 4/280
ammonia, NCU06724
metabolism of the
glutamate group

32.01.11 nutrient starvation Cell rescue, defense and NCUO03118, NCUO03593, NCU04637, 0.007141 5/43 57280
response virulence NCU05589, NCU06182
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1.07 metabolism of Metabolism NCU00552, NCU00605, NCU02475, 0.007418 9/121 9/280
vitamins, cofactors, NCUO02505, NCU04636, NCU07742,
and prosthetic groups NCU08269, NCU08404, NCU08877
20.03 transport facilities Cellular transport, NCUO01808, NCU01882, NCU03257, 0.010252 17/323 17/280
transport facilitation and NCU05390, NCU05391, NCU05627,
transport routes NCU06382, NCU07531, NCU0O7668,
NCU07960, NCU08404, NCU08738,
NCU08940, NCU08941, NCU09287,
NCU09477, NCU09580
20.09.16 cellular export and Cellular transport, NCU00754, NCUO1674, NCU02712, 0.012257 10/154 10/280
secretion transport facilitation and NCU03300, NCU05627, NCU07531,
transport routes NCU07668, NCU07960, NCU09287,
NCU09580
20.01.11 amine / polyamine Cellular transport, NCU00754, NCU09580, NCU09909 0.013592 3/18 3/280
transport transport facilitation and
transport routes
01.05.03.03 chitin anabolism Metabolism NCU04350, NCU04352, NCU09324 0.015808 3/19 3/280
.04
01.20.37.01 metabolism of Metabolism NCU03749, NCU04130, NCU04569 0.018215 3/20 3/280
thioredoxin,
glutaredoxin,
glutathion
43.01.03.06 hyphae formation Cell type differentiation NCU00939, NCU03593, NCU03616 0.018215 3/20 3/280
2.01 glycolysis and Energy NCU00050, NCUO01528, NCU02505, 0.019617 6/75 6/280
gluconeogenesis NCU07807, NCU09873, NCU10007
40.2 cell aging Cell fate NCUO01643, NCU03616, NCU04773, 0.022206 4/38 4/280
NCU08946
20.09.04 mitochondrial Cellular transport, NCUO00385, NCU02514, NCU03031, 0.02281 8/122 8 /280
transport transport facilitation and NCU05390, NCU05593, NCU07530,

transport routes

NCU08941, NCU09477
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42.27 extracellular / Biogenesis of cellular NCU04953, NCU05105, NCU0O7533  0.023606 3/22 3/280
secretion proteins components
30.01.09.07 cAMP/cGMP Cellular communication NCU00682, NCU03466, NCU03616 0.023606 3/22 3/280
mediated signal / signal transduction
transduction mechanism
34.01.03.03 homeostasis of Interaction with the NCU05390, NCU05391 0.02555 2/9 2/280
phosphate environment
2.1 tricarboxylic-acid Energy NCU00050, NCUO01195, NCU03031, 0.025831 5/59 57280
pathway (citrate NCU03651, NCU06211
cycle, Krebs cycle,
TCA cycle)
20.01.13 lipid/fatty acid Cellular transport, NCU03596, NCU03863, NCU05591, 0.027526 6/81 6/280
transport transport facilitation and NCU06382, NCU08404, NCU09287
transport routes
01.20.38 metabolism of Metabolism NCU05616 0.028542 1/1 1/280
toxins/drugs
32.01.03 osmotic and salt Cell rescue, defense and NCU01940, NCU04350, NCU04352, 0.029023 6/82 6/280
stress response virulence NCU04637, NCU06182, NCU09324
01.05.09.04 aminosaccharide Metabolism NCU04350, NCU04352, NCU09324  0.029768 3 /24 3/280
anabolism
01.25.03 extracellular protein ~ Metabolism NCU04953, NCUO07533 0.031347 2/10 2/280
degradation
20.09.18 cellular import Cellular transport, NCUO01674, NCU01882, NCU02278, 0.034955 9/157 9/280
transport facilitation and NCU03257, NCU05627, NCU07530,
transport routes NCUO07531, NCU08738, NCU09287
16.21.17 pyridoxal phosphate  Protein with binding NCU02475, NCU03500, NCU04636, 0.035833 4/44 4/280
binding function or cofactor NCUO07941
requirement (structural
or analytic)
02.45.15 energy generation Energy NCUO00385, NCU02514, NCU08093  0.040441 3/27 3/280

(e.g. ATP synthase)
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Supplementary Table 3.3. FunCat analysis of the genes associated with the ChIP-seq peaks that are more than four-fold

enrichment in the AOD2 -CM experiment.

FunCat ID  FunCat description FunCat main category Gene ID(s) Exact # genes  # genes
p-value  found/# found/#

genes in  genes

category input

2.11 electron transport and Energy NCU00636, NCU00644, NCU00959, 2.81E-06 18/121 18/401
membrane-associated NCUO01606, NCU01808, NCU02514,
energy conservation NCU02549, NCU03031, NCUO03558,

NCUO03559, NCU05008, NCU05225,
NCU05299, NCU05430, NCU05457,
NCU08940, NCU09119, NCU09816

02.13.03 aerobic respiration Energy NCU00959, NCUO01606, NCUO01808, 1.73E-05 16/112 16/401
NCU02514, NCU02549, NCU03031,
NCU03559, NCU04874, NCU05225,
NCUO05430, NCU05457, NCU07953,
NCU08940, NCU09119, NCU09477,

NCU09816
01.01.03.02 biosynthesis of Metabolism NCUO01195, NCU01744, NCU02333, 2.73E-05 9/39 9/401
.01 glutamate NCU03500, NCU04216, NCU04569,

NCU05410, NCU06724, NCU07941
2.13 respiration Energy NCU00636, NCU00644, NCU00865, 3.18E-05 15/105 15/401

NCU01606, NCU01808, NCU02514,
NCU03031, NCU03233, NCU04874,
NCU05225, NCU05299, NCU05430,
NCU07953, NCU09119, NCU09816

02.45.15 energy generation Energy NCU00636, NCU00644, NCUO1606, 9.91E-05 7/27 77401
(e.g. ATP synthase) NCU02514, NCU05430, NCU09119,
NCU09816
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20.09.04 mitochondrial Cellular transport, NCU00636, NCU01241, NCUO0O1564, 0.000184 15/122 15/401
transport transport facilitation and NCUO01606, NCU02269, NCU02514,
transport routes NCUO03031, NCU05390, NCU05430,
NCU07478, NCU07530, NCU08693,
NCU08941, NCU09119, NCU09477
20.03 transport facilities Cellular transport, NCUO01564, NCU01808, NCUO01815, 0.00022 28/323 28/401
transport facilitation and NCUO01882, NCU02269, NCU02582,
transport routes NCU03257, NCU03509, NCU03559,
NCUO05390, NCU05391, NCU05457,
NCUO05775, NCU05985, NCU06231,
NCU06382, NCU06538, NCU07478,
NCUO07531, NCU07668, NCU07711,
NCU08707, NCU08738, NCU08940,
NCU08941, NCU09477, NCU09795,
NCU09811
01.02.07 regulation of Metabolism NCUO02333, NCU03536, NCU05411, 0.000671 7/36 7 /401
nitrogen, sulfur and NCU05994, NCU06407, NCU07430,
selenium metabolism NCU07675
01.01.09.01 degradation of Metabolism NCU02475, NCU05805, NCU06424, 0.000833 4/11 4/401
.02 glycine NCUO08877
01.03.13 regulation of Metabolism NCUO03593, NCU05994, NCUO6111, 0.000953 5/19 57401
nucleotide/nucleoside NCUO08651, NCU08652
/nucleobase
metabolism
30.01.05.07 two-component Cellular communication NCU02413, NCU03593 0.001804 2/2 2 /401
signal transduction / signal transduction
system (e.g. mechanism
phosphorelay)
20.01.01.01 heavy metal ion Cellular transport, NCU02020, NCU06380, NCU07478, 0.006031 7/52 7 /401
.01 transport (Cu+, Fe3+, transport facilitation and NCU07530, NCU07531, NCU08707,

etc.)

transport routes

NCU11414
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20.03.22 transport ATPases Cellular transport, NCU00636, NCU00644, NCU01606, 0.006535 9/80 9/401
transport facilitation and NCU02514, NCU04218, NCU05430,
transport routes NCUO05591, NCU07531, NCU09119
20.01.01.01 cation transport (H+,  Cellular transport, NCU00636, NCU01564, NCU0O1606, 0.00952 12/131 12/401
Na+, K+, Ca2+, transport facilitation and NCU02514, NCU03257, NCU05430,
NH4+, etc.) transport routes NCUO05591, NCU05775, NCU06380,
NCUO07711, NCU08148, NCU09119
16.21.17 pyridoxal phosphate  Protein with binding NCU00194, NCU02475, NCU03500, 0.010139 6/44 6 /401
binding function or cofactor NCUO06112, NCU06189, NCU07941
requirement (structural
or analytic)
42.22 endosome Biogenesis of cellular NCU00895, NCU08878 0.010223 2/4 2 /401
components
02.11.05 accessory proteins of  Energy NCU00959, NCU01808, NCU02549, 0.010927 7/58 77401
electron transport and NCUO03031, NCU03559, NCU08940,
membrane-associated NCUO09816
energy conservation
34.01.01.03 homeostasis of Interaction with the NCU00636, NCU00644, NCU01606, 0.011962 7/59 7 /401
protons environment NCU02514, NCU05430, NCUO7711,
NCU09119
01.01.03.05 degradation of Metabolism NCU00194, NCUO01195, NCU02333  0.012587 3/12 3/401
.02 arginine
2.01 glycolysis and Energy NCU00050, NCUO01528, NCU04265, 0.013772 8/75 8 /401
gluconeogenesis NCU07807, NCU09285, NCU09873,
NCU10007, NCU11201
20.03.02.02 proton driven Cellular transport, NCUO01241, NCUO05775, NCU06231, 0.014962 4/23 4/401
01 symporter transport facilitation and NCUO08148

transport routes
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18.02.01 enzymatic activity Regulation of NCU01224, NCU01242, NCUO01498, 0.015072 14/173 14/401
regulation / enzyme  metabolism and protein ~ NCUO01563, NCU02114, NCU02496,
regulator function NCU05973, NCU06182, NCU08693,
NCU08961, NCU09085, NCU09310,
NCU09377, NCU09841
01.01.03 assimilation of Metabolism NCUO01744, NCU03500, NCU04569, 0.020003 4/25 4/401
ammonia, NCU06724
metabolism of the
glutamate group
20.01.13 lipid/fatty acid Cellular transport, NCU02269, NCU03596, NCU04218, 0.021137 8/8l1 8/401
transport transport facilitation and NCU04388, NCU05008, NCU05591,
transport routes NCU06382, NCU08809
01.03.01.03 purine Metabolism NCUO03117,NCUO03593, NCU04202, 0.021336 5/38 57401
nucleotide/nucleoside NCU04216, NCUOQO7015
/nucleobase
anabolism
20.01.15 electron transport Cellular transport, NCU00636, NCU00644, NCU00959, 0.023174 18/255 18/401
transport facilitation and NCUO01606, NCU01808, NCUO01815,
transport routes NCUO02514, NCU02549, NCU02665,
NCU03031, NCU03559, NCU05225,
NCU05430, NCU05457, NCUO05775,
NCU08940, NCU09119, NCU09816
11.02.03.04 transcription Transcription NCUO01722, NCU02413, NCU03033, 0.023221 12/148 12/401
.01 activation NCU03120, NCU04050, NCU04179,
NCUO05308, NCU05994, NCU06407,
NCU07430, NCU08651, NCU08652
01.02.02.09 catabolism of Metabolism NCUO01816, NCU02333, NCU10007  0.023694 3/15 3/401

nitrogenous
compounds

193



1.02 nitrogen, sulfur and Metabolism NCU00194, NCUO01195, NCUO01744, 0.025485 12/150 12/401
selenium metabolism NCUO01779, NCU02005, NCU02475,
NCU03500, NCU05410, NCU05994,
NCU06724, NCU07675, NCU07941
01.01.03.02 degradation of Metabolism NCUO01195, NCU04216, NCU06112  0.028266 3/16 3/401
.02 glutamate
01.05.05.07 C-1 compound Metabolism NCU02475, NCU05805, NCU08877  0.028266 3/16 3/401
catabolism
16.21.15 biotin binding Protein with binding NCU00050, NCU08535 0.032872 2/7 2/401
function or cofactor
requirement (structural
or analytic)
01.01.03.02 metabolism of Metabolism NCU06112, NCU06724, NCU07941 0.03327 3/17 3/401
glutamate
32.01.11 nutrient starvation Cell rescue, defense and NCUO03118, NCU03593, NCU04050, 0.034505 5/43 5/401
response virulence NCU05589, NCU06182
16.21.08 Fe/S binding Protein with binding NCU00959, NCU02549, NCU03031, 0.034505 5/43 5/401
function or cofactor NCU03559, NCU08940
requirement (structural
or analytic)
01.01.13 regulation of amino Metabolism NCU02094, NCU04050, NCU05994, 0.034505 5/43 57401
acid metabolism NCU06407, NCU07430
20.09.18 cellular import Cellular transport, NCU00895, NCU01882, NCU02020, 0.034689 12/157 12/401
transport facilitation and NCU02582, NCU03257, NCU03509,
transport routes NCU06231, NCU07530, NCUO7531,
NCU08148, NCU08738, NCU09795
01.01.09.02 biosynthesis of serine Metabolism NCU02004, NCU02475, NCU0O5805 0.038702 3/18 3/401

.01
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01.02.03.03 assimilatory Metabolism NCU02005 0.042553 1/1 1/401
reduction of sulfur
01.20.38 metabolism of Metabolism NCU05616 0.042553 1/1 1/401
toxins/drugs
01.20.19.03 metabolism of Metabolism NCU06189 0.042553 1/1 1/401
open-chain
tetrapyrrols
43.01.03.09 development of asco- Cell type differentiation ~NCU00007, NCU01225, NCUO01498, 0.044025 13/181 13/401
basidio- or zygospore NCU02076, NCU03596, NCU05995,
NCUO06111, NCU07430, NCU08423,
NCU08809, NCU08948, NCU09731,
NCU10046
30.01.05.01 protein kinase Cellular communication NCU00682, NCU00914, NCU01498, 0.04447 7/77 7 /401
/ signal transduction NCU02496, NCU06111, NCU06182,
mechanism NCU09841
01.06.10 regulation of lipid, Metabolism NCU03596, NCU07430, NCU0O7741, 0.04517 4/32 4/401
fatty acid and NCU08535
isoprenoid
metabolism
11.02.03.04 transcriptional Transcription NCUO00083, NCU00340, NCU01486, 0.046924 36/640 36/401
control NCUO01563, NCU01634, NCU01635,

NCU01994, NCU02094, NCU02413,
NCU02853, NCU03033, NCU03120,
NCU03466, NCU03536, NCU03537,
NCU03593, NCU04179, NCU04202,
NCU04830, NCU05308, NCU05389,
NCU05411, NCU05973, NCU05994,
NCU06407, NCU06424, NCU07430,
NCU07675, NCU08319, NCU08423,
NCU08651, NCU08809, NCUO09118,
NCU09310, NCU09615, NCU09843
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34.11.12 perception of Interaction with the NCU00340, NCU02582, NCU04005, 0.047066 6/62 6 /401
nutrients and environment NCU04179, NCUO06111, NCU06182
nutritional adaptation
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Supplementary Table 3.4. FunCat analysis of the genes associated with the ChIP-seq peaks that are more than four-fold

enrichment in the AODS +CM experiment.

FunCat  FunCat FunCat main Gene ID(s) Exact # genes  # genes

ID description category p-value  found/# found/#
genes in  genes
category input

2.13 respiration Energy NCU00153, NCU00385, NCU00502, NCU00636, 7.2671E- 32/105 32/

NCU00644, NCU00865, NCU00894, NCUO01479, 08 1038
NCU01606, NCU01808, NCU02250, NCU02274,

NCU02514, NCU02807, NCU03031, NCU03112,

NCU03233, NCU04874, NCU05220, NCU05225,

NCU05299, NCU05430, NCU06051, NCU06606,

NCU07739, NCU07953, NCU08093, NCU08272,

NCU08980, NCU09119, NCU09816, NCU10051

02.45.15 energy Energy NCU00385, NCU00502, NCU00636, NCU00644, 2.4126E- 14/27 14/
generation NCU01229, NCU01606, NCU02250, NCU02514, 07 1038
(e.g. ATP NCU05220, NCU05430, NCU08093, NCU09119,
synthase) NCU09143, NCU09816

02.13.03 aerobic Energy NCU00153, NCU00385, NCU00655, NCU00959, 3.8094E- 32/112 32/
respiration NCU01606, NCU01808, NCU02217, NCU02250, 07 1038

NCU02422, NCU02514, NCU02549, NCU03031,
NCU03112, NCU03231, NCU03559, NCU03926,
NCU04874, NCU05220, NCU05221, NCU05225,
NCU05430, NCU05457, NCU06403, NCU06606,
NCU07756, NCU07953, NCU08336, NCU08940,
NCU08980, NCU09119, NCU09477, NCU09816
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2.11 electron Energy NCUO00153, NCU00236, NCU00385, NCU00502, 2.49E-06 32/121 32/
transport and NCU00636, NCU00644, NCU00959, NCU01229, 1038
membrane-as NCU01606, NCU01808, NCU02250, NCU02514,
sociated NCU02549, NCU03031, NCU03112, NCU03558,
energy NCU03559, NCU04452, NCU05008, NCU05220,
conservation NCUO05225, NCU05299, NCU05430, NCU05457,

NCU06606, NCU07756, NCU08272, NCU08336,
NCU08940, NCU08980, NCU09119, NCU09816
20.01.15 electron Cellular transport, NCUO00153, NCU00385, NCU00502, NCU00552, 1.2E-05 52/255 52/
transport transport facilitation ~ NCU00636, NCU00644, NCU00959, NCUO01219, 1038

and transport routes NCU01229, NCU01606, NCU01808, NCU01853,
NCU02074, NCU02096, NCU02250, NCU02422,
NCU02514, NCU02549, NCU02665, NCU02954,
NCU03031, NCU03112, NCU03559, NCU03697,
NCU04013, NCU04443, NCU04452, NCU04771,
NCU04899, NCU05169, NCU05220, NCU05221,
NCU05225, NCU05278, NCU05430, NCU05457,
NCU05752, NCU06051, NCU06211, NCU06556,
NCU06606, NCU06924, NCU07112, NCU08048,
NCU08272, NCU08280, NCU08336, NCU08940,
NCU08980, NCU09119, NCU09816, NCU10051

01.01.09 degradation Metabolism NCU02274, NCU02475, NCU02727, NCU03607, 5.04E-05 7/11 7 /1038

.01.02 of glycine NCUO05805, NCU06424, NCU08877

20.09.04 mitochondrial Cellular transport, NCU00075, NCU00385, NCU00502, NCU00636, 6.52E-05 29/122 29/
transport transport facilitation =~ NCU01241, NCU01479, NCU01606, NCUO01810, 1038

and transport routes

NCU02514, NCU02802, NCU03031, NCU05390,
NCU05427, NCU05430, NCU05593, NCU06842,
NCU07295, NCU07414, NCU07465, NCU07478,
NCU07530, NCU08326, NCU08693, NCU08810,
NCU08941, NCU09119, NCU09143, NCU09477,
NCU10732
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2.1 tricarboxylic- Energy NCU00050, NCU00959, NCUO01195, NCUO01227, 0.000188 17/59 17/
acid pathway NCU02366, NCU02954, NCU03031, NCU03651, 1038
(citrate cycle, NCU03857, NCU04899, NCU06211, NCU06785,
Krebs cycle, NCU06836, NCU07659, NCU07756, NCU08336,
TCA cycle) NCU10008
01.01.03 biosynthesis =~ Metabolism NCUO01195, NCUO01744, NCU02366, NCU03347, 0.000863 12/39 12/
.02.01 of glutamate NCU03500, NCU03857, NCU04569, NCU04856, 1038
NCU05410, NCU06724, NCU07941, NCU08411
01.03.01 purin Metabolism NCU00843, NCU00895, NCU01550, NCUO1647, 0.002057 27/135 27/
nucleotide/nu NCUO01985, NCU02090, NCU02167, NCU02202, 1038
cleoside/nucl NCU02274, NCU02296, NCU02812, NCU02979,
eobase NCU03117, NCU03166, NCU03346, NCU04202,
metabolism NCU05805, NCU07742, NCU07853, NCU07914,
NCUO08568, NCU08878, NCU09320, NCU09331,
NCU09621, NCU10007, NCU10226
16.21.17 pyridoxal Protein with binding  NCU00194, NCU02475, NCU03347, NCU03500, 0.002736 12/44 12/
phosphate function or cofactor NCU03607, NCU04292, NCU04636, NCU06112, 1038
binding requirement NCU06189, NCU07941, NCU08216, NCU08411
(structural or
analytic)
02.13.01 anaerobic Energy NCU02096, NCU05457, NCU09143, NCU09477, 0.002826 5/10 5/1038
respiration NCU10051
01.05.02 sugar, Metabolism NCU00629, NCU00959, NCU02097, NCU02128, 0.003309 19/87 19/
.04 glucoside, NCU02366, NCU02954, NCU03031, NCU03857, 1038
polyol and NCU04203, NCU04221, NCU04265, NCU04797,
carboxylate NCU04899, NCU06075, NCU06211, NCU07281,

anabolism

NCU07914, NCU09347, NCU10008
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43.01.03 development  Cell type NCU00007, NCU00269, NCU00939, NCUO01225, 0.003444 33/181 33/
.09 of asco- differentiation NCUO01414, NCU01498, NCU01823, NCU01833, 1038
basidio- or NCU02076, NCU02273, NCU02289, NCU02295,
Zygospore NCU02806, NCU03171, NCU03596, NCU03771,
NCU04142, NCU04350, NCU04352, NCU04376,
NCU05995, NCU06111, NCU06331, NCU06821,
NCU06871, NCU08423, NCU08776, NCU08936,
NCU08948, NCU09205, NCU09324, NCU09731,
NCU10046
2.01 glycolysis Energy NCU00050, NCU00187, NCU00629, NCU01754, 0.003552 17/75 17/
and NCU02505, NCU04265, NCU04797, NCU05133, 1038
gluconeogene NCU06075, NCU07281, NCU07659, NCU07807,
Sis NCU07914, NCU08402, NCU09285, NCU09873,
NCU10007
20.01.01 heavy metal Cellular transport, NCU02009, NCU02133, NCU03497, NCU03498, 0.004252 13/52 13/
.01.01 ion transport  transport facilitation ~ NCU05830, NCU07478, NCU07530, NCU07531, 1038
(Cut, Fe3+, and transport routes NCU08225, NCU08325, NCU08707, NCU11216,
etc.) NCU11414
01.05.02 sugar, Metabolism NCU00629, NCU00865, NCU00959, NCUO01227, 0.004471 34/191 34/
.07 glucoside, NCU02097, NCU02128, NCU02344, NCU02366, 1038
polyol and NCU02668, NCU02954, NCU03000, NCU03031,
carboxylate NCU03857, NCU04013, NCU04203, NCU04221,
catabolism NCU04265, NCU04797, NCU04899, NCUO05105,
NCU05429, NCU05594, NCU05595, NCU06075,
NCU06211, NCU07281, NCU07807, NCU07914,
NCUO08131, NCU08336, NCU08412, NCU09347,
NCU09821, NCU10008
43.01.03 hyphae Cell type NCU00939, NCU01823, NCU01833, NCU03593, 0.004739 7/20 7 /1038
.06 formation differentiation NCUO06111, NCU07296, NCU08038

200



1.02 nitrogen, Metabolism NCU00194, NCU00236, NCU01195, NCU01744, 0.004844 28/150 28/
sulfur and NCUO01779, NCU01985, NCU02096, NCU02296, 1038
selenium NCU02475, NCU03171, NCU03347, NCU03500,
metabolism NCU04092, NCU04636, NCU04856, NCU05340,

NCU05387, NCU05410, NCU05994, NCU06724,
NCU07112, NCU07413, NCU07675, NCU07853,
NCUO07941, NCU08411, NCU09621, NCU10051
34.01.01 homeostasis Interaction with the NCU00385, NCU00430, NCU00502, NCU00636, 0.005087 14/59 14/
.03 of protons environment NCU00644, NCU01606, NCUO01735, NCU02250, 1038
NCU02514, NCU05430, NCU08325, NCU09119,
NCU09143, NCU09287

42.22 endosome Biogenesis of cellular NCU00895, NCU06183, NCU08878 0.005281 3/4 3/1038

components

16.21.08 Fe/S binding  Protein with binding  NCU00959, NCU01219, NCU01229, NCU02366, 0.006888 11 /43 11/

function or cofactor NCU02549, NCU03031, NCU03559, NCU05221, 1038
requirement NCU06606, NCU08336, NCU08940
(structural or
analytic)
01.01.09 Dbiosynthesis = Metabolism NCU00536, NCU01985, NCU04636, NCU0O7001, 0.007321 5/12 5/1038
.03.01 of cysteine NCUO08216
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20.03 transport Cellular transport, NCU00430, NCU00821, NCUO01285, NCUO01411, 0.007562 51/323 51/
facilities transport facilitation ~ NCU01456, NCU01763, NCU01808, NCU01810, 1038
and transport routes NCUO01813, NCU02422, NCU02582, NCU02802,
NCU02903, NCU03112, NCU03171, NCU03257,
NCU03497, NCU03498, NCU03509, NCU03559,
NCU04310, NCU05180, NCU05390, NCU05391,
NCU05457, NCU05546, NCU05627, NCUO05830,
NCU05843, NCU05985, NCU06167, NCU06231,
NCU06382, NCU07295, NCU07334, NCU07465,
NCU07478, NCU07531, NCU07668, NCU07960,
NCU08404, NCU08707, NCU08738, NCU08895,
NCU08940, NCU08941, NCU09287, NCU09477,
NCU09580, NCU09874, NCU10732
34.01.03 homeostasis Interaction with the NCU05390, NCU05391, NCU07465, NCU08325 0.012825 4/9 4/1038
.03 of phosphate  environment
40.01.03 directional Cell fate NCU01797, NCUO01833, NCU02216, NCU02234, 0.014021 16/79 16/
cell growth NCUO02558, NCU02885, NCU02984, NCU04185, 1038
(morphogene NCU05314, NCU06111, NCU06182, NCU06593,
Sis) NCU06815, NCU07253, NCU07378, NCU08683
01.01.11 Dbiosynthesis =~ Metabolism NCU02954, NCU03608, NCU04292, NCU04579, 0.015273 5/14 5/1038
.02.01 of isoleucine NCU09331
01.01.06 degradation Metabolism NCU00269, NCU02274, NCU03118, NCU04771, 0.015273 5/ 14 5/1038
.06.02 of lysine NCUO05805
20.01.01 phosphate Cellular transport, NCU05390, NCU05391, NCUO07465, NCU08325, 0.015273 5/14 5/1038
.07.07 transport transport facilitation =~ NCU08743
and transport routes
1.07 metabolism Metabolism NCU00552, NCU00605, NCUO1157, NCUO01219, 0.015805 22/121 22/
of vitamins, NCU02274, NCU02475, NCU02505, NCU02727, 1038
cofactors, and NCU03857, NCU03970, NCU04013, NCU04596,
prosthetic NCU04636, NCU04771, NCU05278, NCUO05805,
groups NCU07112, NCU07659, NCU07742, NCU08269,

NCU08404, NCU08877
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01.20.37 metabolism Metabolism NCUO01157, NCUO01219, NCU03749, NCU04130, 0.019752 6/20 6/1038
.01 of NCU04569, NCU04596
thioredoxin,
glutaredoxin,
glutathion
16.21.01 heme binding Protein with binding NCUO01808, NCU02624, NCU03031, NCU03492, 0.021571 11/50 11/
function or cofactor ~ NCU05001, NCU05169, NCU05278, NCU05752, 1038
requirement NCU07286, NCU08138, NCU09816
(structural or
analytic)
01.01.06 metabolism Metabolism NCU03500, NCU03607, NCU06512, NCU07941, 0.027541 5/16 5/1038
of the NCU08411
aspartate
family
01.05.05 C-1 Metabolism NCU02274, NCU02475, NCU02727, NCU05805, 0.027541 5/16 5/1038
.07 compound NCU08877
catabolism
01.01.11 Dbiosynthesis = Metabolism NCU02954, NCU03608, NCU04292, NCU04579  0.027941 4/11 4/1038
.03.01 of valine
2.45 energy Energy NCU00865, NCU02979, NCUO03857, NCU04452, 0.03129 6/22 6/1038
conversion NCU06836, NCU10007
and
regeneration
34.01.01 homeostasis Interaction with the NCU00430, NCUO01285, NCU01779, NCUO01978, 0.032211 24/144 24/
.01 of metal ions  environment NCU02009, NCU02063, NCU02133, NCU02278, 1038
(Na, K, Ca NCU03497, NCU03498, NCU03592, NCU04140,
etc.) NCU04636, NCU04830, NCU05830, NCU07530,

NCU07531, NCU07564, NCU07728, NCU07742,
NCU08147, NCU08225, NCU08707, NCU11414
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32.01.01 oxidative Cell rescue, defense ~ NCUO01219, NCU02133, NCU03112, NCU03200, 0.032935 17/94 17/
stress and virulence NCU03333, NCU03857, NCU03905, NCU04596, 1038
response NCUO05169, NCU05973, NCU06031, NCU06051,

NCU06556, NCU07280, NCU07286, NCU07742,
NCU09534

40.01.01 non-direction  Cell fate NCU03117, NCUO08331 0.035459 2/3 2/1038
al cell growth

2.09 anaplerotic Energy NCU02505, NCU03651 0.035459 2/3 2/1038
reactions

01.01.03 metabolism Metabolism NCUO01157, NCU04856, NCU06112, NCU06724, 0.035489 5/17 5/1038

.02 of glutamate NCU07941

20.01.01 siderophore-ir Cellular transport, NCU02009, NCU03497, NCU03498, NCU07564  0.038251 4/12 4/1038

.01.01.0  ontransport  transport facilitation

1 and transport routes

30.01.05 MAPKKK Cellular NCU00587, NCU02133, NCU02234, NCU02885, 0.044213 8/36 8/1038

.01.03 cascade communication / NCU04335, NCU06182, NCU07286, NCU11215

signal transduction
mechanism

01.01.09 biosynthesis = Metabolism NCUO01853, NCU02475, NCU02727, NCU03607, 0.044712 5/18 5/1038

.01.01 of glycine NCU04771

20.01.11 amine / Cellular transport, NCUO07334, NCU08148, NCU08895, NCU09580, 0.044712 5/18 5/1038
polyamine transport facilitation ~ NCU09909
transport and transport routes

01.20.19 metabolism Metabolism NCUO01013, NCU01546, NCU03498, NCU06051, 0.046505 6/24 6/1038

.01 of porphyrins NCU06189, NCUO0O8138

02.01.03 regulation of  Energy NCU00629, NCU02401, NCU04797, NCU06075, 0.046505 6/24 6/1038
glycolysis NCU09347, NCU10046
and

gluconeogene
sis
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20.09.18 cellular Cellular transport, NCUO00821, NCU00895, NCU01813, NCU02009, 0.047376 25/157 25/
import transport facilitation ~ NCU02278, NCU02582, NCU02988, NCU03257, 1038
and transport routes NCUO03498, NCU03509, NCUO05168, NCU05627,
NCU05830, NCU05843, NCU06231, NCU06821,
NCU07334, NCU07530, NCU07531, NCU07564,
NCU08148, NCU08225, NCU08325, NCU08738,
NCU09287
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Supplementary Table 3.5. FunCat analysis of the genes associated with the ChIP-seq peaks that are more than four-fold

enrichment in the AODS -CM experiment.

FunCat  FunCat FunCat main Gene ID(s) Exact # genes  # genes
ID description category p-value  found/# found/#
genes in  genes
category input
2.13 respiration Energy NCU00385, NCU00865, NCU01606, NCU01808, 1.89E-05 14/105 14/325
NCU02250, NCU02514, NCU02807, NCU03233,
NCU04874, NCU05299, NCU06051, NCU06606,
NCU07953, NCU08272
2.11 electron Energy NCU00385, NCU00959, NCU01606, NCU01808, 9.38E-05 14/121 14/325
transport and NCU02250, NCU02514, NCU02549, NCUO03558,
membrane-as NCU05008, NCU05299, NCU05457, NCU06606,
sociated NCU08272, NCU08940
energy
conservation
01.01.03 biosynthesis = Metabolism NCUO01195, NCUO01744, NCU02366, NCU04569, 0.000395 7/39 717325
.02.01 of glutamate NCU04856, NCU06724, NCU(07941
01.01.09 degradation Metabolism NCU02475, NCU05805, NCU06424, NCU08877  0.000432 4/11 4/325
.01.02 of glycine
02.13.03 aerobic Energy NCU00385, NCU00959, NCU01606, NCU01808, 0.000609 12/112 12/325
respiration NCU02250, NCU02514, NCU02549, NCU04874,
NCU05457, NCU06606, NCU07953, NCU08940
01.05.02 sugar, Metabolism NCU00629, NCU00959, NCU01528, NCU02366, 0.001003 10/87 10/325
.04 glucoside, NCU04265, NCU04797, NCU04899, NCU06211,
polyol and NCU09347, NCU10008
carboxylate

anabolism
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2.1 tricarboxylic-  Energy NCU00959, NCUO01195, NCU02366, NCU03651, 0.001086 8/59 8/325
acid pathway NCU04899, NCU06211, NCU06836, NCU10008
(citrate cycle,
Krebs cycle,
TCA cycle)
20.03 transport Cellular transport, NCU00821, NCU01285, NCU01763, NCUO0O1808, 0.00254 22/323 22/325
facilities transport facilitation ~ NCUO01810, NCU03257, NCU03509, NCU05390,
and transport routes NCUO05391, NCU05457, NCU05627, NCU05843,
NCU05985, NCU06382, NCU07531, NCU07668,
NCU08404, NCU08940, NCU08941, NCU09287,
NCU09580, NCU10732
2.09 anaplerotic Energy NCU02505, NCU03651 0.003738 2/3 2/325
reactions
2.01 glycolysis Energy NCU00629, NCU01528, NCU02505, NCU04265, 0.005069 8/75 8/325
and NCU04797, NCU07807, NCU09873, NCU10007
gluconeogene
sis
01.02.02 assimilation Metabolism NCU03120, NCU09205 0.0073 2/4 2/325
.06 of ammonia
16.13.03 fatty acid Protein with binding  NCU00596, NCU05008 0.0073 2/4 2/325
binding (e.g.  function or cofactor
acyl-carrier requirement
protein) (structural or
analytic)
01.05.02 sugar, Metabolism NCU00629, NCU00865, NCU00959, NCUO1517, 0.008235 14/191 14/325
.07 glucoside, NCU01528, NCUO01873, NCU02366, NCU04265,
polyol and NCU04797, NCU04899, NCU06211, NCU07807,
carboxylate NCU09347, NCU10008

catabolism
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01.01.03 assimilation =~ Metabolism NCUO01744, NCU04569, NCU04856, NCU06724  0.011185 4/25 4/325
of ammonia,
metabolism
of the
glutamate
group
20.09.04 mitochondrial Cellular transport, NCU00075, NCU00385, NCU01606, NCU0O1810, 0.011685 10/122 10/325
transport transport facilitation ~ NCU02514, NCU05390, NCU05593, NCU07530,
and transport routes NCU08941, NCU10732
01.02.07 regulation of  Metabolism NCU03120, NCU04335, NCU09205 0.012297 3/14 3/325
.01 nitrogen
metabolism
02.45.15 energy Energy NCU00385, NCU01606, NCU02250, NCU02514  0.014678 4/27 4/325
generation
(e.g. ATP
synthase)
16.21.08 Fe/S binding  Protein with binding ~ NCU00959, NCU02366, NCU02549, NCU06606, 0.017863 5/43 5/325
function or cofactor ~ NCU08940
requirement
(structural or
analytic)
01.05.05 C-1 Metabolism NCU02475, NCU05805, NCU08877 0.01795 3/16 3/325
.07 compound
catabolism
20.01.15 electron Cellular transport, NCU00385, NCU00959, NCU01606, NCU01808, 0.019908 16/255 16/325
transport transport facilitation =~ NCU02250, NCU02514, NCU02549, NCU02665,
and transport routes ~ NCU04899, NCUO05169, NCU05457, NCU06051,
NCU06211, NCU06606, NCU08272, NCU08940
01.01.03 metabolism Metabolism NCU04856, NCU06724, NCU07941 0.021232 3/17 3/325
.02 of glutamate
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20.09.18 cellular Cellular transport, NCU00821, NCU02009, NCU03257, NCU03509, 0.024661 11/157 11/325
import transport facilitation ~ NCU05168, NCU05627, NCU05843, NCU07530,
and transport routes NCUO07531, NCU07564, NCU(09287
1.07 metabolism Metabolism NCU00596, NCU02475, NCU02505, NCU04636, 0.02885 9/121 9/325
of vitamins, NCUO05805, NCU08269, NCU08404, NCU08877,
cofactors, and NCU09770
prosthetic
groups
01.01.03 biosynthesis ~ Metabolism NCU04856, NCU06724 0.030986 2/8 2/325
.01.01 of glutamine
01.20.37 metabolism Metabolism NCU03749, NCU04130, NCU04569 0.032913 3/20 3/325
.01 of
thioredoxin,
glutaredoxin,
glutathion
20.09.18 non-vesicular Cellular transport, NCUO03509, NCU05168, NCU05627, NCU05843, 0.033837 8/105 8/325
.07 cellular transport facilitation ~ NCU07530, NCU07564, NCU09287, NCU11414
import and transport routes
01.20.38 metabolism Metabolism NCU05616 0.035807 1/1 1/325
of
toxins/drugs
01.20.19 metabolism Metabolism NCU06189 0.035807 1/1 1/325
.03 of open-chain
tetrapyrrols
34.01.03 homeostasis Interaction with the NCUO05390, NCU05391 0.038913 2/9 2/325
.03 of phosphate  environment
16.17.05 sodium Protein with binding NCUO01285, NCU01321 0.038913 2/9 2/325
binding function or cofactor
requirement

(structural or
analytic)
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2.45 energy Energy NCU00865, NCU06836, NCU10007 0.042209 3/22 3/325
conversion
and
regeneration

1.05 C-compound  Metabolism NCU00148, NCU00629, NCU00761, NCU00865, 0.045499 34/711 34/325

and
carbohydrate
metabolism

NCU00959, NCU01517, NCU01528, NCU02366,
NCU02505, NCU02550, NCU02702, NCU03651,
NCU03749, NCU04265, NCU04569, NCU04797,
NCU04899, NCU05340, NCU05627, NCU05960,
NCU06062, NCU06211, NCU06381, NCU06836,
NCU07807, NCU08044, NCU08272, NCU08784,
NCU09287, NCU09347, NCU09770, NCU09873,
NCU10007, NCU10008
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4. Discussion
4.1 Protein tagging and localization

In this study, my major goal was to gain a deeper understanding of the
function of AOD2 and AODS. To address this goal, several questions needed to be
addressed. What is the subcellular localization of AOD2 and AODS5 under normal
conditions? Do they change localization in response to mitochondrial dysfunction? Do
they form a heterodimer in vivo? Do they have any post-translational modifications
that are associated with the induction of AOX? The first step in addressing these
questions was to develop strains expressing AOD2 and AODS tagged with HA or Myc
epitopes in the corresponding mutant strains. In addition, I also successfully expressed
C-terminal Myc tagged AOD2 and N-terminal HA tagged AODS5 in DX13, an aod-2
aod-5 double mutant.

It has occasionally been observed that the addition of HA or Myc epitopes or
other protein tags can affect the activity of a tagged protein (Zhao et al. 2013). For
instance, in C. albicans, a C-terminal HA-tagged Zn(II)Cys6 fungal transcription
factor called MRR1 was found to be constitutively active in driving the expression of
its target gene MDRI1 (Schubert et al. 2011) whereas the wild-type MRR1 protein
only induced the expression of MDR1 when cells were grown in the presence of an
antifungal agent (Morschhauser et al. 2007). However, the tagged AOD2 and AOD5
proteins in the present study conferred neither constitutive expression of AOX in
non-inducing conditions nor the abolishment of AOX expression under inducing
conditions. Cell fractionation experiments showed that AOD2 and AODS5 always
localize to the nucleus regardless of whether the HA or Myc epitope is at the N- or
C-terminus of either protein.

The classic mitochondrial retrograde regulation RTG system of S. cerevisiae
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functions by sequestering transcription factors Rtglp and Rtg3p in the cytoplasm until
a signal is received that results in their translocation to the nucleus (section 1.8).
Although Rtglp and Rtg3p are not Zn(I)Cys6 fungal transcription factors, this is also
an example of the factors being sequestered in the cytoplasm under normal
conditions, but imported into the nucleus when they are activated (MacPherson ef al.
2006). Another example, as mentioned in section 1.11, is the C. albicans Zn(I1)Cys6
transcription factor Sefl, which can localize to either the nucleus or the cytosol,
depending on the availability of iron (Chen & Noble 2012). Under normal conditions,
Sefl is sequestered in the cytosol. Upon iron depletion, it is phosphorylated and
localizes to the nucleus. Another example is Upc2p in S. cerevisiae. This Zn(II)Cys6
transcription factor is responsible for the expression of ergosterol biosynthesis-related
genes when ergosterol is depleted (Vik & Rine 2001). Fluorescence microscopy
showed that GFP (green fluorescent protein) tagged Upc2p localized to the cytoplasm
when ergosterol is abundant, but is imported into the nucleus after addition of
fluconazole (Yang et al. 2015), a drug that inhibits the conversion of lanosterol to
ergosterol and hence lowers the levels of ergosterol.

Many other Zn(II)Cys6 transcription factors localize to the nucleus at all
times and become activated when the proper signal is generated. Examples of such
transcription factors include Leu3p in S. cerevisiae (Kirkpatrick & Schimmel 1995)
and Trm1p in P. pastoris (Sahu et al. 2014). My results suggested that the AOD2 and
AQODS behave in a similar manner. When the cell fractionation and the ChIP-seq data
are considered together, it appears that AOD2 and AODS constitutively reside in the
nucleus and bind to the 5’ upstream region of many genes. Similarly, GFP (green
fluorescent protein) tagged AcuM and Acuk, the orthologues of AOD2 and AODS in

A. nidulans, respectively, were shown to localize to the nucleus when cells were
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grown on media containing glucose, proline, or acetate (Suzuki ef al. 2012). Because
AOD2 and AODS and their target genes are not spatially isolated, it is conceivable
that they are “switched on or off” in situ. It has been shown that the transcript levels
(Chae et al. 2007b) and protein levels (this study) of AOD2 and AODS are not altered
greatly between AOX inducing and non-inducing conditions. This suggests that they
are regulated post-translationally. This could be achieved by covalent modification of
the protein or covalent or non-covalent interactions with other proteins or unknown

ligands.

4.2 Regulation of AOD2 and AODS activity

It has been reported in S. cerevisiae that the AOD2 orthologue Rds2p is
phosphorylated by Snflp when cells are grown on media shifted from glucose to
ethanol. Snflp belongs to a conserved protein kinase family and AMPK
(AMP-activated protein kinase) is its mammalian orthologue. In plants, it has an
orthologue named SnRK1 (SNF1-related protein kinase 1) (Crozet et al. 2014;
Ghillebert et al. 2011; Polge & Thomas 2007). These kinases maintain energy
homeostasis by generally switching off anabolism and activating catabolic pathways
for ATP production. In yeast, SNF1 is required for cell growth when cells utilize
non-fermentable carbon sources. In plants, SnRK1 is a metabolic regulator that
responds to nutrient limitation and environmental stress. In mammals, AMPK senses
changes in the AMP/ATP or ADP/ATP ratio (Carling & Viollet 2015; Ghillebert et al.
2011; Hardie 2015; Hardie et al. 2012).

In S. cerevisiae, SNF1 regulates a wide variety of genes in response to
carbon source alteration. When cells are deprived of glucose, Snflp phosphorylates

the glucose repressor Miglp which leads to the nuclear export of Miglp and hence
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derepression of glucose repressed genes (Hedbacker & Carlson 2008). SNF1 also
activates the transcription of gluconeogenic genes via phosphorylation of Sip4 and
Cat8 (Hedbacker & Carlson 2008; Turcotte et al. 2010). Cat8 has been shown to be
required for Rds2 to bind to the promoters of PEPCK and FBP (Soontorngun et al.
2007). In N. crassa, deletion of SNF1 has been shown to slightly decrease AOX
protein levels under AOX inducing conditions, but the mechanism by which this
occurs is unknown (Nargang et al. 2012). It is conceivable that SNF1 plays a similar
role as in S. cerevisiae, in which case, it would be expected that AOD2 would be
differentially phosphorylated between AOX inducing and non-inducing conditions.
However, using phos-tag SDS-PAGE, I was unable to show reproducible changes in
phosphorylation of AOD2 or AODS5 under inducing or non-inducing conditions
(Appendix IV.1). This suggests that, unlike Rds2p in yeast, AOD2 and AODS are not
being regulated by phosphorylation, at least when comparing growth in the presence
and absence of CM. So far, no phosphorylation of an AOD2 orthologue has been
reported in any fungus other than S. cerevisiae, and no phosphorylation of an AODS5

orthologue has been reported at all.

4.3 AOD2, AODS and gluconeogenesis

The involvement of AOD2 and AODS orthologues in the regulation of genes
required for gluconeogenesis in S. cerevisiae, A. nidulans, A. fumigatus, and P
anserina (Bovier et al. 2014; Gasmi et al. 2014; Hynes et al. 2007; Liu et al. 2010;
Pongpom et al. 2015; Sellem et al. 2009; Soontorngun et al. 2012; Soontorngun ef al.
2007; Suzuki et al. 2012) prompted me to ask whether or not AOD2 and AODS play a
similar role in N. crassa. 1 first showed that AOD2 and AODS5 are required for

maximal growth rate when any of sucrose, glycerol, acetate, or ethanol were supplied
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as the sole carbon sources. Thus, AOD2 and AODS5 appear to have a more general
role in maintaining the maximum growth rate of the organism. However, the reduction
of growth of Aaod-2 and Aaod-5 strains on glycerol, acetate, and ethanol was much
more pronounced than on sucrose. These findings are in agreement with the data from
A. fumigatus, where mutants with deletion of acuM or acuK showed slightly weaker
growth on standard medium with sucrose as the carbon source (Liu et al. 2010;
Pongpom et al. 2015). However, the findings are slightly different from the data from
A. nidulans (Hynes et al. 2007). The acuM and acuK mutant strains grew at wild-type
rates on glucose and glycerol, but were not able to grow on acetate or ethanol. In S.
cerevisiae, the data for the growth of the Ards2 mutant on ethanol was contradictory
in two different studies (Gasmi et al. 2014; Soontorngun ef al. 2012). The Ards2 strain
in the FY73 background (MATo his3-A200 ura3-52) did not grow on media
containing ethanol or acetate, weakly grew on glycerol, and grew at wild-type rates on
glucose (Soontorngun et al. 2012). In contrast, the Ards2 strain in the BY4741
background (MATa his3A1 leu2AO met15A0 ura3A0) grew as wild-type on glucose or
ethanol (Gasmi ef al. 2014). These differences are probably due to the different
genetic backgrounds of the strains used. Taken together, these studies on deletion of
the AOD?2 orthologue show general agreement with my study.

The general process of gluconeogenesis is shown in Fig. 4.1. In comparison
to glycolysis, it converts pyruvate to glucose and, depending on the organism or
tissue, can provide a source of energy and/or precursors for synthesizing important
molecules such as glycoproteins and nucleotides (Nelson & Cox 2013). Many of the
steps in the gluconeogenesis pathway are simply accomplished by using the
glycolysis enzymes in reverse. However, glycolysis contains three irreversible steps

that involve large changes in free energy. As a result, there are four enzymes that are
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Figure 4.1. Glycolysis and gluconeogenesis. The black arrows from top to bottom
represent the glycolysis pathway. The red arrows represent the steps of
gluconeogenesis. The enzymes involved in glycolysis are shown in blue on the left of
the glycolytic pathway. Most of the enzymes are shared by both glycolysis and
gluconeogenesis. Four enzymes that are critical and unique for gluconeogenesis are
shown in green and are highlighted by boxes on the right of the gluconeogenic
pathway. The metabolic pathway from glycerol to dihydroxyacetone phosphate is
indicated by green arrows and the enzymes that are involved in this pathway are

indicated in pink. This figure is adapted from (Nelson & Cox 2013).
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required specifically for gluconeogenesis to achieve the reverse reaction at these
steps. These enzymes are pyruvate carboxylase, PEPCK, FBP, and glucose
6-phosphatase (Fig. 4.1).

The AOD2 and AODS orthologues in 4. nidulans have been shown to be
required for the maximal expression of the PEPCK- and FBP- encoding genes when
cells utilized glucose or acetate as the carbon source (Hynes et al. 2007). In A.
fumigatus, loss of the AOD2 orthologue led to reduced expression PEPCK- and FBP-
encoding genes (16-fold and seven-fold, respectively) when cells use glucose as the
carbon source (Liu et al. 2010). Furthermore, using standard ChIP or ChIP-chip
analyses, the AOD2 and AODS5 orthologues were found to bind the promoter of the
PEPCK- and FBP-encoding genes in S. cerevisiae grown on glucose or ethanol, and in
A. nidulans grown on glucose or acetate (Gasmi ef al. 2014; Soontorngun et al. 2012;
Soontorngun et al. 2007; Suzuki et al. 2012). In addition, binding at the promoter of
S. cerevisiae PYCI1 (pyruvate carboxylase isoforml) was found for the AOD2 and
AQODS orthologues upon a shift in carbon source from glucose to glycerol and ethanol
(Gasmi et al. 2014; Soontorngun et al. 2012). No binding at the promoter of the
glucose 6-phosphatase-encoding gene has been reported.

In N. crassa, 1 found that AOD2 regulated the expression of PEPCK, since
the transcript levels of PEPCK were reduced in Aaod-2 cells which utilized acetate as
the sole carbon source (Fig. 3.6C). Even when cells were grown in sucrose where
PEPCK should be present at low basal levels, the expression of the PEPCK transcript
was reduced significantly (about 25-fold) in Aaod-2 cells (Fig. 3.6C). The finding that
expression of PEPCK is reduced in Aaod-2 cells grown in sucrose is in agreement
with the data obtained from A. fumigatus (Liu et al. 2010), where levels of the

transcript were reduced 16-fold when the orthologue was deleted. In S. cerevisiae, a
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similar finding was observed, where the deletion of the aod-2 orthologue greatly
decreases the expression of PEPCK when cells were shifted from glucose to ethanol
as a carbon source (Soontorngun et al. 2007). Surprisingly, my data suggest that the
deletion of aod-2 has no effect on the expression of the FBP gene in N. crassa. This is
inconsistent with the findings in 4. nidulans and A. fumigatus. Thus, it seems likely
that other factors regulate FBP expression in V. crassa.

The relationship between the induction of AOX and PEPCK suggests
obvious questions. What is the connection between AOX expression and
gluconeogenesis? Are both genes induced under both AOX-inducing and
gluconeogenesis inducing conditions? Do the two induction pathways share the same
signal(s)? My results suggest that there is some ‘“cross talk” between the signals
produced in the presence of CM and those produced when glucoenogenesis is
required. That is, slight increases in AOX transcripts are seen in poor carbon sources
and slight increases in PEPCK transcripts are seen in CM. However, since PEPCK is
induced to a higher extent in poor carbon sources, while AOX transcripts are higher in
CM, this argues for different signals produced under the two conditions. These signals
activate AOD2 and AODS to various degrees, resulting in dramatic or minor induction
of the target genes.

There are two basic mechanisms by which different signals might act. First,
AOD?2 and/or AODS5 might bind different molecules resulting in different degrees of
activation at different promoters. Second, other factors may bind a different molecule
at the same promoter and work in conjunction with AOD2 and/or AODS5. Both AOD2
and AODS5 contain a PAS domain which is thought to be involved in signal
transduction (Chae ef al. 2007b). PAS domains are known to recognize a number of

small molecules from ions to C6 carboxylates (Henry & Crosson 2011). It has been
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reported that two glycine residues in the PAS domain of both AOD2 and AODS are
highly conserved and amino acid substitutions at these positions resulted in reduced
growth on medium containing antimycin A (Chae et al. 2007b). This suggests that the
PAS domain in each protein is crucial for function. PAS domains are also used for
protein-protein interaction. For instance, WC-1 (white collar-1) and WC-2, two
transcription factors that are involved in circadian rhythms in N. crassa, form a
heterodimer via interaction between the PAS domain in each protein (Cheng et al.
2002; Cheng et al. 2003). PAS domains are also important for forming a
heterodimeric complex of the bHLH (basic helix-loop-helix)-PAS transcription
factors in insects and mammals (see review Partch and Gardner (2010)). An EMSA
experiment has shown that truncated recombinant AOD2 and AODS proteins,
containing only the DNA binding domains, are able to bind the AIM sequence of the
AOX promoter when added together. However, the individual proteins are unable to
bind (Chae et al. 2007b). These data suggest that there is an in vifro interaction
between the two truncated proteins and that the PAS domains in both proteins are not
required for this interaction. However, it is conceivable that interaction between the
PAS domains is required for activation. It is also conceivable that AOD2 and/or
AQODS interact with other proteins via the PAS domain.

Another possibility for the different response of PEPCK and AOX in
different media would be that other transcription factors respond to the signal for the
induction of AOX or gluconeogenesis, and coordinate with AOD2 and AODS to
facilitate proper gene expression (Fig 4.2). Interplay between Rds2p, the S. cerevisiae
AQOD?2 orthologue, and the additional transcription factors Cat8p and Sip4p, has been
reported (Soontorngun et al. 2007). Cat8p and Sip4p are activated by Snflp when

cells are using non-fermentable carbon sources and they activate PEPCK transcription
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Figure 4.2. Model for regulation of the expression of AOX and PEPCK by AOD2
and AODS. In the absence of inducing signals, the AOD2 AODS5 dimer and
unknown factors (indicated by a rectangle and an oval) bind to the promoter of the
AOX and PEPCK genes as shown. Under normal conditions, they are inactive and
only a low level of constitutive transcription of AOX and PEPCK occurs, as indicated
by the wavy lines. In the presence of inducing signals, either for AOX or
gluconeogenesis, the AOD2/AODS dimer is activated, but the extent of the induction
of transcription also depends on the unknown factors, which also respond specifically
to the signal. For instance, the rectangle factor may respond only to the signal for
AOX whereas the oval responds only to the signal for gluconeogenesis. Active

proteins are indicated in red whereas inactive proteins are shown in blue.
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by binding to the CSRE (carbon source-responsive element) of the gene’s promoter
(Turcotte et al. 2010). Deletion of CAT8 reduced the binding of Rds2p to the
promoters of PEPCK and FBP (Soontorngun et al. 2007). An additional zinc finger
transcription factor, Adrlp (alcohol dehydrogenase regulator 1) that is known to be
another target of Snflp upon utilization of ethanol, coordinates with Cat8p to induce
some target genes upon glucose depletion (Kayikci & Nielsen 2015; Ratnakumar et
al. 2009; Tachibana et al. 2005; Turcotte et al. 2010; Young et al. 2003). Adrlp was
recently shown to share some binding targets with Rds2p, including the PEPCK
promoter (Soontorngun et al. 2012). Thus, the activation of PEPCK in S. cerevisiae
occurs by a complex mechanism and involves the interplay of several transcription
factors. In A. thaliana, a number of proteins (such as ABI4 and WRKY'15) that are
responsible for the expression of AOX have been identified (see section 1.10.6 for
details).

In N. crassa, only AOD2 and AODS have been described as transcription
factors involved in AOX production. However, it is likely that other factors are
involved. An additional 62 genes that are needed for maximal production of the AOX
protein were identified in the N. crassa knock-out library screen (Nargang et al.
2012). The roles of the genes and their products in AOX production and whether or
not they interact with AOD2 and AODS are not yet known. In addition, three other
genes (aod-4, aod-6 and aod-7) identified in a traditional genetic screen have been
shown to have reduced transcription of AOX in response to growth in CM
(Descheneau et al. 2005). It is not yet known if these are allelic to genes identified in
the knock-out library.

I found that the expression levels of PEPCK increased when acetate and

ethanol served as the carbon source (Fig. 3.6C). However, the expression of PEPCK
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was not activated when glycerol was the sole carbon source. This is likely because
glycerol enters the gluconeogenesis pathway downstream from the PEPCK reaction
(Fig. 4.1). In support of this idea, it has previously been shown that S. cerevisiae
(Nevoigt & Stahl 1997) and A. nidulans metabolize glycerol to glucose-6-phosphate
in a pathway that bypasses the need for PEPCK early in the gluconeogenic pathway
(Borkovich & Ebbole 2010). Glycerol is first phosphorylated to glycerol-3-phosphate
by glycerol kinase, and is then further converted to dihydroxyacetone phosphate by
glycerol-3-phosphate dehydrogenase. Dihydroxyacetone phosphate enters the
gluconeogenic pathway and ultimately leads to the production of glucose. Consistent
with my results, it was also reported that the activity of PEPCK was low in the yeast
Y. lipolytica when grown in glucose or glycerol compared to cells grown in acetate or

ethanol (Jardon et al. 2008).

4.4 Interpretation of ChIP-seq data

To gain a deeper understanding of the behavior of AOD2 and AODS in
response to CM treatment, I performed ChIP-seq experiments. ChIP-seq is based on
high-throughput next generation sequencing techniques. Compared to the ChIP-chip
technique, it has greater coverage, lower systematic noise, higher accuracy and higher
resolution properties (Park 2009). In my experiments, MACS2 called many peaks for
each of the four conditions tested. There are various interpretations of these findings.
First, upon inspection, many of the peaks called in each category are not robust. This
is observed even among the 65 ChIP-seq peaks that have more than four-fold
enrichment in each of the four experimental conditions. Thus, it is difficult to assign
biological significance to all of the called peaks. The fact that many peaks were not

common to all four experiments suggests that in addition to their common binding
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sites, AOD2 exclusively occupies some sites without the binding of AODS, and vice
versa. Thus, even though AOD2 and AODS are thought to form a heterodimer at the
promoter of aod-1, they may have additional functions in which they might act as
monomers, homodimers, or in heterodimers with different transcription factors. As
mentioned above, ChIP-chip studies in S. cerevisiae have shown that the AOD2 and
AODS5 orthologues have common, as well as distinct, binding sites in cells grown
both in glucose and ethanol (Gasmi et al 2014; Soontorngun et al. 2007). A
transcriptome study has shown that the AOD2 and AODS orthologues in the pathogen
A. fumigatus regulate different target genes during in vivo infection (Pongpom et al.
2015). In addition, it has been shown that female fertility in the Arse3 (AODS5
orthologue) mutant of P anserina was virtually abolished, while fertility was
unaffected in the Arse2 mutant (Bovier et al. 2014). Taken together, these
observations imply that AOD2 and AODS5 and their orthologues have both common
and distinct functions.

Similar to other ChIP-seq studies (such as the ChIP-seq data from the
Encyclopedia of DNA Elements project which is a broad investigation of functional
elements in the human genome, see https://www.encodeproject.org/), there are
differences in peak height for the regions bound by AOD2 and/or AODS. It seems
unlikely that differences in peak height are due to different cell types because I used
growing mycelium, which should contain a relatively homogeneous set of nuclei.
However, it is conceivable that nuclei and specific gene promoters at growing tips
versus older regions of mycelium might differ in binding of the AOD2 and AODS5
proteins, due to changes in chromatin arrangement. For example, binding to a
promoter that was only available in nuclei of growing tips would show up as a smaller

peak relative to a promoter available for binding in all nuclei of the culture. In
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addition, sites with low peak height may simply have a lower binding affinity for the
proteins (Furey 2012). This could be due to a number of factors including unfavorable
chromatin structure, competition between transcription factors at or near the same

binding site, or influence of nucleotides surrounding the AIM (or other binding sites).

4.5 Binding sites of AOD2 and AODS

Zn(IT)Cys6 cluster transcription factors generally recognize a pair of CGG
triplets as a binding element arranged as direct, inverted, or everted repeats
(MacPherson et al. 2006). In vitro EMSA experiments showed that AOD2 and AOD5
bind as a heterodimer to the AIM of the aod-1 promoter region (Chae et al. 2007a).
Related sites have been found in the upstream region of genes regulated by the AOD?2
and AODS orthologues in A. nidulans and P. anserina (Bovier et al. 2014; Suzuki et
al. 2012), and the AODS5 orthologue in S. cerevisiae (Gasmi et al. 2014). My
ChIP-seq data show that among the group of 65 peaks that are common to all four
experimental conditions, 56 contain at least one such binding site (Fig. 3.10,
Supplementary Fig. 3.7). Nine out of 65 peaks are devoid of the AIM sequence (Table
3.2). Furthermore, for some peaks (those associated with NCU03408, NCU04730,
NCU04953, NCU05203, NCU05616, NCU06083, NCU07098, and NCU07530) that
do contain one or more AIM sequences, the AIMs are not closely aligned with peak
summits. The inability to identify canonical binding motifs in a proportion of peaks
from a ChIP-seq experiment is not uncommon. It has been suggested that this is due
to limited understanding of various aspects of DNA binding of the transcription
factors (such as binding motifs other than the canonical one) or binding of the
transcription factors to peak regions via additional factors (Worsley Hunt &

Wasserman 2014). The possibility that AOD2 and AODS are able to bind non-CGG
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containing motifs in the N. crassa genome cannot be ruled out, since some Zn(I)Cys6
transcription factors have been shown to have this capability (MacPherson et al.
2006). For instance, EMSA analysis showed that FacB (=AcuB, acetate non-utilising)
binds to 5’-TCC/G-3’ or 5’-GCC/A-3’ in A. nidulans (Todd et al. 1998), and AFLR
(aflatoxin pathway specific DNA-binding protein) binds to the 5’-TCGNsCGA-3’
palindrome in A. parasiticus (Ehrlich et al. 1999). In A. oryzae, a microarray study
revealed that the putative binding site of XInR (xylanolytic regulator) includes
5’-GGCTAA-3’, 5’-GGCTAG-3’, and 5’-GGCTGA-3’ (Noguchi et al. 2009).
Moreover, EMSA and DNasel footprinting experiments showed that, in addition to
binding the CGGN¢CGG motif in the 5’ upstream region of the CYCI1 (cytochrome ¢
1) gene in S. cerevisiae (Pfeifer et al. 1987a), Haplp had loose binding specificity for
a CGCNsCGC motif in the 5 upstream region of the CYC7 gene (King et al. 1999;
Pfeifer et al. 1987b) and other non-CGG motifs in the 5° upstream region of the
CYB2 (cytochrome b 2) and CTT1 (catalase T 1) genes (Lodi & Guiard 1991;
Winkler et al. 1988). Resolution of the crystal structure of yeast Cep3p also
demonstrated similarly loose binding properties, with a binding motif containing only
one CCG triplet (TGTNoCCG) (Bellizzi et al. 2007). For other Zn(I[)Cys6
transcription factors both CGG and non-CGG motifs were predicted in the 5’
upstream region of the genes that the factors regulate using various motif finders.
However, these sites were not confirmed as binding sites by EMSA or ChIP
experiments (Fox ef al. 2008; Yuan et al. 2008). Taken together, it seems possible that
AOD2 and AODS5 might also bind a “relaxed” CGG triplet or related motif.

Another possibility is that AOD2 and AODS5 might also bind an unknown
protein factor(s) that directly binds DNA. One example of transcription factors that

can either directly or indirectly bind DNA is the transcription factor STE12, which is
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involved in regulation of mating and filamentation in S. cerevisiae. Upon treatment
with the alpha pheromone, mating of haploid cells is induced and the Stel2p protein
has been shown to directly bind to the promoter of pheromone-responsive genes
(Chou et al. 2006; Gordan et al. 2009). When filamentation is induced, Stel2p
associates with Teclp, another transcription factor, to drive the expression of genes
involved in filamentous growth (pseudohyphae). However, Stel2p does not directly
bind the promoter of these genes but instead is recruited to the promoter by Teclp,
which directly binds DNA (Chou et al. 2006; Gordan et al. 2009).

To determine whether or not AOD2 and/or AODS5 directly bind sequences
identified by ChIP-seq is challenging. It requires the availability of ChIP-seq data of
other transcription factors, as well as the knowledge of the binding motif of each
transcription factor. If AOD2 or AODS and a transcription factor “X” occupy the same
site, but this site only contains the known binding motif of the factor “X” and lacks an
AIM sequence, then it is possible that AOD2 or AODS do not directly bind the DNA
but interact with the site via the factor “X”. Another possible solution for finding out
whether AOD2 and/or AODS directly bind DNA is to identify their binding partners.
This could be done by IP of tagged AOD2 and/or AODS5 and then by detection of each

protein that has been pulled down by AOD2 and/or AODS5 by mass spectrometry.

4.6 AIMs that are not bound by AOD2 and/or AODS

My analysis of AIM sequences in the 65 peaks that are common to all four
experiments revealed that AOD2 and AODS only bind to some AIM sequences under
the conditions tested. One possible explanation for this could be that the flanking
sequence on both sides of the bound AIMs contribute to the binding specificity. A

recent study has shown that the sequence outside the binding sites of two well-studied
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yeast transcription factors (Gendp (general control nonderepressible) and Galdp
(galactose metabolism)) affects the binding of the transcription factors (Levo et al.
2015). A second possibility is that the internal linker between the two CGGs of the
AIM may contribute to the binding strength. However, a previous mutagenesis study
found that changes in the flanking sequence or the linker had no obvious effect on the
AIM sequence that is most proximal to the aod-1 coding sequence, at least in EMSA
experiments (Chae et al. 2007a). Conceivably, the situation may be different in vivo. A
third possibility could be that the non-bound AIMs are occupied by nucleosomes or

other proteins so that AOD2 and/or AODS are unable to access these sites.

4.7 Relatively long distance between peaks and genes

Among the 65 peaks, I noticed that four nicely shaped peaks (those in the 5’
upstream region of NCU00794, NCUO01835, NCU03257, and NCU06724 genes) that
align perfectly with an AIM sequence were between 3 to 5 kb from the start codon of
the nearest gene (Supplementary Fig. 3.7). Because the average intergenic distance in
N. crassa is 1953 bp (Galagan et al. 2003), these peaks might represent long distance
transcriptional regulation. It is not known whether these binding sites are associated
with gene transcription or not since no RT-qPCR data was obtained for these genes. It
is also not known how distant N. crassa transcription factors are capable of regulating
their target genes. In S. cerevisiae, the upstream activation sequence (UAS) functions
to regulate the expression of the downstream gene. Using a UAS containing a Gal4p
binding site, it has been shown that UASs with a distance larger than 700 bp from the
TATA box of the HIS3 gene are not functional (Dobi & Winston 2007). On the other
hand, in metazoans, enhancers of transcription can exist from a few kb to over 100 kb

away from a gene promoter (Heinz et al. 2015; Kim & Shiekhattar 2015; Ong &
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Corces 2011). At least in terms of distance from the controlled gene, the four peaks
seem to be intermediate between the UAS of S. cerevisiae and enhancers in

metazoans.

4.8 Binding and transcriptional regulation

Among the 65 peaks that are common to all four experimental sets, the
RT-gqPCR data showed that the expression of 12 genes (Fig. 3.11 and NCU08947 in
Fig. 3.13B) was positively regulated by AOD2 and AODS5 when cells were grown in
the presence and/or absence of CM. The expression of two genes (NCU03749 and
NCU06230) were negatively regulated by AOD2 and AODS5 only when cells were
grown in the presence of CM, and the expression of one gene (NCU04874) was
negatively regulated by AODS without CM (Fig. 3.12). However, there were a
number of genes whose transcription was virtually unaffected by the deletion of aod-2
or aod-5, even though the summit of the peaks in the 5’ region of these genes (such as
NCU04307 and NCU08877) aligns perfectly with AIM(s). It is of note that only two
growth conditions (presence and absence of CM) were tested and it is possible that
AOD2 and/or AODS are involved in other cell functions that respond to different
signals and require additional proteins. One example of a zinc cluster transcription
factor that can respond to different signals is Pdrlp, a regulator of multidrug
resistance in S. cerevisiae (Paul & Moye-Rowley 2014). Pdrlp can function as a drug
receptor. It contains a xenobiotic-binding domain that directly binds to structurally
unrelated xenobiotics such as ketoconazole, rifampicin, and cycloheximide (Thakur et
al. 2008). Binding of these drugs activates the protein and drives the expression of its
target genes. It is not known whether AOD2 and AODS5 can bind to different small

molecules.
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The RT-qPCR data of genes from groups other than the common 65 peaks
are sometimes difficult to understand. The negative regulation of NCU00628 by
AOD?2 (Fig. 3.15A) does not seem to coincide with its grouping in the category with
significant binding of only AODS5 plus or minus CM (Table 3.3). NCU04899 was
found in the same group, but its expression was enhanced by both AOD2 and AODS5
in cells grown in the presence of CM (Fig. 3.15D). Therefore, at face value, the
categories do not always seem to be relevant with the results of expression obtained
by RT-qPCR. There are various possible explanations for these findings. The first
relates to my arbitrary cutoff point of four-fold enrichment. This could lead to
omission of some peaks that may be significant. For instance, a ChIP-seq peak for the
AOD2 +CM experiments is present in the 5’ upstream region of NCU04899, but the
fold-enrichment was only 2.7. Thus, it is possible that AOD2 binds this region when
cells are grown in the presence of CM. Second, even though NCU00628 is present in
the AODS group it does not seem to be regulated by AODS. As mentioned above,
AODS5 might control the transcription of NCU00628 under conditions other than -CM
and +CM. Third, the transcriptional changes measured by RT-qPCR are relatively
small (Fig. 3.15) in these two cases. It is conceivable that the differences may not be
biologically relevant.

An interesting observation was made for NCU02474 (Tom5) and NCU02475
(glycine dehydrogenase). These genes are on opposite sides of a peak that is in the 5’
upstream region for both genes. The summit of the peak aligns perfectly with an AIM
(Supplementary Fig. 3.7). NCU02475 was found to be positively regulated by both
AOD?2 and AODS in cells grown in the presence and absence of CM (Fig. 3.11B),
whereas these proteins had no effect on the expression of NCU02474 (Fig. 3.13A).

However, NCU02474 expression was found to be affected by CM. This suggests
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separate factors for a response to CM. It is unknown whether or not the mechanism of
regulation by these putative factors is influenced by the arrangement of the two genes

and the AIM binding site.

4.9 RT-qPCR validation of genes identified by ChIP-seq

In the group of 65, 34 genes were examined by RT-qPCR in wild-type,
Aaod-2, and Aaod-5 cells, each grown in the presence and absence of CM, in an
attempt to validate the ChIP-seq findings. In total, 16 of the genes examined showed
some effects due to loss of either or both AOD2 and AODS5, while 18 genes showed
no effects. As expected, aod-1 was found to be controlled by AOD2 and AODS, as the
absence of either protein reduced basal aod-1 transcript levels and severely reduced
aod-1 transcript levels in cells grown in the presence of CM (Fig. 3.11A). My data
also suggested that other factors may be involved in the regulation of aod-I
transcription, since some transcript was still detected in the aod-2 aod-5 double
mutant cells (DX13) and a slight increase in the presence of CM was seen (Fig.
3.16A). Future work could be aimed at identifying these factors.

As mentioned above, in addition to aod-I, AOD2 is involved in the
regulation of PEPCK expression. PEPCK is a critical enzyme in gluconeogenesis. It
catalyzes the conversion of oxaloacetate to phosphoenolpyruvate (PEP). I found that
when wild-type cells were grown in the presence of CM in sucrose-containing media,
the transcript levels of PEPCK were increased about seven-fold (Fig. 3.11A).
Consistent with my finding, it was reported that the transcript levels of PEPCK were
increased (about seven-fold) in a wild-type P. anserina strain when grown in the
presence of antimycin A (Bovier et al. 2014). The opposite result was seen in an older

study in S. cerevisiae which showed that 24 hr after addition of CM or antimycin A to
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cultures grown in the glucose-containing medium, cells exhibited 13 times lower and
no PEPCK activity, respectively, when compared to cells grown without inhibitors
(Wilson & Bhattacharjee 1986). On the other hand, the PEPCK activity was about two
times higher in cells after 30 hr growth in ethanol when compared to cells grown in
glucose medium. In A. nidulans, growth in the presence of CM on glucose medium
induced expression of the PEPCK encoding gene, acuF, fused to a LacZ reporter gene
(Suzuki et al. 2012). However, it should be noted that the cells used in this experiment
had a malate dehydrogenase deletion background (Amdhc) where malate, a suspected
inducer for acuM and acuK, should accumulate.

Several observations in A. nidulans have led to the suggestion that malate is
an inducer recognized by acuM and acuK. For example, induction of the PEPCK gene
on poor carbon sources is dependent on acuM and acuK (Hynes et al. 2007).
Induction of PEPCK was slightly higher in a Amdhc strain (which is predicted to
accumulate cytosolic malate) grown in acetate when compared to wild-type cells
(Suzuki ef al. 2012). Furthermore, the Amdhc strain grown in the presence of malate
exhibited a several fold induction of the PEPCK gene when compared to the growth
in glucose (Suzuki ef al. 2012). However, even if malate were the inducing molecule
for PEPCK, it might not be for AOX. Malate does not accumulate in P. anserina when
cells are grown in the presence of antimycin A (Bovier et al. 2014). Thus, it remains
unclear how PEPCK and AOX respond to mitochondrial impairment and poor carbon
sources. The difference in magnitude of response of the two genes under different
conditions strongly suggests differential interpretation of non-identical signals (as
discussed in section 4.3.

FBP is another important gluconeogenic enzyme that was shown to be

controlled by the AOD2 and AODS5 orthologues in 4. nidulans and P. anserina, and
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by the AOD2 orthologue in S. cerevisiae (Hynes et al. 2007; Sellem et al. 2009;
Soontorngun et al. 2007). In contrast, my RT-qPCR data indicated that neither AOD2
nor AODS5 are involved in the transcriptional regulation of FBP in N. crassa
(Supplementary Fig. 3.9). FBP was not among the group of 65 from the ChIP-seq
data. Inspection of the upstream region of the FBP gene revealed binding of small
amounts of AOD2 and AODS5 when compared to the amount bound at aod-1
(Supplementary Fig. 3.10). When FBP was induced during growth of cells on poor
carbon sources, AOD2 was not required for the induction (Fig. 3.6D). This finding is
unexpected since N. crassa and P. anserina are closely phylogenetically related. In S.
cerevisiae, it has been reported that Cat8p, a Zn(I[)Cys6 transcription factor, regulates
the expression of FBP (Haurie ef al. 2001). It has been shown that Sip4p binds to the
CSRE in FBP’s promoter as does Cat8p (Vincent & Carlson 1998). Furthermore,
Rds2p also recognizes this CSRE and the binding of Rds2p to the promoter of FBP is
dependent on Cat8p and Snflp (Soontorngun et al. 2007). However, Cat8p and Sip4p
do not appear to have orthologues in N. crassa, as BLASTing their protein sequences
in the N. crassa genome database returns no similar genes. It seems likely that other
factors are involved in the transcriptional regulation of FBP in N. crassa.

As shown in Fig. 3.11, the expression of several genes (including aod-1 and
PEPCK) is positively regulated by AOD2 and AODS. I will describe these genes in
order of their NCU numbers below. Cytochrome ¢ (NCU01808) is a component of the
sETC and it is upregulated in the presence of CM. The level of induction in cells
lacking AOD2 or AODS is less than half the level in wild-type cells grown in CM
(Fig. 3.11A). The cytochrome ¢ protein has long been known to be elevated in
mitochondria from N. crassa cultures grown in the presence of SETC inhibitors

(Descheneau et al. 2005). Elevated cytochrome ¢ protein was also observed in some
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N. crassa mutants that had reduced cytochrome aas or b levels (Bertrand et al. 1977).
The regulation of cytochrome ¢ has been well studied in other systems. In yeast, there
are two isoforms of cytochrome ¢ encoded by two genes CYC1 and CYC7. CYClI is
expressed under normoxic conditions whereas CYC7 is induced under hypoxic
conditions. The upstream region of CYCI contains two UASs which are bound by
HAP1 and the HAP2/3/4/5 complex to activate the transcription of the gene (Sherman
2005). CYC7, on the other hand, is induced under hypoxia, in which heme levels are
reduced and HAP1 is repressed (Zhang & Hach 1999). The low activity of HAPI
results in low expression of ROX1, which is a transcriptional repressor of CYC7
(Lowry & Zitomer 1988). Interestingly, a recent study showed that under normoxic
conditions, H>O> was able to target ROX1 and removed it from the CYC7 promoter,
thus inducing CYC7 (Liu & Barrientos 2013). In mammals, the expression of
cytochrome c is regulated by NRF-1 (nuclear respiratory factor 1) (Evans & Scarpulla
1990) and the cAMP response element binding protein (CREB) (Gopalakrishnan &
Scarpulla 1994; Herzig et al. 2000). It is noteworthy that NRF-1 is a target of
PGC-1a, which is a key regulator that governs mitochondrial biogenesis (Scarpulla
2011).

My RT-qPCR data revealed that the transcript for NCU03408 was induced
when cells were grown in the presence of CM (Fig. 3.11A). The transcription of the
gene was dependent on AOD2 and AODS since it was reduced in Aaod-2 and Aaod-5
cells grown in the presence (about six-fold) and absence (about three-fold) of CM
(Fig. 3.11A). NCUO03408 belongs to an o/f hydrolase fold superfamily, which
contains members such as esterases and lipases, that have been implicated in lipid
metabolism and lipid signal transduction in mammals (Lord ef al. 2013). However,

some subfamilies have diverged functions because the interactions with their binding
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partners confer novel functions upon them (Lord et al. 2013). The canonical structure
of o/f hydrolase fold proteins includes eight B strand sheets and five a helices
(Marchot & Chatonnet 2012). The exact function of NCU03408 and why it is induced
in the presence of CM is not known. The orthologue in P. anserina (Pa_6_4030) was
also identified in microarray data where it showed reduced transcript levels in the
Arse2, Arse3, and Arse2Arse3 backgrounds (Bovier et al. 2014). Consistent with my
observation, Pa_6 4030 was also found to be induced when cells were grown in
antimycin A (Bovier et al. 2014), indicating that the regulation of this gene responds
to mitochondrial dysfunctions. Pa 6 4030 was also found to be induced when cells
were grown in acetate (Bovier et al. 2014). It should also be noted that although
NCUO03408 was found in the group of 65, it is also within the group associated with
the 310 bp repeat (section 3.3.6).

5-oxoprolinase (NCU04569) is an important enzyme involved in the
v-glutamyl cycle (Fig. 4.3) and deficiency of this enzyme may lead to 5-oxoprolinuria
in humans (Calpena et al. 2013). An important intermediate in the cycle is GSH which
is a well-known thiol involved in many cellular redox reactions. The primary role of
GSH is as an antioxidant to convert hydrogen peroxide to water while becoming
oxidized to GSSG (oxidized form of GSH) (Ribas et al. 2014). GSSG can be reduced
back to GSH by the GSSG reductase, a process that requires the presence of NADPH.
GSSG can reversibly modify some proteins by S-glutathionylation, in which a
thiol-disulfide exchange reaction occurs between GSSG and a thiol group of proteins,
to activate or inactivate proteins (Dalle-Donne et al. 2009; Lu 2013). GSH is also
involved in detoxification of xenobiotics and storage of cysteine in the cell (see
reviews Lu (2009), Lu (2013), and Liu et al. (2014)).

In this study, I have shown that 5-oxoprolinase is induced by CM in N.
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figure was adapted from Almaghlouth ef al. (2012). AA, amino acids.
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crassa (Fig. 3.11A). This enzyme interconverts 5-oxoproline and glutamate (Fig. 4.3).
In S. cerevisiae, overexpression of the 5-oxoprolinase encoding gene in a glutamate
auxotrophic strain enabled cells to grow on medium containing 5-oxoproline as a sole
nitrogen source, but normal expression of the gene resulted in virtually no growth on
this medium (Kumar & Bachhawat 2010). It would be interesting to know if the
induction of 5-oxoprolinase in N. crassa by growth in the presence of CM results in
increased production of glutamate and/or GSH in cells.

In the y-glutamyl cycle, the rate-limiting step for the synthesis of GSH is the
conversion of glutamate and cysteine to y-glutamyl-cysteine by glutamate cysteine
ligase (GCL). GCL has a catalytic subunit and a modifier subunit (Lu 2013). These
proteins correspond to NCUO01157 and NCUO04596, respectively, in N. crassa.
Interestingly, both genes were found in the AODS5 +CM group of my ChIP-seq data at
4.2- and 4.9-fold enrichment. Peaks were also associated with NCUO1157 in the
AOD2 —CM and +CM experiments, but the fold-enrichment was slightly below the
arbitrary cutoff of four at 3.4 and 3.6, respectively. It is not known whether the
expression of the GCL encoding genes is increased under oxidative stress in N. crassa
or whether they are regulated by AOD2 and/or AODS.

AOD2 and AODS were also shown to control NCU06382 (ABC transporter).
A BLAST search of the protein sequence against the S. cerevisiae genome database
(SGD), revealed greatest similarity to the Ybtlp (previous named Batlp (bile acid
transporter 1), E value = 2.3e-147) (Fig. 4.4). Ybtlp belongs to the class C ABC
(ABCC) transporters (Sasser & Fratti 2014) and has been shown to be required for
importing bile acids into S. cerevisiae isolated vacuolar fractions in an ATP-dependent
manner (Ortiz et al. 1997). It has also been suggested to play a role in the modulation

of phospholipid homeostasis in the vacuolar membrane
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Figure 4.4. Alignment of human ABCCI1, S. cerevisiae Ybtlp, and N. crassa

NCU06382 protein sequences. The protein sequence of human ABCC1 was retrieved

from the UniProt database, Ybtlp from the SGD, and NCU06382 from the FungiDB

database. Alignment was performed using the Clustal Omega program (Sievers et al.

2011). Asterisks, colons, or periods at the bottom of the alignment indicate fully,

highly, or weakly conserved amino acids, respectively, based on the calculations in

the Clustal Omega program. Amino acids with one of the three marks are also shown

in grey. Red and blue bars on the top indicate the sequences of transmembrane helices

and cytoplasmic

respectively. The
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(Gulshan & Moye-Rowley 2011), and to be involved in membrane fusion of vacuoles
(Sasser et al. 2012). Interestingly, another member of the ABCC transporters, Ycflp
(yeast cadmium factor 1), which is also similar to NCU06382 (E value = 4.4e-110),
has been shown to transport glutathione S-conjugates into vacuoles for detoxification
purposes (Li et al. 1996). It also maintains the cytosolic GSSG concentration by
importing excess GSSG into vacuoles when glutathione reductase, an enzyme that
reduces GSSG in the cytosol, is absent (Morgan et al. 2013). In fact, it has been
suggested that YCF1, YBTI, as well as BPT1 (bile pigment transporter 1), another
member of the ABCC group, have overlapping functions in transporting glutathione
S-conjugates (Paumi et al. 2009). However, neither these genes, nor other members in
the ABCC were found in the ChIP-chip studies in S. cerevisiae that examined the
genome-wide binding of Rds2p and Ertlp upon medium shift from glucose to ethanol
(Gasmi et al. 2014; Soontorngun et al. 2007).

The ABCC transporters in yeast belong to the MRP/CFTR family (multidrug
resistance-associated protein/cystic fibrosis transmembrane conductance regulator) in
mammals (Paumi et al. 2009). This protein family contains nine MRPs that are
composed of two cytoplasmic nucleotide-binding domains and various numbers of
plasma membrane spanning domains (Chen & Tiwari 2011; Keppler 2011; Sodani et
al. 2012). Some of the nine MRPs serve as an ATP-dependent efflux pump to export
amphiphilic organic compounds in a glutathione-dependent manner. A BLAST search
with NCU06352 against the Homo sapiens reference protein database showed that
NCUO06382 is most similar to MRP1 (also named ABCCI, E value = 2e-138) (Fig.
4.4). This protein has a broad range of substrates including glutathione and GSSG
(Keppler 2011; Sodani et al. 2012). It also exports glutathione to the outside of the

cell. This process is thought to be triggered by the presence of xenobiotics. However,
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the binding affinity for the GSH is very low and the biological significance of efflux
of GSH by MRP1 is not well understood (Cole 2014). However, the binding affinity
for GSSG is high and it has been suggested that the export of GSSG by MRP1 can
lower the levels of GSSG in the cell (Cole 2014). Nothing is known about the role of
NCU06382 in N. crassa. It would be interesting to determine its subcellular
localization and whether or not it is involved in a response to oxidative stress.

Another gene dependent on AOD2 and AODS for expression is NCU08674
(pentatricopeptide repeat protein) (Fig. 3.11A). Pentatricopeptide repeat proteins
harbor 35-amino-acid repeats and these repeats can be present up to 30 times in
tandem (Lightowlers & Chrzanowska-Lightowlers 2013; Schmitz-Linneweber &
Small 2008). These proteins are typically found in land plants, but a few are present in
fungi and humans. They appear to only localize to chloroplasts or mitochondria.
The key molecular function of these proteins is in RNA metabolic processes such as
RNA stabilization, RNA editing, or RNA cleavage (Barkan & Small 2014;
Schmitz-Linneweber & Small 2008). A recent investigation revealed that the amount
of Complexes 1, I1I, and IV was greatly reduced in an N. crassa NCU08674 deletion
mutant (Solotoff ef al. 2015). It is possible that the absence of NCU08674 results in
degradation of the mitochondrial encoded transcripts for proteins of these complexes
in mitochondria. Conceivably, the induction of NCU08674 in the presence of CM
observed in this study may enhance the stability of transcripts when the mitochondrial
protein translation system is compromised. The expression of NCU08674 appears to
be dependent on AOD2 and AODS5, supporting a role for AOD2 and AODS in
regulation of energy homeostasis.

Four genes involved in malate metabolism were identified in the ChIP-seq

analysis. Two were found in the group of 65 and two were in other groups examined.
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Examination of expression by RT-qPCR showed that AOD2 and AODS5 may be
required for maximal expression of two of these genes: NCUO03651
(NADP-dependent malic enzyme) and NCU10007 (malate synthase). The expression
of NCUO03651 is reduced about three-fold in Aaod-2 and Aaod-5 cells grown in the
absence of CM, and about seven-fold when grown in the presence of CM, whereas for
NCU10007, the expression is reduced about four-fold in the absence of CM and
2.5-fold in the presence of CM (Fig. 3.11). For NCU04899 (malate dehydrogenase
with a mitochondrial target signal), the differences in expression are only 1.6- to
two-fold in Aaod-2 and Aaod-5 cells, respectively, when grown in the presence of CM
as compared to wild-type cells (Fig. 3.15D), thus it is difficult to conclude with
certainty that AOD2 and AODS are required for induction of NCU04899 under the
conditions tested. Furthermore, AOD2 and AODS5 were not required for the
expression of NCU06211 (cytosolic malate dehydrogenase) (Supplementary Fig. 3.9)
under the condition tested. Malate has been suggested as the inducer of the AOD2 and
AQODS orthologues in 4. nidulans (section 1.10.9) (Suzuki ef al. 2012). However, an
investigation of the P. anserina metabolome found that the level of malate was only
increased 1.6-fold when cells were grown in the presence of antimycin A for 48 hr. It
seems unlikely that a less than two-fold change in malate concentration could account
for activation of the AOD2 and AODS5 orthologues, but the possibility cannot be
eliminated. It is also possible that measurement of the level of malate after 48 hr does
not reflect a possible greater early accumulation that results in induction.

There is considerable evidence that supports a close relationship between
mitochondrial dysfunction and alterations in metabolism. For instance, inhibition of
OXPHOS by oligomycin was found to enhance glycolysis and slow down the TCA

cycle in human cells (Yadava et al. 2013). A Complex III deficiency in yeast was
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shown to accelerate glycolysis as well as protein catabolism (Marin-Buera et al.
2014). Based on my FunCat analysis there is an enrichment for genes, whose
promoter is bound by AOD2 and/or AODS, that are involved in metabolism (section
3.3.5). Thus, AOD2 and/or AOD5 may be involved in adjusting general metabolism
under specific conditions.

The orthologue of NCU10051 (flavohemoglobin) was reported to be
downregulated in the Arse2 and Arse3 deletion strains (about three-fold) in P
anserina (Bovier et al. 2014). However, the expression of NCU10051 was shown to
be only slightly affected by the loss of AOD2 or AODS5 when cells were grown in the
presence of CM (Supplementary Fig. 3.11). Flavohemoglobin contains NO
dioxygenase activity that catalyzes the conversion of NO to nitrate (Bonamore &
Boffi 2008; Gardner 2012). In fungi, the source of NO is poorly understood, but it
plays a role in fungal germination and development of sexual and asexual spores
(Arasimowicz-Jelonek & Floryszak-Wieczorek 2014). NO can diffuse to
mitochondria where it competes with oxygen for the binding of Complex IV and thus
inhibits respiration (see review Figueira et al. (2013)). However, the binding is
reversible and the NO concentration is regulated in order not to inhibit respiration
completely under normal conditions (Taylor & Moncada 2010).

Peaks were found in the 5° upstream region of NCU10051 in the ChIP-seq
experiments. However, the fold-enrichment was more than four-fold only in the
AODS5 +CM experiment, while the others ranged from 2.1- to 3.5-fold. RT-qPCR data
indicated that the transcript levels were slightly increased (1.9-fold) in the wild-type
+CM, but the levels were even higher in the absence of AOD2 (3.5-fold) or AODS
(3.9-fold) when compared to the wild-type -CM control (Supplementary Fig. 3.11). In

P. anserina, a 250-fold increase in flavohemoglobin transcripts was observed when
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wild-type cells were grown in the presence of antimycin A (Bovier et al. 2014). The
increase was at least partially dependent on the AOD2 and AODS5 orthologues since
only a 20-fold increase was seen in the Arse2Arse3 mutant grown under the same
conditions. Thus, the role of AOD2 and AODS5 appear to be opposite in the two

organisms.

4.10 Genes affected by CM

My RT-gPCR data clearly showed that CM affects the expression of a
number of genes (Fig. 3.11A and 3.13). Interestingly, all of these genes were
associated with ChIP-seq peaks, but not all were found to be controlled by AOD2 and
AODS under the conditions tested. CM affects mitochondrial protein translation by
binding to the 16S rRNA and preventing peptidyl transferase from forming peptide
bonds. In this study, several transcripts from nuclear genes encoding mitochondrial
proteins were found to be induced by CM. Some are components of the ETC and
OXPHOS systems, such as NCUO01808 (cytochrome c¢), NCU02514 (ATPase subunit
a), NCUO07953 (aod-1), and NCUO08947 (Complex III subunit 8). In addition,
NCU02623, which was found in the group of 5- 5+, is a hypothetical protein
containing a mitochondrial hypoxia responsive domain. This protein might also be
considered an OXPHOS related protein because it has similarity to the Rcf2p
(respiratory supercomplex factor 2, E value = 2.5e-8) of S. cerevisiae. Rcf2p and
Rcflp are members of the conserved hypoxia-induced gene 1 (HIG1) protein family.
They have been shown to mediate the formation of the Complex III-Complex IV
supercomplex by independent association with both complexes (Chen et al. 2012;
Strogolova et al. 2012; Vukotic et al. 2012). Deletion of RCF1 has been shown to

decrease the stability of respiratory complexes and elevate mitochondrial oxidative
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stress (Chen et al. 2012). HIG2A, the mammalian homologue of RCF1, was also
shown to organize respiratory complexes (Chen et al. 2012). It is conceivable that in
the presence of CM, NCUO02623 is induced in response to the lower levels of
respiratory supercomplexes formed and/or to minimize ROS production.

In addition to components involved in OXPHOS, CM affects the expression
of Tom5, a component of the TOM complex (Dietmeier et al. 1997). In agreement
with this finding, a transcriptomic analysis of Arabidopsis cell cultures treated with
rotenone has shown that some genes encoding components of the mitochondrial
import machinery (such as Tom40, Tom7, and Tim23) were induced (Lister et al.
2004). Whether other components of the mitochondrial import machinery are induced
by CM in N. crassa is not known. If the protein levels of nuclear-encoded OXPHOS
components of the sSETC were increased by growth of cells in CM, it is conceivable
that increases in mitochondrial protein import might also be required. It has been
suggested that impaired mitochondrial protein translation would lead to malfunction
of the sETC and hence reduced membrane potential (Battersby & Richter 2013).
Reduced membrane potential is known to inhibit the transport of
presequence-containing proteins across the MIM (Harbauer et al. 2014). It is possible
that the cell can sense the efficiency of mitochondrial protein import and induce genes
encoding components of the mitochondrial import machinery. It would be of interest
to investigate the rate of mitochondrial protein import in N. crassa upon CM
treatment and whether the transcripts of other components of the mitochondrial
import machinery are increased.

The NCUO07678 (hypothetical protein), NCU08946 (hypothetical protein),
and NCU11414 (plasma membrane zinc ion transporter) found in the group of 65

were also found to be induced in the presence of CM (Fig. 3.13A). Loss of AOD2 or
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AODS5 did not affect their expression greatly. The function of NCU07678 is not
known and it has no apparent orthologue in §. cerevisiae. NCU08946 is similar to
PHB1 (E value = 2.1e-101) and PHB2 (E value = 9.6e-74) in S. cerevisiae. The
products of PHB1 and PHB2 form the prohibitin complex that exists as a large ring
structure in the MIM (Tatsuta et al. 2005). Prohibitin was originally identified as an
inhibitor of cell proliferation when its transcript was microinjected into human
fibroblasts (McClung et al. 1989). It has now been shown to be involved in multiple
cell processes including mitochondrial dynamics and cristae formation (Artal-Sanz &
Tavernarakis 2009). It also functions as a chaperone in the MIM to stabilize newly
produced proteins in the OXPHOS system (Artal-Sanz & Tavernarakis 2009; Theiss
& Sitaraman 2011). It has been shown that knockdown of prohibitin increased
mitochondrial ROS levels in mice endothelial cells and this was due to reduced
Complex I, but not Complex IIl activity (Schleicher et al. 2008). Similarly,
knockdown of prohibitin increased human HK-2 cells (an immortalized proximal
tubule epithelial cell line) sensitivity to H2O», while overexpression prevented cells
from undergoing H>O»-induced apoptosis (Ye et al. 2015). Therefore, it is
conceivable that induction of NCU08946 can protect cells against possible oxidative
stress caused by treatment of CM in N. crassa.

NCU11414 (plasma membrane zinc ion transporter) is similar to ZRT]I
(zinc-regulated transporter 1, E value = 1.6e-46) and ZRT2 (E value = 7.5e-39) in S.
cerevisiae. They are responsible for zinc ion uptake (Zhao & Eide 1996a, 1996b).
ZRT1 is greatly induced and the activity of the protein is increased when the supply of
zinc is limited, whereas the activity of Zrt2p does not seem to be controlled by the
concentration of zinc (Zhao & Eide 1996a). The induction of NCU11414 by CM is

not likely due to limitation of zinc ions, since the concentration of zinc is presumably
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unchanged in the -CM and +CM media. It is not known whether mitochondrial
dysfunctions caused by treatment of CM would affect the intracellular zinc pool or

not.

4.11 Functional categories of AOD2 and AODS

I have functionally categorized genes identified in the ChIP-seq data using
FunCat. These genes mainly clustered in the metabolism and energy categories,
suggesting that AOD2 and AODS5 might be involved in several important cell
processes and might serve to coordinate metabolic process and energy production. In
addition, ‘biosynthesis of glutamate’ and ‘degradation of glycine’ are categories that
are overrepresented in the 98 genes that belong to the group of 65. The 5-oxoprolinase
in the ‘biosynthesis of glutamate’ category, as well as the glycine dehydrogenase and
glycine cleavage system H protein in the ‘degradation of glycine’ category, were
examined by RT-qPCR in this study. Only the expression of 5-oxoprolinase and
glycine dehydrogenase were shown to be regulated by AOD2 and AODS (Fig. 3.11).
As discussed in section 1.8, mutants of the RTG pathway in S. cerevisiae are
glutamate auxotrophs. Thus, at least in this context, there may be a relationship
between the roles of AOD2 and AODS and those of the RTGs in yeast. Of the three
yeast RTG proteins, only RTG2 has an orthologue in N. crassa (Chae & Nargang
2009). However, deletion of RTG2 in N. crassa does not affect the induction of AOX
by growth in the presence of CM nor does it have an effect on growth under low
nitrogen conditions (Chae & Nargang 2009), a finding that is inconsistent with the
data in S. cerevisiae, where rtg2 mutant cells are auxotrophic for glutamate (Liao &
Butow 1993). Therefore, it is not likely that AOD2 and AODS5 regulate the

biosynthesis of glutamate via a connection with RTG2 in N. crassa. It should be noted
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that aod-2 and aod-5 mutants are not auxotrophic for glutamate. Furthermore, no
reports have demonstrated the involvement of RDS2 and ERT1 (the S. cerevisiae
AOD2 and AODS orthologues) in glutamate metabolism in S. cerevisiae.

As discussed in section 4.9, the synthesis of glutathione requires glutamate,
cysteine, and glycine as well as two enzymes, GCL and glutathione synthetase (Fig.
4.3). It is therefore possible that effects on the metabolism of glutamate and glycine
would ultimately lead to effects on glutathione synthesis. Three genes (NCU02475,
NCU06424, and NCUO08877) found in the group of 65 are overrepresented in the
‘degradation of glycine’ category. They encode three of the four enzymes involved in
the glycine cleavage system (Kikuchi et al. 2008). This system functions together
with serine hydroxymethyltransferase to reversibly convert glycine to serine in
metazoans (Wang et al. 2013). The system is also known as glycine synthase when it
runs in reverse to make glycine. Therefore, it is conceivable that when the cell
requires more glutathione, the system utilizes serine for glycine synthesis to supply

one of the substrates for production of glutathione (Wang et al. 2013).

4.12 The additional AOD2 binding motif

The 310 bp repeat unit containing the additional AOD2 binding motif occurs
at 11 loci in the N. crassa genome. All but one of these is bound by AOD2 under the
conditions of my ChIP-seq experiments (Table 3.4). It is conceivable that some factor
such as chromatin structure might prevent AOD2 binding at the lone unbound site.
For the ten loci that are bound by AOD2, one locus displays a ChlP-seq peak
(NCUO01957/NCUO01958) that is not associated with any genes in the correct
orientation relative to the peak (Fig. 3.19A). This suggests that AOD2 binding to this

locus does not lead to transcriptional regulation of a gene. Various questions arise
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regarding the binding motif. It would be of interest to know if AOD2 binds to the
motif by itself or if it requires other partners for the binding. It is of note that some of
the binding sites are also associated with small amounts of AODS (see below).
RT-gPCR data was obtained for eight of the 14 genes associated with the
repeated region peaks in the correct orientation. Three of the genes showed no
dependence on AOD2 or AODS and no effect due to growth in CM. Only the
expression of NCUO02128 was found to be dependent on AOD2 and not AODS. Its
transcript levels were reduced more than two-fold in the Aaod-2 cells grown in the
absence of CM (Fig. 3.15C). The expression of NCU03408 was affected by both
AOD2 and AODS5. The transcript levels were reduced three-fold in the Aaod-2 and
Aaod-5 cells grown in the absence of CM, and six-fold in the presence of CM (Fig.
3.11A). Unexpectedly, the transcription of NCU04392 and NCU(09144 did not appear
to be affected by AOD2 but were affected by AODS, as their expression in the Aaod-5
cells grown in the absence of CM was increased greater than two-fold (Fig. 3.15B).
The ChIP-seq data do show that some of these regions were also bound by small
amounts of AODS5, such as the regions between NCUO01321/NCU01322,
NCU03408/NCU03409, NCU04986/NCU11067, NCU05202/NCU05203, and
NCUO09144. It is not clear what the role of weak binding of AODS in these regions is.
My RT-gPCR data showed that AODS5 is only involved in the regulation of the
expression of NCUO03408 and NCU09144. The expression of NCUO01321,
NCUO01322, NCU04986, and NCU11067 has not been examined. The regions
between NCU03408/NCU03409 and NCU05202/NCU05203 were also found to have
AIM sequences, but only the two AIM sequences in the NCU03408/NCU03409
region aligned with the AODS5 peak summit and these did not align with the double

AOD?2 summits. The AIM sequences are located about 270 bp from the repeat region
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of the AOD2 binding motif. Therefore, it is not known whether the AODS binding at
the region is biologically significant or whether AOD2 and AODS5 form a heterodimer

at the region.

4.13 Perspective

This study has increased our understanding of how AOD2 and AODS5 behave
in vivo. It has been shown that the two proteins are involved in the regulation of many
more genes than simply aod-1. They appear to be involved in various aspects of
energy production and metabolism. Good evidence has also been obtained that the
proteins can respond differently to different signals. The latter may require additional
proteins such as other transcription factors. This study has also revealed an additional
AOD2 binding site unexpectedly associated with a region that is repeated in the
genome. Unfortunately, the significance of this is not apparent.

Major questions that persist are the nature of the signal(s) produced in
compromised mitochondria and how this signal(s) acts to induce AOX and the other
genes controlled by AOD2 and AODS. The best approach towards exploring the
signaling pathway might be to find out how AOD2 and AODS are activated when
cells are grown in the presence of CM. It is not yet known whether AOD2 and AOD5
are activated by covalent post-translational modifications such as phosphorylation, or
by binding of other proteins or small molecules. My phos-tag SDS-PAGE data is
preliminary and conflicting and more work is required to elucidate the
phosphorylation status of AOD2 and AODS5 under AOX inducing and non-inducing
conditions.  For instance, = Western blots using antibodies  against
phosphoserine/threonine/tyrosine could be performed to detect changes in

phosphorylation status of purified AOD2 and/or AODS in the presence and absence of
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CM. To find out whether AOD2 and AODS5 are bound by other proteins, a pull-down
experiment is needed to [P AOD2 and AODS as well as any possible binding partners
so that they could be identified by mass spectrometry. Such experiments could be
done under different conditions, such as growth in the presence of CM or in poor
carbon sources, to determine if the binding partners change. The challenge for this
type of experiment would be the yield of immunoprecipitated AOD2 or AODS since
their abundance seems to be low.

As discussed in section 4.11, genes for the synthesis of glutamate and glycine
were identified in the group of 65 of the ChIP-seq study. The use of these two amino
acids in the biosynthesis of glutathione may point to an involvement of ROS as
possible signaling molecules for activation of AOD2 and/or AODS, since glutathione
is used in defence against ROS (Ribas et al. 2014). However, there is no direct
evidence supporting this possibility for N. crassa.

In this study, I did not test the hypothesis of whether malate is the activator
of AOD2 and AODS, as proposed by Suzuki et al. (2012). They deleted the cytosolic
isoform of malate dehydrogenase in 4. nidulans and assumed that cytosolic malate
accumulated in the deletion strain. They found that the expression of PEPCK was
greatly increased in the deletion strain when cells were grown in poor carbon sources.
I have done initial work attempting to knock out the NCU06211 gene in an N. crassa
strain, which encodes the cytosolic isoform of malate dehydrogenase. Future work
would include confirmation of the deletion strain and determination of whether AOX
is induced when NCUO06211 is deleted under normal growth conditions. It should also
be noted that although not identified in the FunCat analysis, two genes associated with
malate metabolism were included in the group of 65 peak sets (NCU03651, malic

enzyme and NCU10007, malate synthase) and two others (NCU04899, mitochondrial
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malate dehydrogenase and NCUO06211, cytosolic malate dehydrogenase) appeared
among the group with robust peak sets that did not fall within the group of 65.
NCU03651, and NCU10007 showed no response to CM, but AOD2 and AODS5 were
required for their expression both with and without CM in the growth medium. On the
other hand, NCU04899 showed a response to CM which required the presence of
AOD2 and AODS. Thus, it is conceivable that malate might somehow be involved in
the system.

Of all the genes that were found in the various ChIP-seq data sets, only 53
genes were further investigated using RT-qPCR. It would be of interest to know
whether the expression of the remaining genes is regulated by AOD2 and/or AODS.
Furthermore, because I only measured the transcription of the 53 genes when cells
were grown in the presence and absence of CM, it would be of interest to determine
whether the expression of the 53 genes is altered when cells are grown in different
carbon sources or different inhibitors of the OXPHOS system and whether any
alterations are dependent on AOD2 and/or AODS. The best way to achieve this would
be through RNA-seq experiments that could be compared to the ChIP-seq data.
Adrien Beau Desaulniers and 1 have isolated total RNAs from wild-type cultures
grown in the presence and absence of CM and RNA-seq was performed once by Delta
Genomics. However, more biological replicates are needed to obtain reliable data for
future analysis.

For the 310 bp repeat sequences, it would be of interest to determine whether
the sequences are bona fide AOD2 binding sites or not. To address the question,
EMSA could be done using DNA fragments that contain one of the 14 bp highly
conserved regions (Fig. 3.18). These regions align with the bimodal summits of the

ChIP-seq peaks. If binding was observed, the effect of mutations in the 14 bp
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sequence and the surrounding sequence could be investigated. Furthermore, because
some of the repeat sequences are associated with variable amounts of AODS5 binding,
it would be of interest to know whether AOD2 and AODS act as a heterodimer at
these sequences or if AOD2 can bind on its own. Six genes that are in correct
orientation relative to the ChIP-seq peak sets surrounding the repeat sequences were
not examined by RT-qPCR for expression. Information on their expression would be
helpful to obtain a comprehensive understanding of the role that AOD2 and/or AOD5

play in these regions.

4.14 Summary

This study revealed that AOD2 and AODS, two Zn(I)Cys6 transcription
factors of N. crassa, constitutively localize to the nucleus under both AOX inducing
and non-inducing conditions. They form a heterodimer in vivo and synergistically
bind to the 5° upstream region of a number of genes such as NCU07953 (aod-1) and
NCU09873 (PEPCK) under AOX inducing and non-inducing conditions. It appears
that AOD2 and AODS bind to the AIM sequences but exceptions were also seen. Of
the genes that are bound by AOD2 and AODS, a high proportion of them are involved
either in amino acid metabolism or in energy production, suggesting a regulatory role
of AOD2 and AODS in these cell functions. For the genes that bound AOD2 and
AQODS in their 5’ upstream regions, I was able to show that the transcription of some
was regulated by AOD2 and AODS under both AOX inducing and non-inducing
conditions. In addition, I also confirmed that similar to their orthologues in some
other fungi species, AOD2 and AODS are involved in gluconeogenesis. The exact
mechanism by which AOD2 and AODS regulate different cell functions is unknown.

This study has shown that they are able to function differently in response to different
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conditions and may coordinate with other transcription factors to achieve different
regulatory effects.

The origin of the 310 bp repeat regions and the relevance of AOD2 binding
within them, are not apparent. BLAST searches of other Neurospora species (data not
shown) available at fungiDB (http://fungidb.org/fungidb/) revealed that N.
tetrasperma contained four sequences with high identity to the entire 310 bp region.
N. discreta had no sites related to the entire 310 bp sequence but did have two smaller
sites with high similarity to portions of the inverted repeat region. This suggests that
the sequence may have originated in an ancestral species, but is only being maintained
in V. crassa. A consensus sequence was identified at the summit of the AOD2 binding
sites, but further work is required to determine if it is actually a binding site for the

protein.
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Appendices

Appendix 1. Plasmids and primers used in this study.

Appendix Table 1. Plasmids and cosmids used in this study. All carry ampicillin

resistance gene unless noted otherwise.

Plasmids or cosmids Sources

Comments

pMOcosX X14 D3 FGSC

Cosmid containing aod-2 gene

pMOcosX X15 B9 FGSC

Cosmid containing aod-5 gene

paod-2hyg-3 Micheal Chae aod-2 and hygromycin resistant gene
cloned into pBSKII
paod-5hyg-69 Micheal Chae aod-5 and hygromycin resistant gene

cloned into pBSKII

paod-2hyg-3 ANotl This study

Notl site was removed from
paod-2hyg-3 by filling in
Notl-generated overhang with Klenow

paod-5hyg-69 ANotl This study

Notl site was removed from
paod-5hyg-69 by filling in
Notl-generated overhang with Klenow

paod-2hyg N Notl This study

A Notl site was inserted into the 3’
end of the ATG of aod-2 from
paod-2hyg-3 ANotl by mutagenesis

paod-2hyg C Notl This study

A Notl site was inserted into the 5’
end of the stop codon of aod-2 from
paod-2hyg-3 ANotl by mutagenesis

paod-5hyg N Notl This study

A Notl site was inserted into the 3’
end of the ATG of aod-5 from
paod-5hyg-69 ANotl by mutagenesis

paod-5hyg C Notl This study

A Notl site was inserted into the 5°
end of the stop codon of aod-5 from
paod-5hyg-69 ANotl by mutagenesis

pFN-NotI-HA3 IDT, Coralville,
USA

Plasmid containing the sequence
encoding 3xHA tag for cloning,
surrounded by Notl sites. Kanamycin
resistant.

pFN-NotI-Myc3 IDT, Coralville,
USA

Plasmid containing the sequence
encoding 3xMyc tag for cloning,
surrounded by Notl sites. Kanamycin
resistant.
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paod-2hyg N-HA This study 3xHA tag was inserted into the Notl
site of paod-2hyg N Notl

paod-2hyg C-HA This study 3xHA tag was inserted into the Notl
site of paod-2hyg C Notl

paod-2hyg N-Myc This study 3xMyc tag was inserted into the Norl
site of paod-2hyg N Notl

paod-2hyg C-Myc This study 3xMyc tag was inserted into the Notl
site of paod-2hyg C Notl

paod-5hyg N-HA This study 3xHA tag was inserted into the Notl
site of paod-5hyg N Notl

paod-5hyg C-HA This study 3xHA tag was inserted into the Notl
site of paod-5Shyg C Notl

paod-5hyg N-myc This study 3xMyc tag was inserted into the Notl
site of paod-5Shyg N Notl

paod-5hyg C-myc This study 3xMyec tag was inserted into the Not/

site of paod-5Shyg C Notl
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Appendix Table 2. Primers used in this study.

Primer name Sequence Purpose for this study
(5°-3%)
aod-5_seq-1 ACCCCACGATGATGCT  sequence aod-5 coding
AATG region
aod-5_seq-2 AGATACAGCGGCAGC Sequence aod-5 coding
AGGAT region
aod-5_seq-3 GTTTGATAAGCGACTT Sequence aod-5 coding
CCTG region
aod-5_seq-4 TGGCACTAACTCGGAT Sequence aod-5 coding
ACTC region
aod-5_seq-5 ACTGGAAAGAGATGG Sequence aod-5 coding
TAAGC region
aod-5_seq-6 TTTCTTTTTCGTGACAT Sequence aod-5 coding
GCG region
AOD2NNoil GCCTCTACACTCGATA Introduce Nofl site into the N-
AGCAATGGLGGECGE terminus of AOD2 on the
ACGGGAACAGAAGCC dod-2hve-3 ANofl
ACGG paoave
AOD2CNotl CTTCCTCCCACACGAC :
I 1 i he C-
concegaccaeTre e e o
AGTGTTTAGTATACAC dod-2hve-3 ANofl
TCTGCC paodve
AODS5SNNorl GTCTGTATATATAGAGC .
I I site into the N-
TAGGCACGATGGEG e Yl e
GCCGCCCGGACGACG tod-Shve-69 ANofl
TTGGACCC paodve
AODS5CNotl GCCATAACCAGCTAGC
I I site i he C-
TGmacaGeCGCToAT e i i
TAGAACCAGTACTGCT tod-Shve-69 ANofl
GTC TAG paodve
aod-2 N Tag ACAGAACCTGGTTGC
ing F d ACGAG
Sequencing rorwar Confirm HA or Myc tag at
aod-2 N Tag AAGGGAACAAAAGCT the N terminus of AOD2
sequencing Reverse GGAGC
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aod-2 C Tag sequencing TCTGACCAGTTGCCTA
Forward AATG
Confirm HA or Myc tag at

aod-2 C Tag sequencing GACTTTGGTTTTGCTT the C terminus of AOD2
Reverse AGGG
aod-5 N Tag gDNA CCTATGAGTCGTTTAC  confirm HA or Myc tag at
sequencing CCAG the N terminus of AODS5
aod-5 C Tag gDNA CATTAGGCACCCCAGG  confirm HA or Myc tag at
sequencing CTIT the C terminus of AOD3
aod-1 KO Forward GCTTCCGACACGGGAT

AATA

Confirm hyg insertion in the

aod-1 KO Reverse GATGCCTACACTAGAC aod-1 knock-out gene
GCGT

aod-3 KO Forward 11 GATCCAGACCTCGACG
CTGTCACGACCTTG ) o

Confirm hyg insertion in the

aod-3 KO Reverse 11 CCCAATATATGTATCTA  aod-3 knock-out gene
GAACCACAGCTGC

hphF primer for KO GTCGGAGACAGAAGA

genes TGATATTGAAGGAG )

Amplify hyg cassette for
hphR primer for KO GTTGGAGATTTCAGTA  knocking out genes'
genes ACGTTAAGTGGAT
aod-1 qPCR primer F GGGGCGTTAATCATAC

ATTGA

Use qPCR to measure the

aod-1 qPCR primer R ~ AGTCGCTCACAAACG transcript levels of aod-1
GATTC

PEPCK gPCR primer F  CGGCTACACCTCCAAG
ATG

Use qPCR to measure the

PEPCK gqPCR primer R CGAAGCACGAAGAGA transcript levels of PEPCK
AGGTC

fbp-1 gene qgPCR GCCCATGGCTATGATT

primer F TTTG

Use qPCR to measure the
fbp-1 gene qPCR GCGGTTCATCTTGCTA  transcript levels of FBP
primer R TCG
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B-tubulin qPCR primer GCCTCCGGTGTGTACA

F ATG
Use qPCR to measure the

B-tubulin qPCR primer CGGAAGCCTCGTTGA  transcript levels of B-tubulin

R AGTAG

aod-3 gene qPCR GACCATGAAGGACCT

primer F CATCC
Use qPCR to measure the

aod-3 gene qPCR GTCGAGGTTGCCAAAT transcript levels of aod-3

primer R GTGT

flavohemoglobin gPCR  CGGCACATGTGTTTCT

primer F GAAG Use qPCR to measure the
t ipt levels of

flavohemoglobin PCR  CGCAAAATCGTAATGC ézsz;r;ioelvjbino

primer R ACAC 8

ABC transporter JPCR TCGGGACGGTTTACTT

primer F TTCTC Use qPCR to measure the
transcript levels of ABC

ABC transporter JPCR TGGCGAGGGCTAGAAT fransporter

primer R AACA P

5-oxoprolinase qPCR AGATGGGCTCCATGTC

primer F CAC Use qPCR to measure the
t ipt levels of

5-oxoprolinase QPCR  CGCAGCTTACCCTTCC o AnsCHIPt eveis o

. 5-oxoprolinase

primer R AG

RNA lariat debranching CGAAGAAGAAGACCC

enzyme qPCR primer F  AACTGA Use qPCR to measure the
t ipt levels of RNA lariat

RNA lariat debranching GGTTGGGATTCGAAA dr:grs:;c%mev:nszome aria

enzyme qPCR primer R  AGGAC g enzy

NADH ubiquinone CCTGATACTTCCATCC

oxidoreductase 11.6kD  AAACG Use qPCR to measure the

subunit qPCR primer F transcript levels of NADH

NADH ubiquinone GAGGATACCCTCGGCC ubiquinone oxidoreductase

oxidoreductase 11.6kD  TCTA 11.6 kDa subunit

subunit qPCR primer R

malate synthase QPCR CAACTACCTCATGGAG

primer F GATGC Use qPCR to measure the
t ipt levels of malat

malate synthase PCR  CTTGAGGGCGTACGA [P Ve O e

primer R CTTGT Y
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NCU03408 TCAAGGGACTGGTGTT

hypothetical protein GATG Use qPCR to measure the
qPCR primer F transcript levels of
NCU03408 GGTTAGGTAGATGGGG NCU03408 hypothetical
hypothetical protein ATGGA protein

qPCR primer R

6-phosphofructokinase =~ GGAGAGAGGAAATGC

qPCR primer F GTAGC Use qPCR to measure the

6-phosphofructokinase

ATGGTCTTGCGCTTTC

transcript levels of
6-phosphofructokinase

gqPCR primer R CA
fructose bisphophate TCCTCCACACCGACCA
aldolase qPCR primer F  CT Use qPCR to measure the
fructose bisphophate CTCCTCGAGCATGCCA  transcript levels of fructose
aldolase qPCR primer TC bisphophate aldolase
R
NCU04899 malate CGCCAGCTTACCAAG
dehydrogenase qPCR GTCT Use qPCR to measure the
primer F transcript levels of
NCU04899 malate GCTTGAGGAGGAGGG NCU04899 malate
dehydrogenase qPCR AGAG dehydrogenase
primer R
NCU04752 CTTCAAGCGTGATGCT
hypothetical protein TTCTAA Use qPCR to measure the
qPCR primer F transcript levels of
NCU04752 CGTCTTCTCGTTCAAA NCU04752 hypothetical
hypothetical protein GATCTCA protein
qPCR primer R
hydroxyacylglutathione = GGCCTCATGACCCTGA
hydrolase qPCR primer GAT Use qPCR to measure the
F transcript levels of
hydroxyacylglutathione = TCATAATAGCCACCGG hydroxyacylglutathion
hydrolase qPCR primer ATCG hydrolase
R
MSF1 gqPCR primer F CGTTACCATGGTCTCC
ACAA

Use qPCR to measure the

MSF1 gPCR primer R TAGACGACGGTCTCCT transcript levels of MSF1

GGAC
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NCU01053 CCTTACTCAATCGCGA

hypothetical protein AGTC Use qPCR to measure the
qPCR primer F transcript levels of
NCU01053 TTTGTCGTCTGCACTT NCUO01053 hypothetical
hypothetical protein GG protein

qPCR primer R

cytochrome ¢ qPCR GTGGTCTCAAGAAGG

primer F ACAAG Use qPCR to measure the

transcript levels of

cytochrome ¢ qPCR AGCAGTAGCCTCCTTC
cytochrome c

primer R AT

NADH ubiquinone GAGCGCTGAACAGAT

oxidoreductase 29.9kD  TGCT Use qPCR to measure the
subunit qPCR primer F transcript levels of NADH
NADH ubiquinone ACCTCCTCAATCAAGC ubiquinone oxidoreductase
oxidoreductase 29.9kD CAGA 29.9kDa subunit

subunit qPCR primer R

NADP-dependent malic ACAAGGGGACGTCAT

enzyme qPCR primer F  TCACT Use gPCR to measure the

transcript levels of

NADP-dependent malic CATGACGTGCGGAATA NADP-dependent malic
enzyme qPCR primer R  AGTC enzyme

ATPase-1 qPCR primer CGATCTTGATGCTGCT

F ACC
Use qPCR to measure the

ATPase-1 qPCR primer GAGTACTGCTTCTGCT transcript levels of ATPase-1
R TGAG

26S protease subunit4 ~ CATCGGTACCAAGCGT
qPCR primer F TAC Use qPCR to measure the

transcript levels of 26S

26S protease subunit4 ~ CAGCTCCAACATGGTT .
protease subunit 4

qPCR primer R CTC
Tom5 qPCR primer F CCACCTTCACCATTCA
ACG
Use qPCR to measure the
Tom5 qPCR primer R ACGAAGGGAGAGAGG transcript levels of Tom5
TAAAG
pyruvate decarboxylase ACTTGAGGGTCACCAT
qPCR primer F CTT Use qPCR to measure the
t ipt levels of t
pyruvate decarboxylase =CCATGGATGTAACGTT ranscript ‘evels o pyruvale
decarboxylase

qPCR primer R CGATAG
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polyketide synthase 3 GCAGCTCGAGTCAAC

qPCR primer F ATAC Use qPCR to measure the
polyketide synthase 3 AGCCACATCCTGAAG Zryann;jslgt;evels of polyketide
qPCR primer R AGTA

serine/theronine protein  GGCGTTGAAGGAGAT

kinase-39 qPCR primer GAACT Use qPCR to measure the
F transcript levels of
serine/theronine protein  TTCTCGTTATCGTGCTT serine/theronine protein
kinase-39 qPCR primer GCTT kinase-39

R

glycine dehydrogenase =~ GAAGAAGTTCTGGCCT

qPCR primer F AGC Use qPCR to measure the
glycine dehydrogenase =~ CAGGTACAGAAGAGG gjﬁ;;gz;z:is of glycine
qPCR primer R TTCAAA

NCU04392 GCTTTATGCCAGTCAT

hypothetical protein CTTGC Use qPCR to measure the
qPCR primer F transcript levels of
NCU04392 CATGTTTGCCTGCTGA  NCU04392 hypothetical
hypothetical protein CG protein

qPCR primer R

NCU09144 CGAATAACGTTCTTGC

hypothetical protein TGCAC Use qPCR to measure the
qPCR primer F transcript levels of
NCU09144 CGTGGTAGTTGACCAG NCU09144 hypothetical
hypothetical protein TTTCG protein

qPCR primer R

NCU05203 GATGGTGACACATTGC

hypothetical protein TTCCT Use qPCR to measure the
qPCR primer F transcript levels of
NCU05203 TCTCTCTTCATACGAG NCU05203 hypothetical
hypothetical protein TCGATCC protein

qPCR primer R

NCUO07678 GACCCATTTCCACGTA

hypothetical protein TCTG Use qPCR to measure the
qPCR primer F transcript levels of
NCU07678 GAAACCCGTGTCTTGA NCUO07678 hypothetical
hypothetical protein TCTAC protein

qPCR primer R
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NCU08946 AGCTTGACGCTCAGA
hypothetical protein GTGC Use qPCR to measure the
qPCR primer F transcript levels of
NCU08946 GTAGTCTGGGCCGAG  NCU08946 hypothetical
hypothetical protein GTTCT protein
qPCR primer R
ubiquitin qPCR primer TTTGACCGGCAAGAC
F CATC
Use qPCR to measure the

ubiquitin qPCR primer CCCTCCTTGTCCTGAA transcript levels of ubiquitin
R TCTTT
zinc ion transporter CTTTCCCATGATTCGT
qPCR primer F CTCC Use qPCR to measure the
zinc ion transporter CAATCAAGACTCCGGT :iiﬁ:;?ﬁ;evels of zinc ion
qPCR primer R ACCAA
NCU05202 GCCGGTTACTATTCCC
hypothetical protein ATTG Use qPCR to measure the
qPCR primer F transcript levels of
NCU05202 CGGTAGACGAGGTAG NCU05202 hypothetical
hypothetical protein AAGAA protein
qPCR primer R
NCU00628 ACTTCATCTCGCTCCT
hypothetical protein TCT Use qPCR to measure the
qPCR primer F transcript levels of
NCU00628 GTAGCCATGGCGAAAT NCU00628 hypothetical
hypothetical protein AGAG protein
qPCR primer R
mitochondrial hypoxia ~ GTGTCATGTTGGGCAT
respor‘lswe .. GAAG Use qPCR to measure the
domain-containing .

. ) transcript levels of
protein gPCR primer F mitochondrial hypoxia
mitochondrial hypoxia =~ GCCGAGGTAACAAGG . . ..
responsive AAGG responsive domain-containing

. .. protein
domain-containing
protein qPCR primer R
ubiquitin conjugating TGTGGGTATTGACCGG
enzyme qPCR primer F  AAC Use qPCR to measure the
ubiquitin conjugating ~ GCAGTGATATCGCCCA ergi’gr;ﬁi:;iz;’;gblquuln
enzyme qPCR primer R TGTA
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amination-deficient AACATTGCTGGTTTCG

qPCR primer F TCAA Use qPCR to measure the
t ipt levels of

amination-deficient  TTCTTGGACCACCAGT .0 “%2 "0

qPCR primer R CACC

pentatricopeptide repeat TGAGCACCTGCAAAA

protein qPCR primer F GTCAC Use qPCR to measure the
t ipt levels of

pentatricopeptide repeat  ACCCATTCCTGATCGT r:;‘f;io Zviizs

protein qPCR primer R~ GTTC P pep

D-arabinitol ACATCGTCGAGACCTT

dehyd PCR CAAGA

e. ycrogenase q Use qPCR to measure the

primer F transcript levels of

D-arabinitol GGCGTAGTGGGCTGTT " P 00

dehydrogenase qPCR ACTT yarog

primer R

glycine cleavage system TGCCAACAATGAGCTA

H protein qPCR pri AGG

F proteii g prmer Use qPCR to measure the
t ipt levels of glyci

glycine cleavage system GCCAACGTAACCAGT Crlir;zru; S G;Z;OH gr}(l)::ilz

H protein qPCR primer CTTC gesy P

R

NCU02732 ACTCGCCTTACTCTGA

hypothetical protein CAA Use qPCR to measure the

qPCR primer F transcript levels of

NCU02732 CAACGACACTACCGCT NCU02732 hypothetical

hypothetical protein ATTC protein

qPCR primer R

TEMI1 qPCR primer F AGGAGGAAATCTCCA

ACCA

Use qPCR to measure the

TEMI1 qPCR primer R ATTGATGCTGTGACTG transcript levels of TEM1

GTG
C6 finger GCCATGACCGAAGTTA
containi A

doma.m eon am“.lg GAC Use qPCR to measure the

protein gPCR primer F transcript levels of C6 finger

C6 finger GTTTCTTGACGGGTCC =P s ) 18

domain-containing TAAG o1

protein qPCR primer R
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high affinity glucose
transporter ghtl gPCR
primer F

TCCAGTCACTGCTAGT
ATCTC

Use qPCR to measure the
transcript levels of high

high affinity glucose GTGGCGGTGTATGATG  affinity glucose transporter
transporter ghtl gPCR ~ AAG ghtl

primer R

NCU06211 malate GCTCGCCCTCTACGAT

dehydrogenase qPCR GTC Use qPCR to measure the
primer F transcript levels of
NCU06211 malate AAGGTAGCCGGTGGT NCUO06211 malate
dehydrogenase qPCR TTTG dehydrogenase

primer R

ubiquiol-cytochrome ¢ =~ CCTACGGTATCAGCCC

reductase 8 qQPCR TAA Use qPCR to measure the
primer F transcript levels of
ubiquiol-cytochrome ¢ =~ CACGTCTGAAGGTGTT ubiquinol-cytochrome ¢
reductase 8 qQPCR GAA reductase 8

primer R

' The sequence of the primers originated from the Neurospora knock out library

project (Colot et al. 2006).
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Appendix II. Optimal KCl concentration for extraction of nuclear proteins

To determine the KCl concentration to be used for extraction of nuclear
proteins from gradient purified nuclei, I grew strain AOD2-C-HA-8 in the absence of
CM, isolated gradient purified nuclei from the cultures, and mixed the nuclei with
different concentrations of KCl dissolved in the nuclear suspension buffer for 1.5 hr at
4 °C (see section 2.11 and Appendix Fig. 1 legend for buffer composition and
volumes). After centrifugation for 30 min at 13,000 rpm (16,000 x g) at 4 °C in a
Sorvall Biofuge® fresco centrifuge, the supernatant was desalted using Zeba™
desalting columns. The desalted supernatant, as well as the pellet obtained after
centrifugation, were subjected to SDS-PAGE, blotted to nitrocellulose, and analyzed
by Western blot.

As shown on the left panel of Appendix Fig. 1, the amount of AOD2 protein
was slightly increased as the concentration of KCl was increased, whereas an increase
in Histone H3 with KCl concentration was not apparent. In the absence of KClI,
neither AOD2 nor Histone H3 protein was detected, indicating that KCl causes the
release of nuclear proteins from gradient purified nuclei. For both proteins, there was
a decrease in the amount of protein remaining in the nuclear pellet that corresponded
with increasing KCl concentration (Appendix Fig. 1, right panel). Although the
highest concentration of KCIl used gave the most efficient extraction of AOD2, I
reasoned that it would also be the most likely to interfere with protein-protein
interactions. Since the extracted proteins were to be used for co-immunoprecipitation
experiments, I chose a final KCI concentration of 0.2 M to achieve reasonable

extraction efficiency and minimal effects on protein-protein interactions.
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Supernatant Pellet

final [KCI] OM 0.2M 0.4M 0.6M 08M IM OM 0.2M 0.4M 0.6M 0.8M 1M

175 kDa

83 kDa

- e wy g e G wye w» e == <— HAantibody

62 kDa (AOD2-C-HA protein)

el — S s — Histone H3

Appendix Figure 1. Test for different KCl concentrations for extraction of
nuclear proteins. 40 pL of gradient purified nuclei containing 100 pg of protein from
strain AOD2-C-HA-8 grown in the absence of CM were gently mixed with 40 uL 0 M,
04 M, 08M, 1.2M, 1.6 M, or 2 M KCI dissolved in nuclear suspension buffer (25
mM sucrose, 50 mM Tris-HCI [pH7.5], 5 mM MgClz, 10 mM CaClz) containing 1
mM PMSF and protease inhibitors (final concentrations of 2 pg/mL aprotinin, 1
pug/mL leupeptin, and 1 pg/mL pepstatin A). Thus, the final KCI concentrations used
were 0 M, 0.2 M, 04 M, 0.6 M, 0.8 M, and 1 M, respectively. The mixing was
performed for 1.5 hr at 4 °C using an Orbitron Rotator I (Boekel Scientific,
Feasterville, USA). The resulting nuclear mixture was centrifuged at 13,000 rpm
(16,000 x g) for 30 min at 4 °C in a Sorvall Biofuge® fresco centrifuge. The pellet was
dissolved in 100 pL cracking buffer (section 2.12) and heated to 95 °C for 5 min. It
was then subjected to SDS-PAGE, blotted to nitrocellulose, and analyzed by Western
blot. The supernatant was desalted using Zeba™ Spin Desalting columns (Thermo
Scientific, Rockford, USA, see section 2.11). 20 pL of 5X cracking buffer (section
2.12) was added and the sample was heated to 95 °C for 5 min. The sample was then

subjected to SDS-PAGE, blotted to nitrocellulose, and analyzed by Western blot.
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Appendix III. Characterization of a potential aod-1 precursor protein band.

When performing cell fractionation experiments, I noticed that the AOX
antibody-stained strips from Western blots of cytosolic fractions usually contained an
additional band with a slightly higher molecular weight than the mature AOX found
in the mitochondrial fractions. This band was often more evident in the —CM cytosolic
fraction (Fig. 3.3, indicated by the arrows). Occasionally, lower levels of the band
were also seen in the +CM cytosolic fraction. These observations lead us to suspect
that the band might represent a precursor protein of AOX still carrying its N-terminal
mitochondrial targeting signal. This was of interest because it would mean that some
AOX protein was being translated in the cytosol in non-inducing conditions, but was
not being imported into mitochondria, since the -CM mitochondria lanes contained no
AOX. This suggested the hypothesis that at least some AOX was expressed and
translated in N. crassa, even in the absence of CM. However, an unknown
post-translational control mechanism for AOX might prevent mitochondrial import,
thus sequestering AOX in the cytosol under non-inducing conditions.

A second possibility was that the band represented AOD3. A gene encoding
the AOD3 protein was discovered when the N. crassa genome sequence was
examined by a BLAST search with the AOD1 protein sequence as the probe. AOD3
was reported to be 55% identical to the AODI1 protein (Tanton et al. 2003). The
antibody against AOD1, which was used in my studies, was produced against the last
122 amino acids of AODI1 (Tanton et al. 2003). This region of AODI is reasonably
conserved in AOD3 (Appendix Fig. 2). Thus, it is possible that the anti-AOX antibody
might detect AOD3 if it existed in the cytosolic fraction. However, it should be noted
that previous work gave no evidence of AOD3 mRNA expression following growth in

the presence or absence of CM (Tanton et al. 2003).
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AOD3
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AOD3
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AOD3
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AOD3

AOD1
AOD3

AOD1
AOD3

MNTPKVNILHAPGQAAQLSRALTSTCHTRPLLLAGSRVATSL HPTQT
~MAHRLPDCSKLRLENKGVSVGSSFFTPAPLVGYAALRHPRAT

NL———— SSPSPRNLSTTSV-TRLKDFFPAKETAY IRQTPPAWPHIGWTEEEM
STSNTSKKPAVATPTGPVSPLVPATHVGTSSASTSEVRDGNAFATLPLTWPHDGWKENVL

TSVVPEHRKPETVGDWLAWKLVR ICRWATD TATG IRPEQQVDKHHPTTATSADKPLTEAQ
LNVVPSHREPRTFGDWVAWK I VRTCRFWMDLVTGMRPEQQVDSKNPTTALAASKPLTERQ

WLVRFIFLESTAGVPGMVAGMLRHLHSLRRLKRDNGWI ETLLEESYNERMHLLTFMKMCE
WLVRFIFLESTAGVPGMVAGGLRHLQS IRRFQPDQGWIKSLLEESYNERMHLLTFLEMYK

PGLLMKTLTLGAQGVFI'NAMFLSYLTSPKITHRFVGYLEEEAVHTYTRCIREIEEGILPK
PGWEFMRLVVLGAQGVFYNAME ISYLLSPKICHRFVGYLEEEAVHTYTRCLLELDHGCLKR

WSDEKFETPEMAVRYWRMPEGKRTMKDL THY TRADEAVHRGVNHTI.SNLDQK EDPNPFVS
WSDPNFRTPD TAVRYWNMPEGHRTMKDL [1.Y VRADEASHRGVNHT FGNLDQVTDPNPEME

DYKEGEGGRRPVN-PALKPTGFERAEVIG——~
CPGGGVVKAFPKHLSVTRPAGLEREEVVSKETH

Appendix Figure 2. Alignment of AOD1 and AOD3. Protein sequences of AODI

and AOD3 were retrieved from FungiDB (Stajich er al. 2012). Alignment was

performed using the Clustal Omega program (Sievers ef al. 2011). Amino acids that

are highlighted in grey represent identical amino acids. Black bars on the top of the

AODI1 sequence indicate the position of the last 122 amino acids in the protein, which

was used as the antigen to produce the AOD1 antibody. Note that this alignment data

is slightly different from that published in Tanton et al. (2003).
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A third alternative was that the cytosolic band was a non-specific protein
band recognized by our antibody.

As an initial step for testing these three possibilities, I wished to determine if
the band was present in an aod-I aod-3 double knock-out strain. If the band
represented an AODI1 preprotein or AOD3, it would not be present in the cytosolic
fraction of the double knock-out. Aaod-1 (96H9) and Aaod-3 (44H6) strains were
available in the FGSC knock-out library, where individual genes are replaced with a
hygromcyin resistant cassette. The mutants were crossed reciprocally using either the
Aaod-1 (mating type 4) or Aaod-3 (mating type a) as a female, and the other as a
male. The progeny were examined for knock-out alleles at both loci by PCR analysis.
The progeny were also tested on medium containing antimycin A, as sensitivity to the
drug should indicate inability to produce the AODI protein and be diagnostic for the
Aaod-1:hygR allele. 20 progeny from the cross using Aaod-1 as the female, and 17
progeny from the cross using Aaod-3 as the female, were not able to grow in the
presence of antimycin A.

Genomic DNA was isolated from 10 of the antimycin A sensitive progeny
(eight from the Aaod-1 female cross and two from the Aaod-3 female cross). PCR was
performed to amplify the aod-I and aod-3 loci using primers upstream and
downstream of the gene replacement sites (Appendix Fig. 3A, B). Because the knock
out cassette containing the hygromycin gene gave a PCR product similar in size to the
product from the aod-1 gene, I performed a restriction digest of the PCR product to
distinguish between them (Appendix Fig. 3B). The hygromycin PCR product
contained an EcoRI restriction site whereas the aod-1 gene did not. Two progeny,
44H6-3 and 44H6-4 (from the cross using Aaod-3 as the female), were confirmed as

Aaod-1 Aaod-3 mutants (Appendix Fig. 3C).
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Appendix Figure 3. The unknown band observed in cytosolic fractions is not
AOX. A. Diagram of genomic regions containing the aod-1 (left side) and aod-3
(right side) loci. Half arrows indicate the position of forward (top) and reverse
(bottom) primers for PCR amplification of each gene. The predicted size of the PCR
products is shown below with full arrows on both sides indicating the size of
fragments. B. As in A except the loci containing the replacement hygromycin
resistance cassettes (Hyg) are shown. For the aod-1 replacement, the position of the
EcoRI site in the hygromycin cassette is indicated, as are the size of predicted EcoRI
fragments. The aod-1 gene contains no EcoRI sites. C. Genomic DNA was isolated
from the indicated progeny strains of the Aaod-1 x Aaod-3 cross, and a wild-type
(NCN251) control. The DNA was subjected to PCR amplification using the primers
shown in A. For the aod-1 PCR, the products were subjected to digestion with EcoRI.
DNA was then electrophoresed on 1% agarose gels containing ethidium bromide and
photographed. Sizes of fragments obtained from the PCR with EcoRI digestion for the
aod-1 PCR (left side) and without EcoRI digestion for the aod-3 PCR (right side) are
indicated on the right. HindIll digested lamda DNA was used as a size marker as
indicated on the left. D. Cytosolic and mitochondrial fractions were isolated from the
control strain (NCN251) and double mutant 44H6-3, each grown in the absence (-CM)
and presence (+CM) of CM. Following electrophoresis, and electro-blotting, the
membrane was decorated with antibody to Tom70 (loading control for mitochondria)
and AOX, as indicated on the right. Arrows indicate the presence of the extra band in

the cytosol of both the control and double mutant strain.
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Cytosolic and mitochondrial fractions were then isolated from strain 44H6-3
grown in both the presence and absence of CM. Western blot analysis showed that the
unknown band was still present in 44H6-3 -CM cytosolic fraction even though neither
of the AOX proteins can be expressed from the strain (Appendix Fig. 3D). This result
demonstrated that the extra band was due to non-specific binding of the anti-AOX

antibody to an unknown protein in the cytosolic fraction.
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Appendix IV. Investigation of phosphorylation and redox status of AOD2 and
AODS5S
Appendix IV. 1. Phosphorylation status

It was conceivable that a post-translational modification of AOD2 or AODS5
was responsible for changing the protein from an inactive to an active form. One
common post-translational modification is phosphorylation. Phosphorylation was an
attractive hypothesis because the S. cerevisiae homologue of AOD2 (Rds2p) is
phosphorylated when cells are grown on medium that is shifted from glucose to
ethanol (Soontorngun et al. 2007).

A Phos-tag is a chemical that binds two manganese ions that have high
affinity to phosphate. When the tag is co-polymerized with acrylamide, it can greatly
retard the mobility of phosphorylated proteins during electrophoresis, resulting in
separation of the phosphorylated and non-phosphorylated forms of a protein. |
examined AOD2 and AODS5 by phos-tag gel electrophoresis after growing cells in
both the presence and absence of CM.

As a control to test whether Phos-tag SDS-PAGE was able to separate and
detect phosphorylated proteins, I analyzed B-casein, a phosphorylated protein from
bovine milk. Lanes containing the protein exhibited a readily detectable band near the
top in the Phos-tag SDS-PAGE (Appendix Fig. 4A). However, the mobility of the
band was obviously increased following treatment with calf intestine phosphatase
(CIP) (Appendix Fig. 4A).

Analysis of nuclear proteins from strain AOD2-N-HA-3 was then carried out
following treatment or no treatment with CIP. Samples were analyzed by Western blot
using antibodies against the HA tag. Two phos-tag SDS-PAGE gels gave inconsistent

results (Appendix Fig. 4B). One of them showed that when cells were grown in the
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Appendix Figure 4. Phos-tag gel analysis of AOD2 and AODS. A. 2 ng, 5 pg, and
10 pg of B-casein (Sigma-Aldrich, USA) were not treated, and/or treated with calf
intestine phosphatase (CIP) for 3 hr at 37 ° C as indicated on the figure. Samples were
electrophoresed on a phos-tag (100 uM) gel. The gel was stained with Coomassie blue.
B. The wild-type control strain (NCN251) and strain AOD2-N-HA-3 were grown in
the presence or absence of CM. Gradient purified nuclei were isolated from the
cultures. The nuclear proteins were extracted, treated with or without CIP, and then
subjected to phos-tag (100 uM) SDS-PAGE. The gel was blotted to nitrocellulose
membrane and probed with antibodies against the HA tag. Left and right panels are
two replicates with inconsistent results. Asterisks indicate bands with faster mobility
when proteins were treated with CIP compared to those without CIP treatment.
Arrowheads on the right panel indicate retarded protein bands in CIP untreated
samples when compared to the CIP treated samples. C. As in B except strain
AODS5-C-Myc-4 was used and detection of the tagged AODS5 protein was done using
anti-Myc antibody. Black arrows indicate bands unique to AODS5-C-Myc-4 when

compared to the wild-type control.
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Control AOD2-N-HA-3 Control AQD2-N-HA-3
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e

anti-HA

C Control AODS-C-Myc-4
-CM -CM +CM
cip - + -+ -+

anti-Myc
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presence of CM, AOD2 exhibited faster electrophoretic mobility when
dephosphorylated by CIP compared to no CIP treatment (Appendix Fig. 4B, left
panel). In contrast, the electrophoretic mobility of AOD2 from —CM cultures was not
affected by CIP treatment. However, the opposite result was obtained in a second
phos-tag SDS-PAGE gel, where AOD2 from —CM cultures showed faster
electrophoretic mobility when treated with CIP. On this gel AOD2 from the +CM
culture displayed no difference in electrophoretic mobility, regardless of whether the
nuclear proteins had been treated with CIP or not (Appendix Fig. 4B, right panel).
Furthermore, a faint band was observed when AOD2 was untreated, while only the
major band was seen when AOD2 was dephosphorylated (Appendix Fig. 4B, right
panel arrowheads). Unfortunately, the latter result was seen in proteins from both
induced and non-induced cultures. These data suggest that a minor fraction of AOD2
proteins are phosphorylated under both conditions.

I then examined the phosphorylation of AODS5 using the strain
AODS5-C-Myc-4. The blots of the phos-tag SDS-PAGE using the anti-Myc tag
antibody showed several non-specific bands that were also present in the untagged
control sample. However, there were three bands that were unique to the tagged
AODS samples (Appendix Fig. 4C, indicated by the arrows). However, no obvious
band shifts were observed in CIP treated AODS5 when compared to the CIP untreated,
regardless of whether the AODS was from +CM or -CM cultures. These observations

make it unlikely that phosphorylation status influences AODS activity.

Appendix IV.2. Redox status
I was also interested in determining if AOD2 or AODS5 undergo changes in

their redox state when cells are grown in the presence of CM, since it is conceivable
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that inhibition of mitochondrial protein synthesis by CM might lead to oxidative stress.
Furthermore, in addition to the multiple cysteine residues in the DNA binding domain
of AOD2 and AODS5 (CysX2CysXsCysXs.12CysX2CysXe.8Cys) that is conserved in
fungal Zn(I[)Cyss cluster transcription factors (MacPherson et al. 2006), there are five
cysteine residues that are found C terminal to the DNA binding domain in both AOD2
and AODS. Potentially, these could form intra- or inter-molecular disulfide bonds in
response to oxidative stress and alter the function of the proteins. To investigate the
redox status of AOD2 and AODS, I isolated gradient purified nuclei from wild-type,
AOD2-C-HA-8, and AOD5-N-HA-1 grown in the presence and the absence of CM.
Extracted nuclear proteins were treated with or without a reducing agent
(B-mercaptoethanol). The proteins were run on an SDS-PAGE gel. As shown in
Appendix Fig. 5, neither AOD2 nor AODS5 show different electrophoretic mobilities
under any conditions. This result suggested that no binding partners were associated
with AOD2 or AODS5 through disulfide bonds. Furthermore, lack of any detectable
changes in electrophoretic mobility also makes it unlikely that intra-molecular

disulfide bonds exist in the unreduced samples.
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Appendix Figure 5. Redox status of AOD2 and AODS. Gradient purified nuclei
were isolated from the control strain (NCN251), strain AOD2-C-HA-8, and strain
AODS5-N-HA-1 each grown in the presence and absence of CM. Extracted proteins
were mixed with gel loading buffer (cracking buffer, see section 2.12) with or without
B-mercaptoethanol which reduces disulfide bonds within or between proteins.
Samples were subjected to SDS-PAGE and transferred to nitrocellulose. The blots
were examined with antibody against the HA tag. Molecular weight markers are

indicated on the left.
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