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ABSTRACT 

 Alternative oxidase (AOX) is a single protein enzyme that carries 

electrons from ubiquinol to molecular oxygen. AOX is induced in many 

organisms, including Neurospora crassa, when the standard electron transport 

chain is blocked through various inhibitors or mutations. A knockout (KO) for a 

dual specificity phosphatase, termed YVH1, cannot properly induce AOX and has 

a slow growth phenotype. YVH1 contains a HCX5R phosphatase domain and a 

zinc-binding domain. YVH1 localizes to the nucleus and cytosol equally under all 

conditions studied. The phenotype of the KO is rescued with constructs that 

contain only a functional zinc-binding domain. The phosphatase domain appears 

to be non-essential. The protein has been shown to play a role in ribosome 

biogenesis in yeast. Preliminary RNA-seq experiments revealed that expression of 

17% of the 10,000 protein coding genes of N. crassa is altered at least 2 fold by 

loss of yvh1 when grown in inducing conditions.  
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 1 

1 INTRODUCTION 

 

1.1  Mitochondrial morphology and dynamics 

 Mitochondria are dynamic organelles found in the majority of eukaryotic 

cells. The double membrane of mitochondria results in four distinct compartments 

within the organelle: the mitochondrial outer membrane (MOM), the 

intermembrane space (IMS), the matrix, and the mitochondrial inner membrane 

(MIM) (Figure 1). The MIM can be further subdivided into the inner boundary 

membrane (IBM) and the cristae membrane (LOGAN 2006). The MOM is a 

relatively simple phospholipid bilayer that contains pores and transport complexes 

that allow for the movement of molecules across the membrane (GEBERT et al. 

2011; VOGEL et al. 2006). The MIM is a protein rich lipid bilayer that encloses 

the matrix space and only allows the passage of solutes through the use of carrier 

proteins (CHACINSKA et al. 2009; VOGEL et al. 2006). The cristae are structures 

that increase the surface area of the MIM. The original model of the cristae 

folding was the baffle model, which depicted the cristae as random invaginations 

and in-folds of the MIM (PALADE 1952). However, using high-resolution 

scanning electron microscopy, researchers have determined that this model is not 

entirely correct (LEA et al. 1994; MANNELLA 2006; MANNELLA et al. 1994). 

Instead, the cristae junction model suggests that tubular cristae, instead of lamellar, 

are the most prominent and are structurally distinct from the rest of the MIM. 

Cristae junctions, which are connections to the IBM through membranous tubules 

and not just simple invaginations of the MIM, were also discovered and 

reinforced the cristae junction model (LOGAN 2006). The IBM forms tight 

attachments with the MOM and these two structures interact to import proteins, 

export ATP, and coordinate fusion and fission of the mitochondria (HARNER et al. 

2011; REICHERT and NEUPERT 2002).  

 Three different research groups simultaneously discovered a scaffolding-

organizing complex of the MIM. The MINOS (mitochondrial inner membrane 

organizing system) (VON DER MALSBURG et al. 2011), MICOS (mitochondrial 

contact site) (HARNER et al. 2011), or MitOS (mitochondrial organizing structure)  
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Figure 1. Organization of mitochondrial compartments. Four distinct 
compartments of the mitochondria arise due to the double membrane structure of 
the organelle: the mitochondrial outer membrane (MOM), the intermembrane 
space (IMS), the mitochondrial inner membrane (MIM), and the matrix. The MIM 
can be divided into the cristae membrane and the inner boundary membrane 
(IBM). Cristae junctions are narrow tubular openings that connect to the IBM. 
Diagram based on the cristae-junction model of mitochondrial structure (Logan 
2006).  
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(HOPPINS et al. 2011) complex consists of multiple proteins that are enriched at 

contact sites of the MOM-MIM. The MINOS complex interacts with proteins of 

the MOM and it has been suggested that MIM cristae junction formation requires 

MINOS. Therefore, MINOS may be responsible for the organization of the MIM 

structure in regards to the MOM (HARNER et al. 2011; KORNER et al. 2012; VAN 

DER LAAN et al. 2012). It has been proposed that there is an extensive network 

consisting of many organelles that create a multi-membrane spanning 

organization of the structures, termed ERMIONE (ER-mitochondria organizing 

network) (van der Laan et al., 2012). This suggests that within the cell there is 

tight coordination between membranes and complexes of different organelles. 

 Mitochondria are highly dynamic organelles in that they are constantly 

moving inside the cell and are frequently fusing and dividing independently of 

host cell division (KIEFEL et al. 2004; SHUTT and MCBRIDE 2013). There is a 

delicate balance of fusion and fission events that occur within the cell to maintain 

mitochondrial shape, size and number (OKAMOTO and SHAW 2005; PALMER et al. 

2011; WESTERMANN 2010). Fusion events bring together the mitochondrial 

compartment and create an extended interconnected mitochondrial network. 

Fission on the other hand produces morphologically distinct organelles 

(WESTERMANN 2008). The events of fusion and fission are tightly regulated to 

ensure the integrity of the membranes is maintained throughout the processes. 

Dynamin related GTPases are the main proteins involved in both pathways 

(HOPPINS et al. 2007a). If cells are lacking genes involved in fusion events, 

mitochondria become fragmented. On the other hand, if they are lacking genes 

involved in fission, mitochondria become hyper-connected or condensed. The 

endoplasmic reticulum (ER) has also been shown to be involved in mitochondrial 

fission. Sites where the ER contacts mitochondria have been shown to constrict 

the organelle and mark the sites of division (FRIEDMAN et al. 2011).  Fusion and 

fission are tightly regulated due to the fact that many processes are affected by 

mitochondrial dynamics including, apoptosis, mitophagy, metabolic efficiency 

and mitochondrial DNA (mtDNA) quality (NUNNARI and SUOMALAINEN 2012).  
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1.2  Mitochondrial function 

  There are many functions of the mitochondria within the eukaryotic cell. 

One such function includes a role in cellular iron regulation and the biogenesis 

and assembly of iron sulfur clusters required as cofactors for specific proteins 

(LILL et al. 2012). Mitochondria also have a role in programmed cell death to 

control cell number and remove unwanted and potentially dangerous cells 

(ESTAQUIER et al. 2012). In calcium signaling, there is interplay between the 

cytosolic and mitochondrial calcium molecules in regulating metabolic 

homeostasis (GLANCY and BALABAN 2012). In yeast it has been demonstrated that 

mitochondria synthesize their own fatty acids in a process similar to bacteria, 

revealing another role of the mitochondria (HILTUNEN et al. 2010). However, the 

main function that mitochondria are known for is the production of adenosine 

triphosphate (ATP) through oxidative phosphorylation (OXPHOS). This is the 

reason why mitochondria are also known as the “power house” of the cell. 

 

1.2.1  Oxidative phosphorylation  

 OXPHOS is the process by which cells produce ATP through the energy 

released by the oxidation of nutrients. The standard electron transport chain 

(sETC) is the site of OXPHOS. The sETC is located in the MIM and is an 

arrangement of four complexes and two mobile components [reviewed in (LENAZ 

and GENOVA 2010)] (Figure 2). In its simplest form, electrons enter the sETC 

from two different carriers. The electron carrier NADH + H+, which is produced 

in glycolysis and the Krebs cycle, donates two electrons to Complex I (NADH 

dehydrogenase). FADH2, produced from the Krebs cycle, donates 2 electrons to 

the sETC through complex II (succinate dehydrogenase). The electrons from both 

complex I and II then flow to the mobile element ubiquinone (coenzyme Q) and 

then to complex III (cytochrome c reductase). Electrons then pass to the mobile 

element cytochrome c, then to complex IV (cytochrome c oxidase) and then are 

donated to the terminal electron receptor, oxygen. Protons are pumped from the 

matrix into the IMS at complexes I, III  and IV as electrons flow through the  
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Figure 2. Standard electron transport chain (sETC) of the inner membrane of 
mitochondria. Electrons derived from NADH2 or FADH2 are passed along the 
cytochrome-mediated pathway under normal growth conditions to oxygen (black 
arrows). H+ ions are pumped across the inner membrane to the intermembrane 
space at complex I, III, and IV. This leads to a proton gradient, which is harnessed 
by ATP synthase to produce ATP (not shown). Conditions that block the sETC 
(antimycin A (red), or cyanide (yellow)) leads to the induction of alternative 
oxidase (AOX). AOX passes electrons from the coenzyme Q pool directly to 
oxygen (green). ATP is produced at a lower rate because only complex I 
contributes to the proton gradient. MIM, mitochondrial inner membrane; AOX, 
alternative oxidase; cyt c, cytochrome c; e-, electrons. 
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structures. The proton gradient created by proton pumping is then harnessed by 

Complex V (F1F0 ATP synthase) to produce ATP. Complex V allows protons to 

diffuse back into the matrix through chemiosmosis and the vast majority of ATP 

is produced this way in most eukaryotic cells.  

 The respirasome model describes a supramolecular association of 

components of the respiratory chain to facilitate electron transfer [reviewed in 

(LENAZ and GENOVA 2012)]. Blue-native polyacrylamide gel electrophoresis 

experiments of mitochondria solubilized with digitonin showed that the 

complexes of the sETC are not distributed in the membrane in a random fashion 

(SCHAGGER and PFEIFFER 2000). Instead the complexes associate with each other 

to form supramolecular structures, which consist of complex I, III, and IV 

arranged in a specific manner (BOEKEMA and BRAUN 2007; SCHAGGER and 

PFEIFFER 2000). The arrangement of the OXPHOS complexes into 

supramolecular structures has been detected in numerous organisms including 

bacteria (STROH et al. 2004), fungi (MARQUES et al. 2007), plants (EUBEL et al. 

2004) and mammals (SCHAGGER and PFEIFFER 2000). It is believed the benefit of 

this supramolecular organization of the electron transport chain occurs because it 

allows for substrate channeling of electrons between enzymes, and the 

organization also increases the stability of the complexes (LENAZ and GENOVA 

2012). 

 In N. crassa supercomplexes were discovered in an I-III-IV and III-IV 

arrangement. This organization matches what is observed in the respiratory chain 

of mammals (MARQUES et al. 2007). Putative complex I dimers were also 

identified in the mitochondria of N. crassa although complex I is usually observed 

as a monomer in other organisms (LENAZ and GENOVA 2012; MARQUES et al. 

2007). Complex I was also observed to not be essential for the formation of 

supercomplexes because complex III-IV were formed in the absence of complex I 

(MARQUES et al. 2007). In the absence of complex III, complex I and IV can still 

form but mitochondria are lacking supercomplexes containing III. The major 

complexes formed in the absence of complex III are complex I dimers and I1IV1. 

In this scenario the alternative oxidase (AOX) pathway, the major topic of this 
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thesis, is induced (discussed in section 1.7), which is a respiratory pathway that 

allows electron flow to continue in the absence of complex III (DUARTE and 

VIDEIRA 2009). 

 

1.3  Mitochondrial evolution 

 One of the earliest theories for the origin of mitochondria inside the cell 

stated that the organelle originally evolved from free-living bacteria that had been 

trapped and enslaved as an endosymbiont in an ancestral anaerobic eukaryotic cell 

(O'MALLEY 2010; SAGAN 1967). As time passed, a mutualism developed that 

favoured both cells and the trapped cell remained intact and was able to transfer 

genes over from it’s own genome to the nuclear genome of the host cell (GRAY 

2012; GRAY et al. 2001; LANG et al. 1999). Originally proposed by Constantin 

Mereschkowsky in the early 1900s, the idea was not accepted by the scientific 

community – due to lack of evidence – until Lynn Margulis reintroduced the idea 

in 1967 (O'MALLEY 2010; SAGAN 1967). 

 There is a considerable amount of molecular data that supports the 

endosymbiont theory. Such evidence included that mitochondria contain their 

own circular DNA and sequence analysis of many mtDNAs has led to the 

conclusion that the evolutionary origins of mitochondria stem from α-

proteobacteria (ANDERSSON et al. 2003; CAVALIER-SMITH 2006). Also, the 

Rickettsia, one of the closest known eubacterial relatives of mitochondria, is a 

group of obligate intracellular parasites that live within host cells, much like 

mitochondria live within a host cell (EMELYANOV 2001; YANG et al. 1985). 

Finally, comparison of mitochondrial rRNA sequences from eukaryotes, bacteria, 

and archaea, showed that the original endosymbiont was likely a α-

proteobacterium from which all mitochondria originated (GRAY 2012; YANG et al. 

1985). These examples give evidence that there was a single endosymbiont event 

and that all current mitochondria have evolved from a single ancient primitive 

mitochondria (VAN DER GIEZEN et al. 2005).  

 Although it is now accepted that the origin of mitochondria was through 

an endosymbiont event involving an ancient α-proteobacterium, it is not clear if 
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the host cell became eukaryotic before or after engulfment of the symbiont 

(MARTIN 2011; VESTEG and KRAJCOVIC 2011). Two opposing hypothesis have 

been suggested for what type of host cell was present when endosymbiosis 

occurred [reviewed in (O'MALLEY 2010)]. The first, termed the phagotrophy 

model, predicts that the engulfing host was already a protoeukaryote before 

trapping the symbiont.  This means that the host already had some organelles, like 

the nucleus, that distinguished it as an early eukaryote, but lacked others like the 

mitochondria. The protoeukaryote had the ability to phagocytose the 

endosymbiont, which somehow escaped digestion and benefited the host. Up until 

the early 1990s, it was thought that amitochondrial species of eukaryotes existed. 

The existence of such organisms supported this theory. These species were 

believed to be descendants of ancient eukaryotes from a time before the 

engulfment of the mitochondria by the eukaryotic cell (CAVALIER-SMITH 1987). 

However, in 1995 it was discovered that these species had at one time possessed 

mitochondria, but they have evolved into less complex organelles termed 

mitosomes or hydrogenosomes (CLARK and ROGER 1995; VAN DER GIEZEN 2009). 

It was shown that some of the genes from the original endosymbiont had in fact 

migrated to the nuclear genome in the species containing the simple organelles 

(VAN DER GIEZEN 2009). Therefore, it now appears that there might never have 

been a protoeukaryotic species before engulfment of the mitochondria and new 

models were hypothesized pertaining to the origin of eukaryotes. 

 The syntrophy model emerged as the favoured model from the main 

competitors of the phagotrophy model [reviewed in (EMBLEY and MARTIN 2006; 

O'MALLEY 2010)]. In the syntrophy model, an archaebacterium host integrates a 

proteobacterium endosymbiont as the two exchange metabolites in a symbiotic 

relationship. The host cell does not become eukaryotic until after the 

endosymbiont transfers its genes and becomes the mitochondria. Eukaryotic 

organelles would form after endosymbiosis. The best example of the syntrophy 

model is the hydrogen hypothesis. In this hypothesis, the original symbiont would 

metabolize an organic substrate like methane to produce hydrogen and carbon 

dioxide (MARTIN and MULLER 1998). The archaebacterial host would use these 
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substrates as a source of energy and carbon and produce methane as a waste 

product. The eukaryote nucleus is thought to have evolved after acquisition of the 

symbiont since all extant eukaryotes contain mitochondria or their relatives. Thus, 

obtaining the endosymbiont was the key moment in the evolution to the eukaryote 

according to the syntrophy model. 

 

1.4 Mitochondrial DNA  

 Mitochondria contain their own genome termed mtDNA. In the majority 

of eukaryotes, mtDNA encodes ribosomal RNA (rRNA) genes, transfer RNA 

(tRNA) genes, and a small number of protein coding genes. Genes for the 

mitochondrial rRNAs of the small and large ribosomal subunits are present in all 

mitochondrial genomes that have been characterized to date (GRAY 2012). 

Mitochondrial tRNA genes can be present or absent from mtDNA, and if absent, 

tRNA proteins are assumed to be imported from the cytoplasm (GRAY et al. 1998; 

SCHNEIDER 2011). Different organisms show considerable variability in the 

number of protein coding genes contained within mtDNA, ranging from 3 to 67 

proteins throughout eukaryotes (GRAY 2012; TIMMIS et al. 2004). The genomes of 

two of mitochondria’s closest relatives, the α-proteobacteria Rickettsia prowazekii 

and R. conori, encode 834 proteins and 1300 annotated genes, respectively 

(ANDERSSON et al. 2003). Gene reduction and loss of mtDNA from the original 

endosymbiont genome seems to have occurred over the course of evolution with 

genes either being transferred to the host nucleus or completely lost (ANDERSSON 

et al. 1998; GRAY et al. 1999). However, mtDNA always contains at least some 

genes encoding proteins of the respiratory complexes. In N. crassa, the mtDNA 

contains 26 open reading frames, 2 mitochondrial rRNAs, and 27 tRNAs. Of the 

26 open reading frames, 14 encode protein subunits for the complexes of the 

sETC of the inner membrane (NARGANG and RAPAPORT 2007), 1 encodes a 

ribosomal protein, and the other 11 encode unknown products. 

 The mitochondrion was able to withstand the loss of functional genes from 

the genome for a few reasons [reviewed in (ADAMS and PALMER 2003)]. First, 

once engulfed by the host, the eubacteria endosymbiont no longer needed genes 
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for certain functions and these could be lost over time. This was probably a major 

factor in the beginning of endosymbiosis when the protomitochondria lost the 

need for genes required for survival as a bacterium living outside the host cell. 

Secondly, the function of other genes might have been substituted or replaced by 

a preexisting gene in the nuclear genome that had the same role in the 

mitochondria. Finally, other genes were lost from the mitochondria through 

transfer to the nucleus. This allows the nuclear genome to control the expression 

of mitochondrial genes, which leads to coordinate expression of overlapping 

processes between organelles.  

 There are a few hypotheses that attempt to explain why certain genes 

remained in the mitochondrial genome and did not transfer over to the nuclear 

genome. One hypothesis, known as the hydrophobicity hypothesis, states that 

hydrophobic mitochondrial proteins, if encoded in the nucleus, would be difficult 

to import across the mitochondrial membranes because mitochondrial targeting 

signals would be disrupted. Very hydrophobic proteins may also be mis-targeted 

to a different organelle like the ER (CLAROS et al. 1995; DALEY and WHELAN 

2005; DE GREY 2005; POPOT and DE VITRY 1990). In soybean, a decrease in 

hydrophobicity is observed in the nuclear encoded cytochrome c oxidase subunit 

2 compared to the mitochondrial-encoded counterpart, giving support to the 

hydrophobicity hypothesis (DALEY et al. 2002). The other hypothesis, known as 

the co-localization for redox regulation (CORR) hypothesis, suggests that the 

genes that remained in the mitochondria are required for responding to redox 

poise within the organelle (ALLEN 2003; PUTHIYAVEETIL et al. 2010). The 

mitochondria can therefore respond quicker to changes in redox state by having 

the genes involved in redox regulation in the mtDNA. The mitochondrion would 

be unable to respond as quickly if these genes were exclusively present in the 

nuclear genome. 

 

1.5 Import complexes of the mitochondria 

 The mitochondrial genome only encodes roughly 1% of the proteins 

required for proper mitochondrial function. Thus 99% of the proteins are encoded 
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by nuclear genes, transcribed in the nucleus, translated on cytosolic ribosomes, 

and imported into the mitochondria where they are properly targeted and inserted 

at their final destination. Proteins destined for the mitochondria contain one of 

two types of signal that targets them to a specific location in the mitochondria. 

The first is a signal at the amino terminal end of the protein that is cleaved upon 

import into the mitochondria. The second is an internal signal within the protein 

that is not cleaved (MOSSMANN et al. 2012).  

 To import proteins into the mitochondria, a series of complexes exists in 

the inner and outer membranes that direct proteins to a functional destination 

[reviewed in (DUKANOVIC and RAPAPORT 2011; ENDO et al. 2011; GEBERT et al. 

2011; SCHMIDT et al. 2010)]. The majority of preproteins targeted to the 

mitochondria are recognized and imported by the translocase of the outer 

membrane or TOM complex. Once through the TOM complex, preproteins follow 

different pathways to reach a specific subcompartment depending on the targeting 

signal present on the peptide. Proteins with a cleavable signal destined for either 

the MIM or matrix are passed to the translocase of the inner membrane (TIM) 

TIM23 complex. Proteins that contain numerous transmembrane segments that 

are targeted for the MIM interact with the TIM22 protein complex. The TIM22 

complex then laterally releases the protein into the MIM. Proteins targeted to the 

outer membrane interact with the TOM complex and also the topogenesis of β-

barrel proteins (TOB)/ sorting and assembly machinery (SAM) complex. This 

complex facilitates the insertion of β-barrel proteins into the outer membrane 

from the intermembrane space.  Many α-helical outer membrane proteins are not 

transported through the TOM complex. Instead these proteins are inserted into the 

outer membrane by interacting with mitochondrial import protein 1 (STEFAN 

DIMMER and RAPAPORT 2010). 

  

1.6 Introduction to retrograde regulation 

 For proper function the mitochondrion is constantly communicating its 

functional state to the nucleus. This is because the nuclear genome stores the 

majority of genetic information required for proper mitochondrial activity. This 



 

 12 

pathway of signals that originate in the mitochondria but affect the expression of 

nuclear genes is termed retrograde regulation or the retrograde response (Figure 3). 

This is different than anterograde regulation, where the transfer of information 

occurs from the nucleus and cytoplasm to the mitochondria (BUTOW and 

AVADHANI 2004).  

 The retrograde response of Saccharomyces cerevisiae is a well-

characterized pathway of mitochondria to nucleus communication [reviewed in 

(JAZWINSKI and KRIETE 2012; LIU and BUTOW 2006; WOODSON and CHORY 

2008)]. This pathway of intracellular signaling in response to the functional state 

of the mitochondria involves many positive and negative regulators. A nuclear 

gene, CIT2, is highly upregulated in cells lacking mtDNA (LIAO et al. 1991). The 

promoter region of CIT2 contains an upstream activation site required to initiate 

the retrograde response and this region was used to uncover regulatory factors of 

the pathway (LIAO and BUTOW 1993). This included two basic helix leucine 

zipper transcription factors, RTG1 and RTG3, which bind to the promoter region 

of target genes as a heterodimer. Under normal conditions RTG3 of the RTG1/3 

heterodimer is phosphorylated and the complex remains in the cytoplasm until 

activation of the retrograde pathway (LIU et al. 2003; SEKITO et al. 2000). 

Dephosphorylation of RTG3 requires RTG2, a cytoplasmic protein that contains 

an N-terminal ATP binding domain (LIU et al. 2003). Once RTG3 is partially 

dephosphorylated, the RTG1/3p heterodimer enters the nucleus and binds to 

specific sequences upstream of their target genes, and activate their transcription. 

There are other positive and negative regulators of this pathway, all of which 

interact to maintain a balance to the pathway (BUTOW and AVADHANI 2004). The 

signal that leads to the activation of the retrograde pathway may be a drop in 

mitochondrial membrane potential (ΔΨm). However how this signal is read by 

RTG2 still remains to be determined (MICELI et al. 2011). 

 The retrograde response pathway is also thought to be present in other 

organisms although it is not as well characterized as in yeast (JAZWINSKI and 

KRIETE 2012). In C. elegans, RNA interference (RNAi) of genes involved in  
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Figure 3. The pathway of retrograde regulation that occurs between the 
mitochondrion and the nucleus. A stress on the mitochondrion leads to the 
expression of nuclear encoded mitochondrial proteins (NEMPs) in an attempt to 
deal with the stress on the organelle. The flow of information follows steps 1 to 4. 
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respiration has suggested the presence of a retrograde response pathway. It 

appears that the signal that mediates this response is reactive oxygen species 

(ROS) but whether this occurs after a change in ΔΨm is still unclear (CRISTINA et 

al. 2009; LEE et al. 2010). In D. melanogaster, RNAi screens of respiratory 

complex genes also showed the presence of retrograde regulation. However, the 

retrograde response-signaling pathway has not been characterized (COPELAND et 

al. 2009; FREIJE et al. 2012). Mammalian cells also show signs of a retrograde 

response when the mitochondrial respiratory complexes are disrupted (GUHA et al. 

2009; LAPOINTE and HEKIMI 2008). Both calcium signaling and the nuclear 

master regulator NFκB, which responds to ROS amongst other stresses, are two 

potential signaling pathways connected to the retrograde response in mammalian 

cells. (BUTOW and AVADHANI 2004; SRINIVASAN et al. 2010). Plant mitochondria 

can function as a general sensor to cellular stresses and initiate responses against 

both abiotic and biotic stresses (SCHWARZLANDER and FINKEMEIER 2013). Abiotic 

factors the mitochondria are able to sense include, oxygen, calcium, heat, and 

ROS (SCHWARZLANDER et al. 2009; WOODSON and CHORY 2008). Biotic factors 

include the mitochondria’s ability to respond to bacterial or fungal infections 

(CVETKOVSKA and VANLERBERGHE 2013; MAXWELL et al. 2002; RHOADS and 

SUBBAIAH 2007). These retrograde responses begin with the mitochondria sensing 

a stress and releasing signals that in turn leads to the expression of nuclear 

encoded genes.  

 

1.7 Introduction to alternative oxidase 

 AOX is a pathway that can be used as a model for retrograde regulation 

studies because AOX is a protein that associates with the mitochondrial inner 

membrane, but is encoded by a nuclear gene, and its expression is affected by 

changes in the functional state of mitochondria. All green plants, many fungi (but 

not S. cerevisiae), some protists, some bacteria, and a few animals (but not 

mammals) contain the AOX pathway (MCDONALD 2008; MCDONALD and 

VANLERBERGHE 2006). The protein is a di-iron carboxylate protein (see section 

1.7.2) that allows electron flow to bypass complex III and IV and transfers 
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electrons directly from the coenzyme Q pool to molecular oxygen to produce 

water (Figure 2) (ALBURY et al. 2009; BERTHOLD et al. 2000; BERTHOLD and 

STENMARK 2003; MOORE et al. 2008). Classical inhibitors of the sETC such as 

cyanide or antimycin A, can induce the AOX pathway and AOX is sensitive to 

salicylhydroxamic acid (SHAM), an aromatic hydroxamic acid (SCHONBAUM et al. 

1971). ATP is produced at a lower rate when electrons flow through the AOX 

pathway because only complex I is a site of proton pumping and gradient 

formation when AOX is induced. This pathway allows for the continuation of 

electron flow when conditions inhibit the sETC (LAMBOWITZ et al. 1972).  

 

1.7.1 Alternative oxidase is present in numerous species  

 Genome sequencing projects revealed that AOX is present in all kingdoms 

of life, except the archaebacteria (MCDONALD and VANLERBERGHE 2006). When 

considered in the context of mitochondrial evolution it is also of interest to note 

that of all extant bacterial species, AOX has only been found in the 

proteobacterial group (MCDONALD and VANLERBERGHE 2006). Specifically, an 

AOX homologue was discovered in an α-proteobacterium, which is the ancestor 

of mitochondria (see section 1.3). The protein is widespread in the fungal group 

Ascomycota, and Basidiomycota and is also observed in the more basal 

Zygomycota and Chytrids group (MCDONALD and VANLERBERGHE 2006). 

However it is absent in S. cerevisiae and Schizosaccharomyces pombe (VEIGA et 

al. 2003). This demonstrates that although AOX is widespread in nature, loss of 

the protein has occurred in certain lineages. For some time it was believed the 

Animalia kingdom also lacked AOX. However it has been discovered in 20 

different animal species, representing eight different phyla, but has not been found 

in mammals (MCDONALD and VANLERBERGHE 2004; MCDONALD and 

VANLERBERGHE 2006). Putative AOXs have been found in several sponges, 

which is the most basal animal phylum. It has been suggested that the presence of 

AOX is the ancestral state because of the basal lineages the protein has been 

discovered in (MCDONALD and VANLERBERGHE 2006). 
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1.7.2  Alternative oxidase protein structure 

 The AOX protein in eukaryotic cells associates with the MIM (DAY and 

WISKICH 1995; KIRIMURA et al. 2006; MCDONALD 2008; VANLERBERGHE et al. 

1998). Proper targeting of the protein to mitochondria requires the presence of a 

presequence at the N-terminus of the precursor protein (TANUDJI et al. 1999). 

Prokaryotic cells lack mitochondria and AOXs are instead targeted to the cellular 

membrane. Prokaryote’s AOX lack the N-terminus region containing the targeting 

sequence and AOX is targeted to the cellular membrane through sequence 

contained within the protein (FINNEGAN et al. 2003). The sizes of mature AOX 

proteins are around 32 kDa (MCDONALD 2008).  

 A conserved E-X-X-H iron-binding motif was discovered amongst AOX 

protein sequences from several species and this motif is found in di-iron proteins; 

therefore AOX belongs to the di-iron family (ALBURY et al. 2009; SIEDOW et al. 

1995). Di-iron proteins contain a four-helix bundle with two conserved E-X-X-H 

motifs. This motif coordinates the binding of iron by glutamate and histidine 

(SIEDOW et al. 1995). Early structural models, prior to 1999, based on 

comparisons of crystal structures of related proteins of AOX available at the time, 

along with hydrophobicity mapping, lead to the proposal that two transmembrane 

domains in the N-terminal region anchored AOX into the membrane (MOORE et al. 

1995; SIEDOW et al. 1995) (Figure 4A). In this model the E-X-X-H motif found in 

the di-iron family was present in the carboxy-terminal hydrophobic domain of 

AOX. However, weaknesses of this model were that this motif was modeled into 

helices 1 and 4 as opposed to being found in helices 2 and 4 like other proteins 

from this family. At the same time the helices proposed in AOX were much 

shorter than those found in other di-iron proteins. Subsequently, the model was 

modified in 1999 to be more consistent with the crystal structures of related 

proteins and an expanding database of structural information for di-iron 

carboxylate proteins. The Andersson and Nordlund (AN) model retained the di-

iron center but the anchoring transmembrane helices disappeared, the helices were 

longer, and the two iron binding E-X-X-H motifs were moved to helices 2 and 4 

(Figure 4B). Each of helix 1 and 3 were also proposed to contain glutamate that  
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A 

                           
 
B    

                      
Figure 4. Structural models of AOX. A) The Siedow, Umbach and Moore model 
(SIEDOW et al. 1995). Four α-helices (cylinders) are in the matrix and the protein 
is anchored to the MIM by two transmembrane domains (cuboids). The E-X-X-H 
motifs are in helices 1 and 4 and coordinate the binding of iron (black dots). B) 
The modified Anderson and Nordlund model (ANDERSSON and NORDLUND 1999; 
BERTHOLD et al. 2000). Four α-helices (cylinders) are in the matrix and the 
protein interacts with one leaflet of the MIM through helix 1 and a hydrophobic 
region (rectangle). The E-X-X-H motifs that coordinate iron binding (black dots) 
are found in helices 2 and 4. The four α-helices are longer and this structure 
matches structural data of other di-iron binuclear proteins. 
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helped in iron binding (ANDERSSON and NORDLUND 1999). Anchoring of AOX 

was proposed to occur through interaction with one leaflet of the inner membrane 

bilayer and the hydrophobic part of the protein thereby making AOX an integral 

interfacial membrane protein (ANDERSSON and NORDLUND 1999; BERTHOLD et al. 

2000). A conserved E(X)6Y motif in the third helix was shown to be required for 

proper AOX function in S. guttatum (NAKAMURA et al. 2005). It was confirmed 

that AOX contains a di-iron center through electron paramagnetic resonance 

spectroscopy (MOORE et al. 2008). More recently, the 3D structure of 

Trypanosoma’s AOX, the first crystal structure of any AOX, confirmed the AN 

model (SHIBA et al. 2013). Therefore AOX is classified as a membrane-bound di-

iron carboxylate protein (MCDONALD 2008). 

  

1.7.3  Multiple gene families of AOX 

 A nuclear multigene family divided into two discrete gene subfamilies 

encodes AOX in higher plants (CONSIDINE et al. 2002; MCDONALD 2008; 

POLIDOROS et al. 2009). The first subfamily, termed AOX1, is only expressed in 

various tissues as a response to stress stimuli and has been found in both monocot 

and eudicot species. On the other hand, the AOX2 subfamily is constitutively 

expressed to carry out maintenance functions and appears to be limited to the 

genomes of dicots (CONSIDINE et al. 2002; JUSZCZUK and RYCHTER 2003; 

POLIDOROS et al. 2009). There is variation in the number of AOX genes in 

different plant species (CLIFTON et al. 2006; COSTA et al. 2009). In eudicot plants, 

there is also variation in the copy numbers of each subfamily. In the genomes of 

dicots usually only one of the subfamily has more than one member (POLIDOROS 

et al. 2009). Taken together, it appears as though AOX has diverged across plant 

families throughout evolution. 

 Analysis of fungal genomes has revealed that more than one AOX 

sequence is present, suggesting that there are gene families of AOX in these 

organisms (HUH and KANG 2001; MCDONALD and VANLERBERGHE 2006). N. 

crassa has one AOX gene that has a role in cyanide resistant respiration and 

another gene with sequence similar to this that has an unknown function (TANTON 
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et al. 2003). On the other hand, no animal or eubacterium has been identified that 

contains more than one AOX gene (MCDONALD and VANLERBERGHE 2006).  

 

1.7.4 Regulation of alternative oxidase 

 In many organisms, exposure of certain chemicals or conditions leads to 

an increase in mRNA levels of AOX, which appears to correlate with an increase 

in protein or function. Antimycin A, an inhibitor of complex III of the sETC leads 

to an increase of the mRNA of AOX1 in tobacco and soybean; and AOX1a in A. 

thaliana (DJAJANEGARA et al. 2002; SAISHO et al. 1997; VANLERBERGHE and 

MCINTOSH 1996).  Similarly, when N. crassa cells are grown in the presence of 

antimycin A there is an increase in aod-1 (AOX) mRNA (BERTRAND et al. 1983). 

Therefore it appears that the metabolic state of the mitochondria controls the 

regulation of AOX to some degree. 

 Several other abiotic and biotic factors have been shown to control the 

expression of the AOX protein in various organisms. Treating cells with 

compounds that increase ROS, like H2O2, leads to an increase in expression of 

AOX1 in rice, tobacco, corn, and the fungus Magnaporthe grisea (LI et al. 2013; 

POLIDOROS et al. 2005; VANLERBERGHE and MCINTOSH 1996; YUKIOKA et al. 

1998). Low temperature can lead to an increase of AOX1a and AOX1b 

expression in rice and an increase of AOX1a in Nicotiana tabacum (ITO et al. 

1997; WANG et al. 2011). Osmotic stress, ozone and light have all been shown to 

affect the expression of AOX in different plant species (COSTA et al. 2007; 

EDERLI et al. 2006; ELHAFEZ et al. 2006; GIRAUD et al. 2008). In the blood born 

pathogen Trypanosoma brucei, the stage of development of the organism affects 

the expression of the AOX protein (CHAUDHURI et al. 2006; CHAUDHURI et al. 

2002). Although it has been shown that many stresses affect the expression of 

AOX, little is known about how these signals are sensed and lead to the 

transcription of AOX. 

  Promoter regions of various AOX genes have been studied uncovering 

many positive and negative regulatory elements required for expression. The first 

AOX promoter region studied was of S. guttatum and the region was found to 
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contain a putative TATA box as well as many cis-acting transcriptional elements 

(RHOADS and MCINTOSH 1993; THIRKETTLE-WATTS et al. 2003). These cis-acting 

elements included presumed sequence recognition sites for zinc fingers and basic 

leucine zipper proteins. AOX gene families of higher plants have allowed for the 

comparison of the promoter regions of genes to determine if similar motifs are 

present (THIRKETTLE-WATTS et al. 2003). Soybean AOX1 and AOX2b promoter 

regions contain both positive and negative regulatory elements within 2 

kilobasepair (kbp) of the translational start site. Positive and negative response 

elements are also present in the AOX1c gene of A. thaliana (HO et al. 2007). 

Sequence comparison of soybean’s AOX2b and A. thaliana’s AOX1c revealed 

many elements of interest that were also found to be functional in the other plant’s 

promoter regions of AOX1. Therefore it is believed that there is some 

conservation in the control of expression of AOX (HO et al. 2007).  

 At present, few transcription factors have been found that bind to the 

promoter region of AOX. However, one of the best characterized deals with N. 

crassa and will be discussed below (see section 1.8). More recently, the 

transcription factor ABI4 was found to be a regulator of the AOX1a gene of A. 

thaliana. Using yeast one-hybrid analysis and electrophoretic mobility shift assay 

(EMSA), the researchers showed an interaction of ABI4 with a sequence in the 

promoter region of AOX1a and it was concluded that AOX1a expression is 

repressed by ABI4 binding (GIRAUD et al. 2009). 

 

1.7.5  AOX activation  

 In angiosperms, AOX is present in the mitochondria either as a covalently 

linked or non-covalently associated homodimer (MCDONALD 2008; UMBACH and 

SIEDOW 1993). The linkage of subunits occurs through a disulfide bond that exists 

either in an oxidized or reduced form. The disulfide bond, when present, results in 

a less active form of the dimer, whereas when the disulfide bond is reduced a 

more active form of AOX is present (UMBACH and SIEDOW 1993). Two conserved 

cysteines (CysI and CysII) are observed in the majority of AOX proteins of 

angiosperms (BERTHOLD et al. 2000). Control of the redox state occurs through 
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CysI, which is located in the N-terminal region of the angiosperm AOX protein. 

AOX was unable to form a disulfide bond between dimers when CysI was 

mutated to an alanine (RHOADS et al. 1998; VANLERBERGHE et al. 1998). 

Therefore a mechanism of switching between covalently linked and non-

covalently linked occurs through a disulfide bond conversion at CysI and AOX 

activation occurs when the disulfide bond is reduced. 

 The presence of α-keto acids, like pyruvate and glyoxylate, has been 

shown to increase the activation of AOX in angiosperms (MILLAR et al. 1993). 

Pyruvate activation only affects the reduced, active form of the AOX dimer and 

appears to occur through the CysI residue (MILLAR et al. 1993; UMBACH and 

SIEDOW 1996; VANLERBERGHE et al. 1998). Glyoxylate on the other hand appears 

to regulate AOX activation through an interaction with CysII. However this 

interaction only occurs if CysI is in the reduced form (UMBACH et al. 2006). For 

full AOX activity to occur the disulfide bonds of the dimer must be in the active 

reduced form and pyruvate must be present in the cell. The presence of the 

disulfide bonds between AOX dimer subunits limits the ability of CysI and CysII 

to bind α-keto acids. 

 Unlike in angiosperms, organic acids do not appear to activate AOX in 

other eukaryotes (JARMUSZKIEWICZ et al. 2005; MCDONALD 2008; UMBACH and 

SIEDOW 2000). In some fungi, N. crassa included, purine nucleoside 5’ 

monophosphates, like GMP or AMP, appear to have an ability to activate the 

AOX pathway (UMBACH and SIEDOW 2000). Purine nucleoside 5’ 

monophosphates also appear to affect the amount of AOX observed in the protists 

Acanthamoeba casstellani and D. disccoideum (JARMUSZKIEWICZ et al. 2002; 

JARMUSZKIEWICZ et al. 2005). Differences in pH optimals between the 

cytochrome pathway and AOX have been observed in A. castellani and E. gracilis, 

which has lead to the hypothesis that pH has an effect on the activation of AOX 

(CASTRO-GUERRERO et al. 2004; JARMUSZKIEWICZ et al. 2002). Taken together, 

these examples suggest that different forms of activation of AOX may be present 

in different species.  
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1.7.6  Functions of AOX 

 Perhaps the simplest function attributable to AOX is its ability to allow the 

flow of electrons to continue through an alternative pathway if there is a blockage 

of the sETC. In support of the hypothesis that this represents, an in vivo function 

of AOX is the observation that AOX is not sensitive to chemicals that affect the 

sETC. In fact, the presence of such chemicals often leads to an increase in 

expression of AOX (AZCON-BIETO et al. 1989; CASTRO-GUERRERO et al. 2008; 

DESCHENEAU et al. 2005; HUANG et al. 2002). The AOX thus enables glycolysis 

and respiration to continue by providing an alternative pathway of electron flow. 

This allows for the turnover of metabolic intermediates in the absence of a 

functional sETC. 

 AOX accepts electrons from the coenzyme Q pool and acts as a terminal 

quinol oxidase to produce water when there are stresses on the mitochondria. This 

non-proton pumping pathway wastes energy in the form of heat. The release of 

heat has been suggested to have a role in thermogenesis in some plants. 

Thermogenesis has been shown to occur in the sacred lotus through an increase in 

AOX activity (WATLING et al. 2006). The process of thermogenesis releases 

chemical attracts that lure pollinators to flowers (ANGIOY et al. 2004). These 

observations help explain why there is an increase of AOX in thermogenic tissues 

of plants but do not provide a reason for its presence in non-thermogenic tissue 

and organisms.    

 AOX is also believed to have a role in controlling the levels of ROS. The 

sETC is a major source of ROS. Although ROS produced by the sETC may act as 

signaling molecules in other parts of the cell, excess ROS can lead to oxidative 

damage of the mitochondria. Therefore it is believed AOX has a role in lowering 

the number of electrons in the sETC and thus lowering the amount of ROS 

generated (MCDONALD 2008; VANLERBERGHE 2013). Many examples show a 

relationship between an increase in activation of AOX when there is an increase 

in oxidative stress to a cell. When grown in the presence of H2O2, E. gracilis 

increases AOX activity suggesting that oxidative stress leads to the production of 

the protein (CASTRO-GUERRERO et al. 2004; MAGNANI et al. 2007). When grown 
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in the presence of compounds that lead to oxidative stress, A. fumigatus increases 

mRNA of AOX (Magnani et al., 2007). Superoxide anion production is decreased 

in durum wheat cells expressing AOX (PASTORE et al. 2001). These examples all 

give support of AOX having a role in protecting the cell from oxidative stress.   

 The AOX protein has been shown to have a role in the pathogenicity of 

certain fungal pathogens in humans. It was observed in the human airborne 

pathogen Aspergillus fumigatus that loss of AOX led to a decrease in the ability of 

the fungi to resist oxidative stress in vitro, which led to an increase in 

susceptibility to macrophage killing (MAGNANI et al. 2008). Another human 

pathogen, Paracoccidioides brasiliensis, requires AOX, along with other parts of 

the respiratory chain, for the establishment of infection (MARTINS et al. 2011). 

The role of AOX in increased pathogenicity has also been observed in fungal 

pathogens of plants. In Moniliophthora perniciosa and Sclerotinia sclerotiorum, 

AOX is required for the pathogens to progress through developmental stages of 

infection by increasing resistance to oxidative stress (THOMAZELLA et al. 2012; 

XU et al. 2012).  

  

1.8  Alternative oxidase in Neurospora crassa 

 The nuclear gene that encodes AOX in N. crassa is termed aod-1. The 

gene encodes a 362 amino acid protein that has a predicted molecular weight of 

41.4 kDa. The size is reduced to 34.7 kDa once the mitochondrial targeting 

sequence is cleaved off. The AOX protein is not constitutively expressed. Instead 

the protein is normally expressed when the sETC is disrupted. This is achieved 

through chemicals, like antimycin A or cyanide that can block the flow of 

electrons at specific complexes or through mutations affecting proteins of the 

complexes of the sETC. The AOX of N. crassa and other fungi is found 

associated with the mitochondrial inner membrane as a monomer and it does not 

contain the N-terminal tail that is conserved in higher plants (UMBACH and 

SIEDOW 2000).  

 The first observation of the AOX polypeptide in N. crassa was when a 

radiolabeled protein around 37 kDa in size was increased in mitochondria 
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following growth of cells in antimycin A or oligomycin (which inhibits ATP 

synthase (complex V)) compared to uninduced cells (BERTRAND et al. 1983). 

Further analysis used mutants derived from a screen developed to uncover genes 

in the AOX pathway. Mutants were selected that were sensitive to antimycin A 

after growth in the mutagen N’-nitro-N-nitrosoguanidine. Many mutants were 

generated and these fell into two complementation groups named aod-1 and aod-2. 

The structural gene was determined to be aod-1 because in 19 out of the 20 strains 

in this complementation group, the radiolabelled protein was observed after 

induction in the presence of Cm, even though cyanide-resistant respiration was 

absent. Thus, it was assumed that missense mutations had destroyed the function 

of the protein, even though it was still produced. On the other hand, for strains in 

the aod-2 complementation group, no protein was observed for all four strains, 

suggesting a regulatory role for this gene in the production of the AOX protein 

(BERTRAND et al. 1983). The presence or absence of the protein in these strains 

were confirmed when a monoclonal AOX antibody from Sauromatum guttatum 

was able to recognize the N. crassa polypeptide (LAMBOWITZ et al. 1989). 

Subsequent characterization of several strains in the aod-1 complementation 

group revealed that they did have missense mutations in the coding sequence of 

aod-1. The one strain lacking a protein from the aod-1 group had a frameshift 

mutation resulting in a premature stop codon and a truncated protein (LI et al. 

1996). 

 Northern blot analysis revealed an increase in mRNA levels of aod-1 

when wild type cells were grown in the inducing chemicals antimycin A or 

chloramphenicol (Cm) (LI et al. 1996; TANTON et al. 2003). Nuclear run-on 

assays revealed that the aod-1 transcript was expressed at low levels in wild type 

cells when grown in non-inducing conditions (TANTON et al. 2003). Therefore, 

control of the AOX pathway occurs with increased transcription in response to 

inducing conditions. Western blot analysis has shown no AOX protein in non-

induced cultures even when Northern analysis has revealed a low level of aod-1 

mRNA in the same cells. Levels of the protein increase over time with initial 

presence occurring after roughly 2.5 hr of growth in inducing conditions (TANTON 
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et al. 2003). Interestingly, on some occasions in some strains grown in non-

inducing conditions, an increase in the level of mRNA was observed that 

approximated the levels in wild type strains grown in inducing conditions, even 

though the AOX protein is not present nor is cyanide-resistant respiration 

(DESCHENEAU et al. 2005; TANTON et al. 2003). Therefore it was suggested that 

there must be control at the level of translation for AOX production although the 

molecular mechanism of this is not understood. The finding that several other 

organisms contained more than one gene encoding AOX (see section 1.7.3) and 

the completion of the N. crassa genome sequence led to the discovery of a gene 

encoding a protein with 55% identity to the AOX encoded by aod-1. The gene 

was termed aod-3 (LI et al. 1996; TANTON et al. 2003). All residues predicted to 

be involved in iron binding are conserved in aod-3. However, Northern analysis 

using wild type cells grown in inducing or non-inducing conditions was unable to 

detect mRNA specific for aod-3. Therefore the function of aod-3 is currently 

unknown. It is possible that this gene is expressed at a different point in 

development or under a different stress than the ones analyzed. 

 Predicted regulatory elements were found conserved upstream of the aod-

1 start site (LI et al. 1996; TANTON et al. 2003). This includes a cyclic AMP 

responsive element (CRE) found 802 base pairs (bp) from the start codon of the 

aod-1 gene. Electrophoretic mobility shift assay using whole cell extract showed 

an unknown protein bound to this region. However transformation of the N. 

crassa frameshift aod-1-7 mutant with plasmids lacking the element revealed no 

evidence for a role in AOX induction. Deletion studies of the sequence upstream 

of aod-1 revealed that the sequence within 255 bp upstream of the start codon had 

a role in regulating the appearance of aod-1 mRNA. Therefore it was thought 

some element of transcriptional control was contained within this sequence 

sufficient for AOX induction (TANTON et al. 2003). A detailed analysis using 

smaller deletions and linker scanning mutagenesis revealed an alternative oxidase 

induction motif (AIM) sequence within the 255 bp promoter region of aod-1. By 

transforming the aod-1 mutant with plasmids containing different lengths of the 

promoter sequence, a CGG repeat separated by 7 bps was discovered to be 
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required for efficient expression of aod-1 (CHAE et al. 2007a). This motif is 

recognized by zinc-cluster transcription factors, which are a class of proteins 

unique to fungi (MACPHERSON et al. 2006). 

 In an attempt to uncover additional regulatory genes for aod-1 production, 

an EMS mutagenesis screen was carried out using a reporter gene fused to 3 kbp 

of aod-1 upstream sequence. Four novel genes, aod-4, aod-5, aod-6, and aod-7, 

along with another allele of aod-2, were identified in the screen as required for 

AOX induction (DESCHENEAU et al. 2005). Further work using genetic mapping 

coupled to gene rescue experiments led to the identification of the aod-2 and aod-

5 genes. Both were found to encode zinc-cluster transcription factors. EMSA 

showed that the DNA binding domains of AOD2 and AOD5 act in concert to bind 

the AIM in a sequence specific manner (CHAE et al. 2007b). A physical 

interaction was confirmed through pull-down experiments and therefore it was 

suggested that AOD2 and AOD5 bind as a heterodimer to the AIM (CHAE and 

NARGANG 2009).  

 The Podospora anserina orthologs of AOD2 and AOD5 (RSE-2 and RSE-

3, respectively) were shown to be required for AOX induction when it was 

observed that strains lacking the individual genes could not induce AOX (SELLEM 

et al. 2009). This was also the case for the AOD2 and AOD5 orthologs (AcuM 

and AcuK, respectively) in Aspergillus nidulans (SUZUKI et al. 2012).  

 The current model for the control of AOX production suggests that 

inefficient sETC function within the mitochondrion leads to an inducing signal 

being produced. Since preliminary chromatin immunoprecipitation and qPCR 

suggest that AOD2 and AOD5 are bound to the aod-1 promoter in both inducing 

and non-inducing conditions (Z. Qi, unpublished) it seems likely that this signal 

(directly or indirectly) leads to AOD2 and AOD5 activation. This in turn leads to 

transcription of the AOX structural gene, aod-1. aod-1 is transcribed, the mRNA 

is translated on cytosolic ribosomes, and the protein is targeted to the 

mitochondrion, alleviating the sETC stress. The nature of the initial signaling 

molecule and the number of stages to transduce it to AOD2 and AOD5 are not 
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known. It is also currently unknown what the gene products are for aod-4, aod-6, 

and aod-7. 

 

1.8.1 Knockout screen for AOX mutants  

 The initial genes identified in N. crassa to play a role in AOX production 

were found via traditional genetic screens (BERTRAND et al. 1983; DESCHENEAU 

et al. 2005; EDWARDS et al. 1976). To identify more genes involved in AOX 

regulation, a new screen was undertaken using single gene knockout (KO) strains 

available from The Fungal Genetics Stock Center (FGSC). The KOs were created 

by replacement of gene sequences with a hygromycin resistance cassette in N. 

crassa strains deficient in nonhomologous end joining to ensure homologous 

replacement (COLOT et al. 2006). About 7800 different gene KOs were present in 

the library at the time of screening. These strains are maintained on 96 well 

microtiter plates. The screen was done by replica plating the strains onto normal 

growth medium and growth medium containing antimycin A. If strains were 

unable to grow or grew very slowly on antimycin A, they were considered to be 

possible mutants affecting AOX production. These strains were then further 

characterized by growth in the presence of Cm. In wild type cells, growth in the 

presence of Cm causes the inhibition of mitochondrial translation and the 

induction of AOX. Strains that did not grow in the presence of antimycin A and 

did not fully induce the AOX protein in the presence of Cm were considered to 

have a knocked out gene involved in AOX regulation.  

 This screen uncovered 62 genes that affect AOX production to varying 

extents (NARGANG et al. 2012). My project involves further characterizing one of 

the genes identified: NCU08158, which is annotated as encoding a dual 

specificity phosphatase (DUSP) protein. Further in silico analysis revealed that 

the predicted protein is a homologue, and likely the ortholog, of S. cerevisiae 

YVH1P (E value = 4e-52, BLASTP). 
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1.9 Assembly of the ribosome 

 S. cerevisiae’s YVH1 has been suggested to have a role in a late 

maturation step in 60S ribosome biogenesis (discussed below in section 1.10.1) 

and therefore it is of importance to discuss the process of the biogenesis of the 

ribosome [reviewed in (GRANNEMAN and BASERGA 2004; KRESSLER et al. 2010; 

NISSAN et al. 2002; TSCHOCHNER and HURT 2003; WILSON and DOUDNA CATE 

2012; ZEMP and KUTAY 2007). In yeast and higher eukaryotes, a translating 

ribosome is made up of a small 40S subunit and a large 60S subunit, which both 

begin assembly in the nucleus but follow distinct biogenesis pathways as they are 

processed and mature on their way from the nucleoplasm to the cytoplasm. Four 

rRNAs, and roughly 80 proteins make up these molecular machines. The creation 

of ribosomes is a highly complex process that requires the coordinated activity of 

more than 200 non-ribosomal proteins (trans-acting factors) from start to finish. 

Coordinated transcription by RNA polymerase I, II, and III occurs to produce a 5S 

rRNA, a long precursor rRNA (25S/28S, 5.8S and 18S rRNA), and the mRNA for 

the ribosomal proteins (r-proteins) involved in biogenesis. This activity of the 

RNA polymerases is tightly regulated and coordinated with the growth conditions 

in the cell to ensure that production of ribosomes occurs at high efficiency and 

accuracy. The long precursor rRNA is modified through methylation and 

pseudouridylation reactions and then associates with trans-acting factors and r-

proteins to produce a 90S pre-ribosome in the nucleolus. The 90S pre-ribosome is 

cleaved through a series of endo- and exonucleolytic reactions to produce the pre-

40S and pre-60S subunits of ribosomes. Once cleaved, the two subunits follow 

distinct and independent pathways in the process of maturation with only a few 

overlapping proteins. Of importance in this study is the assembly pathway of the 

60S subunit and therefore the 40S pathway will not be discussed further.  

 

1.9.1 60S formation from the nucleolus to the cytoplasm 

 The assembly pathway of the 60S ribosome involves numerous trans-

acting factors interacting with r-proteins and rRNA [reviewed in (GRANNEMAN 

and BASERGA 2004; KRESSLER et al. 2010; NISSAN et al. 2002; TSCHOCHNER and 
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HURT 2003; WILSON and DOUDNA CATE 2012; ZEMP and KUTAY 2007). Non-

ribosomal proteins process the 27S pre-rRNA into the 5.8S and 25S rRNA found 

in the mature functional unit. They also attach proteins that interact with the 

nuclear pore complex to allow for proper translocation of the pre-ribosome out of 

the nucleus. There are roughly 50 factors associated with the earliest intermediate 

isolated and more than 5 on the most mature ribosome isolated, suggesting that 

there are many modifications of the pre-60S subunit on its path from the nucleolus 

to the cytoplasm. The pre-60S ribosome completes maturation once in the 

cytoplasm. At this point, many of the factors are recycled back to the nucleus and 

must be released from the pre-60S subunit to allow it to associate with the 40S 

subunit and participate in translation. Once matured, ribosomes take part in 

translation either as free ribosomes in the cytosol or are targeted to the ER as they 

translate membrane or secreted proteins (EGEA et al. 2005; HEGDE and KEENAN 

2011; MARTINEZ-GIL et al. 2011).  

 With respect to this thesis, the most important step in the biogenesis of the 

ribosome is the replacement of MRT4 with P0 during the formation of the 

ribosome stalk (Figure 5) because YVH1 is defined to have a role in this process 

(KEMMLER et al. 2009; LO et al. 2009). The stalk is composed of five proteins in 

eukaryotes; two copies each of the acidic P1 and P2 proteins and the large P0 

subunit (CHIOU et al. 2008; LI et al. 2010; MAY et al. 2012). The N-terminal 

domain of P0 interacts with a GTPase associated region of the large rRNA subunit. 

Together with RPL12, P0 directly interacts with the 25S rRNA subunit and allows 

for the acidic P1 and P2 heterodimers to bind (BRICENO et al. 2009; CARDENAS et 

al. 2012; KROKOWSKI et al. 2006; LO et al. 2009). The C-terminal region of P0 

appears to mediate this binding with the N-terminal region of the heterodimers 

(RODRIGUEZ-GABRIEL et al. 2000). Translation factors are targeted to the 

ribosome by the stalk and this structure is necessary for proper ribosomal function 

(GONZALO and REBOUD 2003; MOCHIZUKI et al. 2012). The stalk has been 

suggested to be a source of ribosome heterogeneity, which is a form of 

translational regulation (CARDENAS et al. 2012).   
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                (Adapted from Lo et al., 2009) 
 
Figure 5. The ribosomal stalk of the 60S subunit. The ribosomal stalk is composed 
of one P0 protein and two copies each of the P1 and P2 proteins, which interact 
with P0 as a heterodimer. P0 interacts with RPL12 and the 25S RNA of the 60S 
subunit to remain bound to the ribosome. The ribosomal stalk recruits translation 
factors to the ribosome that are required for proper function.  
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 MRT4 is a nucleolar protein with a protein sequence very similar to that of 

P0 (ZUK et al. 1999). The N-terminal domain is conserved between the two 

proteins and is necessary for ribosome binding (RODRIGUEZ-MATEOS et al. 2009). 

MRT4 is found in early pre-60S subunits whereas P0 is strictly cytoplasmic and 

found in mature particles (COLLINS et al. 2007; GAVIN et al. 2006; KRESSLER et al. 

2008). It is believed that nuclear MRT4 is the paralogue of cytoplasmic P0 and as 

the 60S subunit assembles MRT4 is replaced by P0 (RODRIGUEZ-MATEOS et al. 

2009). The exact mechanism on how this exchange occurs is unclear but it is 

believed that YVH1 is involved (see below section 1.10) (KEMMLER et al. 2009; 

LO et al. 2009). 

  

1.10 The YVH1 DUSP 

 Typical DUSP proteins are critical regulators of cellular functions. DUSPs 

have the ability to dephosphorylate phosphotyrosine and phosphoserine/ 

phosphothreonine residues located on one substrate. The proteins can be further 

categorized based on sequence similarity and the domains that are present 

(PATTERSON et al. 2009). The YVH1 protein contains a HC(X)5R phosphatase 

domain in the N-terminal region and a zinc binding domain which is made up of 7 

cysteines and 1 histidine spread out over the C-terminal region (discussed further 

in section 1.11). The domains present lead YVH1 to be similar to the atypical 

subgroup of DUSP’s, grouped as DUSP12 (PATTERSON et al. 2009) 

 The YVH1 protein was first identified through sequence comparison of an 

unidentified open reading frame in yeast to a phosphotyrosine phosphatase 

present in Vaccina virus termed VH1. This conservation was limited to only the 

phosphatase domain. The protein was found to possess phosphatase activity when 

expressed in Escherichia coli. In yeast, mRNA levels were dramatically induced 

by nitrogen starvation (GUAN et al. 1992). Nitrogen starvation of yeast leads to 

cells entering meiosis and sporulating. YVH1 was determined to play a role in 

this process when YVH1 disruption mutants were starved of nitrogen and a delay 

in sporulation was observed (PARK et al. 1996). The delay in sporulation was due 

to an inability of the disruption strain to synthesize ditryosine, a key component of 
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ascospore walls, even after a long incubation period (BEESER and COOPER 1999). 

The YVH1 protein was found to precede a dual specificity kinase, MCK1, in the 

signal transduction pathway of nitrogen starvation but it was unclear if the two 

proteins defined contiguous steps in the cascade (BEESER and COOPER 1999). In 

addition to sporulation, the YVH1 protein was also found to regulate glycogen 

accumulation when stationary cells lacking the protein failed to accumulate the 

glucose polymer. Surprisingly, the growth, sporulation, and glycogen 

accumulation defects were rescued by a construct lacking a catalytically active 

phosphatase domain suggesting that all pathways were regulated by sequence in 

the C-terminal domain (BEESER and COOPER 2000).  

 It is believed that YVH1 plays a role in the biogenesis of ribosomes in 

yeast. A yeast two-hybrid experiment revealed an interaction of YVH1 with 

NOP7 (YPH1) (SAKUMOTO et al. 2001). NOP7 carries out many functions during 

the biogenesis of the 60S ribosomal subunit including processing of the 27S pre-

RNA (OEFFINGER et al. 2002). A study comparing microarray data sets of 

expression profiles from cell cycle progression, responses to external stresses, and 

drug treatment, showed YVH1 was expressed at the same time as ribosome 

biogenesis factors. The promoter region was found to contain a PAC consensus 

motif, which is a sequence frequently found upstream of subunits of RNA 

polymerase A and C (DEQUARD-CHABLAT et al. 1991; WADE et al. 2001). It is 

unclear if N. crassa’s YVH1 promoter region contains this sequence. YVH1 was 

also found associated with purified nucleoplasmic and cytoplasmic 60S pre-

ribosomal particles (NISSAN et al. 2002). A screen for suppressors of a defective 

chaperone complex involved in the folding of actin and tubulin uncovered YVH1 

along with ribosomal proteins and biogenesis factors (KABIR and SHERMAN 2008). 

YVH1 was further characterized in its role as a novel ribosome assembly factor 

when it was found in a different screen looking at suppressors of misfolded 

membrane proteins that are properly targeted then degraded at the cell membrane. 

It was shown that loss of YVH1 resulted in a decrease in 60S ribosomal subunits 

in the cytosol, that HA-tagged YVH1 colocalized with 60S, and that the C-

terminal region, not the phosphatase region, was required for normal levels of 60S 
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and 80S ribosomal subunits (LIU and CHANG 2009). Two separate studies showed 

that YVH1 localizes to both the nucleoplasm and cytoplasm of the cell and was 

suggested to be a shuttling protein in the process of the assembly of ribosomes 

(KEMMLER et al. 2009; LO et al. 2009). The protein was shown to be necessary 

for release of MRT4. MRT4 is a highly conserved protein in eukaryotes and its 

release from the stalk base during ribosome assembly allows P0 to bind and form 

the base of the ribosome stalk, which is required for proper ribosome activity (see 

section 1.9.1). Kemmler et al., (2009) demonstrated that this was able to occur 

even when YVH1 was tethered to the cytoplasm by attachment to a strictly 

cytoplasmic protein, whereas Lo et al., (2009) showed it could occur when YVH1 

was localized to the nucleus, by addition of a nuclear localization sequence to 

YVH1. These two results suggested that this process could occur in either the 

nuclear or cytoplasm compartments. GFP-MRT4 was shown to mis-localize to the 

cytoplasm and remain on the 60S ribosomal subunit in the absence of YVH1 and 

GFP-YVH1 accumulated in the nucleus when pre-60S nuclear export was 

impaired. RPL12, a protein that remains bound to the 60S subunit from the early 

stages all the way to the end during 60S assembly, was found to be required for 

recruitment of YVH1 to the ribosome (Lo et al., 2009). Lo et al. (2009) 

hypothesized a linear series of events for the assembly of the stalk base in 

eukaryotes (Figure 6). Lo et al., (2009) were able to demonstrate conservation of 

this pathway between yeast and humans by transforming the human YVH1 

(hYVH1 or DUSP12) into a yeast strain lacking YVH1 and observing the proper 

localization of GFP-MRT4. A suppressor of yvh1 disruption was discovered in the 

mrt4 gene and the observed phenotypes caused by deletion of yvh1 were restored 

(KEMMLER et al. 2009; LO et al. 2009; SUGIYAMA et al. 2011). It has been 

suggested that the plethora of phenotypes observed in yeast due to loss of yvh1 

may be the indirect result of inefficient ribosome biogenesis. 
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(Adapted from Lo et al., 2009) 

Figure 6. Model for the role of YVH1 in assembling the ribosome stalk base 
during ribosome biogenesis. MRT4, which is believed to be a nuclear paralogue 
of P0, is released when YVH1 binds to RPL12. Loading of P0 (and other proteins 
not shown) occurs in the cytoplasm when YVH1 is displaced.  
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1.11 Human YVH1 (hYVH1 or DUSP12) 

 The human ortholog of YVH1 is not as well characterized as its yeast 

counterpart. hYVH1 has 33% amino acid identity with YVH1. hYVH1 has 

phosphatase activity in vitro. GFP-tagged hYVH1 localizes to the nucleus and the 

cytosol, and human copies missing the phosphatase domain, but not the C-

terminal region, could rescue the slow growth phenotype observed in yeast 

lacking yvh1 (MUDA et al. 1999). The C-terminal region, which contains seven 

conserved cysteines and one conserved histidine, can bind 2 mol of zinc per mol 

of protein. This region was specific for binding zinc and was termed the zinc-

binding domain (MUDA et al. 1999). The zinc-binding domain is able to protect 

the catalytic cysteine in the phosphatase domain from oxidation, and therefore 

inactivation, in times of severe oxidative stress. The mechanism appears to require 

that the 2 mols of zinc are released from the zinc-binding domain allowing the 

protein to form intramolecular disulfide bonds in the zinc-binding domain to 

protect the phosphatase domain from inactivation. Therefore, it is suggested 

hYVH1 has an inherent redox defense mechanism capable of protecting the 

catalytic cysteine of the phosphatase domain from severe oxidative stress 

(BONHAM and VACRATSIS 2009).   

 hYVH1 has a role in cell cycle progression. When HEK 293 cells 

overexpressed FLAG-hYVH1, polyploidy increases as observed through an 

increase in multinucleated cells at the G2/M. A blockage at the cell cycle stage 

G0/G1 and an increase in cellular senescence occurs when hYVH1 is knocked 

down by small interfering RNA. The protein localizes to the nucleus and the 

cytoplasm and the arrest of the cell cycle at G0/G1 can be rescued with the zinc-

binding domain and not the phosphatase domain. Furthermore hYVH1 was 

phosphorylated at 3 different locations with one, Ser335, required for proper 

localization and function (KOZAROVA et al. 2011). 

 Using a mass-spectrometry based approach, heat shock protein 70 

(HSP70) was discovered to be an interacting protein with YVH1. This interaction 

mapped to the ATPase domain of HSP70 and to the zinc-binding domain of 

YVH1. Interestingly, it was shown that the phosphatase domain of hYVH1 was 
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required for thermal stability of hYVH1, finally suggesting a role for the domain. 

The YVH1 protein localized to the cytosol and upon heat stress, co-localized with 

HSP70 to the perinuclear region in HeLa cells (SHARDA et al. 2009). 

 

1.11.1  A role of hYVH1 in human diseases 

 hYVH1 has been associated with some human diseases and cancers. 

hYVH1 is located  on the chromosomal region 1q21-q22 in humans. 

Polymorphisms in and around this region have been linked to Type 2 diabetes 

across observed populations (DAS et al. 2006). Overexpression of hYVH1 has 

been associated with many forms of cancer. This includes neuroblastoma, 

retinoblastomas, and leukemia (BIERNACKI et al. 2010; GRATIAS et al. 2005; 

HIRAI et al. 1999). More recently, in an attempt to further elucidate the role of 

hYVH1 in human diseases, a cell line has been created that stably overexpresses 

the protein. Cells observed in this line displayed an increase in cell motility, a 

decrease in apoptosis, and an up-regulation of a proto-oncogene and a metastasis 

factor (CAIN et al. 2011). hYVH1’s role in cell cycle progression in humans and 

ribosome biogenesis in yeast make it a good candidate gene for further cancer 

studies. 

 

1.12 YVH1 in other organisms 

 Although the majority of the research on the function of YVH1 has 

occurred in yeast and humans, orthologs of the protein have been found in a wide 

range of organisms. One study in the malaria parasite Plasmodium falciparum 

showed results similar to those observed in yeast (SAKUMOTO et al. 2001). The 

protein was shown to localize to the cytoplasm during growth stages but did 

migrate to the nucleus during a developmental stage that involved a high amount 

of transcriptional and translational activity (BOZDECH et al. 2003).  Therefore the 

protein was suggested to partake in nucleo-cytoplasmic shuttling. The 

phosphatase domain was found to be active in vitro and required the cysteine 

within the catalytic domain. Finally, the researchers were able to demonstrate that 
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the P. falciparum YVH1 interacts with the NOP7 ortholog, suggesting a role in 

ribosome biogenesis (KUMAR et al. 2004).  

 Another study on the opportunistic fungal pathogen Candida albicans 

revealed that the YVH1 KO had a slow rate of hyphal development and cell cycle 

progression. The virulence of the KO strain when injected into mice was also 

delayed when compared to wild type. However this delay in virulence could have 

been due to a delay in growth (HANAOKA et al. 2005).  

 

1.13  Objective of this Study 

 The goal of this study was to understand the role of YVH1 in the 

alternative oxidase pathway of N. crassa. YVH1 was suggested to have a role in 

AOX production when it was observed that the KO strain for the yvh1 gene was 

unable to induce AOX when grown in the presence of inducers of the pathway 

(NARGANG et al. 2012). In an attempt to understand the role of YVH1 in AOX 

production I studied the KO’s response to growth in the presence of the inducers 

using qPCR techniques and cytochrome spectra analysis. To determine where in 

the cell the YVH1 protein is localized, I created N. crassa transformants that 

harbored a HA-tagged YVH1 protein either at the N- or C-terminus. Using these 

strains I fractionated the cell using differential centrifugation, then observed 

which fraction contained the HA-tagged YVH1, in both inducing and non-

inducing conditions. The phosphatase domain and the zinc-binding domain of the 

protein were studied by mutating key amino acids of the N-HA tagged YVH1 and 

observing the effect on N. crassa cells grown in both conditions. Determining the 

role of YVH1 in AOX production can help to further understand the control and 

regulation of AOX in N. crassa. To my knowledge this is the first investigation of 

YVH1 having a role in AOX production.  
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2 MATERIALS AND METHODS 

 

2.1  Handling of N. crassa strains 

 Table 1 lists the strains used in this study. Unless otherwise stated, 

handling and growth of the N. crassa strains were performed using media and 

techniques as previously described (DAVIS and DE SERRES 1970). Unless 

otherwise stated, all growth of N. crassa strains was performed at 30°C. To 

produce conidia, most strains were grown in the dark in 250 ml Erlenmeyer flasks 

on 50 ml of solid agar containing Vogel’s salts with sucrose as the carbon source 

and trace elements and biotin added (VSuTB) for 48 hr (METZENBERG 2003).  

Flasks (referred to as “conidia flasks”) were then removed from the 30°C 

incubator to a room temperature bench with constant light to allow formation of 

conidia. The Δyvh1 strain and the strain containing mutations in the zinc-binding 

domain of the yvh1 gene are deficient in conidiation. They were grown on 25 ml 

of solid agar VSuTB media in 125 ml Erlenmeyer flasks for 72 hr before being 

moved to a room temperature bench. Cm, at a final concentration of 2 mg/ml from 

a 200 mg/ml stock in 95% ethanol, and antimycin A, at a final concentration of 

0.5 µg/ml from a 1 mg/ml stock in 95% ethanol, were added to media where 

indicated. Basta (glufosinate or phosphinothricin), from a 200 mg/ml stock in 

95% ethanol was used at a final concentration of 200 µg/ml. Bleomycin, when 

required, was used at a final concentration of 1.0 µg/ml.  

 

2.2  Measurement of growth rates 

 Conidia from the N. crassa strains being investigated were harvested in 50 

ml of sterile, distilled water per conidia flask and spun in a clinical centrifuge at 

max speed for 2 min (International Equipment Company, Needham Heights, MA) 

to pellet the conidia. Conidia were washed one time in sterile, distilled water, 

resuspended in 1 ml of sterile, distilled water and transferred to a 1.5 ml 

Eppendorf tube. The concentration of conidia was determined by counting 

dilutions using a hemacytometer visualized under a microscope. Suspensions with 

final concentrations of 106, 105, and 104 conidia/ml were made and 10 µl of each 
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dilution was spotted on plates containing standard Vogel’s sorbose medium 

(VSoTB) with or without antimycin A. Minimal media plates were incubated for 

48 hr and minimal media plates containing antimycin A were incubated for 68 hr.  

 

2.3 Transformation of N. crassa and isolation of working strains 

  DNA was transformed into conidia of N. crassa by electroporation using 

the procedure of HOPPINS et al. (2007b). One to two week old conidia were 

harvested, washed three times with 50 ml of ice cold, sterile 1 M sorbitol, and 

suspended at a final concentration of 2 to 2.5x109 conidia/ml. The conidia were 

aliquoted into 40 µl (roughly 1x108 conidia) samples and 2-5 µg of linearized 

plasmid DNA in 5 µl of water was added. The suspension was mixed and pipetted 

into an electroporation cuvette. Cuvettes were placed on ice for 5 min then 

electroporation was performed at 2.1 kV, 475 Ω, and 25 µF (ECM 630 BTX, San 

Diego, CA) with a time constant of roughly 11 ms. 1 ml of 1 M sorbitol was 

added immediately to the cuvette and the mixture was transferred to an Eppendorf 

tube and placed in a 30°C incubator for 30-60 min. 50 µl or 250 µl aliquots of the 

electroporated conidia suspension were added to 50 ml of 45ºC top agar (VSoTB 

containing 1 M sorbitol and the appropriate antibiotic). The solution was mixed 

and 10 ml was spread over plates of agar medium containing the same ingredients 

as the top agar except lacking the 1 M sorbitol. The plates were then incubated at 

30°C until transformed colonies were visible (3-5 days). Sterile glass Pasteur 

pipettes were used to transfer single colonies from the plates to VSuTB agar slants 

containing half the concentration of antibiotic used for the initial selection, to 

allow for better conidiation. The slants were placed in a 30°C incubator until 

mycelium covered the surface of the agar and then were removed to room 

temperature to allow conidia to form. Conidia were streaked out onto VSoTB agar 

media containing the appropriate antibiotic at full strength and incubated at 30°C 

to obtain single colony isolates. Single colonies were then picked with sterile 

glass pipettes and transferred to VSuTB agar slants lacking the antibiotic and 

grown to obtain conidia for further analysis. 
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2.4 Creation of N- and C- YVH1 3xHA tagged wild type and mutant 

plasmids  

 The yvh1+ gene (predicted size of genomic sequence is 2290 bp) was 

amplified through PCR from a cosmid (pMOcosX X6H9), which contains 

genomic sequence of N. crassa encompassing the yvh1+ locus. The cosmid was 

obtained from the Fungal Genetics Stock Center (FGSC). The nearest genes 

upstream and downstream to yvh1 are located 895 and 1066 bp away, respectively, 

as determined by inspection of reading frame predictions in the genome and 

RNA-seq data. Primers designed to amplify the predicted coding region plus 617 

bp upstream from the start codon to 518 bp downstream of the stop codon of the 

yvh1 gene were constructed with AscI restriction sites at the 5′ ends (Table 2). The 

insert was 2,596 bp long and contained 1 intron. The amplified fragment was 

digested with AscI and ligated into an AscI digested modified bluescript plasmid 

(pBS520-AscI), which also contained a bleomycin resistance gene. After 

screening plasmids isolated from E. coli through restriction analysis and 

sequencing of the yvh1+ gene, plasmid p100B5-AscI was chosen for future work.   

 Primers were designed to create NotI sites either after the start codon at the 

5′ end or before the stop codon at the 3′ end, using site directed PCR mutagenesis. 

Plasmids p100B5-5′NotI and p100B5-3′NotI were confirmed through sequencing 

and used for further work. Three repeats of the hemaglutinin (HA) epitope 

(YPYDVPDYA) was obtained from a plasmid (FN-NotI-HA3) that was 

synthesized by Integrated DNA Technologies (IDT, Coralvile, Iowa). The HA 

epitope was removed from the plasmid by digestion with NotI and cloned into the 

NotI digested yvh1+ containing plasmids. The yvh1+ coding sequence was 

confirmed through sequencing and the resulting plasmids were termed either 

p5′HA-100B5 or p3′HA-100B5. Initial attempts at transformation of N. crassa 

using bleomycin as the selectable marker were unsuccessful. Therefore the 3xHA 

tagged yvh1+ was cut out of p5′HA-100B5 and p3′HA-100B5 with AscI and 

cloned into pBARSK1, which contains basta as a selectable marker (PALL and 

BRUNELLI 1993). Plasmids chosen for further work were pBAR-5′HA and pBAR-

3′HA. Once plasmids were confirmed through sequence analysis, the HA-tagged 
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wild type copy of yvh1+ was linearized and transformed into N. crassa as 

described above, using basta as the selectable antibiotic.   

 To create the phosphatase domain mutant (P-mutant) and the zinc binding 

domain mutant  (Z-mutant), primers were designed to change the coding sequence 

of N-HA::yvh1+ in pBAR-5′HA at specific regions via site directed PCR 

mutagenesis. The amino acid changes for the P-mutant were histidine 149 to 

glutamine (H149Q), cysteine 150 to serine (C150S), and arginine 156 to 

glutamine (R156Q). These changes were in the conserved HC(X)5R phosphatase 

domain of the protein. To create the Z-mutants, a pair of cysteines of the zinc-

binding domain in the C-terminal region were mutated to serines. The cysteines 

are located at position 340 and 345 in the C-terminal domain of the YVH1 protein 

(C340S, C345S). Once the mutations were confirmed through sequencing, 

transformation of N. crassa was carried out as outlined. 

 

2.5  Isolation of mitochondria, cytosolic, and post-mitochondrial pellet 

fractions  

 N. crassa cultures were grown for specified times at 30°C with aeration by 

shaking in liquid VSuTB media with or without Cm in baffled flasks. Crude 

mitochondria were isolated as previously described (NARGANG and RAPAPORT 

2007). Mycelium was harvested onto a filter paper through vacuum filtration and 

weighed. Samples were ground for one minute using a mortar and pestle with 

sand equal to the weight of the mycelium (Sigma-Aldrich, St. Louis, MO), and 

SEMP isolation buffer (1 ml/g of mycelium) (0.25 M sucrose; 10 mM MOPS, pH 

7.2; 1 mM EDTA; 1 mM phenylmethylsulphonyl fluoride (PMSF)) containing 

protease inhibitors (final concentrations of 2 µg/ml aprotinin, 1 µg/ml leupeptin 

and 1 µg/ml pepstatin A). After grinding, another volume of SEMP plus protease 

inhibitors (1 ml/g of mycelium) was added.  The slurry was centrifuged at 3,600 x 

g (5,000 rpm) for 5 min twice, keeping the supernatant each time, using a SA-600 

rotor of a Sorvall RC-5C Plus centrifuge (Sorvall, Mandel Scientific, Guelph, 

ON). The supernatant, which contained both cytosol and mitochondria, was 

pelleted by centrifuging at 21,000 x g (12,000 rpm) for 20 min, using the same 
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rotor and centrifuge as previous centrifugation. If required, the supernatant was 

saved as a crude cytosolic fraction for further use (see below). The pellet was 

washed by resuspending in 5 ml of SEMP and repeating the 21,000 x g 

centrifugation. The pellet was resuspended in 1 mL of SEMP, transferred to a 

microcentrifuge tube, and centrifuged at top speed in a Eppendorf tabletop 

centrifuge (13,000 rpm). The supernatant was poured off and the mitochondrial 

pellet was resuspended in SEMP plus protease inhibitor. The amount of buffer 

added depended on the size of the pellet but ranged from about 200 to 1000 µl. 

These mitochondria were classified as “crude” mitochondria.  

 To obtain gradient purified mitochondria for the fractionation experiments, 

the mitochondria were further purified through a sucrose gradient. Crude 

mitochondria were pelleted and resuspended in 1.5 ml of SEMP isolation buffer 

containing 60% sucrose and transferred to a thick wall polycarbonate 

ultracentrifuge tube (Beckman Instruments Inc., Palo Alto, CA). 1.5 mL of SEMP 

with 55% sucrose was layered over the 60% layer, and 0.75 ml of 44% sucrose 

SEMP was layered over the 55% layer. The sample was centrifuged at 75,000 x g 

(35,000 rpm) for 2 hr in a TLA110 rotor in a Beckman OptimaTM MAX 

ultracentrifuge (Beckman Instruments, Palo Alto, CA). The mitochondria were 

isolated from the interface of the 44% and 55% SEMP layers, placed in an 

Eppendorf tube, and diluted with roughly 1 ml of SEMP (enough to fill the 1.5 ml 

microfuge tube). The sample was then pelleted for 30 min at top speed (13,000 

rpm) using a refrigerated Eppendorf tabletop centrifuge and resuspended in a 

volume of SEMP, which depended on the size of the pellet (usually between 200 

and 1000 µl).  

 The crude cytosolic fraction obtained from the crude mitochondria 

isolation described above was further purified through centrifugation. The crude 

cytosolic fraction was spun twice for 30 min at 32,500 x g (15,000 rpm) in an SA-

600 rotor of a Sorvall RC-5C Plus centrifuge discarding the pellet each time. This 

supernatant was used as the crude cytosolic sample in some experiments. For 

subcellular fractionation experiments this fraction was further centrifuged to 

isolate the cytosolic and PMP fraction, which contains fragmented endoplasmic 
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reticulum and other organelles. 1.5 ml of the crude cytosolic fraction was placed 

in a polyallomer Beckman ultracentrifuge tube (Beckman Instruments Inc., Palo 

Alto, CA). The sample was centrifuged at 130,000 x g (48,000 rpm) for 1.5 hours 

in a TLA55 rotor in a Beckman OptimaTM MAX ultracentrifuge. 800 µl of the 

supernatant was collected for the cytosolic fraction and the pellet was resuspended 

in 100 to 200 µl of SEMP plus protease inhibitors as the post-mitochondrial pellet 

(PMP). All centrifugations were performed at 4ºC. 

   

2.6  Extraction and purification of nuclei  

 The isolation of nuclei was accomplished with a modified version of a 

previously described protocol (TALBOT and RUSSELL 1982). Strains were grown 

by bubbling with forced air sterilized by a filter through 1.5 L of VSuTB liquid 

media at 30°C and harvested through vacuum filtration. The pad of mycelium was 

weighed and then ground in the presence of liquid nitrogen into a very fine 

powder. 2 volumes (v/w) of buffer A (1 M sorbitol, 5% [w/v] Ficoll 400, 20% 

[v/v] glycerol, 5 mM MgCl2, 10 mM CaCl2, 1% [v/v] Triton-X-100, adjusted to 

pH 7.5) with 1 mM PMFS and protease inhibitors (describe in section 2.5) were 

added per gram of mycelium and the mixture was allowed to thaw at room 

temperature for roughly 15 min. The homogenate was then passed twice through 

miracloth (Calbiochem) to remove the bulk of the cellular debris. Further cellular 

debris was removed by centrifugation at 2,400 x g (4070 rpm) twice for 10 min 

using a SA-600 rotor of a Sorvall RC-5C Plus centrifuge with the supernatant 

being saved after each spin. To obtain crude nuclei the solution was centrifuged 

for 50 min at 9,000 x g (7890 rpm) using same rotor as previous centrifugation. 

The supernatant was carefully removed and discarded following the spin. The 

white pellet was resuspended in ice cold buffer B (1 M sucrose, 50 mM Tris-HCl 

[pH 7.5], 5 mM MgCl2, 10 mM CaCl2, 1% [v/v] Triton X-100) with 1 mM PMSF 

and the protease inhibitors (described in section 2.5). Roughly 1 ml of buffer B 

was added per 5 g (v/w) of starting mycelium. A Percoll:sucrose solution was 

created by adding 9 parts (v/v) of Percoll (GE Healthcare) to 1 part (v/v) of 2.5 M 

sucrose. 2 ml of Percoll:sucrose solution was added to 1 ml of nuclei suspended in 



 

 44 

Buffer B in a 3.2 ml thick wall polycarbonate ultracentrifuge tube (1 tube per 5 g 

of starting mycelium) and mixed through gentle pipetting. The tubes were placed 

in a TLA110 rotor in a Beckman OptimaTM MAX ultracentrifuge and spun for 45 

min at 58,000 x g (38,000 rpm). The nuclei banded in the middle of the gradient 

and could be seen as white bands. The bands were removed and combined to a 

single thick wall polycarbonate tube and spun for 2 hrs at 100,000 x g (49,000 

rpm) to remove the Percoll. The white nuclei settled on top of the Percoll pellet. 

The nuclei were removed and added to an Eppendorf tube and washed in 

suspension buffer (25 mM sucrose, 50 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 10 

mM CaCl2) once by pelleting in an Eppendorf tabletop centrifuge at max speed 

(13,000 rpm). The final pellet was suspended in 50 to 200 µl of suspension buffer.  

 

2.7  Whole cell extracts  

 Liquid media was inoculated with conidia and cultures were aerated by 

shaking in baffled flasks for 20 hr at 30°C. Mycelium were harvest by vacuum 

filtration and 1 gram of mycelium was ground with 1 gram of sand (Sigma-

Aldrich, St. Louis, MO) and 1 ml of SEMP containing 2% sodium dodecyl sulfate 

(SDS). Samples were centrifuged for 10 min at 3600 x g (5,000 rpm) using a SA-

600 rotor of a Sorvall RC-5C Plus centrifuge to remove cellular debris and sand. 

The supernatant was collected and protein concentrations were determined using 

the BCA-200 protein assay system (Pierce, Rockford, IL), which is tolerant of 

SDS. 

 

2.8  Quantitative real time polymerase chain reaction (qPCR)  

 All qPCR data shown is based on 4 biological samples each tested in three 

technical replicates. Conidia from specified strains were inoculated into liquid 

media and were grown through aeration by shaking in baffled flasks for the 

specified time at 30°C with or without Cm. Bubbling of 2 L Erlenmeyer flasks 

containing 1.5 L of VSuTB liquid media was used to isolate mitochondria at the 

same time as RNA isolation for the 18 hr plus Cm samples. Roughly 100 mg of 

mycelium was harvested through vacuum filtration and flash frozen in liquid 
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nitrogen. Total RNA was isolated using the RNeasy Kit from Qiagen following 

the manufacture’s instructions for fungi (Qiagen Inc., Santa Clarita, CA). RNA 

integrity was checked using a BioAnalyzer 2100 nano chip (Agilent Technologies, 

Mississauga) following the manufacture’s instructions. cDNA was reverse 

transcribed from RNA (1 µg/reaction) using superscript III (Invitrogen, Carlsbad, 

CA) following the manufacture’s directions. qPCR (StepOnePlus, Applied 

Biosystems, Foster City, CA) used the synthesized cDNA and PowerSYBR Green 

PCR master mix (Applied Biosystems, Foster City, CA) with 5 ng of cDNA 

template at a primer concentration of 200 nM in a total sample volume of 10 µl in 

a 96-well reaction plate. Samples were normalized to gapdh, a glycolysis enzyme 

(NICHOLLS et al. 2012), based on the ΔΔCT method. 

 

2.9 Cytosolic ribosome isolation  

 Ribosomes were isolated through a combination of two previously 

published techniques (LO et al. 2009; SCHLITT and RUSSELL 1974).  5 grams of 

mycelium were ground in the presence of an equal weight of Sigma sand (Sigma-

Aldrich, St. Louis, Mo) and 6 ml of ribosome buffer (20 mM Tris-HCl [pH 7.5], 

50 mM NaCl, 10 mM MgCl2, 0.25 M ultra pure sucrose) containing 1 mM PMSF 

and protease inhibitor (described in section 2.5) into liquid slurry. To remove 

cellular debris the sample was centrifuged for 3,600 x g (5,000 rpm) for 5 min 

using a SA-600 rotor of a Sorvall RC-5C Plus centrifuge. The supernatant was 

spun twice at 32,000 x g (15,000 rpm) for 20 min using a SA-600 rotor of a 

Sorvall RC-5C Plus centrifuge, avoiding transfer of the liquid scum at the top of 

the supernatant each time. 0.05 volume of 20% Triton-X-100 was added and 

mixed on ice for 5 min. The mixture was transferred into a polyallomer Beckman 

ultracentrifuge tube. A clarifying spin was done for 30 min at 70,000 x g (40,000 

rpm) in a TLA55 rotor in a Beckman OptimaTM MAX ultracentrifuge. The pellet 

was resuspended in 200 to 400 µl of ribosome buffer and labeled as the clarifying 

spin (CS). 1 ml of the supernatant from the clarifying spin was layered over a 1 ml 

sucrose “cushion” (20 mM Tris-HCl [pH 7.5], 8 mM MgCl2, 100 mM KCl, 1 M 

ultrapure sucrose) in a thick wall polycarbonate ultracentrifuge tubes for the 
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TLA110 rotor and ultracentrifuged at 300,000 x g (80,000 rpm) for 2 hr in a 

Beckman OptimaTM MAX. 200 µl was taken from the top for the supernatant 

fraction. The rest of the liquid was removed and the sides of the tube were washed 

with sterile water. The clear pellet was resuspended in 50 µl of ribosome buffer 

and labeled as the ribosomal pellet.   

 The yeast RPL3 antibody developed by Jonathan R. Warner was obtained 

from the Developmental Studies Hybridoma Bank developed under the auspices 

of the NICHD and maintained by The University of Iowa, Department of Biology, 

Iowa City, IA 52242. 

 

2.10 Spectral analysis  

 Crude mitochondria were isolated as described above after growth in the 

presence or absence of Cm. Final mitochondrial pellets were suspended in 1 ml of 

SEMP. To lyse the mitochondria an equal volume of 10 mM MOPS, pH 7.2 

containing 5% sodium deoxycholate was added. The sample was gently mixed 

and clarified by centrifugation in an Eppendorf tabletop centrifuge at top speed 

(13,000 rpm) for 5 min. The supernatant was removed and placed in new 

microfuge tubes. Two cuvettes were filled with equal amounts of the 

mitochondrial solution. To oxidize the reference sample, a few crystals of 

potassium ferricyanide were added. The other sample was reduced with a few 

crystals of sodium dithionite. The samples were placed in a Biochrom Ultrospec 

3100 pro spectrophotometer (GE Healthcare) and the absorbance from 500 nm to 

650 nm was analyzed to create the oxidized vs. reduced spectra. Original graphs 

were traced with a pencil, scanned into Adobe Photoshop, and edited in Adobe 

Illustrator to produce the figures.  

 

2.11  RNA-seq 

 The samples tested were Δyvh1 and the control strain grown in VSuTB 

plus Cm for 12 hrs. Total RNA was isolated and integrity was checked as 

described above (section 2.8). The cDNA library was created following the Low 

Sample Protocol of TruSeqTM RNA Sample Preparation v2 Guide (Illumina, San 
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Diego, CA). The library was sequenced by Delta Genomics (Edmonton, AB) 

using a HiScanTMSQ sequencing instrument (Illumina, San Diego, CA). Statistics 

were calculated by Kirsten Smith in Dr. Michael Freitag’s lab at Oregon State 

University.  

 

2.12  General procedures and other techniques 

 Standard procedures were followed for DNA agarose gel electrophoresis, 

transformation of Escherichia coli, isolation of bacterial plasmid DNA, cloning, 

restriction digests of plasmid DNA, and site directed PCR mutagenesis of plasmid 

DNA (SAMBROOK and RUSSELL 2001). Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) (LAEMMLI 1970) and western blotting (GOOD 

and CROSBY 1989) were performed as previously described. Proteins were 

prepared for SDS-PAGE by dissolving in cracking buffer (0.06 M Tris-HCl, pH 

6.8; 2.5% SDS; 5% sucrose; 5% β-mercaptoethanol). Western blot detection used 

the LumiGLO chemiluminescent substrate system (Mandel Scientific Company 

Inc., Guelph, ON). Protein concentration was determined using the colourimetric 

Bio-Rad protein assay kit (Bio-Rad, Hercules, CA). For automated sequencing, a 

BigDye Terminator cycle sequencing kit (Version 3.1) was used. The reactions 

were analyzed using a model 3730 DNA Analyzer (Applied Biosystems, Foster 

City, CA) in the Molecular Biology Service Unit (MBSU) of the Department of 

Biological Sciences. Bacterial plasmid DNA was isolated using Qiagen mini-prep 

column spin kits (Qiagen Inc., Santa Clarita, CA) following the manufactures 

manual. 

 

2.13 Oligonucleotides and plasmids 

 Table 2 and table 3 list the oligonucleotides and plasmids used, 

respectively, in this study. 
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Table 1. Strains used in this study 

Strain Comments Origin 

NCN251 Mating type A; laboratory wild type strain FGSC 
#2489 

Δyvh1  Mating type A; a 1949 bp deletion of yvh1+ by 
replacement with a hygromycin resistance 
cassette 

FGSC 
#19644 

N-HA YVH1 Δyvh1;HA::yvh1+(EC) 
Contains an ectopic copy of genomic yvh1+ 
with an N-terminal 3xHA tag. Created by 
transformation of Δyvh1 with linearized 
plasmid pBAR-5′HA (see Table 3). Also basta 
and hygromycin resistant. 
Isolate #2 

This study 

C-HA YVH1 Δyvh1;HA::yvh1+(EC) 
Contains an ectopic copy of genomic yvh1+ 
with a C-terminal 3xHA tag. Created by 
transformation of Δyvh1 with linearized 
plasmid pBAR-3′HA (see Table 3). Also basta 
and hygromycin resistant. 
Isolate #1 

This study 

N-HA YVH1 
Phosphatase 
mutant  
(N-HA P-8) 
 

Δyvh1;HA::yvh1P-mut(EC) 
Contains an ectopic copy of genomic yvh1 with 
amino acids H149, C150, and R156 in the 
HC(X)5R dual specificity phosphatase domain 
mutated to QS(X)5Q. Created by 
transformation of Δyvh1 with linearized 
plasmid pBAR-5′HA-P-mut.  
Isolate #8 

This study 

N-HA YVH1 
Zinc binding 
mutant  
(N-HA Z-9) 
 

Δyvh1;HA::yvh1Z-mut(EC) 
Contains an ectopic copy of genomic yvh1 with  
cysteine 340 and 345 of the zinc binding 
domain mutated to serine. Created by 
transformation of Δyvh1 with linearized 
plasmid pBAR-5′HA-Z-mut. 
Isolate #9 

This study 
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Table 2. Oligonucleotides 

Primer name Sequence (5′  - 3′) Comments 
bdNCU08158-F GATTTATAGGCGC

GCCGCCCTGGGCC
ATCCCCTCTGTTA
TCCCGTCG 

Forward primer used to 
amplify yvh1+ including 
617 bp of 5′ region 
upstream of start codon. 
AscI site in 5′ end 

bdNCU08158-R TTCTAGATGGCGC
GCCCGGAGGGAA
ACTGAAGCATCAA
AGGGCC 

Reverse primer used to 
amplify yvh1+ including 
518 bp of 3′ region 
downstream of stop codon. 
AscI site in 5′ end 

5′not1NCU08158bd /5Phos/GCCCGGAG
AGACCGGTCGCAA
TGGCGGCCGCGCG
CTAAATCGCATCA
ATGG 

Insert NotI site into yvh1+ 
coding region after the 
start codon 

3′not1NCU08158bd /5Phos/GGTGGACC
TAAGGAGAACCTA
GCGGCCGCTGAAT
GGATTCTTCTTTTG
TGGG 

Insert NotI site into yvh1+ 
coding region before the 
stop codon 

(1)bdseqNCU08158 ACGAGCAACCCGC
CTT 

yvh1 sequencing 

(2)bdseqNCU08158 CGTGGAGGAGGCC
GAT 

yvh1 sequencing 

(3)bdseqNCU08158 CAGGAGACGACG
CGGT 

yvh1 sequencing 

(4)bdseqNCU08158 ATGAGGCGACGTC
GGC 

yvh1 sequencing 

phosphatasedomain  
 

/5Phos/AACCCGGC
GCCGTCCTAGTCC
AGAGCGCCATGGG
CAAATCTCAATCC
GTCTCCGCCATCG
TCGCCTAC 

yvh1 phosphatase domain 
mutations H149Q, C150S, 
R156Q 

NCU08158 
C340,345/S 

/5Phos/GAGCTGGA
GGGCAGACTAACG
TCTCCGAACCAAA
AGTCTCTGGCGTC
CGTGGGGAGGTA 

yvh1 zinc binding domain 
mutations C340S, C345S 
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aod-1 (θ aod-3) 
forward qPCR. 

CCACTTCCTTACA
TCCAACACAGA 

aod-1+ qPCR forward 
primer. Base 116 to 139. 
Designed to not align with 
aod-3 sequence 

aod-1 (θ aod-3) 
reverse qPCR;  

TCAGTCGAGTAAC
GCTTGTTGTC 

aod-1+ qPCR reverse 
primer. Base 174 to 196. 
Designed to not align with 
aod-3 sequence 

gapdh forward 
qPCR 

CATTGAGCACGAT
GACATCCA 

gapdh+ qPCR forward 
primer. Base 63 to 83. 

gapdh reverse qPCR GGAGCATGTAAGC
AGCGTACTTG 

gapdh+ qPCR reverse 
primer. Base 117 to 139 
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Table 3. Plasmids used in this study 

General Plasmids 

Plasmid name Origin or source Comments 

pMOcosX X6H9 FGSC Cosmid containing N. crassa 
genomic sequence including 
yvh1+; Hygromycin and 
ampicillin resistance 

pBS520-AscI Frank Nargang Modified Bluescript with 
NotI site mutated to AscI; 
Bleomycin and ampicillin 
resistance 

pBARSK1 FGSC Modified pUC with 
polylinkers from pGEM and 
Bluescript vectors; Basta 
and ampicillin resistance 
(PALL and BRUNELLI 1993) 

pBARSKI-AscI Frank Nargang NotI sites mutated to AscI in 
pBARSK1; Basta and 
ampicillin resistance 

FN-NotI-HA3 IDT Technologies Modified pUC that contains 
three repeats of 
hemagglutinin (HA) epitope 
(YPYDVPDYA) flanked by 
NotI sites; Kanamycin 
resistance 

yvh1 containing plasmids 

Plasmid name Origin or source Comments 

p100B5-AscI This study yvh1+ fragment amplified 
from pMOcosX X6H9 using 
primers bdNCU08158-F and 
bdNCU08158-R cloned into 
pBS520-AscI 

p100B5-5′NotI This study NotI site introduced after 
start codon of yvh1+ in 
pBS520-AscI 

p100B5-3′NotI This study NotI site introduced before 
stop codon of yvh1+ in 
pBS2520-AscI 
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p100B5-5′HA This study NotI digested 3xHA epitope 
from FN-NotI-HA3 cloned 
into NotI digested p100B5-
5′NotI 

p100B5-3′HA This study NotI digested 3xHA epitope 
from FN-NotI-HA3 cloned 
into NotI digested p100B5-
3′NotI 

pBAR-5′HA This study 5′HA::yvh1+ plus upstream 
and downstream regulatory 
sequence cut out of p100B5 
5′HA using AscI and cloned 
into AscI digested 
pBARSKI-AscI 

pBAR-3′HA This study 3′HA::yvh1+ plus upstream 
and downstream regulatory 
sequence cut out of p100B5-
3′HA using AscI and cloned 
into AscI digested 
pBARKS1-AscI 

pBAR-5′HA-P-mut This study Coding sequence of 
phosphatase domain of yvh1 
in pBAR-5′HA mutated so 
amino acid changes are 
H149Q, C150S, R156Q  

pBAR-5′HA-Z-mut This study Coding sequence of zinc-
binding domain of yvh1 in 
pBAR-5′HA mutated so 
amino acid changes are 
C340S and C345S  
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3 RESULTS 

 

3.1  A dual specificity phosphatase protein has a role in AOX production 

in N. crassa 

The protein coding sequence of N. crassa yvh1 is 1317 bp long, is made 

up of two exons, and encodes a 439 amino acid, 47.2 kDa protein (Figure 7A). N. 

crassa YVH1 shares 31% amino acid sequence identity with S. cerevisiae YVH1 

(E value = 4e-52, BLASTP) and 29% identity with DUSP12 or hYVH1, the 

Homo sapiens ortholog (E value = 1e-31, BLASTP) (Figure 7B). As described in 

the Introduction, the yvh1 KO strain (Δyvh1; Table 1) was identified in a screen of 

the N. crassa KO library as having defects in AOX production. To further 

examine this defect I grew the strain in the presence of the AOX inducer Cm (see 

section 1.8.1) over the course of various time points and analyzed for the presence 

of AOX through western analysis. The control strain (NCN251; Table 1) had 

similar levels of AOX at all time points tested from 16 to 48 hr. On the other hand, 

AOX was not observed in Δyvh1 until between 20 to 24 hr (Figure 8A). The level 

of the protein slowly increased over the time points examined but the amount 

never fully reached the same level as the control at 48 hr of growth. To examine 

the ability of Δyvh1 to grow using AOX for respiration, conidia were spotted on 

media containing antimycin A, which blocks the sETC at complex III. Relative to 

a negative control lacking AOX, Δyvh1 exhibited a small amount of growth in the 

presence of antimycin A. However the growth rate was much slower than the wild 

type control strain (Figure 8B).  

 

3.2  aod-1 transcript levels in the Δyvh1 strain 

 YVH1 has been shown to be a protein involved in the late maturation step 

of ribosome biogenesis in S. cerevisiae (KEMMLER et al. 2009; LO et al. 2009). 

Therefore, I hypothesized that under inducing conditions there might be a delay of 

translation of aod-1 transcripts leading to the AOX deficiencies described above. 

If this were the case, levels of the aod-1 transcript might be expected to be similar 

to those in a control grown under the same conditions. qPCR was performed to  
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Figure 7. Structure of the yvh1 predicted coding sequence and protein. A) The 
yvh1 gene is located on the 7th chromosome in the Neurospora crassa genome. 
The protein coding sequence is 1317 nucleotides long and is composed of 2 exons 
that are separated by 1 intron in the genomic sequence. The protein encoded is 
439 amino acids long and contains a HC(X)5R dual specificity phosphatase 
domain located in the N-terminal region and a zinc-binding domain containing 
seven Cys and one His residues in the C-terminal region. B) Amino acid 
similarity between the functional domains of YVH1 proteins. The amino acid 
sequence of YVH1 of Neurospora crassa was aligned to Podospora anserina (E 
value = 3e-156, BLASTP), Mus musculus (E value = 1e-33, BLASTP), Homo 
sapiens (E value = 1e-31, BLASTP), and Saccharomyces cerevisiae (E value = 
4e-52, BLASTP) using the online ClustalW tool of European Bioinformatics 
Institute. E values are based on whole protein alignment of YVH1 orthologs. The 
alignment shows only the portion of the proteins that contain the two functional 
domains shown in panel A. The amino acids that make up the phosphatase 
domain in the N-terminal region are highlighted in the black box. The seven Cys 
and one His that make up the zinc-binding domain of the COOH region are shown 
in red boxes. The "*" shows identical residues in all the seqences compared. The 
":" shows conserved substitution of residues with the same physiochemical 
properties. "." shows semi-conserved substitution between residues of a the 
aligned protein. 
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Figure 8. Induction of AOX and growth of Δyvh1. A) Western blot analysis for 
the timing of induction of AOX. Mitochondrial fractions were isolated from the 
control strain (NCN251) and Δyvh1 after growth in Cm for the specified times. 
Proteins were separated by SDS-PAGE, blotted to nitrocellulose membrane and 
probed with antibodies as indicated on the right. TOM70, an outer mitochondrial 
membrane protein, was used as a loading control. B) Growth rate of Δyvh1. Ten 
fold serial dilutions of conidia (indicated at top of panel) from a control strain (Ct; 
NCN251), a negative control strain (Δaod-1) and Δyvh1 were spotted and 
incubated at 30°C for 48 hr on minimal media and 68 hr on medium containing 
antimycin A.  
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determine the levels of the aod-1 transcript in a control and Δyvh1 strain when 

grown in the presence or absence of the AOX inducer Cm. RNA was isolated 

from four biological replicates of each strain under each condition following 

growth for 18 hr. To compare AOX protein levels to transcript levels, 

mitochondria were also isolated from the biological replicates of both the control 

and Δyvh1. As predicted from the previous results (Figure 8A), after 18 hr of 

growth in Cm, the Δyvh1 strain had no detectable AOX protein while the control 

strain did (Figure 9A). When the control strain was grown for 18 hr in inducing 

conditions (+ Cm), the aod-1 transcript levels increased about 25 fold compared 

to the control without the inducer (Figure 9B). When the Δyvh1 strain was grown 

for 18 hr without the inducer, transcript levels of aod-1 were only about 20% of 

the control levels grown without the inducer (Figure 9C). When the Δyvh1 strain 

was grown in the presence of the inducer, the transcript levels were increased to 

about the control levels grown without inducer (Figure 9C). Thus, there was an 

increase in aod-1 transcript levels in the Δyvh1 cells when grown in Cm, but only 

about 5 fold over Δyvh1 without Cm (Figure 9D) and about 25 fold less than the 

control grown in the presence of inducer (Figure 9B). These results show that 

aod-1 transcript levels are severely reduced in Δyvh1 compared to control cells 

grown in Cm (about 3.2%) and therefore do not support the hypothesis that 

inhibition of translation accounts for the deficiency of AOX in the mutant strain. 

The data also suggest that in the 18 hr Δyvh1 culture grown without Cm, the basal 

level of transcription is reduced. In the Δyvh1 cells grown in the presence of Cm, 

some induction occurs, but this falls well below the level of that observed in 

control cells grown under similar conditions. Together these data suggest that 

both the basal level of aod-1 transcription and the ability to respond to the 

inducing signal are deficient in Δyvh1 cells.  

 To determine if the level of aod-1 transcripts increased in Δyvh1 in older 

cultures, the experiment was repeated for cells grown for 36 hr in the presence of 

Cm. In the control strain, the fold change between uninduced and induced cells 

was roughly the same as for 18 hr cultures (Figure 9E). For Δyvh1, the level of  
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Figure 9. AOX protein and transcript levels in the control (Ct) and the Δyvh1 
strain. A) Western blot analysis of four biological replicates of the control strain 
(Ct; NCN251) and Δyvh1 grown in the presence of Cm for 18 hr. Mitochondrial 
were isolated from the biological replicates. Proteins were separated by SDS-
PAGE, blotted to nitrocellulose membrane and probed with antibodies as 
indicated on the right. B) C) D) and E) qPCR of aod-1 transcript levels in control 
(Ct) and Δyvh1 grown in the presence or absence of Cm for 18 hr (B, C, D) or 36 
hr (E). Error bars represent 95% confidence intervals. Fold change values were 
relative to the control (B, C, E) or Δyvh1 (D) grown in the absence of the inducer 
Cm for 18 hr. Graphs B, C, and D are all created from the same data but 
emphasizes different aspects of the comparison. Samples were normalized to 
gapdh based on the ΔΔCT-method. F) Fold change of Δyvh1 grown in Cm for 36 
hr relative to Δyvh1 grown for 18 hr in the absence of Cm. Error bars represent 
95% confidence intervals. Samples were normalized to gapdh based on the 
ΔΔCT-method. Graph F uses the same data as in panel E for Δyvh1 plus Cm, 36 
hr but compares the values to Δyvh1 minus Cm 18 hr growth from panel B.  
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aod-1 transcript in the 36 hr plus Cm culture increased roughly 6 fold compared 

to the 18 hr minus Cm control (Figure 9E). This level is about 15-20% of the 

control level following growth in the presence of Cm and probably accounts for 

the presence of the protein in older Δyvh1 cultures grown in Cm (Figure 8A) even 

though it is still at reduced levels relative to the control. The mechanism by which 

the age of the culture influences AOX expression is not currently understood. The 

level of change between 18 hr Δyvh1 minus Cm and 36 hr Δyvh1 plus Cm was 

about 40 fold (Figure 9F) and was roughly equal to the fold change of 30 

observed in the control at 36 hr. However the overall level in Δyvh1 was still 

reduced compared to the control.  

 

3.3  Analysis of cytochrome spectra for efficiency of Cm inhibition  

 It was conceivable that the inefficient production of AOX in Δyvh1 was 

because Cm was not effectively inhibiting mitochondrial protein synthesis in this 

strain. This possibility was investigated by examining the cytochrome spectra of 

the mitochondria. Cm enters the mitochondria and inhibits translation by 

mitochondrial ribosomes (MCKEE et al. 2006). Mitochondrial translation products 

include cytochrome b of complex III and three proteins of cytochrome aa3, which 

is complex IV of the sETC. Cytochrome c is a single polypeptide that is encoded 

in the nucleus, translated on cytosolic ribosomes and imported into the 

mitochondria (BOTTORFF et al. 1994). Thus, when grown under non-inducing 

conditions the control has distinguishable peaks for cytochrome c, cytochrome b, 

and cytochrome aa3 (Figure 10A). However, when grown in the presence of Cm, 

the peaks for cytochrome b and cytochrome aa3 become severely reduced 

(DESCHENEAU et al. 2005). Levels of cytochrome c in Cm grown cultures are 

found to be higher than those in normal cultures, possibly due to a response to the 

decreased mitochondrial function that results from the action of Cm (BERTRAND 

and PITTENGER 1969).  

 When grown in non-inducing conditions, Δyvh1 had the same peaks as 

observed in the control strain grown in non-inducing conditions suggesting that 

the normal sETC is present (Figure 10B). However, when the Δyvh1 strain was  
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A Control                          B Δyvh1 
 

             
 
Figure 10. Qualitative cytochrome spectra of the NCN251 control strain (A) and 
Δyvh1 (B). The cytochrome content of the cultures was determined by scanning a 
reduced sample vs. an oxidized reference from 500 nm to 650 nm. Cultures were 
grown for the indicated times in either non-inducing conditions (-Cm) or in the 
presence of Cm (+Cm). The peaks indicated on the spectrum correspond to 
cytochromes aa3 (605 nm), b (560 nm) and c (550 nm). The time of growth is 
indicated for each spectrum. Original output scans were traced with a pencil, 
scanned into Adobe Photoshop, and edited in Adobe Illustrator to produce the 
above images.  
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grown in the presence of Cm, the peaks for cytochrome aa3 and cytochrome b 

were reduced but not to the extent observed in the control plus Cm cultures, 

suggesting these proteins were still being translated by mitochondrial ribosomes 

when the cell was grown in the presence of Cm (Figure 10B). These observations 

suggest that Cm may be affecting Δyvh1 mitochondrial translation to a lesser 

extent than in the control. This could help explain the slow rate of AOX induction 

in Δyvh1 (Figure 8A) since decreased retrograde signaling from mitochondria 

would be expected if the effects of Cm were reduced.  

 

3.4  A construct expressing an HA-tagged version of YVH1 restores 

expression of AOX in Δyvh1 

 To determine the subcellular localization of the YVH1 protein, N. crassa 

transformants that express an N- or C-terminal HA-tagged copy of the gene were 

created in a vector that encoded basta resistance. This was done by cloning a 

3xHA epitope tag into either the 5’ (i.e. immediately following start codon) or 3’ 

(i.e., immediately prior to the stop codon) end of the yvh1 coding sequence. This 

would allow for determining where in the cell HA-YVH1 was located by using a 

commercially available HA antibody that recognizes the HA epitope, and 

differential centrifugation. Constructs with tags at either end of the protein were 

used in case of the possibility of a tag at one end of the protein resulting in altered 

function or mislocalization. These constructs were then transformed into the 

Δyvh1 strain. Transformants were selected on basta containing medium and then 

screened for their ability to induce AOX when grown in the presence of Cm. As 

shown in western blots on isolated mitochondria, both N- and C-terminal HA 

tagged transformants were able to induce AOX to various levels (Figure 11A, B). 

At the time these mitochondrial fractions were isolated, I also kept the post-

mitochondrial supernatant, which should contain the cytosol and other organelles 

of the cell except the nucleus and mitochondria. When this fraction was analyzed 

by western blotting, an HA-tagged protein was observed in all the transformants 

(Figure 11A, B), at roughly the position predicted as the size for the N. crassa 

3xHA YVH1 protein, 50.4 kDa. This band was not present in either the Δyvh1  
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Figure 11. Western blot analysis of N- and C-terminal HA tagged YVH1 
containing strains. Mitochondria (Mito) and cytosolic (Cyto) fractions (indicated 
on left) were prepared from ten N-HA (A) and ten C-HA (B) tagged YVH1 
transformants, the control strain (Ct; NCN251), and the Δyvh1 strain. Cultures 
were grown in the presence of Cm for 20 hr. Proteins were separated by SDS-
PAGE, blotted to nitrocellulose membrane and probed with antibodies as 
indicated on the right. Crude cytosolic fractions were examined for arginase 
(ARG), a known cytosolic enzyme in N. crassa (Marathe et al. 1998; Turner and 
Weiss 2006), as a loading control and HA for the tagged YVH1. The 
mitochondrial fractions were analyzed for AOX and the outer mitochondrial 
membrane protein TOM70 as a loading control. 
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Figure 12. Growth rate of N-HA-2 and C-HA-1 YVH1 transformants. Conidia 
from the indicated strains were spotted and incubated at 30°C for 48 hr on 
minimal medium or 68 hr on antimycin A containing medium. Ct = control 
(NCN251).  
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strain or the control strain. This showed that rescue of AOX expression was 

concomitant with the presence of the HA tagged yvh1 gene.  

 N-HA and C-HA transformants expressing the tagged YVH1 protein 

showed variability in the expression of the HA-tagged YVH1 protein. This could 

be due to position effects on expression of the HA-tagged yvh1 in the Δyvh1 

genome as insertion of transformed DNA occurs at random locations through non-

homologous end joining (NINOMIYA et al. 2004; PAIETTA and MARZLUF 1985). 

Although the levels of AOX in the different transformants were not always 

similar to the control on the gels for screening transformants, subsequent work 

showed AOX levels similar to the control in strains N-HA-2 and C-HA-1 (see 

below, section 3.5). In both N-HA-2 and C-HA-1 the growth rate of the Δyvh1 

strain was restored to the control levels on minimal medium and medium 

containing antimycin A (Figure 12). For these reasons, and because expression 

levels of the tagged YVH1 appeared to be about average among transformants, 

these strains were used for further work. 

 

3.5  The HA tagged YVH1 protein localizes to the nuclear and PMP 

fractions of the cell  

Using GFP tagged proteins and fluorescent microscopy, YVH1 has been 

shown to localize to the nuclear and cytoplasmic regions of the cell in yeast and 

humans (KEMMLER et al. 2009; MUDA et al. 1999). KUMAR et al. (2004) used 

fluorescent microscopy to observe the shuttling of YVH1 between the nucleus and 

cytoplasm in the malaria parasite, P. falciparum. They also isolated nuclear and 

cytosolic protein fractions through differential centrifugation from three growth 

stages of the parasite and used western blotting to observe the localization of 

YVH1 to the cytosol and nucleus.  

I examined the localization of the N. crassa protein using a sub-cellular 

fractionation approach. In both the N-HA-2 and C-HA-1 tagged transformants, 

AOX levels were found to be at control levels in gradient purified mitochondrial 

fractions of cells grown under inducing conditions (Figure 13A, B). AOX was not 

found in any other fraction (Figure 13A, B). The HA tagged protein was shown to  
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Figure 13. Subcellular localization of YVH1. A, B) Western blot analysis of 
subcellular fractionation experiment from N- and C- terminal HA tagged YVH1 
strains. Nuclei, cytosol, mitochondria, and PMP fractions were isolated from N-
HA-2 (A) and C-HA-1 (B) tagged YVH1 transformants as well as the control 
strain (NCN251) as described in the Material and Methods (section 2.5 and 2.6). 
Cultures were grown in the absence (-) or presence (+) of Cm. Proteins were 
separated by SDS-PAGE, blotted to nitrocellulose membrane and probed with 
antibodies as indicated on the right. Antibodies that served as controls for the 
different fraction were KAR2, a known ER protein of N. crassa (Addison 1998) 
as a microsomal marker. Histone 3 (H3) was used as a nuclear marker, arginase as 
a cytosolic marker, and Tom70 as a mitochondrial marker. C) Comparative 
western blot analysis of the HA tagged bands in the PMP fraction of the N-HA-2 
and C-HA-1 transformants. PMP fractions were isolated from N-HA-2 and C-HA-
1 grown in the absence (-) or presences (+) of Cm. Proteins were separated by 
SDS-PAGE, blotted to a nitrocellulose membrane, and probed for the proteins 
indicated on the right. D) Western blot analysis of cytosol and PMP fractions 
from fractionation experiments of Figure 13A and B. Proteins were separated by 
SDS-PAGE, blotted to a nitrocellulose membrane, and probed for the proteins 
indicated on the right. Ct = control strain (NCN251). E) Ribosome isolation. 
Ribosomes were isolated from the control strain (NCN251) and C-HA-1 grown in 
the absence of Cm by centrifugation of whole cell extract through a 1 M sucrose 
cushion (20 mM Tris-HCL, pH 7.5; 8 mM MgCl2; 100 mM KCL; 1M ultra-pure 
sucrose). The pellet (P) and supernatant (S; top 200 µl of supernatant after 
centrifugation to pellet ribosomes) were subjected to SDS-PAGE, blotted to 
nitrocellulose, and probed for the proteins on the right. A yeast RPL3 antibody 
was used as a ribosomal protein marker. A clarifying spin was performed after the 
addition of the detergent Triton-X-100 to remove insoluble material. The 
supernatant from the clarifying spin was layered onto the sucrose cushion for 
centrifugation. The pellet from the clarifying spin was suspended in cracking 
buffer and electrophoresed with the other samples (labeled on gel as CS (see 
section 2.9 of Materials and Methods)). 30 µg of protein was loaded in each lane.  
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localize with markers for both nuclei and the PMP fractions. The PMP fraction 

contains fragmented endoplasmic reticulum and other organelles. A double band 

was observed in the N-terminal HA tagged mutant in the PMP fraction from Cm 

induced cells. The smaller form is likely the result of protein degradation at the C-

terminus. I have shown that the band observed for the C-terminal tagged protein is 

equivalent to the larger form of the N-terminal tagged protein (Figure 13C). Thus, 

it is unclear if the C-terminal tag offers protection from proteolytic attack or if 

proteolysis does occur and the fraction of the protein affected is simply not 

detectable due to loss of the C-terminal tag.  

The finding that a large amount of YVH1 was present in the PMP (Figure 

13A, B) and the fact that the yeast YVH1 protein is involved in ribosome 

assembly, led me to ask if our PMP isolation protocol led to the pelleting of 

ribosomal particles. An antibody to S. cerevisiae RPL3, which has 75% identity 

with its N. crassa ortholog, was obtained from the Developmental Studies 

Hybridization Bank. The PMP and cytosol (i.e. the post PMP supernatant) were 

examined with this antibody as well as markers for the ER and cytosol. As shown 

in Figure 13D, it appears that ribosomal subunits are present in the PMP but not 

the cytosol, as was the tagged YVH1 (Figure 13A, B). Given the function of 

YVH1 in S. cerevisiae, this implied that the protein was associated with ribosomal 

subunits even after they had left the nucleus. To examine this point further, I 

isolated ribosomes in the presence of a high concentration of Triton-X-100 (1%) 

from a whole cell extract of strain C-HA-1. Ribosomes were pelleted through a 1 

M sucrose cushion and both the pellet and supernatant (material above the 

cushion) were examined by western blot analysis. In this case the majority of N. 

crassa YVH1 was not found associated with ribosomes but was found as a soluble 

protein in the supernatant (Figure 13E). Taken together, these data support that in 

our PMP fraction from subcellular localization, YVH1 is associated with a 

pelleted complex (most likely ribosomes given its known function in S. 

cerevisiae). However, in the procedure for purification of ribosomes, the 

interaction is broken. Conceivably the presence of 1% Triton-X-100, could be 

responsible.  
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Figure 14. Western blot analysis of N- and C- terminal HA tagged YVH1 strains 
derived by transformation of Δyvh1. PMP fractions were isolated from ten N-HA 
tagged (A) and ten C-HA tagged (B) Δyvh1 transformants, (identified by 
transformant number) and the control strain (Ct; NCN251). Cultures were grown 
in the absence (-) or presence (+) of Cm. Proteins were separated by SDS-PAGE, 
blotted to nitrocellulose membrane and probed with antibodies as indicated on the 
right. The fractions were analyzed for KAR2 as a loading control, and HA for the 
tagged YVH1 protein.  
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The HA-tagged protein levels in strains N-HA-2 and C-HA-1 in the PMP 

fraction under both inducing and non-inducing conditions appeared to be roughly 

equal (Figure 13A, B). To confirm if this was also true for other transformants, I 

examined the PMP fraction of ten N-HA and ten C-HA YVH1 transformants in 

both inducing and non-inducing conditions (Figure 14A, B). Although a few 

transformants showed different levels of expression of YVH1 between plus Cm 

and minus Cm conditions (N-HA-1, -13, -21 and C-HA-8, -14, -26), the YVH1 

protein levels in the majority of transformants remained unchanged suggesting 

that YVH1 levels are unaffected by growth in Cm. It should also be noted that in 

those isolates showing a different level in the presence or absence of Cm that 

there was no consistency with respect to the higher level being seen in either 

minus Cm or plus Cm. Differences in expression may be due to position effects as 

discussed in section 3.4.  

 

3.6  AOX expression requires a functional zinc binding domain but not the 

phosphatase domain of YVH1  

 Although YVH1 contains a DUSP domain that has been shown to have 

activity in vitro and is required for interaction with Hsp70 in mammalian cells 

(MUDA et al. 1999; SHARDA et al. 2009), all examined negative phenotypes seen 

in YVH1 mutants in yeast can be restored to wild type by rescue with a gene 

encoding a protein containing the functional zinc-binding domain but lacking a 

functional phosphatase domain (BEESER and COOPER 2000; KEMMLER et al. 2009; 

LO et al. 2009; MUDA et al. 1999). Since AOX is not present in either S. 

cerevisiae or mammals, I wanted to determine if either or both domains were 

required for AOX expression. Therefore, I created mutants of each domain in the 

N-terminal HA tagged protein and transformed the constructs encoding them into 

the Δyvh1 strain. The constructs contained a basta resistance gene and working 

isolates were selected for growth on basta. These were then screened for their 

ability to induce AOX. The phosphatase domain mutants (P-mutants) have the 

HC(X)5R dual specificity phosphatase domain mutated to QS(X)5Q (Figure 15A, 

top). The zinc binding domain mutants (Z-mutants) have the 3rd pair of cysteines  
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Figure 15. Analysis of phosphatase domain and zinc binding domain mutants. A) 
Representation of the position of amino acid changes introduced into N. crassa 
YVH1 to create the mutated phosphatase (P-mutants) and zinc-binding (Z-
mutants) domains. The amino acid changes in the P-mutant are H149/Q, C150/S, 
and R156/Q. The amino acid changes in the Z-mutant are C340/S and C345/S in 
the zinc binding C-terminal region. The * shows that the HA tag was not 
considered in the numbering of the amino acids. B, C) HA and AOX protein 
levels in the P- and Z-mutants. Proteins were separated by SDS-PAGE, blotted to 
nitrocellulose membrane and probed with antibodies indicated on the right. B) 
Whole cell extracts were prepared from cells grown for 20 hr in the presence of 
Cm. The whole cell extract was examined for HA and the loading control arginase 
(ARG). The * symbol shows non-specific binding to an unknown protein by the 
HA antibody in whole cell extract fractions. C) Mitochondrial fractions were 
isolated from strains grown for 20 hr in the presence of Cm. The mitochondrial 
fractions were analyzed for AOX and TOM70 as a loading control. D, E) Growth 
rate of selected N-terminal HA tagged YVH1 P-mutant (D) and Z-mutant (E) 
transformants. Conidia from the indicated strains were spotted on each plate and 
incubated at 30°C for 48 hr on minimal medium and 68 hr on antimycin A 
containing medium. Some irrelevant rows were removed electronically. Ct = 
control (NCN251). 
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involved in zinc binding mutated to serines (Figure 15A, bottom). Several isolates 

of each transformant were examined for the presence of the HA-tagged protein 

and the ability to produce AOX when grown in the presence of Cm. All 

transformants I examined were shown to express the HA-tagged YVH1 protein 

(Figure 15B). The P-mutants were able to restore AOX to control levels while the 

Z-mutants could not (Figure 15C). When the different mutants were tested for 

growth, the phosphatase domain mutants grew at the same rate as the wild type 

control on both minimal media and media containing antimycin A (Figure 15D). 

However the zinc domain mutants were not rescued and grew at the Δyvh1 rate on 

both types of media (Figure 15E). This suggested that the mutated cysteine pair in 

the zinc-binding domain is required for proper growth and AOX expression.  

 

3.7  Localization of mutant YVH1 protein 

For further analysis, I used the P-mutant strain 8 (N-HA P-8) in 

subcellular fractionation experiments to determine the localization of the protein. 

The protein was found in the nuclear and PMP fractions (Figure 16A), as was the 

case for the tagged wild type YVH1 (Figure 13A, B). AOX levels in the gradient 

purified mitochondrial fraction were similar to the control when the cells were 

grown in the presence of Cm. These data reinforce the idea that YVH1 doesn’t 

require a functional phosphatase domain to express AOX to control levels when 

grown in the presence of Cm.   

Subcellular fractionation of the zinc mutant, N-HA Z-9, revealed that the 

protein only appears in the nuclear fraction following either 20 or 48 hr growth in 

Cm (Figure 16B, C). This suggests a possible role of the domain in shuttling out 

of the nucleus (see discussion section 4.3). Also, at 20 hr of growth, AOX was not 

detectable as in Δyvh1. After 48 hr of growth, levels of AOX appeared to be at the 

control levels in the Z-9 mutant (Figure 16C). This was unexpected since AOX 

levels in the deletion mutant never reach the control levels (Figure 8A). This 

result suggested the possibility that in the absence of a functional Z-domain, the 

phosphatase domain might play a role in allowing full restoration of AOX levels 

at longer growth time in Cm. To test this further, mitochondria were  
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Figure 16. Subcellular fractionation of N-HA tagged P- and Z-mutant YVH1 
strains. Nuclei, mitochondria, cytosol, and PMP fractions were isolated as 
described in the Materials and Methods (section 2.5 and 2.6) from phosphatase 
domain mutant strain 8 (N-HA P-8) (A) following 20 hr of growth and from the 
zinc-binding domain mutant strain 9 (N-HA Z-9) for 20 hr (B) and 48 hr of 
growth (C). The control strain was NCN251. Cultures were grown in the absence 
(-) or presence (+) of Cm. Proteins were separated by SDS-PAGE, blotted to 
nitrocellulose membrane and probed with antibodies as indicated on the right. The 
fractions were analyzed for KAR2 as a PMP marker, H3 as a nuclear marker, 
arginase as a cytosolic marker and Tom70 as a mitochondrial marker. D) Western 
blot analysis of the timing of induction of AOX when the control (NCN251), 
Δyvh1 and N-HA Z-9 are grown in the presence of Cm. Mitochondrial fractions 
were isolated from growth in Cm for the specified times. Proteins were separated 
by SDS-PAGE, blotted to nitrocellulose membrane and probed with antibodies 
indicated on the right.   
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isolated from another biological replicate of N-HA Z-9 following 20 and 48 hr of 

growth. In this sample AOX levels appeared more similar to Δyvh1 and not to the 

control especially with respect to the loading control Tom70. (Figure 16D). The 

differences between AOX levels in the Z-mutant in Figures 16C and 16D are not 

readily explainable but it should be noted that mitochondria used Figure 16C had 

been gradient purified while those in Figure 16D were crude mitochondrial 

preparations. It is conceivable that there could be two populations of mitochondria 

in the mutant with different densities and AOX levels. In this case, mitochondria 

lacking AOX might be lost during isolation of gradient purified mitochondria.  

 

3.8  RNA-Seq analysis of Δyvh1 and the control grown in the presence of 

Cm for 12 hr 

 A number of phenotypes have been associated with loss of the YVH1 

protein in yeast and mammals (BEESER and COOPER 2000; CAIN et al. 2011; 

KOZAROVA et al. 2011; LO et al. 2009; SAKUMOTO et al. 2001; SHARDA et al. 

2009; SUGIYAMA et al. 2011). The finding that the primary function of the protein 

is likely to be in ribosome assembly suggests that other effects are secondary. 

Nonetheless, it is curious that production of AOX under normal inducing 

conditions is reduced. The mechanism by which this is achieved remains 

unknown. In an attempt to gather more information regarding the status of Δyvh1 

cells in the presence of Cm, I performed an RNA-seq experiment. Total RNA was 

isolated from Δyvh1 and the control strain grown in Cm for 12 hr. Preliminary 

analysis suggested that roughly 1200 genes were down-regulated and 500 genes 

were up-regulated by at least 2-fold in Δyvh1 when grown in Cm for 12 hr 

compared to the control grown under similar conditions. This would represent 

altered regulation of about 17% of the total 10,000 genes predicted in N. crassa. 

Table 4 and 5 show the top 20 down-regulated and top 20 up-regulated genes, 

respectively, in Δyvh1 when grown in the presence of the inducer Cm for 12 hr. 

Gene product names were retrieved from the online Broad Institute Neurospora 

crassa database by using the NCU numbers. Proteins that have no similarities to 

other proteins or known functional domains are termed hypothetical proteins. 
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Preliminary results suggest no observable pattern to the types of genes affected by 

loss of Δyvh1. The gene under study here as the KO gene (NCU08158) was the 

2nd most lowest expressed gene in Δyvh1 compared to the control gene giving 

good evidence that the strain analyzed was genotypically correct. It is of interest 

that AOX is among the top 20 down-regulated (Figure 17A) and that 

phosphoenolpyruvate carboxykinase (PCK) is also in this group (Figure 17B). It 

has been shown in A. nidulans and P. anserina that both of these genes are 

controlled by the AOD2 and AOD5 orthologs in these organisms (SELLEM et al. 

2009; SUZUKI et al. 2012). Similarly, Z. Qi in our lab has preliminary evidence 

that the PCK promoter binds the AOD2 transcription factor. It is interesting to 

note that neither the aod-2 nor aod-5 transcript level seems to be affected in the 

Δyvh1 (Figure 17C, D). This suggests that the effect of Δyvh1 on AOX and PCK 

production is either at the level of translating those transcription factors or in the 

generation/delivery/interpretation of the normal induction signal. The up-

regulation of the ABC drug exporter AtrF is also of interest (Figure 17E). The 

yeast ortholog, Pdr5, has been shown to be required for resistance to Cm. When 

yeast cells lack Pdr5, an increase in sensitivity to Cm has been observed 

(RUTLEDGE et al. 2011). Up-regulation of the AtrF protein in the N. crassa Δyvh1 

strain, could lead to an increase resistance to Cm. This suggestion is supported to 

some extent by the cytochrome spectra analysis (section 3.3). This could lead to a 

delay in the expression of AOX when Δyvh1 is grown in Cm (see discussion).  
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Figure 17. Data from RNA-seq. Total RNA was isolated from the control strain 
and the Δyvh1 strain each grown in Cm for 12 hr. mRNA libraries were prepared 
and sequenced using the Illumina platform by Delta Genomics. Initial data 
analysis was done by collaborators K. Smith and M. Freitag (Oregon State 
University). An example of a gene down-regulated in Δyvh1 is aod-1  (A) 
phosphoenolpyruvate carboxykinase (B). Example of genes expressed at similar 
levels in the control and Δyvh1 are shown by aod-2 (C) and aod-5 (D). A gene up-
regulated in Δyvh1 is the ABC drug exporter AtrF (E). Gene structure is 
highlighted in yellow. The number of reads at each position is represented by 
purple in the control strain and red in Δyvh1. The Y-axis has been adjusted to give 
a ratio corresponding to the number of mappable reads in each experiment. Fold 
change values are calculated between Δyvh1 (+ Cm) and Ct (+ Cm). Ct = 
NCN251. The NCN251 control experiment was done at same time as the Δyvh1 
experiment. Ct (- Cm) is a RNA-seq experiment in the same control strain grown 
in the absence of Cm, but done several years ago in the Freitag lab.  
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NCU number Gene Product Name log2(fold change) 

NCU04697 cyanide hydratase -12.1762 
NCU08158 dual specificity phosphatase -10.8212 
NCU05914 hypothetical protein -8.52216 
NCU09969 hypothetical protein -8.44373 
NCU00665 Ser/Thr protein phosphatase -7.56216 
NCU09045 heterokaryon incompatibility 

protein 
-6.84228 

NCU04591 pentachlorophenol 
monooxygenase 

-6.65876 

NCU04028 hypothetical protein -6.53871 
NCU09873 phosphoenolpyruvate 

carboxykinase 
-6.04005 

NCU12151 hypothetical protein -6.0386 
NCU07351 alpha-glucuronidase -5.93435 
NCU12050 hypothetical protein -5.60153 
NCU06940 hypothetical protein -5.43363 
NCU00732 trichothecene C-15 

hydroxylase 
-5.3862 

NCU07474 ergot alkaloid biosynthetic 
protein A 

-5.37075 

NCU07352 hypothetical protein -5.36257 
NCU07953 alternative oxidase-1 -5.34066 
NCU09273 hypothetical protein -5.31326 
NCU02904 alpha/beta hydrolase fold 

protein 
-5.15451 

NCU09274 hypothetical protein -5.13836 
 

Table 4. Top 20 down-regulated genes as determined from RNA-seq. Transcript 
levels of Δyvh1 and the control (NCN251) grown in the presence of Cm for 12 hr 
were compared. The NCU number was used to obtain the gene product name 
from the Broad Institute Neurospora crassa database. Proteins with no similarities 
to other known proteins of known function are termed hypothetical proteins. The 
log2 (fold change) was calculated by the difference in expression of transcripts 
between the control and Δyvh1.  
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NCU number Gene Product Name log2(fold change) 
NCU05230 hypothetical protein 6.86272 
NCU00079 hypothetical protein 6.57099 
NCU08852 polymerase 2 ADP-

ribosyltransferase 2 
6.19755 

NCU08531 hypothetical protein 5.54718 
NCU03376 hypothetical protein 5.3992 
NCU05183 hypothetical protein 5.22296 
NCU05277 hypothetical protein 5.13665 
NCU09698 hypothetical protein 5.13127 
NCU08056 ABC drug exporter AtrF 4.95222 
NCU02275 hypothetical protein 4.93374 
NCU11050 DUF455 domain-containing 

protein 
4.66729 

NCU05822 hypothetical protein 4.63103 
NCU04583 acetyltransferase 4.48361 
NCU04963 high-affinity glucose 

transporter 
4.38166 

NCU07789 hypothetical protein 4.26376 
NCU07812 hypothetical protein 4.07211 
NCU00943 trehalase 4.05434 
NCU08473 alpha-1,3-glucanase 3.98804 
NCU02080 hypothetical protein 3.968 
NCU07224 monooxygenase 3.96339 

 

Table 5. Top 20 up-regulated genes as determined from RNA-seq. Transcript 
levels of Δyvh1 and the control (NCN251) grown in the presence of Cm for 12 hr 
were compared. The NCU number was used to obtain the gene product name 
from the Broad Institute Neurospora crassa database. Proteins with no similarities 
to other proteins with known function are termed hypothetical proteins. The log2 
(fold change) was calculated by the difference in expression of transcripts 
between the control and Δyvh1.
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4  DISCUSSION 

 

4.1 Growth and AOX protein levels in Δyvh1 

 The yvh1 gene was originally characterized as having a role in AOX 

production in a screen of the N. crassa KO library. The strain was unable to grow 

in the presence of the sETC inhibitor antimycin A, and was found to have no 

AOX protein on a western blot after mitochondria were harvested from strains 

grown for 24 hr in Cm. However, the strain did express the AOX protein after 48 

hr of growth (NARGANG et al. 2012). Therefore, a finer analysis of the time points 

of AOX production was performed in attempt to understand the production of 

AOX in Δyvh1. I have shown that AOX typically begins to appear after 20 to 24 

hr of growth in the presence of Cm and does not reach a level equal to the control 

even after 48 hr of growth in Cm. In addition, the Δyvh1 strain on normal media 

lacking inhibitors has a slow growth phenotype. This has also been observed in 

other species lacking yvh1 (BEESER and COOPER 1999; GUAN et al. 1992; 

HANAOKA et al. 2005; KEMMLER et al. 2009; LIU and CHANG 2009; MUDA et al. 

1999; SUGIYAMA et al. 2011), but there have been no previous reports regarding 

effects on AOX. 

 Previously it was determined that Δyvh1 was unable to grow in the 

presence of antimycin A, although this result was observed after 48 hr of growth 

in the presence of the chemical (NARGANG et al. 2012). In the present study, the 

strain was allowed to grow for 63 hr and a small amount of growth was observed 

under these conditions. The delay in growth on antimycin A probably correlates to 

the delay in the expression of the AOX protein. In N. crassa, the AOX protein has 

been observed after only 2.5 hr of growth in the presence of antimycin A 

(TANTON et al. 2003), and respiration via AOX has been observed after 30 min of 

exposure to Cm (EDWARDS et al. 1974). Therefore induction of the pathway 

occurs relatively quickly in the control strain but there is a delay in the response 

of Δyvh1 to growth in chemicals that induce the AOX pathway. 

 The low level of the AOX protein observed in the Δyvh1 strain appears to 

be due to a low level of aod-1 transcript produced when the cell was grown in 
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inducing conditions. In the Δyvh1 strain, there was a slight increase in aod-1 

transcript level over time, correlating to the observed increase in AOX protein 

levels over time. However, even after 36 hr of growth in Cm, the amount of aod-1 

transcript in Δyvh1 is only about 15-20% of the control levels.  

 Although the relative amount of transcript levels in the Δyvh1 were very 

low compared to the control under all conditions, and there was only roughly a 5 

fold increase when comparing the 36 hr Δyvh1 plus Cm to the 18 hr control minus 

Cm, there was still induction over the basal level of transcription occurring within 

Δyvh1 that was equal to the induction observed in the control (i.e. 40 fold in 

Δyvh1, 30 fold in Ct, after 36 hr growth in Cm). Although the fold change within 

Δyvh1 was roughly equal to that of the control, the overall transcript and protein 

levels are still considerably lower.  

  This result was unexpected based on the original hypothesis in section 3.2. 

that stated there would be an equal amount of aod-1 transcript - but not protein - 

between the control and Δyvh1 because the yvh1 gene has been suggested to have 

a role in ribosome biogenesis (KEMMLER et al. 2009; LIU and CHANG 2009; LO et 

al. 2009). This hypothesis is refuted because we do not observe equal amounts of 

aod-1 transcript between the control and Δyvh1. These data strongly suggest that 

lack of the AOX protein is not directly due to a specific defect in translating of the 

AOX mRNA.  

 Preliminary RNA-seq data analysis has revealed that N. crassa cells may 

be unable to process the signal required for AOX induction. The AOD2 and 

AOD5 transcription factors are expressed to roughly the same levels between the 

control strain and the Δyvh1 strain grown in the presence of Cm (Figure 17C, D). 

In the Δyvh1 cell, the AOD2/5 transcription factors are expressed at roughly 

control levels, but cannot induce the aod-1 transcript to control levels. Therefore, 

an alternative hypothesis to the one refuted above would be that the Δyvh1 cells 

are unable to generate, deliver, or interpret the inducing signal correctly. This 

would lead to the very low levels of the aod-1 transcript and AOX protein 

induced when grown in Cm.  
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 One observation suggests that generation of the signal may be reduced in 

Δyvh1 since the cytochrome spectra analyses revealed that Cm is not as effective 

in Δyvh1 as in the control. One explanation for this could be that Cm is not 

accumulating in the mutant mitochondria to the same extant as the control or that 

Δyvh1 has somehow become resistant to the effects of Cm. In either case, more 

synthesis of mitochondria encoded sETC proteins would occur and the stress on 

the cell to induce AOX would be lowered. However, over time Cm has an 

increased effect on the cell because the peaks observed for cytochrome aa3 and b 

slowly decrease (Figure 10B). This delay in the effects of Cm may be what leads 

to the delay in induction of transcript and AOX protein in Δyvh1 cells.  

 The ability of the Δyvh1 cell to resist the effects of Cm may be due in part 

to the increase of the ABC drug exporter AtrF mRNA, observed from the RNA-

seq experiment (Figure 17E). Some proteins with the ABC transport domain can 

be efflux pump membrane proteins involved in shuttling substrates across 

membranes, including drugs like Cm (HIGGINS 2001; RUTLEDGE et al. 2011). The 

N. crassa protein has 35% identity (E value = 0; BLASTP) with the yeast protein 

Pdr5. Loss of Pdr5 in yeast leads to an increase in sensitivity to Cm because of an 

inability to remove the drug from cells (LEONARD et al. 1994). Expression of the 

C. albicans ortholog of Pdr5, Cdr1, in a S cerevisiae pdr5 null mutant imparted 

resistance of the yeast strain to Cm (PRASAD et al. 1995). Overexpression of the 

protein leads to an increased resistance to multiple drugs, including Cm (Meyers 

et al. 1992). It is possible that, due to the increase of a drug efflux pump, the 

Δyvh1 strain has become at least partially resistant to the effects of Cm. Because 

the ABC drug transporter is up-regulated, the cell may be expelling more Cm than 

the control so that the effects on mitochondrial translation are reduced resulting in 

reduced signals for AOX expression. Over time it appears that this effect 

decreases because an increase in aod-1 transcript and AOX protein is observed 

the longer the cell is in the presence of Cm. If AtrF is a Cm efflux pump, it is 

unclear why it is expressed to a higher level in Δyvh1 grown in Cm compared to 

the control grown in Cm (Figure 17E). It is conceivable that deficient AOX 

induction in Δyvh1 results in increased expression of the efflux pump. One way to 
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test this model would be to follow AOX induction in a Δyvh1 ΔAtrf double mutant 

strain. Alternatively monitoring AOX induction in Δyvh1 cells where a different 

inducer of AOX, such as a sETC mutation, could be tried. Finally, it should be 

noted that the possible effects of Cm efflux mediated by AtrF cannot entirely 

explain the AOX phenotype, since aod-1 transcript levels are also reduced in the 

absence of Cm in the Δyvh1 strain. 

 Taken together these results suggest that there is an overall delay in Δyvh1 

of growth and AOX expression in both inducing and non-inducing conditions. 

AOX protein expression is slower in Δyvh1 than in the control and transcript 

levels of aod-1 never reach the same levels as the control. There also appears to 

be a reduction in the effects of Cm on mitochondrial ribosome translation, due to 

an increase in the expression of a drug efflux pump when Δyvh1 cells are grown 

in the presences of Cm. It seems likely that the effects observed are secondary to 

ribosome assembly problems (LIU and CHANG 2009; SUGIYAMA et al. 2011).  

However it remains unclear as to why specific aspects of AOX regulation would 

be affected. 

 

4.2  YVH1 localization 

 Rescued transformants of Δyvh1 were produced by introduction of yvh1+ 

genes carrying HA tags at their N- or C-terminus. Of the transformants screened, 

N-HA-2 and C-HA-1 were chosen for further work based on the levels of 

expression of the HA-tagged protein being roughly average among the 20 

transformants and on the level of expression of AOX in the transformants after 20 

hr of growth in the presence of Cm being equivalent to the control. The chosen 

transformants also grew at control rates on medium with and without antimycin A. 

The rescue of the slow growth phenotype associated with loss of yvh1, with a wild 

type copy of yvh1, has also been observed in yeast and human cell lines (BEESER 

and COOPER 1999; GUAN et al. 1992; HANAOKA et al. 2005; KEMMLER et al. 

2009; LIU and CHANG 2009; MUDA et al. 1999; SUGIYAMA et al. 2011). In the 

present study, levels of the HA-tagged protein in the transformants do not seem to 

vary between the two growth conditions of plus Cm or minus Cm (Figure 14). In 
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yeast, mRNA levels of yvh1 were initially increased when the cells were placed 

under nitrogen starvation conditions (MUDA et al. 1999). Western analysis of the 

different growth stages of P. falciparum showed that YVH1 was constitutively 

expressed in all stages (KUMAR et al. 2004) 

 The N. crassa protein was found to localize to the nuclear fraction and the 

PMP fraction in both inducing and non-inducing conditions. In yeast, the protein 

has been shown to localize to the nucleus and the cytoplasm through fluorescent 

microscopy techniques (KEMMLER et al. 2009; LIU and CHANG 2009; LO et al. 

2009; MUDA et al. 1999). The PMP fraction is composed of fragmented ER, other 

organelles, and any complex or aggregate that would be pelleted at 130,000 x g 

for 1.5 hr. I demonstrated that the PMP also contained ribosomes using Western 

blots and an antibody to S. cerevisiae RPL3. Furthermore, there was no evidence 

for ribosomes remaining in the cytosol fraction 

 Although the subcellular fractionation experiments revealed that YVH1 

was in the same fraction as the ribosome marker, isolation of ribosomes in the 

presences of 1% Triton-X-100 showed that a very low amount was found in the 

ribosome pellet, with the majority present in the supernatant as a free protein. This 

could suggest that the interaction between YVH1 and ribosomes in the cytosol is 

not a strong one and is disrupted by the detergent. Thus, differences in 

experimental protocols likely explain why YVH1 pelleted with RPL3 in the PMP 

fraction of the fractionation experiment but did not pellet in the sucrose cushion 

ribosome isolation experiment. In the ribosome isolation, Trition-X-100 was 

added to dissolve organelle membranes and release any membrane bound 

ribosomes. A clarifying spin was also done to ensure any aggregates that are not 

dissolved by the detergent are removed. Our procedure was a modification of LO 

et al. (2009). In their ribosome isolation experiments they found YVH1 in the 

ribosome pellet and not in the supernatant. However, we used a higher detergent 

concentration (1% versus 0.1%) and also a clarifying spin. In their materials and 

methods (LO et al. 2009), they do not explicitly state that they carried out a 

clarifying spin and this may be the difference between the two studies. Another 
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simple explanation might be that the YVH1 protein in N. crassa may associate 

more loosely with ribosomes than in S. cerevisiae. 

 

4.3  Functional domain of YVH1 

 Mutations of the phosphatase domain that change the cysteine of the 

HC(X)5R catalytic domain to serine have been shown to inactivate the 

phosphatase domain in yeast YVH1 (BEESER and COOPER 2000). I made an 

identical mutant in the N. crassa protein as well as changing the histidine and 

arginine both to glutamine to inactivate the phosphatase domain. The cysteines of 

hYVH1 zinc-binding domain have been shown to bind 2 mols of zinc per 

molecule with 4 amino acids interacting to bind each metal ion (BONHAM and 

VACRATSIS 2009; MUDA et al. 1999). I mutated a pair of cysteines in the zinc-

binding domain, to inactivate this domain. The mutant constructs were used to 

transform Δyvh1 and transformants with only one working domain were isolated. 

These were used to determine if both or either of the domains had a role in AOX 

production in N. crassa.  

 My results showed that N. crassa cells could not produce AOX when the 

two cysteines of the zinc-binding domain were mutated to serines. On the other 

hand, when the phosphatase domain was mutated, localization of the protein was 

unaffected and AOX expression occurred as in the control. Therefore, for normal 

growth and AOX expression, the cell requires a YVH1 protein with a functional 

zinc-domain, but the phosphatase activity is not required. The phosphatase 

domain has been shown to dephosphorylate a template in vitro (PARK et al. 1996). 

However, exactly what it dephosphorylates in vivo in any organism, remains to be 

determined. It appears that this domain does not have a role in AOX production 

and is not required for normal growth in N. crassa. It is possible that the domain 

may carry out a different function in the cell not observed in this study.  

 Inactivation of the zinc-domain appears to lead to the localization of 

YVH1 solely to the nucleus, even after 48 hr (Figure 16B, C). This suggests that 

the protein requires a functional zinc-binding domain to shuttle from the nucleus 

to the cytosol. As a trans-acting factor in ribosome assembly in yeast, the zinc 
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domain may be required for recruitment to the pre-60S subunit. It has been shown 

that RPL12 is the protein required for the recruitment of YVH1 (LO et al. 2009). 

Therefore, it is possible that YVH1 without the zinc-binding domain is unable to 

interact with RPL12. This would mean that YVH1 lacking the zinc-domain is not 

recruited to the 60S ribosome subunit and therefore, is not exported out of the 

nucleus with the ribosome. Another possibility is that the YVH1 protein, without 

the zinc-domain, is still recruited to the 60S ribosome subunit, but cannot 

facilitate the transfer of Mrt4 off the 60S subunit, leading to YVH1 remaining in 

the nucleus and the subsequent production of altered ribosomes. The switching of 

Mrt4 with P0 has been shown to occur in either the nucleus or the cytoplasm, 

when YVH1 is restricted to either region (KEMMLER et al. 2009; LO et al. 2009). 

Although the zinc-domain mutant in this study is localized to the nucleus, it 

appears as though the protein cannot function properly without the two cysteines 

of the domain. To my knowledge, no other study has directly determined the 

localization of YVH1 with an inactive zinc-binding domain.  

 The significance of the zinc domain has also been observed in yeast. 

Rescue of sporulation and glycogen defects occurred with expression of a protein 

containing a functional zinc-domain but not the phosphatase domain (BEESER and 

COOPER 2000). Rescue of the slow growth yeast phenotype by the human copy of 

YVH1 was also shown to require a functional zinc-binding domain, suggesting 

cross species conservation (MUDA et al. 1999). A functional zinc-domain was 

required for the yeast cell to reach normal levels of mature 60S subunits (LIU and 

CHANG 2009). The zinc-domain was also required for the proper release of Mrt4 

from the pre-60S subunit (KEMMLER et al. 2009; LO et al. 2009). Rescue of 

phenotypes observed in a human cell line lacking hyvh1 also requires a functional 

zinc domain (KOZAROVA et al. 2011). Thus, all studies are in agreement in that 

the zinc-binding domain, and not the phosphatase domain, is required for YVH1 

function.  
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4.4  RNA-seq  

 The RNA-seq experiment revealed roughly 1200 down-regulated genes 

and 500 up-regulated genes in Δyvh1 grown in the presence of Cm compared to 

the control grown in the same conditions. Thus, roughly 17% of the 10,000 

protein coding genes were significantly affected (at least 2 fold) by loss of yvh1. 

This may be a result of the Δyvh1 strain attempting to compensate for a decrease 

in translation caused by defective ribosomes. However, it is currently unclear 

what genes are affected specifically due to growth in the inducer Cm. An RNA-

seq experiment of the control and Δyvh1 grown in the absence of Cm should 

allow for the distinction between genes specifically affected by growth in Cm and 

genes that are affected under both conditions in Δyvh1. This analysis is currently 

underway 

 There appears to be no pattern, with respect to gene families, observed 

when analyzing the top 20 down and up-regulated genes (Table 4 and 5, 

respectively). Cyanide hydratase, a hydrolase that breaks carbon-nitrogen bonds, 

is the greatest down-regulated gene in Δyvh1 compared to the control (BASILE et 

al. 2008). Normally, the expression of this gene may be part of a general response 

to poor mitochondrial function. In the wild, N. crassa may encounter certain 

chemicals, like cyanide, that would induce this gene, and AOX, amongst others. 

Potentially the loss of yvh1 could affect a general retrograde response of the 

mitochondria.  

 The next lowest expressed gene in Δyvh1 compared to the control strain is 

the yvh1 gene, which is expected, as the Δyvh1 strain should not contain any 

transcript of the gene. The 17th down-regulated gene is the aod-1 transcript 

encoding AOX, which validates the earlier results of the qPCR, showing there is a 

low amount of this transcript in Δyvh1 when grown in the presence of Cm. The 

fact that the PCK gene is down-regulated in the Δyvh1 strain suggests that the 

process of gluconeogenesis is also affected in the Δyvh1 strain. In P. anserina 

(SELLEM et al. 2009) and A. nidulans (SUZUKI et al. 2012), the PCK gene is 

controlled by the orthologs of the N. crassa AOD2/5 transcription factors. This 
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also appears to be the case in N. crassa (Z. Qi, unpublished). Thus, there appears 

to be a general defect in the expression of genes controlled by AOD2 and AOD5 

and it remains a possibility that the activating signal is not efficiently produced or 

recognized in Δyvh1. 

 The ability of the cell to increase the expression of one protein and not 

another, in the absence of the YVH1 ribosome biogenesis factor, could be 

explained by the ribosome filter hypothesis [reviewed in (MAURO and EDELMAN 

2002; MAURO and EDELMAN 2007)]. This hypothesis states that translation is a 

form of regulation of the expression of proteins and can be controlled by such 

mechanisms as mRNA-rRNA interactions or by the heterogeneity of ribosomes, 

which is defined as the protein composition of the ribosomes. These interactions 

between mRNA and ribosomes would lead to a specific subset of mRNA’s in a 

population to be translated effectively better than others. Heterogeneity of 

ribosome proteins has been demonstrated to be a form of translational control in 

yeast. Ribosomes lacking very acid ribosomal proteins associated with the 60S 

subunit have been shown to translate specific mRNAs differentially than 60S 

subunits with the very acid ribosomal proteins (REMACHA et al. 1995; SAENZ-

ROBLES et al. 1990; SZICK-MIRANDA and BAILEY-SERRES 2001). Another study 

showed that depletion of 60S subunits or 60S ribosomal proteins leads to an 

increase in translation of Gcn4, a nutrient responsive factor, which promotes 

increased yeast lifespan (STEFFEN et al. 2008). Taken together it is possible that 

ribosome composition, affected by post-translation modifications of ribosomal 

proteins and different modifications of rRNA, could influence the specificity of 

the ribosome for certain mRNAs. Although this may explain why we see an 

increase in translation of certain mRNAs, it does not directly explain why we see 

an increase (and decrease) in transcription of certain genes over others, in the 

Δyvh1 strain. It is conceivable that the level of translation of a given mRNA may 

affect its half-life (GHOSH and JACOBSON 2010) and that this is reflected in the 

RNA-seq data. It has been shown in yeast that loss of yvh1 leads to a moderate 

increase in the half-lives of certain mRNAs. (SUGIYAMA et al. 2011). 
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 Taken together the delay in AOX induction could be occurring via many 

different mechanisms. One possibility for the decrease in AOX expression in 

Δyvh1 cells is that the Cm concentration in the cell is reduced (and as a result, the 

inhibition of mitochondrial protein synthesis is reduced) due to an increase in the 

drug efflux pump AtrF. Ineffective inhibition of mitochondrial translation would 

result in more efficient sETC function. This could lead to a decrease in the 

strength of the inducing signal (Figure 18A). Over time enough signal is 

generated, leading to the gradual temporal increase in AOX. Another possibility 

for the delay in AOX induction is that the AOD2 and AOD5 transcription factors 

are not efficiently translated (Figure 18B). This model is based on the observation 

that there is a lower constitutive amount of the aod-1 transcript even under non-

inducing conditions in the Δyvh1 strain compared to the control. Over time under 

inducing conditions we see an increase in the aod-1 transcript and the AOX 

protein, suggesting that the AOD2 and AOD5 proteins might accumulate over 

time and induce the expression of the AOX protein. 

  

4.5 Significance and future directions 

 The work in this thesis has examined the role of YVH1 in the production 

of AOX in N. crassa. By tagging YVH1 with the HA epitope so that it could be 

followed in cellular fractionation experiments, I showed that the YVH1 protein 

localizes to the nuclei and PMP fractions of the cell, suggesting a role as a protein 

that shuttles between the two locations. I also showed that the zinc-binding 

domain, and not the phosphatase domain of the protein, was required for proper 

localization, and also for AOX induction. RNA-seq analysis revealed that 17% of 

the 10,000 predicted protein-coding genes in N. crassa are affected by loss of 

YVH1 when grown in the presence of Cm. To my knowledge, this is the first time 

YVH1 has been shown to have a role in the production of AOX in any organism.  

  The qPCR of AOX has already validated the results of the RNA-seq 

experiment for this gene. qPCR primers could be designed for additional up and 

down-regulated genes for further validation. It would be interesting to determine 

if the ABC-drug transporter transcript (atrF gene) in Δyvh1 grown in the absence 
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of Cm is also up-regulated compared to the control, or if this increase in 

transcription is induced by growth in the presence of Cm. It would also be 

interesting to determine if the ABC-drug transporter is up-regulated in strains that 

cannot express the AOX protein, like the aod-1, aod-2, or aod-5 knockouts, which 

are readily available in our lab. If it was found to be up-regulated in strains 

lacking AOX grown in the presence of Cm, it would suggest that up-regulation of 

this gene occurs in strains that cannot respire using the AOX protein. Potentially 

this would mean that the up-regulation of the ABC drug transporter is a secondary 

defense mechanism of N. crassa cells that cannot induce AOX when grown in the 

presence of inducers of the pathway.  

 It is important to determine if the atrF gene is responsible for the increase 

in resistance to Cm in Δyvh1. The simplest method of determining this would be 

to construct a double knockout mutant of atrF and yvh1. Both cytochrome content 

and the presence of AOX could be monitored following growth in Cm to 

determine the effects of not having the induced drug efflux pump.   

 Additionally, another RNA-seq experiment should be carried out using 

cells grown in the absence of the inducer Cm. This would allow for a comparison 

of transcript levels under both inducing and non-inducing conditions to observe 

which genes affected in Δyvh1 are a general response to loss of yvh1 and which 

are due specifically to growth in the presence of Cm. This will allow for a better 

understanding of the response of Δyvh1 (and at the same time the control) to 

growth in the presence of Cm, and the induction of the AOX pathway. This 

experiment is underway. 

 To determine the significance of the altered localization in the zinc-

domain mutant, a ribosome isolation procedure should be carried out using the 

zinc-domain mutant strain, to see if the mutation affects the association of YVH1 

with ribosomes. The protein cannot transport out of the nucleus when the zinc-

domain is mutated, potentially because it cannot interact with ribosomes. If this 

were the case, the zinc-domain mutant protein would be expected in only the 

supernatant fraction as a free protein, and not in the pellet fraction, associated 

with ribosome. 
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A 

 
B   

 
           (Adapted from Chae and Nargang, 2007) 
 
Figure 18. Two possible models for effects on AOX production caused by loss of 
YVH1. These models are not mutually exclusive. A) Increased expression of a 
drug efflux pump decreases production of the inducing signal. Growth of Δyvh1 
cells in the presence of Cm does not result in the same level of inhibition of 
mitochondrial protein synthesis as in control cells, possibly due to an increase in 
expression of a drug efflux pump (AtrF). This leads to less inhibition of the sETC, 
which decreases the inducing signal required for AOX induction, and decreases 
the level of the aod-1 transcript and AOX protein (grey arrows). B) Translation 
and/or stability of AOD2 and/or AOD5 is decreased in cells lacking YVH1. Based 
on the observation that the constitutive levels of aod-1 transcripts are reduced in 
non-induced Δyvh1 cells. It is conceivable that the translation or stability of 
AOD2 and/or AOD5 may be decreased. This could lead to a lower level of aod-1 
transcripts and the AOX protein (grey arrows). The same might apply to AOD2 
and/or AOD5 under inducing conditions in Δyvh1 cells.  
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