
  
 

 UNIVERSITY OF PARMA
 

   
 
 

Department of Chemistry, Life Sciences and Environmental Sustainability 
 

Ph.D. in Biotechnologies and Biosciences 
 

XXX COURSE 
 

 
 

 Saccharomyces cerevisiae as a model for the study of 
mitochondrial diseases and for the identification of 

beneficial molecules 
 
 
 
 
 
Coordinator: 
Prof. Simone Ottonello 
 
Mentor: 
Prof. Claudia Donnini 
 
Tutor:  
Dr. Cristina Dallabona 
 
 
                   Ph.D. Student: Micol Gilberti  
 
 

 
2015/2017 



	

 

 

 

 

 

 

 

 

 

 

  



Table of contents 
1.	Introduction	.......................................................................................................................................................................	1	
1.1	Mitochondrial	diseases	..........................................................................................................................................	2	
1.2	Mitochondrial	DNA	depletion	syndromes	.....................................................................................................	4	
1.3	Mitochondrial	aminoacyl-tRNA	synthetases	and	related	mitochondrial	diseases	......................	5	
1.4	Yeast	Saccharomyces	cerevisiae	as	model	system	for	the	study	of	human	mitochondrial	
diseases	................................................................................................................................................................................	7	
1.4.1	Human	MPV17-related	hepatocerebral	MDS	and	model	organisms	.........................................	8	
1.4.2	Human	YARS2-related	MLASA	and	yeast	as	model	organism	....................................................	13	
1.4.3	Human	GatCAB	complex	and	mitochondrial	diseases	and	yeast	as	model	organism	.....	16	

1.5	Drug	discovery	for	the	treatment	of	mitochondrial	disease:	S.	cerevisiae	as	a	model	.............	18	
Aim	of	the	research	.......................................................................................................................................................	23	

2.	Results	and	discussion	–	Section	I	..........................................................................................................................	24	
2.1	Study	of	missense	variants	in	conserved	residues	of	Mpv17/Sym1	...............................................	25	
2.1.1	Study	of	the	molecular	mechanism	of	MPV17	missense	variants	identified	in	
hepatocerebral	MDS	patients	..............................................................................................................................	25	
2.1.2	Phenotypic	analyses	.....................................................................................................................................	27	
2.1.3	Localization,	stability	and	presence	in	a	high	molecular	weight	complex	of	the	mutated	
Sym1	proteins	............................................................................................................................................................	29	

2.2	Research	of	potential	therapeutic	drugs	for	MPV17-related	MDS	....................................................	34	
2.2.1	Drug	drop	test:	procedure	and	theoretical	results	.........................................................................	34	
2.2.2	Selection	of	the	mutant	strain	and	optimal	screening	conditions	............................................	36	
2.2.3	Screening	of	the	Selleck	FDA-approved	drug	library	.....................................................................	37	
2.2.4	Screening	of	six	molecules	of	Prestwick	Chemical	Library®	.....................................................	39	
2.2.5	Study	of	the	molecules	effect	on	petite	mutant	frequency	...........................................................	41	
2.2.6	Decrease	in	petite	frequency:	selective	induction	of	mortality	or	increase	in	mtDNA	
stability?	........................................................................................................................................................................	44	
2.2.7	Effects	of	drugs	on	OXPHOS	phenotype	of	the	null	mutant	sym1Δ	..........................................	45	

2.3	Effect	of	the	increased	dNTPs	pool	on	mtDNA	stability	........................................................................	50	
3.	Results	and	discussion	–	Section	II	........................................................................................................................	55	
3.1.	Study	of	missense	variants	in	YARS2/MSY1	genes	.................................................................................	56	
3.1.1.	Construction	of	mutant	strains	...............................................................................................................	57	
3.1.2	Phenotypic	analysis	......................................................................................................................................	58	
3.1.3	Construction	of	mutant	heteroallelic	strains	and	phenotypic	analyses	................................	61	
3.1.4	Effect	of	the	tyrosine	supplementation	................................................................................................	62	



3.2	Study	of	missense	variants	in	residues	of	QRSL1	and	GATB	genes	coding	for	subunits	of	
GatCAB	complex	.............................................................................................................................................................	64	
3.2.1	Construction	of	mutant	strains	................................................................................................................	66	
3.2.2	Phenotypic	analyses	.....................................................................................................................................	67	

4.	Materials	and	Methods	................................................................................................................................................	70	
4.1	Strains	used	..............................................................................................................................................................	71	
4.2	Media	and	growth	conditions	...........................................................................................................................	71	
4.3	Plasmids	.....................................................................................................................................................................	72	
4.4	Polymerase	Chain	Reactions	.............................................................................................................................	73	
4.4.1	RT-qPCR	.............................................................................................................................................................	73	

4.5	Construction	of	msy1	mutant	strains	.............................................................................................................	76	
4.5.1	Plasmid	shuffling	...........................................................................................................................................	77	

4.6	Construction	of	MSY1	heteroallelic	strains	.................................................................................................	77	
4.7	Construction	of	pet112	and	her2	mutant	strains	......................................................................................	77	
4.8	Nucleic	Acid	Manipulation	.................................................................................................................................	78	
4.9	Transformation	procedures	..............................................................................................................................	78	
4.9.1	S.	cerevisiae	transformation	......................................................................................................................	78	
4.9.2	E.	coli	transformation	..................................................................................................................................	78	

4.10	Protein	analyses	...................................................................................................................................................	78	
4.10.1	Isolation	of	mitochondria	and	protein	extraction	........................................................................	78	
4.10.2	Gel	electrophoresis	and	western	blot	analysis	..............................................................................	79	

4.11	Phenotypic	analysis	............................................................................................................................................	79	
4.11.1	Spot	assay	.......................................................................................................................................................	79	
4.11.2	Mitochondrial	DNA	mutation	frequency	..........................................................................................	80	
4.11.4	Competition	test	ρ+/ρ0	..............................................................................................................................	80	
4.11.5	Mitochondrial	respiration	.......................................................................................................................	81	

4.12	High	throughput	screening:	Drug	drop	test	.............................................................................................	81	
References	.............................................................................................................................................................................	82	
	

 

 



 



1	
	

  
	
	

 
 
 
 
 
 
 
 

 1. Introduction 
 

 

 
 

	
	
	
	
	
	
	



2	
	

1.1 Mitochondrial diseases 

Mitochondrial diseases (MD) are a group of clinically and genetically heterogeneous disorders induced 

by dysfunction of the mitochondrial electron transport chain complexes that all together are amongst 

the most common inherited human diseases, with a prevalence of 1:5000 (Diodato et al., 2014 a). The 

impaired oxidative phosphorylation (OXPHOS) results in an inability to generate adequate energy to 

meet the needs of different tissues, particularly organs with high-energy demands, including the central 

nervous system, cardiac and skeletal muscles, endocrine system, liver, and renal system. This energy 

deficiency in various organs results in a multiorgan dysfunction that lead to the variable manifestations 

observed in MD, including cognitive impairment, epilepsy, cardiac and skeletal myopathies, 

nephropathies, hepatopathies, and endocrinopathies (Chinnery et al., 2014; Munnich et al., 2012) 

(figure 1.1). 

 

Figure 1.1. Clinical spectrum of mitochondrial diseases. Schematic diagram showing the organ and 
corresponding disease affected by mitochondrial dysfunction (from Chinnery and Hudson, 2013).	

It has been estimated that 1500 proteins are needed for the structure and function of normal 

mitochondria. They contain their own DNA (mitochondrial DNA; mtDNA) that encodes a very small 

fraction of mitochondrial proteins, 13 essential subunits of the mitochondrial respiratory chain 
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complexes CI, CIII, CIV, and CV (Schon et al., 2012), two ribosomal RNAs (rRNAs; 12S and 16S), 

and 22 transfer RNAs (tRNAs), whereas all the other components of the respiratory chain and all of the 

other proteins constituting the mitochondrial proteome, are encoded by the nuclear genome, 

synthesized in cytoplasm, and imported into mitochondria (El-Hattab and Scaglia, 2016; Ylikallio and 

Suomalainen, 2012). Therefore, mitochondrial bioenergetics are under the double genetic control of 

both nuclear and mitochondrial DNA. This genetic duality has relevant consequences for human 

pathology. In fact, MD are due to mutations in a) mitochondrial DNA or b) nuclear genes encoding 

mitochondrial proteins (Chinnery et al., 2014; Munnich et al., 2012). 

Defects in mtDNA can be classified in two classes: point mutations and mtDNA rearrangements 

(deletions and insertions-duplications). Point mutations in mtDNA can affect genes coding for proteins, 

tRNAs or rRNAs, and can be heteroplasmic or homoplasmic. These mutations are maternally inherited 

and typically associated with very variable phenotypes. Rearrangements of mtDNA differ in size and 

position and typically interest several genes. In contrast to point mutations, these rearrangements are 

typically sporadic and heteroplasmic.  

Mutations in nuclear DNA (nDNA) genes are inherited in an autosomal recessive, autosomal dominant, 

or X-linked manner. These mutations lead to diseases that can be classified into four distinct groups: (i) 

disorders resulting from mutations in nuclear-encoded components or assembly factors of the 

OXPHOS system; (ii) disorders resulting from mutations affecting mitochondrial translation; (iii) 

disorders due to defects in genes controlling mitochondrial network dynamics and (iv) disorders 

resulting from a reduction in mtDNA stability (Chinnery and Hudson, 2013). 

Regarding the pathologies associated with mtDNA instability, they are due to mutations in nuclear 

genes coding for mitochondrial proteins necessary for mtDNA stability. In this case, mutations in 

nuclear genes are the primary cause of pathology that can ultimately damage the structural integrity of 

the mtDNA molecules or the mtDNA copy number (Zeviani et al., 1995; Gasser et al., 2001). The 

stability/maintenance of mtDNA depends of a number of nuclear genes coding for proteins that 

function in mtDNA synthesis and in maintenance of a balanced mitochondrial nucleotide pool (El-

Hattab and Scaglia, 2013; Spinazzola, 2011). Mutations in these genes induce mtDNA instability, in 

particular quantitative decrease of the mtDNA copy number, i.e. tissue-specific depletion of mtDNA, 

and qualitative alterations, i.e. multiple deletions of mtDNA, with the former typically occurs during 

infancy as severe diseases, whereas the latter usually induces milder clinical phenotype with onset 

during adulthood. The current understanding that both mtDNA depletion and multiple mtDNA 

deletions have the same pathomechanism and that defects in many of the mtDNA maintenance genes 
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can result in both mtDNA depletion and multiple mtDNA deletions, has suggested that these two 

disease groups can represent the spectrum for a single disease group (El-Hattab et al., 2017 a). 

However, these defects have been classically considered as two distinct groups of diseases. 

1.2 Mitochondrial DNA depletion syndromes 

Mitochondrial DNA depletion syndromes (MDS) are autosomal recessive disorders with a broad 

genetic and clinical spectrum caused by mutations in nuclear genes (Zeviani and Antozzi, 1997; El-

Hattab and Scaglia, 2013). Despite the very different clinical manifestations of these severe diseases, 

all are characterized by profound reduction in mitochondrial DNA copy number in one or several 

tissues, leading to impaired energy production in affected tissues and organs (Suomalainen and 

Isohanni, 2010). Until now, pathogenic variants in at least 16 genes have been associated with low 

copy number of mtDNA within cells. These genes code for enzymes of mtDNA replication machinery 

(mtDNA polymerization: POLG, TWNK, TFAM; and nucleases removing primers and flap 

intermediates: RNASEH and MGME1), genes encoding proteins that function in maintaining a balanced 

mitochondrial nucleotide pool (mitochondrial salvage pathway: TK2, DGUOK, SUCLG1, SUCLA2, 

and ABAT; cytosolic nucleotide metabolism: RRM2B, TYMP and mitochondrial nucleotide import: 

AGK), and genes encoding proteins involved in mitochondrial dynamics (OPA1) (Copeland 2012, El-

Hattab et al., 2017 a). The genes FBXL4 and MPV17 have a not clear function. Mutations in the 

MPV17 gene were described as cause of hepatocerebral MDS (Spinazzola et al., 2006) and Navajo 

neuro-hepathopathy (Karadimas et al., 2006). Although a role for MPV17 has been proposed in the 

cellular response to metabolic stress and maintenance of nucleotide pool (Spinazzola et al., 2006; Dalla 

Rosa et al., 2016), its function remains elusive.	Mutations in any of these genes lead to severe reduction 

in mtDNA content that results in impaired synthesis of key subunits of mitochondrial electron transport 

chain complexes. 

MDS are typically characterized by early-onset.	Some children present myopathy, others liver failure in 

infancy, and some multisystem involvement. Consistent with the different phenotypes, mtDNA 

depletion may affect either a specific tissue (most commonly muscle or liver and brain) or multiple 

organs, including heart, brain, and kidney (Viscomi and Zeviani, 2017). This group of pathologies are 

usually classified as myopathic, encefalomyopathic and hepatocerebral.  
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1.3 Mitochondrial aminoacyl-tRNA synthetases and related mitochondrial diseases 

Some mitochondrial disorders result from genetic defects that impair mitochondrial protein synthesis. 

Mutations in any component of the translation machinery can affect the mitochondrial respiratory chain 

complexes containing mtDNA-encoded subunits (cI, cIII, cIV, cV), with the preservation of complex 

II, the only complex that has no mtDNA-encoded proteins. Mutations in mitochondrial tRNAs, 

aminoacyl-tRNA synthetases (aaRSs), elongation factors and ribosomal proteins were identified (Rötig, 

2011). These mutations result in a broad spectrum of mitochondrial phenotypes and disorders (Riley et 

al., 2013).  

The aminoacyl-tRNA synthetases are a group of enzymes critical for protein synthesis that are required 

for the recognition and conjugation of specific amino acids to their cognate mitochondrial tRNAs in a 

two-step reaction (Ibba and Söll, 2000): 

1) amino acid + ATP  à aminoacyl-AMP + PPi 

2) aminoacyl-AMP + tRNA à amino acid-tRNA + AMP 

The first stage is activation of the amino acid molecule; the synthetase binds ATP and the 

corresponding amino acid to form an aminoacyl-adenylate (aminoacyl-AMP), releasing inorganic 

pyrophosphate (PPi). Then, the adenylate-aaRS complex binds the appropriate tRNA and the amino 

acid is transferred from the aminoacyl-AMP to the 2'- or the 3'-OH of the last tRNA nucleotide at the 

3'-end. 

As previously describe, mammalian mitochondria have a translational apparatus that synthesizes 13 

proteins encoded in the mitochondrial genome. While two rRNAs and a full set of tRNAs are encoded 

in the mtDNA, all other translational factors, including aaRSs, are encoded in the nuclear genome 

(Nagao et al., 2009). Two sets of synthetases are encoded by separate nuclear genes in human cells, 

distinguished by cytoplasmic (referred to as aaRS) or mitochondrial (referred to as aaRS2) localization, 

with the exception of GARS and KARS, which are present in both cellular compartments and are 

encoded by the same loci as cytoplasmic enzymes, with the mitochondrial isoforms being generated by 

alternative translation initiation (GARS) (Chihara et al., 2007) or alternative splicing (KARS) 

(Tolkunova et al., 2000). Nineteen aaRSs, including the two with the double position, operate within 

the human mitochondrial matrix, whereas the gene for mitochondrial glutamyl-tRNA synthetase 

(EARS2) efficiently misaminoacylates the mitochondrial tRNAGln to form glutamate charged-tRNAGln 

(Nagao et al., 2009). 
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Typically aaRSs structure presents a catalytic domain and an anticodon-binding domain; AARS2 has 

also an editing domain to deacylate mischarged amino acids (in particular serine and glycine), 

preventing the insertion of uncorrect amino acids during protein synthesis (Beebe et al., 2008).  

aaRSs can be classified into two distinct group based on the structure of the catalytic site and on the 

mechanism of aminoacylation reaction: class I enzymes typically contain the classical Rossmann fold 

that displays five parallel β-strands connected via α-helices and two highly conserved sequence motifs, 

are monomeric or dimeric, and aminoacylate at the 2'-OH of the ribose in the last nucleotide located at 

the 3’ terminus of the tRNA; class II enzymes display an alternate folding, mainly constituted by a 

sheet of six antiparallel β-strands and three motifs of less-conserved sequences and aminoacylate at the 

3'-OH of the appropriate tRNA (Bonnefond et al., 2005 a, Eriani et al., 1990). In the course of 

evolution aaRSs have acquired additional domains and insertions in addition to preexisting domains, 

which expanded the range of functions performed by these enzymes, in particular acquiring different 

non canonical functions such as regulation of apoptosis and translation, synthesis of rRNA, or tRNA 

export to the cytosol (Smirnova et al., 2012). 

aaRS2 mutations have emerged as an important cause of mitochondrial translation disorders, usually 

characterized by early-onset and autosomal recessive transmission, that first lead to tissue and cell-type 

specific phenotypes, including central nervous system involvement (CARS2, DARS2, EARS2, FARS2, 

GARS, IARS2, MARS2, NARS2, PARS2, RARS2, TARS2, and VARS2); myopathy, lactic acidosis, and 

sideroblastic anemia (MLASA) (YARS2); hypertrophic cardiomyopathy (AARS2); sensorineural hearing 

loss and ovarian dysgenesis (Perrault syndrome) (LARS2 and HARS2); and hyperuricemia, pulmonary 

hypertension, renal failure, and alkalosis (SARS2) (Sommerville et al., 2017). 

The basis of cell- or tissue-specific damage remains unclear, since all mt-aaRSs are ubiquitous 

enzymes operating in the same pathway (Rötig, 2011). However, as previously mentioned, several 

cytoplasmic aaRSs have been found to have additional functions besides their role in protein synthesis, 

so it is possible that other functions of mitochondrial aaRSs influence the distinct pathogenesis of 

aminoacyl-tRNA synthetase disorders (Antonellis and Green, 2008). 
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1.4 Yeast Saccharomyces cerevisiae as model system for the study of human 

mitochondrial diseases 

The yeast Saccharomyces cerevisiae is one of the most intensively studied model organisms to 

investigate the molecular and genetic basis of human diseases. Despite its simplicity, yeast shares many 

cellular activities and metabolic pathways with humans and for this reason S. cerevisiae has been 

defined “honorary mammal” (Resnick and Cox, 2000). It was the first eukaryote organism to have its 

genome fully sequenced and published (Goffeau et al., 1996). Remarkably, about 46% of human 

known proteins have homologs in yeast: among these, proteins involved in DNA replication, 

recombination, transcription and translation, cellular trafficking and mitochondrial biogenesis were 

found (Venter et al., 2001). Moreover, about 40% of human genes, mutations of which lead to diseases, 

have an orthologue in yeast (Bassett et al., 1996). For this reason yeast has been widely used to study 

molecular mechanisms underlying human diseases. The study of mitochondrial functions and 

dysfunctions and related mitochondrial diseases is of a special interest in yeast, because in this 

organism mitochondrial genetics and recombination have been discovered (Bolotin et al., 1971). 

Specific reasons led to choose S. cerevisiae for mitochondrial studies. The most important 

characteristic of S. cerevisiae is that it can survive even in the absence of respiratory functions and in 

the presence of partial or total deletions of mtDNA, so in the absence of the respiratory chain 

complexes. In fact, yeast metabolism is regulated in accordance to carbon sources and oxygen 

availability. When grown in the presence of glucose, yeast produce ATP using glycolysis, while 

respiration is almost completely suppressed. When glucose is exhausted there is a rapid metabolic shift 

from fermentation toward respiration, with the induction of all the genes encoding for subunits 

responsible for oxidative phosphorylation. Although glucose is the preferred source, yeast is able to use 

oxidative carbon sources as glycerol, ethanol, acetate and lactate. These carbon sources require 

functioning mitochondria, and are commonly exploited in mitochondria-related research to investigate 

mitochondrial dysfunctions. Moreover, yeast is the only eukaryote able to survive in the absence of 

both mitochondrial function and mtDNA, provided that a fermentable carbon source is available. Thus, 

S. cerevisiae is a useful model for the study of MD as phenotypes related with the mitochondrial 

dysfunction can be easily observed. Mutations that affect mitochondrial functionality generally induce 

simple phenotypes such as reduction/inhibition of the oxidative growth or alteration of the respiratory 

activity. Furthermore it is possible to determine if pathologic mutations are associated with mtDNA 

instability or with an increased of point mutations. Yeast mutants with impaired OXPHOS function, 
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defined respiratory-deficient mutants (RD), are distinguishable respect to respiratory sufficient strain 

for their morphology and physiology. In presence of low concentration of glucose as fermentable 

carbon source and high concentration of ethanol as oxidative carbon source they give rise to small 

colonies, so called petite mutants. The small size of petite mutants depends on their inability to 

metabolize the ethanol present in culture and this consequently results in a slow replication rate 

(Ephrussi et al., 1949). Petite colonies arise from mutations in genes for OXPHOS components 

encoded both by nuclear or mitochondrial genome. Given the higher occurence of mutations in 

mtDNA, compared to nDNA, the frequency of petite mutants is associated with the instability of the 

mitochondrial genome. For mutations that affect the mtDNA it is possible to distinguish rho- mutants 

with deletions on mtDNA, and rho0 mutants with a complete loss of mtDNA (Dujon 1981; Tzagoloff & 

Dieckmann 1990).  

Different approaches have been used in the study of human diseases in yeast. When a homolog of the 

gene involved in the disease is present in the yeast genome, the mutation can be introduced in the yeast 

gene and its effects can be evaluated both at a physiological and molecular level. Conversely, when the 

disease-associated gene does not have the counterpart in yeast the transgene can be heterologously 

expressed in yeast and the resulting strain can be subjected to functional analysis. Furthermore the 

possibility to duplicate as haploid or diploid makes this organism a flexible tool for assessing the 

dominant or recessive nature of a mutation.  

1.4.1 Human MPV17-related hepatocerebral MDS and model organisms 

The human MPV17 gene, located on chromosome 2p23-21, encodes a small protein of 176 aminoacids 

(Karasawa et al., 1993) characterized by four predicted transmembrane spans and located in the inner 

mitochondrial membrane (Spinazzola et al., 2006) (figure 1.2). 

 

Figure 1.2. Schematic representation of the Mpv17 protein based on bioinformatic prediction models and 
relative localization of some the mutations identified (from Wong et al., 2007). 
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Mutations in MPV17 were first described as causing hepatocerebral MDS (Spinazzola et al., 2006) and 

Navajo neuro-hepathopathy (Karadimas et al., 2006). Since then, more than 30 different MPV17 

mutations were identified confirming these inherited autosomal recessive mutations as prominent cause 

of hepatocerebral MDS, accounting for about 50% of the cases. However, the functional link between 

Mpv17 and mtDNA maintenance is not yet completely understand.  

The clinical presentations associated with MPV17 mutations are rather broad, with hepatic and 

neurologic manifestations that appear to be the most characteristic findings. Typically, the disease-

onset is between neonatality and childhood (El-Hattab et al., 2010), although several patients with 

adult-onset presentation of neuropathy and leukoencephalopathy with multiple mtDNA deletions in 

skeletal muscle have been described, indicating that MPV17 mutations are associated with an evolving 

broader phenotype (Blakely et al., 2012; Garone et al., 2012).  

All early-onset patients identified typically presented liver dysfunction, comprising cholestasis, 

jaundice and coagulopathy (El-Hattab et al., 2017 a). Most cases deteriorate to liver failure, which is 

the main cause of death for this pathology. In addition to hepatic damage, most young patients present 

neurologic manifestations, mainly involving developmental delay and hypotonia. Motor and sensory 

peripheral neuropathy and leukoencephalopathy were also described. Besides hepatic and neurologic 

indications, hepatocerebral MDS can result in metabolic manifestations, such as lactic acidosis and 

hypoglycemia, and it has frequently been observed that patients fail to thrive. Individuals with Navajo 

neurohepatopathy, prevalent in the Navajo community in the Southwestern United States, who were 

found to have homozygous p.Arg50Gln mutation in Mpv17 may manifest the pathology later in 

childhood (Karadimas et al., 2006). Three main subtypes of this pathology exist: infantile (onset <6 

months) and childhood (<5 years) forms, characterized by hypoglycemic episodes and severe 

progressive liver dysfunction requiring liver transplantation, and a “classic” form characterized by 

moderate hepatopathy and progressive motor and sensoryaxonal neuropathy (Nogueira et al., 2014). 

At molecular level the mtDNA content is severely reduced in liver tissue, but can also be reduced in 

muscle tissue. Electron transport chain complexes activity assays in liver and muscle tissue typically 

show decreased activity of multiple complexes with complex I, III and IV that are the most affected 

(El-Hattab et al., 2010). 

A high degree of conservation has been observed between human MPV17 and its mouse (MPV17), 

zebrafish (TRA) and yeast (SYM1) orthologs, respectively, although mutants in these genes show very 

different phenotypes.  
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MPV17 gene was first identified in a mouse strain, in which the MPV17 gene was knocked out by 

random insertional inactivation with a recombinant retrovirus in the genome of mouse embryonic stem 

cells. The mutant mouse strain obtained showed renal disease characterized by focal segmental 

glomerulosclerosis and consequential nephrotic syndrome. MPV17 mutant mice developed disease in 

early adulthood (2–3 months after birth) and most of them died of renal failure after 18 weeks of life 

(Weiher et al., 1990). In addition to renal phenotype, these mutant mice revealed also deterioration of 

the inner ear structures leading to hearing loss (Meyer zum Gottesberge and Felix, 2005). In mice, 

development of the mutant phenotype was prevented through transgenesis with human MPV17, 

indicating functional equivalence between the homologous (Schenkel et al., 1995).	

The human homologous was identified by interspecific ibridization (Karasawa et al., 1993; Weiher, 

1993). Sequence analysis revealed over 90% identity in a region coding in human for a protein of 176 

amino acids. As previously mentioned the human MPV17 gene, located on chromosome 2p23-21, 

encodes for an integral protein of the inner mitochondrial membrane, characterized by four predicted 

transmembrane spans. Its presence has been demonstrated in pancreas, kidney, muscle, liver, lung, 

placenta, brain and heart (Spinazzola et al., 2006). The import of the Mpv17 protein into the 

mitochondria is not mediated by a classical N-terminus sequence subsequently removed, contrary to 

what is usually seen for most protein of the inner mitochondrial membrane or mitochondria matrix 

protein (Spinazzola et al., 2006).  

To understand the function of Mpv17 in mitochondrial biogenesis and the mechanism leading to tissue-

specific mtDNA depletion, another mpv17-/- mouse model was created and studied. It was observed that 

in young mice, as in humans, the ablation of Mpv17 determines a profound reduction in mtDNA 

content in liver and, to a lesser extent, in skeletal muscle, but neither in brain nor in kidney (Viscomi et 

al., 2009). Measurement at different ages revealed that in wild type mouse the content of mtDNA in 

liver and muscle varied over time, contrariwise it remained constantly low throughout life in the same 

tissues of mpv17-/- mice. However, the absolute mtDNA content and its age-dependent variation were 

similar in the mutant and in the wild type mice brain. Although the role of Mpv17 remains elusive, 

these results demonstrate that the absence of this protein impairs a dynamic control on mtDNA copy 

number, in a tissue-specific and possibly developmentally regulated manner (Viscomi et al., 2009). The 

low mtDNA content in liver was associated with surprisingly mild morphological alterations of its 

cytoarchitecture, whereas, at the ultra structural level, mitochondria of mpv17-/- were profoundly 

altered, especially in 5-month and older mice. Mitochondria became ballooned, the cristae disappeared, 

an electron-dense amorphous material accumulated in the matrix; similar modification was observed 
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also in patients harbouring mutation in MPV17 (Wong et al., 2007), in other hepatocerebral MDS 

(Mandel et al., 2001), and in yeast model (Dallabona et al., 2010).  

The yeast Saccharomyces cerevisiae is a suitable model to evaluate the pathological effects of MPV17 

mutations related with MDS and to study molecular mechanisms underlying the pathology, thanks to 

the presence of the functional orthologous gene SYM1, coding for a protein of the inner mitochondrial 

membrane (Trott and Morano, 2004). The protein sequence of Sym1 shares high homology with 

Mpv17 (figure 1.3) and a strong conservation of transmembrane domains architecture with a proposed 

topology of four transmembrane spans in a Nout/Cout orientation (Trott and Morano 2004, Reinhold et 

al., 2012).  

 

Figure 1.3. ClustalW2 sequence alignment of Sym1 orthologues in fungi and mammals. Black boxes 
indicate 100% similarity, and grey boxes indicate 75% similarity (from Reinhold et al., 2012). 

The deletion of SYM1 in S. cerevisiae being complemented by the expression of the human MPV17 

gene and the absence of SYM1 functional paralogues has established Sym1 as a good model for the 

study of Mpv17 function (Trott and Morano 2004). In yeast, another protein shows sequence similarity 

to Mpv17, Yor292c. This protein was localized in the vacuole in a large-scale study (Huh et al., 2003). 

Experiments performed in our laboratory did not reveal any role for this protein on mitochondrial 

function, as its open reading frame deletion did not affect oxidative growth nor mtDNA stability. 

Furthermore, the sym1Δ phenotype is not worsened by YOR292c deletion, suggesting that the function 

is not redundant (Dallabona, Ph.D. thesis). 

Sym1 protein is required for OXPHOS metabolism in stress conditions (high temperature, high ethanol 

concentration), with a role in controlling the flux of Krebs’ cycle intermediates, e.g. alpha-ketoglutarate 

and/or oxalacetate, across the mitochondrial membrane (Dallabona et al., 2010).	 In addition, point 

mutations equivalent to those found in patients affected by MDS, cause mtDNA instability, leading to 
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increased accumulation of mitochondrial respiratory deficient “petite” mutants (Spinazzola et al., 

2006). Moreover, studies performed in our laboratory, based on blue native gel electrophoresis, have 

demonstrated that Sym1 takes part within a high molecular weight complex >600 kDa, the composition 

of which is, however, unknown (Dallabona et. al, 2010). By reconstitution into lipid bilayers, Sym1 has 

been confirmed to aggregate in a high molecular weight complex to form a membrane pore in the inner 

mitochondrial membrane, whose dimension is sufficient to allow the transport of large molecules such 

as metabolites across the inner mitochondrial membrane (Reinhold et al., 2012). The role of Mpv17 as 

Δψm-modulating channel that apparently contributes to mitochondrial homeostasis under different 

conditions, such as membrane potential, redox state, pH, and protein phosphorylation, was more 

recently demonstrated also for the human protein (Antonenkov et al., 2015). However the physiological 

role of the channel and the nature of the cargo remain elusive. Notably, in both cell cultures and mouse 

tissues, Mpv17 is part of a high molecular weight complex of unknown composition, which is essential 

for mtDNA maintenance in critical tissue, i.e. liver, of a MPV17 knockout mouse model (Bottani et al., 

2014), these findings confirm yeast as a good model for the study of the molecular mechanisms 

underlying the pathology. 

More recently, it was demonstrated in a mpv17-/- mouse model, characterized by a significant reduction 

of mtDNA in liver cells, that liver mitochondria displayed reduced levels of dGTP (30% relative to the 

wild-type) and dTTP (35% of wild-type), whereas there was no decrease in mitochondrial dNTPs 

levels in kidney or brain, suggesting that mitochondrial nucleotide insufficiency is responsible for the 

depletion of mtDNA in the liver of the mpv17-/- mice (Dalla Rosa et al., 2016). Furthermore, to evaluate 

the effect of the nucleotide insufficiency on DNA replication, the intermediates of mitochondrial DNA 

replication in mpv17-/- were analysed, identifying high abundance of the replication intermediates. This 

result indicates that many mtDNA molecules are in the process of being replicated in liver 

mitochondria lacking Mpv17. The increase in mitochondrial replication intermediates, associated with 

mtDNA loss and nucleotide insufficiency, suggested that the rate of mtDNA replication is much slower 

than normal in the liver of the MPV17 ablated mouse. Together these data suggested that loss of 

function of Mpv17 causes nucleotide insufficiency in the mitochondria that slows rate of mtDNA 

replication and induce mtDNA depletion (Dalla Rosa et al., 2016). Also in quiescent Mpv17-deficient 

human fibroblasts it was observed a marked decreases in all three dNTPs (dTTP, dGTP and dCTP) that 

could be quantified (dATP levels were disregarded owing to the low values obtained for the control). 

Notably, nucleoside supplementation in the culture medium was able to prevente mtDNA depletion in 

the quiescent Mpv17-deficient fibroblast lines (Dalla Rosa et al., 2016).  
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In zebrafish, the loss of the orthologous gene (TRA) results in a severe decrease of pigment cells 

iridophores (Krauss et al., 2013). As these cells have a special requirement of guanine, it has been 

suggested that iridophores death in tra mutant might be the result of mitochondrial dysfunction, 

consistent with a defect in the import of either dGTP or its precursors.  

Actually, despite these findings, the specific function of Mpv17 remains elusive. 

 

1.4.2 Human YARS2-related MLASA and yeast as model organism  

YARS2 encodes for the mitochondrial tyrosyl-tRNA synthetase (Yars2) that performs mitochondrial 

tyrosyl-tRNA aminoacylation by coupling tyrosine to its cognate mitochondrial tyrosyl-tRNA. 

The structure of Yars2 consists in a conserved organization with an N-terminal catalytic domain 

followed by the C-terminal anticodon-binding region (figure 1.4) (Bonnefond et al., 2007 b). Among 

aminoacyl-tRNA synthetases, tyrosyl-tRNA synthetases present unique features. Although they belong 

to class I synthetases with the highly conserved sequences ‘‘HIGH’’ and ‘‘KMSKS’’ and a Rossmann-

fold catalytic domain (Bedouelle 2005, Bonnefond et al. 2005), they act as homodimers and recognize 

tRNA from the major groove side of the amino acid acceptor stem, in a way reminiscent to what was 

found for class II synthetases (Bedouelle and Winter, 1986; Lee and RajBhandary, 1991; Yaremchuk et 

al., 2002).  

 
Figure 1.4. Organization of human mitochondrial tyrosyl-tRNA synthetase. The catalytic domain 
(orange), with the location of the HVGH and KLGKS signature sequences (blue), is disrupted by the CP1 
(connective peptide 1) in black. The anticodon binding region includes the helical α-ACB (anticodon 
binding) domain (green) and the S4-like (S4 ribosomal protein-like) domain (yellow) for entire mt-TyrRS. 
The N-terminous mitochondrial targeting sequence (MTS) in the native enzyme is shown. Location of 
cysteine residues is indicated by SH-labeled lines (from Bonnefond et al., 2007 b). 

Mutations of YARS2 have been described predominantly in patients with autosomal recessive MLASA 

syndrome (myopathy, lactic acidosis, and sideroblastic anemia) with mitochondrial respiratory chain 

complex deficiencies (Riley et al., 2010; Riley et al., 2013; Sasarman et al., 2012; Shahni et al., 2013; 

nakajima et al., 2014; Ardissone et al., 2015). YARS2-related mitochondrial disease is phenotypically 

heterogeneous and has a variable prognosis ranging from infantile-onset- and often fatal-MLASA 

mt-TyrRS
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syndrome to later adolescent-onset, slowly progressive myopathy. Progressive respiratory muscle 

weakness and cardiomyopathy are the major causes of death in these patients. 

The MLASA syndrome was first described in patients with mutations in PUS1 gene, (Bykhovskaya et 

al., 2004) coding for pseudouridylate synthase 1, a tRNA-modifying enzyme. Later it was identified in 

patients with YARS2 mutations and with a clinically similar phenotype. Mutations in these genes lead to 

a decreased mitochondrial protein synthesis resulting in mitochondrial respiratory chain dysfunction 

(Riley et al., 2010, Riley et al., 2013). Most recently, MLASA was described in 2 patients: one of these 

with a novel de novo heteroplasmic mutation in the mtDNA encoded ATP6 gene, the first mtDNA 

point mutation associated with the MLASA phenotype (Burrage et al., 2014); the other patient 

harboured a heterozygous mutation in LARS2 gene, mutations of which typically it was not associated 

with MLASA (Riley et al., 2016). Although rare, sideroblastic anemia is a prominent feature in 

Pearson syndrome caused by single, large-scale mtDNA deletions (Pearson et al., 1979, McShane et 

al., 1991).  

Until now a total of 17 patients has been identified carrying mutations in YARS2 localized in both the 

catalytic domain and in the anticodon-binding region. Fifteen individuals (88%) exhibited an elevated 

blood lactate level accompanied by generalized myopathy; only 12 patients (71%) manifested with 

sideroblastic anemia. Hypertrophic cardiomyopathy (9 [53%]) and respiratory insufficiency (8 [47%]) 

were also prominent clinical features. Central nervous system involvement was rare. Muscle studies 

showed global cytochrome-c oxidase deficiency in all patients tested and severe, combined respiratory 

chain complex activity deficiencies (Sommerville et al., 2017). In table 1 a summary of the clinical 

features of all 17 patients is reported. In any case a definite correlation between genotype-phenotype is 

difficult to draw since the small number of patients reported in the literature (Ardissone et al., 2015). 
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Table 1. Summary of the clinical features of 17 YARS2 patients (from Sommerville et al., 2017). 

Recently, in our laboratory, S. cerevisiae model was created and studied in order to validate the 

pathological role of a new missense mutation in YARS2 gene taking advantage of the presence in yeast 

of the orthologous gene MSY1 (Ardissone et al., 2015). The homologous mutation (c.933C>G 

p.Asp311Glu) was identified in two Italian siblings and was located in the anticodon-binding domain, 

involved in the interaction with the anticodon of the cognate mitochondrial tyrosyl-tRNA. The results 

obtained clearly indicated that the human YARS2 mutation was deleterious in yeast and allowed to 

validate the pathological role of the mutation. 
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1.4.3 Human GatCAB complex and mitochondrial diseases and yeast as model organism 

Traslational accuracy is required to properly decipher the genetic code to form proteins. The fidelity of 

protein synthesis largely depends on the formation of correct aminoacyl-tRNAs (aa-tRNAs) by the 

corresponding aminoacyl-tRNA synthetases (aaRSs).  
aaRSs are highly specific enzymes, but in some case, non discriminating attachment can accur. Gln-

tRNA formation is the least conserved mechanism of aminoacyl-tRNAs synthesis found in nature, and 

is generated by kingdom-specific pathways that guarantee correct glutamine incorporation during 

protein synthesis (Ibba and Söll 2004). In the eukaryotic cytoplasm and in some bacteria, a single 

cytosolic glutaminyl-tRNA synthetase (GlnRS) attaches glutamine directly to tRNA (figure 1.3). On 

the contrary, a different two-step pathway found in most bacteria and all archaea employs a 

pretranslational modification to generate Gln-tRNAGln (figure 1.5). First, a nondiscriminating glutamyl-

tRNA synthetase (GluRS), which is able to synthesize both Glu-tRNAGlu and Glu-tRNAGln generates a 

mischarged Glu-tRNAGln (Lapointe et al. 1986; Sekine et al. 2001). The resulting mischarged tRNA is 

then converted by glutamyl-tRNAGln amidotransferase (GluAdT), in presence of ATP and glutamine as 

an amide donor, into Gln-tRNAGln (Feng et al., 2004, Nagao et al., 2009).  

 

Figure 1.5. Pathways to Gln-tRNAGln formation. The direct aminoacylation pathway (top) and the 
transamidation pathway (bottom) are both abundant in nature. GluAdT refers to the tRNA-dependent 
amidotransferase of the transamidation pathway (from Rinehart et al., 2005). 

Mitochondria and chloroplasts, in line with their bacterial ancestry, have the same mechanism of aa-

tRNA synthesis with bacteria and archaea (Yang et al., 1985; Schön et al., 1988; Woese et al., 2000). 

Proteins orthologous to bacterial amidotransferases are frequently found in the nuclear genomes of 

most eukaryotes. Bacterial and human mitochondrial amidotransferases are heterotrimeric enzymes, 

called GatCAB consisting of A, B, and C subunits. The first step of the transamidation reaction is the 

phosphorylation by the GatB subunit that uses ATP to phosphorylate the Glu moiety on the Glu-



17	
	

tRNAGln, forming a γ-phosphoryl-Glu-tRNAGln as an activated intermediate. Second, the GatA subunit 

catalyzes the amidation of the activated phosphorylated intermediate using the liberated ammonia from 

amide donor glutamine to form Gln-tRNA (Wilcox, 1969; Feng et al., 2005; Nagao et al., 2009). GatC 

codes for a stable subunit of the complex required for linking and correct folding of the catalytic 

subunits GatA-GatB (Curnow et al., 1997, Nakamura et al., 2006). In human cells the three subunits A, 

B and C are coded by the QSRL1, GATB (also known as PET112) and GATC genes, respectively 

(Echevarria et al., 2014 Nagao et al., 2009). 

As previously described, defects in genes encoding aminoacyl-tRNA synthetases cause a broad 

spectrum of mitochondrial disorders. Recently, mutations in the GatCAB subunit QRSL1 has been 

identified in a large scale study in patients with a lethal infantile mitochondrial disorder. In particular, 3 

patients with mutations in QRSL1 gene were identified: a girl with tachypnea, hypertrophic 

cardiomyopathy, adrenal insufficiency, hearing loss, and combined respiratory chain complex 

deficiencies (I, II, III, and IV), harbored a homozygous mutation c.398G>T (p.G133V); her older 

brother, also ill, harbored the same homozygous mutation; a third patient harbored the compound 

heterozygous mutations c.350G>A (p.G117E) and c. 398G>T (p.G133V) (Kohda et al., 2016). 

More recently, other patients with defects in the GatCAB complex were identified. In particular, these 

patients presented mutations	in the novel gene GATB in addition to mutations in the QRSL1 gene. The 

impaired functionality of the complex resulted in a severe clinical phenotype with prominent 

cardiomyopathy and lethal infantile lactic acidosis, with variable deficiencies of the respiratory chain 

enzymes, which is typical for defects in mitochondrial tRNA aminoacylation (paper in submission).	 

In yeast, mitochondrial glutaminyl-tRNAGln was shown to be formed by a transamidation pathway, 

similar to that operating in the human mitochondria (Frechin et al., 2009), involving an heterotrimeric 

transamidase named GatFAB. The GatA and GatB subunits are coded by HER2 and PET112 nuclear 

genes, respectively. The HER2 and PET112 gene products of S. cerevisiae share significant sequence 

similarity with the GatA and GatB products, respectively, to those of bacterial and eukaryotic 

GatCABs. These genes are essential for mitochondrial function; in fact, disruption of these genes 

destabilized the mitochondrial genome, causing cells to become rho- (Mulero et al., 1994, Merz and 

Westermann et al., 2009). The subunit F of the complex coded by GTF1 not share sequence similarity 

with the GatC subunit (Barros et al., 2011). Based on these observations, S. cerevisiae is a suitable 

model to evaluate the pathological role of mutations that affect the human GatA and GatB subunits. 
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1.5 Drug discovery for the treatment of mitochondrial disease: S. cerevisiae as a 

model 

Actually, the treatment of mitochondrial diseases remains largely symptomatic and does not 

significantly alter the course of the diseaes (El-Hattab et al., 2017 b). In particular, management of 

MDS mainly consists in the symptomatic treatment for complications associated with these disorders. 

Treatment options include dietary modulation, cofactors and vitamins supplementation to support 

metabolism, liver transplantation, and stem cells transplantation (El-Hattab and Scaglia 2013). Liver 

transplantation has been performed for some individuals with hepatocerebral mtDNA depletion 

syndromes, which frequently progress to liver failure. However, liver transplantation in mitochondrial 

hepatopathy remains controversial, because of the multi-organ involvement and because neurological 

manifestations may occur or worsen after the transplantation (Thomson et al., 1998). Another potential 

therapeutic approach was tested in a mouse model, in which the expression of Mpv17 was induced in 

MPV17 mutant mice through gene replacement via an adeno-associated virus carrying human MPV17. 

As a consequence, mtDNA copy number was enhanced in liver restoring oxidative phosphorylation 

activity (Bottani et al., 2014). Recently, it was demonstrated that the supplementation with specific 

deoxiribonucleosides and/or inhibition of their catabolism are able to prevent the mtDNA depletion in 

different cell models, suggesting a potential strategy for the treatment of MDS (Camara et al., 2014, 

Dalla Rosa et al., 2016). 

Regarding the MLASA no specific curative therapies are available, early diagnosis and initiation of 

appropriate supportive therapy is likely to be important in the prevention of the long term 

complications of this disorder (Shanhi et al., 2013). 

Drug discovery is a highly complex and multidisciplinary process whose goal is to identify compounds 

with therapeutic effects. The current paradigm for de novo drug discovery and development begins 

with identification of a potential target (usually a protein), and proceeds through validation of the target 

in animal and/or cell culture models, development and execution of a screening system to obtain small 

molecules that modulate the activity of the target, characterization and optimization of these small 

molecules, testing the efficacy, toxicity, and untoward effects of these molecules in animal and cell 

culture models, and finally a series of FDA-supervised clinical trials to evaluate safety, pharmacology, 

and efficacy in comparison to existing treatments for the same indications (Rowberg, 2001). Although 

the regulatory process has been streamlined by the FDA in recent years, the entire progression typically 



19	
	

lasts a decade, and costs at least $500 million for each drug reaching the market (Lipsky and Sharp 

2001; Hughes 2002). It is therefore of interest from commercial, economic and medical viewpoints, an 

improvement and acceleration of the drug discovery and development process at virtually any step 

(figure 1.6). 

 

Figure 1.6. Diagram of the de novo drug discovery process (from Carnero, 2006). 

For this reason current approaches to drug discovery require an assay that can test simultaneously 

hundreds of thousands of compounds, hence high throughput screenings (HTS) have become the major 

tools in this field. HTS allow the isolation of dozen to thousands of molecules to be further tested and 

ranked for development priority. In general HTS assay formats can be classified into two types; in vitro 

target-based biochemical assays and cell-based assays. In vitro target-based biochemical screening is 

an effective approach with a well-defined pathology and highly validated target. Its biggest advantage 

is that the exact target and mechanism of action are known. However, many of the most commonly 

used drugs function through unknown mechanisms and target-based approaches have a few drawbacks. 

First, the success of target-centric approaches hinges on correctly predicting the link between the 

chosen target and disease pathogenesis. Second, this biased approach may not actually target the best or 

most “druggable” protein to provide optimal rescue. Third, it is not always possible to accurately 

predict the activity of compounds in vivo. Finally, the small molecules obtained in vitro may have 

chemical drowbacks that preclude efficacy in vivo, including entry into cells, solubility, metabolism, 

distribution, excretion, and off-target effects. These potential pitfalls can hinder the validation of a 

compound in a cellular or animal model. In contrast, cell-based assays first, do not require a known 

target; screens may identify compounds targeting completely unexpected proteins or pathways. Second, 

in vivo screening more likely identifies drug-like molecules that (a) can get into cells, (b) are not 

readily metabolized, and (c) are not cytotoxic at effective concentrations.  

The most significant barrier in cell-based screens is determining a compound mechanism of action and 
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protein target. However, the genetic tractability of model organisms offers new approaches for target 

discovery, although this is often difficult. Of course, a limiting factor for cell-based screening is that a 

compound potential is only as valid as the model from which it was derived (Tardiff and Lindquist, 

2013). Cellular screens should ideally be performed with cells of human origin, which evidently 

provide the most physiologically relevant model system. However, human cells are expensive to 

culture and sometimes difficult to propagate in automated systems used for HTS. Yeast has emerged as 

powerful tool for drug discovery. It represents an inexpensive and simple alternative system to 

mammalian culture cells for the analysis of drug targets and for the screening of compounds. In fact, 

thanks to the high degree of conservation of basic molecular and cellular mechanisms between yeast 

and human cells the function of human proteins can often be reconstituted and aspects of some human 

physiological processes can be recapitulated. One major advantage of yeast over mammalian cells is 

provided by the versatile genetic malleability of this organism. This characteristic of yeast, as well as 

the long scientific experience in yeast genetics and molecular biology, has allowed the development of 

experimental tools and genetic selection systems that can be readily converted to HTS formats for drug 

discovery. These molecular and cellular tools include advanced plasmid systems, homologous 

recombination techniques and the easy application of conditional growth selection systems. Despite its 

numerous advantages, yeast assays are not without limitations for the purposes of drug discovery. In 

particular, the high concentration of compound often required to produce a biological response, likely 

due to the barrier presented by the cell wall, and the presence of numerous active efflux pumps and 

detoxification mechanisms (Smith et al., 2010). In addition, although many core processes are 

conserved between yeast and human, several “metazoan-specific” processes are not (Table 2). 
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Table 2. Comparison summary between in vitro HTS, mammalian cellular HTS and yeast cellular HTS 
(from Barberis et al., 2005). 

Over the last decade, chemical screenings based on phenotype, named phenotype-based screenings, 

were used to find new potential therapeutic compounds (Mayer et al., 1999; Mundy et al., 1999; 

Haggarty et al., 2000). Recently, Couplan and collaborators developed a two-step yeast phenotype-

based assay, called “Drug drop test”, to identify active compounds with beneficial effects for human 

mitochondrial diseases affecting ATP synthase, in particular NARP (neuropathy, ataxia, and retinitis 

pigmentosa) syndrome. A suitable yeast model of such disorders is the deletion mutant for the nuclear 

gene FMC1 that encodes a protein required at high temperatures (35-37°C) for the assembly of the F1 

sector of ATP synthase. Indeed, when the fmc1Δ mutant is grown at high temperatures, its 

mitochondria contain fewer assembled ATP synthase complexes than a wild-type strain. The Drug drop 

test was composed of a primary screening in which about 12.000 compounds from various chemical 

libraries were tested for their ability to suppress the respiratory growth defect of the fmc1Δ mutant. 

Experimentally, fmc1Δ cells were spread on solid glycerol medium and exposed to filters spotted with 

the compounds. After incubation at 35°C, active compounds were then identified by a halo of enhanced 

growth around a filter (figure 1.7). 
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Figure 1.7. Schematic representation of the “Drug drop test” technique (from Couplan et al., 2011). 

Active compounds, identified from primary screening, were tested in a secondary screening, on the five 

yeast atp6-NARP mutants which are the yeast models of the five most common mutations in ATP6 

related to NARP syndrome, using the same experimental procedure. The advantage of this method is 

that, in one simple experiment, numerous compounds were tested across a large range of 

concentrations, due to diffusion of the drugs in the growth medium. Through this approach, two 

compounds were identified as active. Further studies demonstrated that both these molecules were 

active also on human cells (Couplan et al., 2011).  

A similar approach has recently used in yeast for the research of active molecules against 

mitochondrial disorders caused by mutations in the human POLG gene, which encodes for the catalytic 

subunit of the DNA polymerase γ, thanks to the presence of the orthologue gene MIP1. In this study, 

mip1 mutated yeast strains carrying different thermo-sensitive mutations, which led to a high frequency 

of petite mutants at 37°C, were used. Using the “Drug drop test” method, six molecules, named MRS1-

6, were identified as able to rescue the mutant phenotypes of the mip1 yeast strains. Interestingly one of 

these molecules, MRS3, was active also on C. elegans and human fibroblasts. This finding can lead the 

way, for MRS3, for a clinical trial in the search of treatments for human mitochondrial diseases related 

to POLG (Pitayu et al., 2015). Altogether these results demonstrate that S. cerevisiae is a useful model 

for drug discovery approaches.  
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Aim of the research 

The general purpose of this thesis was to create and study specific models of different mitochondrial 

diseases associated with mutations in the human genes MPV17, YARS2, QRSL1 and GATB using 

Saccharomyces cerevisiae as a model system, taking advantage of the presence of the orthologous 

genes SYM1, MSY1, HER2 and PET112, respectively. In particular: 

MPV17 

 - First aim: to validate the potential pathological role of missense MPV17 mutations identified in MDS 

patients and to investigate the molecular mechanisms by which the mutations lead to the pathology. 

- Second aim: to search for an MDS treatment through a phenotypic screening of FDA-approved 

chemical libraries designed to identify molecules able to rescue the mitochondrial defective phenotypes 

induced by a pathogenic mutation in the SYM1 gene. This drug discovery approach, through which 

several potential active compounds have been found, is the starting point to identify new 

pharmacological therapies aimed at recovering specific MPV17 dysfunctions, thus improving the 

conditions of MDS patients. 

- Third aim: to study the effect of increased dNTPs pool on mtDNA stability in sym1 mutant strains 

through different strategies, a) overexpression of ribonucleotide reductase RNR1 coding for the large 

subunit of ribonucleotide reductase which catalyses the rate-limiting step of dNTPs synthesis; b) 

deletion of its inhibitor SML1 and c) supplementation of intermediates of dNTPs synthesis. 

YARS2 

Aim: to generate and study a S. cerevisiae model in order to evaluate the impact of six missense YARS2 

mutations, identified in MLASA patients, on mitochondrial phenotype, exploiting the presence of the 

orthologous gene MSY1. Furthermore, as part of the identification of beneficial molecules, I evaluated 

the capability of tyrosine supplementation, the specific substrate of tyrosyl-tRNA synthetase, to rescue 

the impaired respiratory rate on msy1 mutant strains.  

QRSL1 and GATB 

Recently, new patients were identified with mutations in the QRSL1 gene and in the novel GATB gene, 

coding for the subunit A and B of the GatCAB complex. Here I created specific yeast models and I 

evaluated the alleged pathological role of six missense mutations on mitochondrial functionality. 
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         2. Results and discussion – Section I 
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2.1 Study of missense variants in conserved residues of Mpv17/Sym1 

2.1.1 Study of the molecular mechanism of MPV17 missense variants identified in hepatocerebral 

MDS patients  

So far more than 30 mutations, spread through the entire MPV17 sequence, were described. In 

particular nonsense, missense, deletion and insertion mutations have been identified in coding and 

splicing region of patients (table 3). The first aim of this section of the thesis was to study the 

pathological role of seven variants on mitochondrial functionality. The variants here studied are located 

in amino acids conserved between Mpv17 and Sym1, as shown by the protein alignment in figure 2.1 

and in table 4. 

The pathogenic role of the mutations R51Q, R51W, N172K, corresponding to the human mutations 

R50Q, R50W and N166K respectively, has already been demonstrated in yeast (Spinazzola et al., 

2006). The validation of the potential pathological effect of the variants G24W, P104L, A168D and 

S176F corresponding to the human variants G24W, P98L, A162D and S170F respectively, was the first 

purpose of this thesis. 

 

Figure 2.1. CLUSTAL Omega alignment of the Mpv17 and Sym1 proteins. The missense variants 
conserved between the two proteins and analysed are shown in yellow.  
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Table 4. Equivalent variants in Mpv17 and Sym1. 

To investigate the role of the seven missense variants, constructs carrying the orthologous SYM1 

sequence, wt or mutant versions, added of haemagglutinin epitope coding sequence (HA tag) were 

previously created. The tagged gene was under the control of the natural SYM1 promoter and 

terminator. The strain BY4741 sym1::kanMX4 was transformed through the Li-Ac method (Gietz and 

Woods, 2002) with the empty centromeric vector pFL38 (Bonneaud et al., 1991) or with the vector 

carrying the SYM1-HA tagged wild type allele or the mutant tagged alleles.  

The presence of the tag, required for immunodetection assays in the absence of an effective anti-Sym1 

antibody, does not prevent the correct mitochondrial localization nor compromises Sym1 presence in 

the high molecular weight complex (Dallabona et al., 2010). Furthermore, the SYM1-HA construct was 

able to complement the sym1∆ OXPHOS defective phenotype and mtDNA instability, although the null 

mutant transformed with the untagged SYM1 showed better performances regarding these two 

phenotypes (Dallabona, Ph.D. thesis). 

2.1.2 Phenotypic analyses 

To study the deleterious impact of the alleged pathological variants on OXPHOS phenotype, I first 

performed a spot assay on the oxidative carbon source ethanol at 37°C. As previously demonstrated for 

three of the mutations under consideration (Spinazzola et al., 2006) the growth of the tested mutant 

strains was impaired in medium containing 2% ethanol as the sole carbon source at 37°C (figure 2.2). 

This temperature-sensitive OXPHOS phenotype was rescued by re-expressing the wild-type SYM1 

gene fused in frame with the hemagglutinin tag (SYM1-HA). The mutations R51W (hR50W), P104L 

Mpv17 Sym1

G24W G24W

R50Q R51Q

R50W R51W

P98L P104L

A162D A168D

N166K N172K

S170F S176F
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(hP98L), A168D (hA162D), N172K (hN166K), S176F (hS170F), resulted in a severe oxidative growth 

defect, comparable to that of the sym1Δ strain. The G24W (hG24W) and R51Q (hR50Q) mutations 

determined a less strong OXPHOS phenotype compared to that of the sym1Δ strain, however, the 

oxidative growth was severely compromised. In agreement with this observation, the human R50Q 

mutation equivalent to R51Q in yeast is associated with a milder phenotype. In fact, in contrast to most 

MPV17 gene mutations that are associated with death in infancy or early childhood, the hR50Q 

mutation is associated with longer survival, suggesting that this is a hypomorphic mutation (El-Hattab 

et al., 2010).  

 

Figure 2.2. Oxidative growth phenotype at 37°C of BY4741sym1∆ strain transformed with pFL38SYM1-
HA, pFL38 empty vector or with mutant alleles. Equal amounts of serial dilutions of cells from 
exponentially grown cultures were spotted (5x104, 5x103, 5x102, 5x101 cells/spot) onto YP plates 
supplemented with the indicated carbon sources. Growth was scored after 3 days of incubation. 

In S. cerevisiae, high mtDNA instability (depletion or deletions) is associated with increased 

segregation of respiratory-deficient “petite” mutants (Mounolou et al., 1966). It was previously 

observed that the sym1 mutant variants R51W, R51Q and N172K grown on ethanol- and glucose-

containing medium at 37°C, displayed a significant increase of petite colonies frequency, caused by 

mtDNA instability (Spinazzola et al., 2006).  

Here I determined the effect of the seven SYM1-tagged recombinant variants on mtDNA mutability, by 

measuring the frequency of mitochondrial respiratory deficient mutants (figure 2.3). This analysis was 

performed in stress conditions (high temperature, 37°C, and high concentration of ethanol), in presence 

of 2% glucose to allow to both respiratory sufficient and respiratory deficient cells to proliferate, as 
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described in Materials and Methods. The sym1∆ strain showed a significant increase of petite mutants 

(76%) compared to the SYM1-HA parental strain (33%). It is known that the strain expressing the 

SYM1-HA tagged gene shows an increased petite frequency respect to the strain expressing the 

untagged gene (Ph.D. thesis Dallabona). This result parallelized with the result observed relatively with 

the OXPHOS phenotype. Interestingly, all the strains expressing the mutant variants showed a 

significant increase of petite colonies compared to the wild type, according to the defects in mtDNA 

maintenance observed in hepatocerebral MDS patients. 

 

Figure 2.3. Respiratory-deficient mutant (petite) frequency after 15 generations of growth at 37°C. Blue 
bars represent the percentage of petite. More than 4000 colonies per strain were scored. All values are 
means of three independent experiments. The error bar represents the standard deviation. 

Taken together, the phenotypic analyses demonstrated the deleterious effect of the missense mutations 

studied and confirmed a role of Sym1 in OXPHOS metabolism and in mtDNA stability.  

2.1.3 Localization, stability and presence in a high molecular weight complex of the mutated 

Sym1 proteins  

A reduction of steady-state protein levels of mutated MPV17 in patient cells was previously observed 

(Spinazzola et al., 2006). This observation has raised questions regarding the stability or the 

mistargeting of the proteins within patient cells. So I used the yeast model to try to solve this issue.  

To deepen the pathogenic effect of the mutations, I investigated whether they prevent the correct 

protein localization into the mitochondria, taking advantage of having strains expressing HA-tagged 

SYM1 recombinant variants. Cytosolic and mitochondrial protein fractions were extracted, as described 
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in Materials and Methods, from cells grown in conditions in which the percentage of petite colonies 

was comparable between the sym1Δ mutant and the parental SYM1 strain to prevent mtDNA damage 

that lead to physiological mitochondrial variations and consequently affect the experimental results.  

The proteins were separated by gel electrophoresis and analyzed by Western blot, and the Sym1 protein 

was detected using an antibody against the HA tag. Antibodies against porine (Por1) and 

phosphoglycerate kinase (Pgk1) were used as markers for the mitochondrial and cytosolic fractions 

respectively. All of the Sym1 mutant proteins, beside the wild type one, correctly localized into the 

mitochondria, indicating that none of the mutations studied compromised the unknown mitochondrial 

target sequence (figure 2.4).  

 

Figure 2.4. Western blot of denaturing SDS–PAGE of mitochondrial and cytosolic proteins from sym1Δ 
strains expressing the HA-tagged Sym1 recombinant variants. An antibody against HA-tag was used to 
detect the tagged Sym1 recombinant variants; antibodies against Por1 and Pgk1 were used as controls. 

Two major import pathways direct nucleus-encoded proteins into the inner mitochondrial membrane. 

The majority of the proteins of the inner mitochondrial membrane and matrix contain an N-terminus 

sequence and are transported and integrated by the presequence translocase Tim23. Subsequently the 

N-terminus sequence is cleaved by the signal peptidase (Gakh et al., 2002, Koehler, 2004). 

Contrariwise, metabolite carriers and the channel proteins Tim22 and Tim23 are directed into 

mitochondria by internal signals and use the Tim22 translocase for membrane integration (Koehler, 

2004; Wiedemann, 2004; Rehling, 2003). Although In silico analyses have suggested significant 

presequence probabilities for Mpv17 and Sym1, it has been demonstrated, both in human and yeast, 

that that the two proteins are not processed at the N-terminus during import into the mitochondria 

(Spinazzola et al., 2006; Reinhold et al., 2012). Furthermore the removal of N- or C-terminal segments 

of Sym1 did not block the import of the protein, excluding an essential role of these regions in the 



31	
	

transport process and indicating that an internal targeting sequence is involved in Sym1 transport 

(Reinhold et al., 2012).  

To explore the other aspect, i.e. protein stability, I have evaluated whether the mutations affected it by 

measuring the steady-state level of the Sym1 mutated proteins respect to the wild type one. Cells were 

cultured and total proteins were extracted as described in Materials and Methods. The mitochondrial 

protein fraction was separated by gel electrophoresis and analysed by Western blotting analysis. I 

quantified the amount of the mutant proteins compared to that of the wild type strain and I found that 

the proteins carrying the G24W (hG24W) mutation showed a drastic amount reduction, the proteins 

carrying the R51W (hR50W), A168D (hA162D), N172K (hN166F) and S176F (hS170F) mutations 

showed a slight amount reduction, whereas no difference in steady-state level was observed for the 

proteins carrying the R51Q (hR50Q) and P104L (hP98L) mutations (figure 2.5). Based on these 

observations it is possible to hypothesize that the strong instability of the G24W (hG24W) protein is 

the molecular mechanism by which this mutation leads to the pathology.  

 

Figure 2.5. Western blot of denaturing SDS–PAGE of mitochondrial proteins from sym1Δ strains 
expressing the HA-tagged Sym1 recombinant variants. An antibody against HA-tag was used to detect the 
tagged Sym1 recombinant variants and the antibody against Por1 was used as loading control. The 
quantification was performed using the Quantity One software. Normalization was performed and the 
value 1.0 was attributed to the wild type. 

To investigate if differences observed at protein level were due to any problem affecting transcription, 

the transcript levels were assessed by Real Time transcriptional analysis of SYM1 wild type and mutant 

genes. Cell were grown in the same condition used for the protein stability analyses, as described in 

Materials and Methods. RNAs were extracted, cDNAs were synthesized and quantitative PCR was 

performed. As internal control we used ACT1 that encodes a structural protein involved in cell 
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polarization. The RNA level of the gene of interest was normalized to ACT1 levels (described in 

Materials and Methods). 

As shown in figure 2.6, the mRNA levels of sym1 mutant genes were increased compared to wild type, 

except for the mRNA of Sym1S176F mutant gene which showed expression levels comparable to that 

observed for wild type gene. The increase of mRNA levels suggests that the unfunctional proteins 

induce a feedback increasing the gene transcription. However, this increment is not associated with a 

higher level of protein respect to the wild type, highlighting a certain instability in almost all the 

mutated proteins. In the strain carriyng the G24W mutation the protein quantity observed was very low 

confirming a high instability of this mutant protein.  

 

Figure 2.6. The mRNA levels of SYM1 wild type and mutant genes were quantified by RT-qPCR. Values 
are reported as mRNA level normalized respect to WT. Expression was normalized to the mRNA levels of 
the internal control ACT1. NS: not significat, *p<0.5, **p<0.01, ***p<0.001. 

As previously demonstrated in our laboratory, Sym1 takes part in a high molecular weight complex 

(Dallabona et al., 2010) whose function and composition is still unknown. Notably, in both cell 

cultures and mouse tissues, Mpv17 is part of a high molecular weight complex of unknown 

composition, essential for mtDNA maintenance in critical tissue, i.e. liver, of a MPV17 knockout 

mouse model (Bottani et al., 2014). The presence of Sym1 in a high molecular weight complex 

(represented by dashed line in figure 2.7) offered another hint for investigations. So, to better 

understand the molecular mechanisms underpinning the pathology, I investigated whether the seven 

mutations prevented the Sym1 capability to take part in the fully assembled complex. I performed 2D-

BNGE analysis on mitochondrial proteins extracted from strains expressing the HA-tagged Sym1 
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recombinant variants. The results showed that, according with the reduction in protein stability induced 

by the G24W mutation, the Sym1G24W mutant protein detection needed a longer exposure time than that 

required by other proteins (figure 2.7). However, it is the only one able to partially take part in the fully 

assembled complex. All the other mutations, although to different extent, compromised at least 

partially the Sym1 interaction with the other complex components, giving rise to a not fully assembled 

complex, as shown by the signals of the mutated proteins that are shifted in the low molecular weight 

side of the gel. In addition, a consistent fraction of the Sym1 mutant proteins was found free (figure 

2.7). Despite the function of the complex is still unknown, this result suggests that the pathogenic role 

of these mutations is related to the inability to take part in the fully assembled functional complex.  

 

Figure 2.7. Western blot of second dimension blue-native gel electrophoresis of mitochondrial proteins 
from sym1Δ strains expressing the HA-tagged Sym1 recombinant variants. An antibody against HA-tag 
was used to detect the tagged Sym1 recombinant variants. 

As previously demonstrated for the homologous peroxisomal membrane protein 2 (PXMP2) that form 

a relatively wide channel in the mammalian peroxisomal membrane (Rokka et al., 2009), Sym1 was 
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found to form a channel with a pore size of about 1.6 nm capable of allowing the transport of large 

molecules, such as metabolites, across the inner mitochondrial membrane (Reinhold et al., 2012). A 

pore-forming activity in artificial membrane was determined also for human Mpv17 protein 

(Antonenkov et al., 2015). However the physiological role of the channel and the nature of the cargo 

remain elusive. 	

Taken together, the data showed that the analysed mutations do not compromise the import into the 

mitochondria and suggest, as cause of the pathology for the G24W (hG24W) mutation, a reduced 

amount of protein and, for the other mutations, a compromised formation of the high molecular weight 

complex, whose function remains to be determined. The purification of the whole complex and the 

identification of the Sym1 partner proteins may help to answer to this unsolved questions.  

2.2 Research of potential therapeutic drugs for MPV17-related MDS  

2.2.1 Drug drop test: procedure and theoretical results 

Despite the advances in molecular and biochemical methodologies leading to a better understanding of 

the etiology and mechanisms of mitochondrial disorders, there are still no satisfactory therapies 

available for these diseases. Treatment for mitochondrial diseases remains largely symptomatic and 

does not significantly alter the course of the disease (El-Hattab et al., 2017 b).  
High throughput screening has been defined as “the process of assaying a large number of potential 

effectors of biological activity against targets (a biological event)” (Armstrong J.W, 1999) and its goal 

is to accelerate drug discovery by screening large libraries often composed of thousands of compounds. 

In 2011 Couplan and collaborators set up a two-step yeast-based screening assay, called Drug drop test, 

to search for active compounds against NARP syndrome, a hereditary mitochondrial disease that 

affects ATP synthase activity (Couplan et al., 2011). 	

Here I applied this technique (described in Materials and Methods) for the identification of drugs for 

MPV17-related MDS treatment. This method of screening is usually performed in yeast using strains 

characterized by reversible damages. In particular, in the studied case, it was necessary that the strains 

maintained the mtDNA, since the complete loss of mtDNA could not be rescued in any way. The 

mutant cells were spread on 12x12 plates containing media supplemented with a non-fermentable 

carbon source and were exposed to filters spotted with the compounds to test. One filter was spotted 

with DMSO, the solvent in which the molecules were solubilized, as negative control (C-). Wild type 
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strain was spotted as positive control of growth (a number of cells equal as the mutant strain seeded in 

the same area). The plates were then incubated at not permissive temperature and the growth of mutant 

cells was monitored for some days. A schematic overview of the Drug drop test is reported in figure 

2.8.  

 

Figure. 2.8. Schematic representation of primary screening using Drug drop test method (modified from 
Couplan et al., 2011). After the growth in liquid media, cells are seeding on plates. Filters are placed on 
agar surface and spotted with drugs. Plates are incubated at not permissive temperature for 6-7 days. 
Finally, if active compounds are identified, they will be re-tested in secondary screening. 

Depending on the presence/absence of a halo of growth and its position around the filters, the 

compounds were classified into three groups:  

- compounds that led to formation of a halo of growth near the filter, (indicated in green in the example 

in figure 2.9). These molecules have a rescuing effect; 

- compounds that led to formation of an external crown of growth, whereas no growth was observed 

near the filter (indicated in yellow in figure 2.9). These molecules are toxic at high concentrations (near 

the filter) and active at lower concentration (far from the filter); 

- compounds without any effect (the majority of the screened molecules). 

The screening was performed in two steps: the primary screening, to identify molecule potentially 

active (figure 2.9) and the secondary screening, to confirm the rescue effect of the molecules identified 

in the primary screening (figure 2.10). The secondary screening was performed using the same 

conditions used for the primary screening, except for the number of filters placed on each plate. In the 

secondary screening each plate contained only four equidistant filters to avoid any possible 

interference: one of them was spotted with DMSO, as negative control. The others were spotted with 

three different compounds to test. Wild type strain was spotted as positive control of growth. This two-

step approach allows to minimize the number of false-positive molecules. 
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Figure 2.9. Primary screening. Examples of halo of enhanced growth indicated in green (active 
compound). Example of internal halo of no growth and external halo of enhanced growth indicated in 
yellow (active compounds at low concentration). C+: wild type (Wt). C-:DMSO. 

 

Figure 2.10. Secondary screening. Examples of halo of enhanced growth indicated in green (active 
compound). Example of internal halo of no growth and external halo of enhanced growth indicated in 
yellow (active compounds at low concentration). C+: wild type (Wt). C-:DMSO. 

2.2.2 Selection of the mutant strain and optimal screening conditions 

The choice of the mutant strain to be used in the analysis is very important. Mutant strains 

characterized by a leaky phenotype may not allow to identify beneficial molecules, the halo of growth 

might be confused with the background of growth. Moreover, the use of null mutant is generally not 

advisable as it allows to identify only beneficial molecules that act through a bypass of the protein 

function.  

The SYM1 thermo-sensitive mutant strains, here analysed, were characterized by an evident defective 

OXPHOS phenotype at 37°C and normal phenotype at optimal temperature of growth (28°C). As 
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previously described the mutant strains carrying the mutations G24W and R51Q showed a leaky 

phenotype, less suitable for the Drug drop test. The other mutants showed an identical severe OXPHOS 

phenotype and I chose to use the mutant BY4741Δsym1/pFL38sym1R51W deprived of the HA-tag (figure 

2.11), since, as previously mentioned, the strains transformed with the untagged alleles showed better 

performances than the strains transformed with the tagged alleles. 

 

Figure 2.11. Oxidative growth phenotype at 37°C of BY4741∆sym1 transformed with pFL38SYM1, pFL38 
empty vector and with mutant alleles sym1R51W.  

Firstly, I defined the optimal conditions for the screening. I focused on three different parameters: the 

concentration of the oxidative carbon source to be used (2%, 3%, 4% of ethanol concentration), the 

number of cells to be spread on plates (1-1,5-2-3-4-8x105 cell/plate) and temperature (36°C and 37°C). 

The screening was performed on YP medium, since in synthetic medium the molecules appeared to be 

less bio-available, maybe due to the interaction with the saline components of the medium. The optimal 

conditions chosen were: 4% ethanol, 1,5x105cell/plate and 37°C. 

2.2.3 Screening of the Selleck FDA-approved drug library  

I screened Selleck Chemical Library, a collection of 1018 drugs for high-throughput screenings. All 

compounds have been approved by Food and Drug Administration (FDA) and their bioactivity and 

safety were confirmed by clinical trials. This chemical library contains drugs used in several medicine 

branches including oncology, cardiology, immunology and neuropsychiatry. In the figure 2.12 the 

composition of the library with the specific human cellular target of the drugs is reported. 
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Figure 2.12. Composition of Selleck FDA-approved Drug library. The specific human cellular targets of 
the drugs are indicated. (http://www.selleckchem.com/screening/fda-approved-drug-library.html). 

The advantage of the use of a FDA-approved drug library is that it allows a drug repurposing approach 

(also called drug repositioning), thus speeding up the drug discovery process by identifying new 

clinical use of drugs (Aubè 2012, Ashburn et al., 2004).  

 
I then performed the primary screening on the 1018 molecules of the Selleck FDA-approved Drug 

library (http://www.selleckchem.com/). Every plate was seeded with 1,5x105 cells of sym1R51W mutant. 

31 equidistant sterile filters were placed, one of which was spotted with DMSO, while the remaining 

filters were spotted with 2.5 µl of every molecule of the chemical library (at a final concentration of 10 

mM). The plates were incubated at 37°C and the growth of the mutant was monitored for 6 days.  
From the primary screening 25 molecules were classified as alleged active compound and were re-

tested in the secondary screening. The secondary screening confirmed 11 molecules as active 

compounds for their ability to rescue the growth defect (figure 2.13).  
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Figure 2.13. On the left, images of plates of the primary screening. On the right, an image of plate of the 
secondary screening. Active molecule is indicated in green. Molecules producing a halo of no growth near 
the filter and an external crown of growth are indicated in yellow (photo taken after 4 days of growth). 
C+: wild type (Wt). C-:DMSO. 

2.2.4 Screening of six molecules of Prestwick Chemical Library® 

Prestwick Chemical Library® is a collection of 1280 small molecules, mostly approved (FDA, EMA 

and other agencies), selected for high chemical and pharmacological diversity, as well as for known 

bioavailability and safety in humans (http://www.prestwickchemical.com).  

I tested the effect of six compounds of the Prestwick chemical library, which had been previously 

identified in a similar screening performed in our laboratory as beneficial in another yeast model of 

MDS (data not shown). These molecules were able to rescue both the respiratory deficient (RD) 

phenotype and the high level of mtDNA instability in the S. cerevisiae mutant tested. Since sym1 

mutants share these two phenotypes, I wondered whether these compounds were able to exert their 

rescuing effects also on sym1R51W mutant. Interestingly, I found that Imazalil and Ebselen were able to 

rescue the growth defect of the mutant strain, as shown in figure 2.14. 
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Figure 2.14. Example of plates of the secondary screening. In the left plate Imazalil was spotted on filters 
at different concentrations. The filters in the right plate were spotted with Ebselen at different 
concentrations. C+: wild type (Wt) and C-:DMSO. (Photo taken after 3 days of growth). 

In table 5 the 13 beneficial molecules identified are reported. The molecules showed different degree of 

growth rescue. In particular, most of them had a beneficial effect at low concentrations tested, as 

indicated by the formation of a halo of no grown near the filter and a halo of growth far from the filter 

where the molecule was present at lower concentration. Three molecules (Haloperidol, fenticonazole 

nitrate and thonzonium bromide) had a beneficial effect at all concentrations tested, althought with 

different intensity depending on the drug (table 5). 

 

Table 5: Rescue effect of the active compounds identified on phenotypes of sym1R51W mutant strain.  
+++ Strong effect; ++ Medium effect; + Mild effect. 

Drug Oxphos phenotype 
rescue Growth rescue 

Posaconazole Inhibition+growth +++ 

Haloperidole Growth +++ 

Fenticonazole nitrate Growth + 

Itraconazole Inhibition+growth  +++ 

Otilonium bromide Inhibition+growth +++ 

Sertaconazole nitrate Inhibition+growth + 

Sertraline HCl Inhibition+growth + 

Benzethonium chloride Inhibition+growth +++ 

Domiphen bromide Inhibition+growth ++ 

Alexidine HCl Inhibition+growth + 

Thonzonium bromide Growth ++ 

Imazalil Inhibition+growth ++ 

Ebselen Inhibition+growth + 
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2.2.5 Study of the molecules effect on petite mutant frequency 

As previously described, the sym1∆ strain and all strains expressing the mutant variants showed a 

significant increase of petite colonies, indicative of mtDNA instability. To deepen the effects of the 

active compounds, I evaluated their impact on mtDNA stability in the sym1R51W mutant strain by 

measuring the petite frequency after treatment with different concentrations of molecules. 

Notably, five molecules (Posaconazole, Fenticonazole nitrate, Itraconazole, Sertaconazole nitrate and 

Imazalil) belong to the class of azoles and they act through the same mechanism, so not all these 

molecules have undergone subsequent analyses. In particular, Itraconazole and Sertaconazole have not 

been tested.  

Firstly, I evaluated the effect of the molecules on cellular growth of the wild type strain 

BY4741Δsym1/pFL38SYM1, as described in Material and Methods, to identify the concentrations to be 

used for the analysis. The highest concentration tested for each molecule was 512 µM. Except for the 

Haloperidol, for all the molecules tested the minimum inhibitory concentrations (MIC) were identified.  

To investigate the capability of the molecules to decrease the accumulation of petite mutants of the 

mutant strain carrying the sym1R51W allele, I used sub-MIC concentrations. This analysis was performed 

in the same conditions previously described for the determination of mtDNA stability and adding the 

compounds to test in the medium at different concentrations. In figure 2.15 the results obtained are 

showed. 
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Figure 2.15. Respiratory-deficient mutants frequency after 15 generations of growth at 37°C. Blue bars 
represent the percentage of petite of the mutant strain sym1R51W after treatment with different 
concentrations of molecules. Red bars represent the percentage of petite of the mutant strain sym1R51W in 
absence of molecules. Green bars represent the percentage of petite of the wild type strain. More than 
4000 colonies per strain were scored. All values are means of three independent experiments (except for 
the bars without error bar). The error bar represents the standard deviation. 
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Interestingly, all compounds were able to decrease the petite frequency in the sym1R51W mutant strain, 

although with different intensity. In particular Posaconazole, Fenticonazole nitrate, Otilonium Bromide, 

Sertraline HCl, Imazalil and Haloperidol were the most active compounds. Benzethonium chloride, 

Thonzonium bromide and Domiphen bromide had a medium effect and Alexidine HCl and Ebselen had 

a minor effect. The table 6 shows an overview of the effects of the active compounds tested on 

phenotypes of sym1R51W mutant (table 6). 

 

Table 6. Schematic overview of the effect of the active compounds on phenotypes of sym1R51W mutant 
strain. +++ Strong effect; ++ Medium effect; + Mild effect. 
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2.2.6 Decrease in petite frequency: selective induction of mortality or increase in mtDNA 

stability? 

The reduction of petite mutants observed in presence of the molecules may be due to two possible 

events: an increase of wild type molecules of mtDNA indicative of an effect of the molecules on 

mtDNA stability or a selective induction of mortality of the petite mutants. So, to evaluate these aspects 

I have set up a competition test between the strain BY4741 wild type (rho+) and its derivative strain 

lacking mtDNA (rho0). We put together rho+ and rho0 cells in a 1:1 ratio in presence or in absence of 

the molecule to test. If the ratio was maintained also in presence of the molecule tested we can 

conclude that the beneficial effect observed is not due to selective induction of mortality. The results 

obtained was reported in figure 2.16. As observed the percentages of petite mutants are similar both in 

presence and in absence of the molecules, except for the Fenticonazole nitrate which induced a 

reduction of the petite frequency in the treated strain respect to the untreated strain. These results 

suggest that for the majority of the molecules the reduction of petite frequency is attributable to a 

positive effect on mtDNA stability. 

 

Figure 2.16. Petite frequency obtained by competition test between rho+ e rho0 yeast strains in presence 
(blue bars) or in absence (red bar) of the molecules.  
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2.2.7 Effects of drugs on OXPHOS phenotype of the null mutant sym1Δ 

In order to better understand if the beneficial effect was due to an improvement of Sym1 functionality or a 

bypass of Sym1 function, I evaluated the molecules capability to rescue the defective OXPHOS 

phenotype also in sym1Δ strain, where the Sym1 protein was not expressed. I performed the same 

approach used in the secondary screening of Drug drop test, just changing slightly the experimental 

condition. In particular 2x105 cells of the null mutant were spread onto YP containing 4% ethanol. 

As shown in figure 2.17, all the molecules tested were able to rescue the oxidative growth defect of the 

null mutant suggesting that therapeutic effect acts through a mechanism that bypass Sym1 function. 

 

Figure 2.17. Rescue of the OXPHOS growth defect of the null mutant sym1∆ induced by active 
compounds. 
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In the table 7 all the 13 beneficial molecules identified are listed. 

 

Table 7. Active molecules identified by Drug drop test as able to rescue the OXPHOS phenotype of the 
mutant strain BY4741Δsym1/pFL38sym1R51W. In grey are indicated the compounds that act in the same 
pathway in yeast. 

The molecular target of the identified drugs in human cells is known. In yeast, however, the target is 

not always known (table 7). Moreover, since some specific targets identified in human cells do not 

exist in yeast, these molecules probably act by a secondary target in yeast cells. 

Interestingly, six of 13 molecules identified have the same target in yeast (indicated in grey in table 7). 

The first five (Posaconazole, Fenticonazole nitrate, Itraconazole, Sertaconazole nitrate and Imazalil) 

belong to the class of azoles with antifungal effect. Azoles fungicides constitute around 40 broad-

spectrum fungicides that contain at least one triazole or imidazole moiety in their structure and are used 

for agricultural, horticultural, and pharmaceutical applications. The primary antifungal action 

mechanism of these fungicides relies on inhibition of CYP51 (lanosterol 14 alpha-demethylase), 

encoded by ERG11 gene, a key enzyme for sterol biosynthesis in fungi (Zarn et al., 2003). Inhibition of 

this enzyme leads to a depletion of ergosterol, the major sterol synthetized by yeast cell. In yeast cells, 

sterols not only contribute to the fluidity of lipid membranes, but also ensure many other vital 
processes, including vesicles formation and protein sorting, cytoskeleton organization, endocytosis and 

mating. Ergosterol has a determinant role in the regulation of membrane permeability and fluidity, and 

Drug Target in yeast Target in mammals 

Posaconazole Lanosterol 14 alpha-demethylase (ergosterol pathway) Lanosterol 14 alpha-demethylase (cholesterol pathway) 

Fenticonazole nitrate Lanosterol 14 alpha-demethylase (ergosterol pathway) Lanosterol 14 alpha-demethylase (cholesterol pathway) 

Itraconazole Lanosterol 14 alpha-demethylase (ergosterol pathway) Lanosterol 14 alpha-demethylase (cholesterol pathway) 

Sertaconazole nitrate Lanosterol 14 alpha-demethylase (ergosterol pathway) Lanosterol 14 alpha-demethylase (cholesterol pathway) 

Imazalil Lanosterol 14 alpha-demethylase (ergosterol pathway) Lanosterol 14 alpha-demethylase (cholesterol pathway) 

Haloperidol Sterol C8-C7 isomerase (ergosterol pathway) Dopamine receptors; sigma-1 receptor;   
 3-beta-hydroxysteroid Δ8,Δ7 isomerase (cholesterol pathway) 

Sertraline HCl Phospolipid membranes Serotonin 5-HT transporter  

Benzethonium chloride HERG K-channel  

Otilonium bromide Muscarinic receptor, VD Ca-Channel, NK receptor 

Domiphen bromide HERG K-channel 

Thonzonium Bromide Vacuolar ATPase proton transporter Vacuolar ATPase proton transporter 

Alexidine HCl Vacuolar ATPase proton transporter Vacuolar ATPase proton transporter 

Ebselen Free radicals Free radicals 
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for regulating the activity of membrane transporters (Daum et al., 1998). It is not present in equal 

amounts in all membranes and specific preference is shown for the incorporation of ergosterol rather 

than sterol intermediates. It is found in the highest concentrations in the plasma membrane and in the 

secretory vesicles. In contrast, the membrane ergosterol content in the microsomes, mitochondria and 

other intracellular membranes is significantly lower and the relative concentration of sterol 

intermediates is increased. Yeast differs from most eukaryotes in that the mitochondrial ergosterol is 

concentrated in the inner membrane rather than in the outer membrane (Zinser et al., 1993, Tuller and 

Daum, 1995). The azoles identified in the screening exerted their beneficial effect at low 

concentrations, whereas at high concentrations were toxic for the yeast, in accordance with the lethality 

of the deletion of the ERG11 gene. 

Haloperidol is used in human therapy as antipsychotic agent that primarily acts as an antagonist of D2 

dopamine receptors. It is also known as a ligand of type 1-sigma receptors that interacts with the 

inositol 1,4,5-trisphosphate receptor to regulate Ca2+ transport from the ER lumen into mitochondria, 

non-opioid transmembrane proteins located at the ER, mitochondrial, and plasma membranes in 

various tissues (Hayashi and Su, 2007). In yeast it was found to inhibit both sterol Δ8,Δ7 isomerase, 

encoded by ERG2 gene, and C-14 reductase, encoded by ERG24 gene, resulting in decreased ergosterol 

levels (Lum et al., 2004, Moebius et al., 1996). These enzymes function in the ergosterol biosynthesis 

pathway, suggesting that also haloperidol interfere with sterol metabolism and trafficking.  

I speculate that a moderate reduction of ergosterol in the cellular membranes increases the membrane 

permeability and this could favour the mitochondrial transmembrane flows that are altered in the sym1 

null mutant. This mechanism could act also in human cell where ergosterol is substituted by another 

sterol, cholesterol (Zarn et al., 2003), an essential component of all membranes, present also in 

mitochondrial membranes. Cholesterol critically influences membrane fluidity, permeability, curvature 

and membrane protein interaction (Elustondo et al., 2017). In particular, the sterol 14α-demethylase, 

encoded by ERG11 in yeast, is not only expressed in fungi and yeast but is also found in many other 

species ranging from bacteria to mammals. The human orthologous gene is CYP51A1. On the protein 

level, the amino acid sequences are highly conserved along the phylogenetic tree (Debeljak et al. 2000; 

Kojima et al. 2000; Nitahara et al. 1999; Stromstedt et al. 1996). Also ERG2 gene, inhibited by 

haloperidol, has an orthologous gene in human, EBP gene. In the figure 2.18 are reported the 

biosynthetic pathway of ergosterol and cholesterol, in fungi and human, respectively.  



48	
	

 

Figure 2.18. Gene coding for enzyme involved in the pathways for membrane lipid synthesis. In pink are 
represented the biosynthetic pathways for ergosterol and cholesterol in yeast and human, respectively 
(picture modified from Nohturfft and Zhang, 2009). 

It is well known in human, that an increased content of cholesterol in cellular membranes induces an 

alteration in the transmembrane transports as consequence of altered membrane fluidity and 

permeability. In particular, variations in mitochondrial sterol content induce considerable changes in 

the function of mitochondrial membrane proteins and transporters such as the adenine nucleotide 

transporter (Haslam et al., 1977), the 2-oxoglutarate carrier, which also imports glutathione (Coll et al., 

2003) and transporters for phosphate, pyruvate and citrate (Parlo et al., 1984; Paradies et al., 1992; 

Paradies et al., 1999). More recently, it has been observed that perturbation of cholesterol homeostasis 

due to Atad3 deficiency causes, in human, aberrant mtDNA organization and is associated with 

elevated free cholesterol and increased expression of genes involved in cholesterol metabolism (Desai 

et al., 2017). Atad3 is a mitochondrial membrane bound ATPase whose function has not yet been 

discovered. 

Based on these observations it is possible to assume that also a moderate decrease in cholesterol 

content could ameliorate the transmembrane flows rescuing the mitochondrial defects. 
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Cholesterol-lowering drugs (statins) are currently used in clinical trials, in particular as anti-cancer 

chemotherapy. However, given at higher doses, statins cause serious side effects by inhibiting the 

formation of other biologically important molecules derived from mevalonate. Sterol 14-demetylase 

(Cyp51), which acts 10 steps down-stream, is potentially a more specific drug target because this 

portion of the pathway is fully committed to cholesterol production. However, screening of a variety of 

commercial and experimental inhibitors of microbial Cyp51 orthologs revealed that most of them 

(including all clinical antifungals) weakly inhibit human Cyp51 activity, even if they display an 

apparent high spectral binding affinity. Until now, one relatively potent compound, (R)-N-(1-(3,4′-

difluorobiphenyl-4-yl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadiazol-2-yl)benzamide (VFV), 

was identified (Hargrove et al., 2016). 

The positive results induced by inhibitors of ergosterol pathway are particularly relevant as they could 

be a starting point to identify new pharmacological therapies to improve the condition of MPV17-

related MDS patients. To better understand the molecular mechanism by which the molecules exert 

their beneficial effects, in the future it will be interesting to measure the mitochondrial transmembrane 

flows of different metabolites, such as nucleotides, nucleosides, Krebs’ cycle intermediates and 

phosphate in presence and in absence of the identified molecules. Furthermore, the study of the 

molecules effects also in other model systems, in particular in Zebrafish, Drosophila melanogaster and 

in human cells, will be useful to validate their potential role in therapy. 

Regarding the other molecules, Sertraline HCl is an antidepressant selectively inhibiting serotonin 

reuptake. This molecule is biologically active in model systems, including fungi, which do not express 

its putative protein target, the serotonin 5-HT transporter, thus demonstrating the existence of one or 

more secondary targets. In S. cerevisiae it has been showed that sertraline targets phospholipid 

membranes inducing phospolipidosis that is correlate with membrane ultrastructural changes (Rainey et 

al., 2010). 

Benzethonium chloride is a synthetic quaternary ammonium salt that is broadly used and widespread 

presence in the environment because of their antimicrobial and cationic surfactant properties. This drug 

inhibits the HERG channel activity, a member of a family of voltage-gated potassium (K+) channels 

that plays a critical role in the repolarization of the cardiac action potential. Interestingly this drug also 

induces membrane perturbation in yeast (Uesono et al., 2008). 

Dhomiphen Bromide, like Benzethonium chloride, is a quaternary ammonium salt that inhibit the 

HERG K-channel (Long et al., 2013), so it is possible that they act by the same mechanism in yeast 

cells. 
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Thonzonium bromide and Alexidine selectively target in yeast the vacuolar-ATPase complex in vitro 

and in vivo by blocking proton transport. Consequently they alter cytosolic and vacuolar pH 

homeostasis and deplete the energy reserves of the cell, because uncoupled V-ATPase pumps will 

hydrolyze cytosolic ATP continuously (Chun-Yuan Chan et al., 2012). Noticeably, V-ATPase mutants 

display a series of phenotype similar to those observed in mutants defective in ERG2 gene that encodes 

the yeast sterol Δ8, Δ7 isomerase (Kane 2006, Pagani et al., 2007, Serrano et al., 2004), suggesting that 

the alteration of V-ATPase induced, as secondary effect, an altered sterol composition of cellular 

membranes. Furthermore, defects leading to an accumulation of abnormal sterols were reported to 

affect V-ATPase and proposed as part of fungicidal effect of azole antifungal (Zhang and Rao, 2010, 

Zangh et al., 2010).  

Otilonium bromide is a spasmolytic drug successfully used for the treatment of irritable bowel 

syndrome. Its efficacy has been attributed to the blockage of L- and T-type Ca2+ channels and 

muscarinic and tachykinin receptors in the smooth muscle (Rychter et al., 2014). Currently, no 

information is known about its target in yeast. 

Ebselen is an organoselenium compound, mimics glutathione peroxidase activity. It has been indicated 

in several reports that the mithocondria is a potential target of this molecule (Boireau et al., 2000, 

Tiano et al., 2003, Moussaoui et al., 2000). It exerts a protective action on mitochondrial membrane 

against peroxidative reaction in the liver mitochondria isolated from glutathione-depleted rats 

(Narayanaswami and Sies, 1990). Another report showed a deleterious action of Ebselen on astrocyte 

physiology by altering mitochondrial membrane permeability and calcium homeostasis (Santofimia-

Castano et al., 2013).   

Further investigations are necessary to better understand the specific molecular target in yeast and to 

elucidate through which mechanisms the molecules exert their beneficial effect on studied mutant 

strains.  

2.3 Effect of the increased dNTPs pool on mtDNA stability 

As described in the Introduction, a deletion in the MPV17-homologues in Zebrafish determined a 

transparent mutant phenotype due to the lack of iridophores that contain large amounts of crystals of 

guanine, suggesting that the deficiency of this gene could induced a depletion in guanine (Krauss et al., 

2013). More recently it has been observed, in mouse and patient-derived cells characterized by MPV17 

deficiency, a decrease in the mitochondrial dNTPs pool, accompanied by depletion of mtDNA and 
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highly abundant replication intermediates in liver mitochondria. Moreover, the adverse effects of 

MPV17 deficiency on mtDNA could be prevented and rescued in cultured cell by deoxynucleoside 

supplementation, suggesting that MPV17 deficiency caused deoxynucleotide insufficiency in 

mitochondria (Dalla Rosa et al., 2016).  

Here I evaluated if the increase of dNTPs pool was able to ameliorate the phenotype of the mutant 

strain disrupted in SYM1. I used three different strategies to induce the intracellular increase of dNTPs: 

a) overexpression of ribonucleotide reductase RNR1 coding for the large subunit of ribonucleotide 

reductase which catalyses the rate-limiting step of dNTPs synthesis; b) deletion of its inhibitor SML1 

(Chabes et al., 1999) and c) supplementation of intermediates of dNTPs synthesis, which can be 

transported through the cellular membrane.  

In particular I evaluated the effect of the increased cytosolic dNTPs pool on mtDNA stability by 

measuring the petite frequency in the null mutant sym1Δ. So, I transformed BY4741 and 

BY4741sym1Δ strains with the multi copy recombinant construct YEplac195RNR1 or as control with 

the empty vector YEplac195 as describe in Materials and Methods. Cells were grown in the same 

conditions previously described for the determination of mtDNA mutability. The analysis showed a 

reduction of petite colonies in the mutant strain overexpressing the Rnr1 enzyme respect to the sym1Δ 

strains (figure 2.19). However, a decrease of petite percentage is observed also in the wild type strain 

overexpressing Rnr1. This observation suggests that the dNTPs pool may be limiting in yeast cells.  

 

Figure 2.19. Analysis of mtDNA mutability performed on wild type (SYM1) strain and null mutant 
(sym1Δ) transformed with YepLac195 or YepLac195RNR1, after 15 generations of growth at 37°C. Blue 
bars represent the percentage of petite. More than 4000 colonies per strain were scored. All values are 
means of three independent experiments. The error bar represents the standard deviation. 
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I also evaluated the petite mutant frequency in the mutant sym1Δ lacking in SML1, the inhibitor of 

RNR1 (sym1Δsml1Δ). To obtain the double mutant I performed the disruption of the SYM1 gene at the 

chromosomal locus using a sym1::HigR cassette conferring higromycine resistance to the transformed 

yeast strain BY4741sml1Δ through high efficiency yeast transformation protocol (Giets and Woods, 

2002). 

In this case I observed a very strong reduction of petite mutants in the sym1Δsml1Δ strain respect to the 

sym1Δ strain, whereas in the sml1Δ strain the rescue was of lesser extent of that observed in the wild 

type strain (figure 2.20). In any case the data reconfirmed that the increased dNTPs pool is able to 

ameliorate the mtDNA stability. It remains unclear why the overexpression of RNR1 and the deletion of 

SML1 do not exactly parallelize. It is possible that the presence of a multicopy plasmid has a major 

negative impact in a defective yeast strain, as sym1Δ, respect to the wild type strain. It has also been 

showed that in yeast the elevation of intracellular dNTPs over a particular threshold level by 

overexpressing Rnr1 can induce genome instability (Tang et al., 2009).  

 

Figure 2.20. Analysis of mtDNA mutability performed on wild type strain (SYM1-SML1), null mutants 
(sym1Δ and sml1Δ) and double mutant (sym1Δ and sml1Δ) after 15 generations of growth at 37°C. Blue 
bars represent the percentage of petite. More than 4000 colonies per strain were scored. All values are 
means of three independent experiments. The error bar represents the standard deviation. 

To better understand if this positive effect is specifically attributable to pyrimidine and/or purine 

metabolism we supplemented single intermediate of dNTPs biosynthetic pathway to the sym1 mutant 

strain (sym1R51W) in order to evaluate their capability to reduce the petite mutants frequency. We 

supplemented guanosine, adenosine, uridine, orotic acid and cytidine at different concentrations. 

Supplementation of guanosine and orotic acid at the highest concentration tested (250 µg/ml) had the 

most positive effects. Supplementation of adenosine showed a slight effect and no effect was observed 
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for uridine and cytidine (figure 2.21). So, supplementation of both pyrimidine and purine are able to 

ameliorate the mtDNA stability. However, these experiments should be repeated to reconfirm the 

results obtained. 

A) 

 

B) 

 

Figure 2.21. Analysis of mtDNA mutability performed on sym1R51W mutant strain after 15 generations of 
growth at 37°C. The blue bars represent the percentage of petite after A) supplementation with 
intermediates of purine metabolism. B) Supplementation with intermediates of pyrimidine metabolism. 
Red bar represents the percentage of petite in absence of molecules. 

Overall, the results obtained through the three strategies performed showed that the increased dNTPs 

pool ameliorate the mtDNA stability and also suggested that in yeast the dNTPs pool is defective in 
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sym1 mutant strains.  

In the future a direct measurement of dNTPs into the mitochondria will may confirm this effect in the 

yeast cells. To measure the quantity of mitochondrial dNTPs I am setting up an enzymatic assay based 

on elongation of 5’-end-labeled oligonucleotide primers annealed to complementary oligonucleotyde 

templates (Roy et al., 1999).  

Part of the results here presented have been included in the following publication:  

Mitochondrial DNA depletion syndromes: yeast as a model for the study of the molecular mechanisms 
underlying the pathology caused by mutations in the human gene MPV17. Gilberti M., Baruffini E., Donnini 
C., Dallabona C. (2017, submitted). 
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     3. Results and discussion – Section II 
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3.1. Study of missense variants in residues of Yars2/Msy1  

Here I evaluated the alleged pathological role of six missense variants in YARS2, recently identified in 

4 patients affected by MLASA by the Wellcome Trust Centre for Mitochondrial Research of the 

Newcastle University, taking advantage of the presence in yeast of the orthologous gene MSY1. The 

identified variants affect both conserved and not conserved residues between human and yeast proteins, 

as indicated by the protein alignment (figure 3.1). In particular the Yars2 amino acidic residues P122, 

L208, Y221 and L392 are conserved in the yeast protein Msy1 and correspond to the amino acidic 

residues P134, L226, Y239 and L411, respectively. The human residues G191 and C369 are not 

conserved in Msy1 and correspond to the amino acid R209 and L391, respectively.  

 

Figure 3.1. CLUSTAL Omega alignments of the Yars2 and Msy1 proteins. The missense variants 
conserved between the two proteins are shown in green. The missense variants not conserved between the 
two proteins are shown in red. 
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3.1.1. Construction of mutant strains 

For the not conserved residues I mutagenized the yeast sequence in order to replace: a) the amino acid 

of the wild type Msy1 with the amino acid present in the wild type human Yars2, creating the so-called 

humanised version and b) the amino acid of the wild-type Msy1 with the mutated amino acid. If the 

humanized wild type variant is able to complement the oxidative growth defect of the msy1∆ strain it is 

possible to evaluate the effects of the novel missense variant identified in patients. For the conserved 

residues the corresponding yeast mutant allele was created and the impact of the mutations was 

evaluated comparing mutant and wild type strains phenotypes. 

The construction of mutant strain requires special precaution. In fact, deletion or mutations in the MSY1 

gene lead to a complete loss of mitochondrial DNA (Edwards and Schimmel, 1987), an irreversible 

condition defined in yeast rho0, making impossible to investigate the effects of pathological mutations 

on mitochondrial phenotypes. In order to avoid loss of mitochondrial DNA, the MSY1 gene was 

disrupted in presence of the pFL38 plasmid carrying the wild-type allele MSY1. In this condition, 

mitochondrial DNA is maintained. MSY1 was mutagenized by PCR overlap technique with appropriate 

primers to obtain the allelic variants msy1hL391C, msy1L391Y, msy1L411S, msy1hR209G, msy1R209V, msy1Y239H, 

msy1P134R and msy1L226R and subsequently cloned into the pFL39 vector. The strain W303-

1Bmsy1Δ/pFL38-MSY1 was then transformed with pFL39-MSY1, pFL39 harbouring the mutant allele 

created, or with the empty vector pFL39. To obtain strains containing only the pFL39 recombinant 

plasmid, I counter-selected the pFL38MSY1 through plasmid shuffling on 5-FOA. The construction of 

the strain was described in detail in Materials and Methods.  

In table 8 the human protein changes, the corresponding yeast humanized and mutant alleles are 

reported. In the patient 1 the mutation Cys369Tyr resulted in compound with a duplication in the 

second allele. The patient 2 resulted homozygous for the Leu392Ser. In the patient 3 Gly191Val 

resulted in compound with Tyr221Hys and the patient 4 was heterozygous for the mutations Pro122Arg 

and Leu208Arg. 
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Table 8. Overview of the patients carrying the missense mutations studied and the correspondent 
localization in yeast.  

3.1.2 Phenotypic analysis 

To study the potential pathological role of the missense variants, the strains obtained were 

characterized for their ability to grow in presence of ethanol 2% as oxidative carbon sources by spot 

assay. The analysis was conducted at two temperatures, both at the optimal one 28°C, and at the 

highest allowed temperature for the wild type strain 36°, to exacerbate mutant phenotype. The results 

are reported in figure 3.2. Similar results were obtained in presence of other oxidative carbon sources, 

acetate, glycerol or lactate (data non shown). With regard to the non conserved variants, as showed in 

figure 3.2, oxidative growth of the strains expressing the humanised versions msy1hL391C and msy1hR209G 

was similar to those of the wild type strain both at 28°C and 36°C. Growth of the strain expressing the 

variants corresponding to those identified in patients was quite different. The growth of the msy1L391Y 

was reduced, particularly at 36°C, whereas the strain expressing msy1R209V did not show a defective 

growth neither at 28°C nor at 36°C. As concern the conserved variants, the yeast strains expressing the 

allelic variants msy1Y239H and msy1P134R showed a severe oxidative growth defect already at 28°C. The 

strain harbouring the L226R variant showed a slight growth defect both at 28°C and at 36°C whereas 

msy1L411S did not showed a defective growth neither at 28°C nor at 36°C. The obtained results did not 

show significant differences between the two growth temperatures. 
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Figure 3.2. Oxidative growth phenotype at 28°C and 36°C of W303-1Bmsy1Δ transformed with 
pFL39MSY1, pFL39 empty vector or with mutant alleles. Equal amounts of serial dilutions of cells from 
exponentially grown cultures were spotted (5x104, 5x103, 5x102, 5x101 cells/spot) onto YP plates 
supplemented with the indicated carbon sources. Growth was scored after 3 days of incubation. 

Ethanol 2% Glucose 2% 

MSY1 

msy1Δ 

msy1hL391C 

msy1L391Y 

msy1hR209G 
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msy1P134R 

msy1L226R 

MSY1 
msy1Δ 

MSY1 

msy1Δ 

msy1hL391C 

msy1L391Y 

msy1hR209G 

msy1R209V 

msy1Y239H 

msy1L411S 

36°C 
Ethanol 2% Glucose 2% 

msy1P134R 

msy1L226R 

MSY1 

msy1Δ 
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The functionality of the mitochondrial respiratory complexes was evaluated by measuring the oxygen 

consumption of cells grown at 28°C. Cells were cultured and respiratory rate measured as described in 

Materials and Methods. The mutations Y239H and P134R determined a strong reduction in oxygen 

consumption, comparable to that of msy1Δ. Mutant msy1L391Y and msy1R209V showed a 27% and 11% 

reduction of the respiratory rate compared to their humanised version msyhL391C and msyhR209G, 

respectively. Mutant strains msy1L411S and msy1L226R showed a 21% and 40% reduction compared to 

wild type strain (figure 3.3). 

 

Figure 3.3. Oxygen consumption of W303-1Bmsy1Δ transformed with pFL39MSY1, pFL39 empty vector 
or with mutant alleles at 28°C grown in SC-Trp medium supplemented with 0.6% glucose. Cells were 
grown until glucose was exhausted to promote the expression of respiratory chain components. NS: not 
significat, *p<0.5, **p<0.01, ***p<0.001. 

Taken together the phenotypic analyses confirmed an OXPHOS defect for all the mutations studied. In 

particular mutations Y239H and P134R induced severe defects, whereas the other mutations led to a 

less serious phenotype. The severity of the phenotypes observed in the mutant msy1Y239H is consistent 

with the role of this residue, conserved in all TyrRSs, in tyrosine recognition (Bonnefond et al., 2007 

b). Interestingly the modelled missense changes L391Y and L411S reflected the human clinical 

phenotypes of the patients carrying the correspondent mutations (Sommerville et al., 2017), confirming 

yeast as a suitable model to evaluate the pathogenicity of YARS2 mutations. The validation of the 

mutation R209V, that did not showed a growth defect neither at 28°C nor at 36°C, but only a not 

significant slight reduction (11%) in oxygen consumption, is not completely obvious. The fact that the 

human corresponding mutation G191V (yR209V) is in the patient (table 8) in compound with the 

mutation Y221H (yY239H) characterized by a severe OXPHOS defect, could explain the pathology. 

This possibility can be evaluated in yeast through the creation and analysis of the hetero-allelic strain 

harbouring the two mutations in compound.  
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3.1.3 Construction of mutant heteroallelic strains and phenotypic analyses 

To create the hetero-allelic yeast strain harbouring the mutations R209V and Y239H in compound, I 

performed the subcloning of the MSY1 and msy1Y239H alleles from pFL39 plasmid to pFL38 plasmid as 

described in Materials and Methods. Recombinant plasmids obtained pFL38MSY1 and pFL38msy1Y239H 

were introduced in W303-1B∆msy1/pFL39MSY1 or W303-1B∆msy1/pFL39 msy1R209V through the Li-

Ac method (Gietz and Woods, 2002), to obtain the following strains: 

W3031B∆msy1/pFL39MSY1-pFL38MSY1 (wt-wt) 

W3031B∆msy1/pFL39msyR209V-pFL38 msyY239H (R209V-Y239H) 

The oxidative growth and the respiratory rate of the two strains are shown in figure 3.4. The hetero-

allelic mutant strain (msy1Y239H msy1R209V) showed a defective oxidative growth. Oxygen consumption 

was reduced by approximately 30% compared to the wild type strain. These observations suggest that 

the combination of the two mutations is the cause of the pathology. 

A) 

 

B) 

        

Figure 3.4. A) Oxidative growth phenotype at 28°C of W303-1Bmsy1Δ transformed with pFL39 and 
pFL38 plasmids carrying the indicated allelic variants. Equal amounts of serial dilutions of cells from 
exponentially grown cultures were spotted (5x104, 5x103, 5x102, 5x101 cells/spot) onto YP plates 
supplemented with the indicated carbon sources. Growth was scored after 3 days of incubation. 
***p<0.001. B) Oxygen consumption at 28°C of the indicated strains grown in SC-Trp-Ura medium 
supplemented with 0.6% glucose. Cells were grown until glucose was exhausted to promote the expression 
of respiratory chain components. **<0,001. 
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3.1.4 Effect of the tyrosine supplementation  

It has been demonstrated that the negative effect of mutations in genes coding for the aminoacyl-tRNA 

synthetases can be ameliorated or rescued by the supplementation of the amino acid substrate specific 

for the aminoacylation reaction (Diodato et al., 2014 b). 

I evaluated whether the tyrosine supplementation is able to rescue the impaired functionality of 

respiratory complexes in the mutant strains studied. Tyrosine is the natural substrate in the 

aminoacylation reaction catalysed by tyr-tRNA synthetase. So I measured oxygen consumption of the 

mutant strains cultured in a medium supplemented with tyrosine (40 µg/ml). Interestingly, in the 

mutant strains, except for those harbouring mutations that led to strong phenotype (P134R, Y239H), 

the supplementation of tyrosine leads to a recovery of respiration comparable to that observed in the 

wild type strain (figure 3.5). 

 

Figure 3.5 Oxygen consumption of W303-1Bmsy1Δ transformed with pFL39MSY1, pFL39 empty vector 
or with mutant alleles at 28°C grown in medium supplemented with 0.6% glucose. Cells were grown until 
glucose was exhausted to promote the expression of respiratory chain components. Blue bars represents 
the strain grown in SC-Trp-Tyr medium, whereas red bars represent the strains grown in SC-Trp 
medium supplemented with tyrosine (40 µg/ml). 

These results suggest that when the enzyme activity is strongly affected the supplementation of specific 

substrate of the reaction is not effective, as in the case of the mutant variants msy1Y239H and msy1P134R. 

Conversely, when the enzyme is partially functional the tyrosine supplementation has a beneficial 

effect on mitochondrial protein synthesis, increasing the respiratory rate. Interestingly, tyrosine 

supplementation resulted in increased oxygen consumption also in the wild type strain. The observed 
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increase could be due to the fact that tyrosine is a limiting substrate for aminoacylation reaction, or to 

an indirect effect favouring the cellular metabolism supplying the Krebs’ cycle (figure 3.6). 

 

 

Figure 3.6. Schematic representation of Krebs cycle. 

To understand by which mechanism tyrosine is able to ameliorate the oxygen consumption in wild type 

strain i) directly, as the substrate of the aminoacylation reaction, or ii) indirectly, improving the cellular 

metabolism via Krebs cycle, I compared the oxygen consumption in the wild type strain cultured in a 

medium supplemented with tyrosine or with phenylalanine, that enters in Krebs cycle in the same step 

of tyrosine and are present in similar concentrations in the yeast cell (Messenguy et al., 1980). As 

showed in figure 3.7 only tyrosine supplementation is able to induce a significant rescue in respiratory 

rate, suggesting that tyrosine is in yeast a limiting substrate for the aminoacylation reaction. 
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Figure. 3.7. Oxygen consumption of W303-1Bmsy1Δ/pFL39MSY1 at 28°C grown in medium supplemented 
with 0.6% glucose. Cells were grown until glucose was exhausted to promote the expression of respiratory 
chain components. Blue Bar represents the strain grown in a SC-Trp-Tyr-Phe medium, red bar 
represents the strains grown in SC-Trp medium supplemented with tyrosine (40 µg/ml) and green bar 
represents the strains grown in SC-Trp medium supplemented with phenylalanine (40 µg/ml). **<0,01. 
NS: not significant. 

Part of the findings discussed in this section are contained in the following publication:  

Clinical Features, Molecular Heterogeneity, and Prognostic Implications in YARS2-Related 
Mitochondrial Myopathy. Sommerville E.W., Ng Y.S., Alston C.L., Dallabona C., Gilberti M., He L., 
Knowles C., Chin S.L., Schaefer A.M., Falkous G., Murdoch D., Longman C., de Visser M., Bindoff L.A., 
Rawles J.M., Dean J.C.S., Petty R.K., Farrugia M.E., Haack T.B., Prokisch H., McFarland R., Turnbull D.M., 
Donnini C., Taylor R.W., Gorman G.S. JAMA neurology, 2017 Jun 1;74(6):686-694. 

3.2 Study of missense variants in residues of QRSL1 and GATB coding for subunits 

of GatCAB complex 

As described in Introduction, mutations in the GatCAB complex subunit A (QRSL1) have been 

identified as cause of a lethal infantile mitochondrial disorder (Kohda et al., 2016). Recently, the MRC 

Mitochondrial Biology Unit of Cambridge (UK) identified patients with variants in the QRSL1 gene 

and in the GATB gene, coding for the subunit B of the GatCAB complex. These patients showed a 

severe clinical phenotype with prominent cardiomyopathy and lethal infantile lactic acidosis, with 

variable deficiencies of the respiratory chain enzymes, which is typical for defects in mitochondrial 

tRNA aminoacylation.  

To validate the pathogenicity of the QRSL1 and GATB variants identified in the patients we used the 

yeast as a model system taking advantage of the presence of the orthologous genes, HER2 and PET112, 
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respectively. The human variants identified in three patients, the corresponding yeast humanized and 

mutant alleles are reported in table 9. In patient 1 the variant Gly133Val resulted in compound with a 

variant that induce an early stop in the second allele. In patient 2 three missense variants, Thr196Asn 

Arg197Lys Pro199His, were located in the same paternal allele, in compound with the variant 

Ala427Leu in maternal allele. In patient 3 Phe136Leu resulted in compound with a variant inducing 

frameshift and premature stop codon. 

 

Table 9. Overview of the patients carrying the missense variants studied and the correspondent in yeast. 

As shown by Qrsl1/Her2 protein alignment (figure 3.8 A) the human residues Arg197 and Pro199 are 

invariant from human to yeast, Arg156 and Pro158, respectively. On the contrary the human amino 

acid residues Gly133, Thr196 and Ala427 are not conserved in yeast, corresponding to Ser109, Val155 

and Pro397, respectively. As previously described for the YARS2/MSY1 mutations, for the analysis of 

pathogenicity of these three not conserved residues, it was necessary to create both the humanized 

version and the potentially pathological allele to compare their effect on mitochondrial function. As 

concern the non conserved variant Gly133Val (identified in patient 1) I constructed the yeast 

humanized and mutant alleles hSer109Gly and Ser109Val, respectively. As concern the non conserved 

variant Ala427Leu (identified in patient 2) I constructed the yeast humanized and mutant alleles 

hPro397Ala and Pro397Leu, respectively. The paternal allele of patient 2 showed three variants. Two 

of these variants, Arg167Lys and Pro199His, were in conserved residues in yeast, Arg156 and Pro158, 

respectively, whereas the third variant Thr196Asn was present in a not conserved residue. To validate 

the paternal allele variants I constructed the humanized allele hVal155Thr and the mutant allele 

Val155Asn,Arg156Lys,Pro158Hys.  

Patient Gene Human protein change  Yeast 
humanized 
allele 

Yeast mutant allele 

1 hQRSL1 
yHER2 

Gly133Val 
Tyr185* 

hSer109Gly 
 

Ser109Val 

2 hQRSL1 
yHER2 
 

Thr196Asn; Arg197Lys; Pro199His 
 
 
Ala427Leu 

hVal155Thr 
 
 
hPro397Ala 

Val155Asn; Arg156Lys; Pro158His 
 
 
Pro397Leu 

3 hGATB 
yPET112 

Phe136Leu 
Ser194Trpfs*15  

Phe103Leu 
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Regarding the mutation in the GATB gene (identified in patient 3), as shown by protein alignment, the 

human residue Phe136 is invariant in yeast, Phe103 (figure 3.8 B). To validate the pathogenicity of the 

new variant p.Phe136Leu I introduced the change equivalent to the human variant into the yeast 

PET112 wild-type gene. 

 

A) 

 

B) 

 

Figure 3.8. A) Portion of CLUSTAL Omega alignments of the Qrsl1 and Her2 proteins. B) Portion of 
CLUSTAL Omega alignments of the GatB and Pet112 proteins. The missense variants conserved between 
the proteins are shown in green. The missense variants not conserved between the proteins are shown in 
red. 

3.2.1 Construction of mutant strains 

The construction of the mutant strains was performed using the same approach previously described for 

the MSY1 mutant strain, as also in this case the deletion of the genes lead to mitochondrial DNA loss 

(Merz and Westermann 2009, Mulero et al., 1994). Briefly, HER2 and PET112 were cloned under their 

natural promoters by PCR-amplification and inserted into the pFL38 vector. The pFL38-HER2 or 

pFL38-PET112 plasmid was introduced into the W303-1B strain through the Li-Ac method (Gietz and 

Woods, 2002) and disruption of the genomic HER2 or PET112 gene was performed in this strain. The 
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disruption was performed through one-step gene disruption by PCR-amplification of KanMX4 cassette 

(Wach et al, 1994) from the BY4742 deleted strain using appropriate primers and transformation of the 

former strain; thus obtaining W303-1Bher2Δ/pFL38-HER2 and W303-1Bpet112Δ/pFL38-PET112. 

HER2 and PET112 fragments were subcloned from pFL38 to pFL39. HER2 and PET112 were 

mutagenized by PCR overlap technique (Ho et al., 1989) with appropriate primers to obtain the 

humanized and mutant alleles, and subsequently they were cloned into the pFL39 vector. W303-

1Bher2Δ/pFL38-HER2 was transformed with the pFL39 vector carrying the wild type (HER2) or the 

humanized (her2hS109G or her2hV155T or her2hP397A) or the mutant (her2S109V or her2V155N-R156K-P158H or 

her2P397L) alleles or with the empty vector as control, and then pFL38- HER2 was lost through plasmid-

shuffling. W303-1Bpet112Δ/pFL38-PET112 was transformed with the pFL39 vector carrying the wild 

type (PET112) or the mutant (pet112F103L) allele or with the empty vector as control, and then pFL38-

PET112 was lost through plasmid-shuffling. 

3.2.2 Phenotypic analyses 

In order to reveal a possible respiratory growth defect of HER2 mutant variants, serial dilutions of the 

strains were spotted on medium containing 2% ethanol as carbon source at 28°C. As shown in figure 

3.9 A, the oxidative growth of the strains expressing the humanized versions her2hS109G and her2hV155T 

was similar to that of the wild type, whereas the strains expressing the mutant alleles her2S109V, and 

her2V155N-R156K-P158H showed an oxidative growth severely reduced or totally absent. The strain with the 

humanized allele her2hP397A showed a slight reduction of growth respect to strain with the wild-type 

version, anyway the strain with mutant version her2P397L showed a more severe oxidative defective 

phenotype. To better define the oxidative growth deficiency I measured O2 consumption. The analysis 

of the respiratory rate showed a reduction for all the mutants, although to a different extent (figure 3.9 

B). In particular, parallelizing the growth defect, the mutant her2V155N-R156K-P158H behaved as the null 

mutant whereas the mutants her2S109V and the her2P397L showed a reduction of the respiratory rate 

respect to their humanized version of about 70% and 35% respectively. Overall the data obtained 

suggest a pathological role for all the analysed variants of QRSL1 gene.  
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A) 

 

B) 

 

Figure 3.9. A) Oxidative growth phenotype at 28°C of W303-1Bher2Δ transformed with pFL39 plasmid 
carrying the indicated allelic variants. Equal amounts of serial dilutions of cells from exponentially grown 
cultures were spotted (5x104, 5x103, 5x102, 5x101 cells/spot) onto SC-Trp plates supplemented with the 
indicated carbon sources. Growth was scored after 3 days of incubation. B) Oxygen consumption at 28°C 
of the indicated strains grown in SC-Trp medium supplemented with 0.6% glucose. Cells were grown 
until glucose was exhausted to promote the expression of respiratory chain components. ***p<0.001. NS: 
not significant. 

Regarding the PET112 mutation, oxidative growth and O2 consumption of the mutant strain 

pet112F103L, measured in the same experimental condition described for the her2 mutants, at 28°C, did 

not reveal any defect (data not shown). I then compared wild type and mutant strain in more stressing 

environmental conditions, high temperature (37°C) and absence of the amide donor glutamin. The use 

of more stressing condition is particularly helpful to emphasise the phenotype of mutants characterized 
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by a leaky phenotype. In particular based on the nature of GatFAB amidotransferase reaction that uses 

glutamine as a substrate, the absence of amide donor is a suitable condition for exacerbate the mt-tRNA 

aminoacylation phenotype. In these stressing conditions the mutant showed defective OXPHOS 

phenotype (figure 3.10 A) and a severe reduction of O2 consumption (70%) (figure 3.10 B). These data 

support the pathogenic role of its human corresponding mutation. 

A) 

 

B) 

 

Figure 3.10. A) Oxidative growth phenotype at 37°C of W303-1Bpet112Δ transformed with pFL39 
plasmid carrying the indicated allelic variants. Equal amounts of serial dilutions of cells from 
exponentially grown cultures were spotted (5x104, 5x103, 5x102, 5x101 cells/spot) onto SC-Trp-Gln medium 
supplemented with the indicated carbon sources. Growth was scored after 3 days of incubation.  
B) Oxygen consumption at 37°C of the indicated strains grown in SC-Trp-Gln medium supplemented 
with 0.6% glucose. Cells were grown until glucose was exhausted to promote the expression of respiratory 
chain components. ***p<0.001. NS: not significant. 
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4.1 Strains used 

S. cerevisiae strains used in this work are listed below: 

 

The bacteria strain used in this work is listed below: 

 

4.2 Media and growth conditions 

For yeast strains the following media were used: 

- YP (1% peptone, 0.5% yeast extract)  

- YPA (2% peptone, 1% yeast extract, 75mg/ml adenine)  

- YNB (YNB ForMediumTM w/o aminoacids w/o 1,9 g/l NH4SO4, 5 g/l NH4SO4).   

- SC: YNB media enriched with drop-out powder (Kaiser et al. 1994).   

- 5-FOA YNB: YNB ForMediumTM with 1 g/l 5-Fluoroorotic Acid (Melford), 50 mg/l  uracile with 

aminoacids necessary to complement the auxotrophies (Boeke et al., 1984).  

If necessary singles amino acids could be excluded from complete drop-out to maintain selective 

pressure. As solidifying agent agar ForMediumTM 2% was added. Carbon sources were added at final 

concentration of 2% if not specified differently. The following sources were used: Glucose (D), 

Strain  Genotype Reference 

BY4741 Mata; his3∆1 leu2∆0 met15∆0 ura3∆0  Brachmann et al., 1998  

BY4741 ρ0 Mata; his3∆1 leu2∆0 met15∆0 ura3∆0 ρ0 This work 

BY4741 sym1Δ Mata; his3∆1 leu2∆0 met15∆0 ura3∆0 sym1::kanMX4  Euroscarf collection; 
Brachmann et al., 1998  

BY4741 sm11Δ Mata; his3∆1 leu2∆0 met15∆0 ura3∆0 sml1::kanMX4  Euroscarf collection; 
Brachmann et al., 1998  

BY4741 sym1Δ 
sm11Δ Mata; his3∆1 leu2∆0 met15∆0 ura3∆0 sml1::kanMX4 sym1::HigR  This work 

W303-1B msy1Δ Matα ade2-1 leu2-3, 112 ura3-1 trp1-1 his3-11, 15 can1-100 msy1::kanMX4  This work 

W303-1B her2Δ Matα ade2-1 leu2-3, 112 ura3-1 trp1-1 his3-11, 15 can1-100 her2::kanMX4  This work 

W303-1B pet112Δ Matα ade2-1 leu2-3, 112 ura3-1 trp1-1 his3-11, 15 can1-100 pet112::kanMX4  This work 
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Ethanol (E), Glycerol (G), Galactose (Gal), Lactate (L). S. cerevisiae was cultured at 28°C, in constant 

shaking 120 rpm if liquid media was used. To induce heat stress, cultures were incubated at 37°C in 

thermostat or water bath.  

For E. coli LB media was used (1% bacto tryptone DifcoTM, 0.5% yeast extract DifcoTM, 0.5% NaCl, 

pH 7.2-7.5). Agar 2% and ampicillin (Sigma-Aldrich®) 100mg/ml were added if needed. For α-

complementation selection 80µl of 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (Xgal) 2% 

(dissolved in dimethilformamide) and 40µl isopropyl-beta-D-thiogalactopyranoside (IPTG) 23.8 mg/ml 

were added. Cultures were incubated at 37 °C in constant shaking if necessary. 

4.3 Plasmids 

 

 

 

Figure 4.1. pFL38 plasmid     Figure 4.2. pFL39 plasmid 

 

Plasmid Marker in S.cerevisiae Type Reference Figure 

pFL38 URA3 Centromeric Bonneaud et al., 1991  4.1 

pFL39 TRP1 Centromeric Bonneaud et al., 1991  4.2 

YEplac195 URA3 Multicopy Gietz and Sugino, 
1988  4.3 
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Figure 4.3. YEplac195 plasmid 

4.4 Polymerase Chain Reactions 

All the reactions were performed following manufacturer indications. Preparative reactions for gene 

cloning and site-specific mutagenesis were performed using KOD Hot Start high fidelity (HF) 

polymerase (Novagen®). All the reactions were performed using “Applied Biosystem 2720 Thermal 

Cycler”. The primers utilize were indicated in the following table. 

4.4.1 Real Time-qPCR  

For Real Time-qPCR, cells, pregrown at 28°C in SC supplemented with 2% ethanol, were 

exponentially grown in SC supplemeted with 2% glucose at 28°C and transferred to SC medium 

supplemented with 0.6% glucose plus 2% ethanol at 37°C for 14 h. 

Total RNA was extracted with hot acidic phenol (Ausubel et al., 1994), treated with DNase I (New 

England Biolabs), retrotranscribed with M-MuLV Reverse Transcriptase (NewEngland Biolabs) with 

oligo (dT) 20 primer (Euroclone) and murine RNase inhibitor (NewEngland Biolabs). 

Quantitative PCRs were performed in 15 µl volume using Power Sybr Green mix with ROX (Life 

Technologies) in a 96-well plate. Triplicates were included for each reaction. The primers used for 

qPCR (qSYM1Fw and qSYM1Rv), at the final concentration of 120 nM, are listed in Table 10. All 

reactions were performed in the AB 7300 instrument (Life Technologies) at default settings: 

- 2’ at 50°C 

- 10’ at 95°C  
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- 15’’ at 95°C - 1’at 60°C – 41 cycle 

- 15’’ at 60°C 

For each analyzed gene, the level of expression was calculated using the comparative quantification 

algorithms -∆∆Ct. In this method the threshold cycles number Cts for the gene of interest in both the 

test sample (mutant strain) and calibrator sample (wild type strain) are adjusted in relation to a 

normalizer gene Ct from the same two samples. Normalizer gene ACT1 was used. To determine the 

fold difference in expression we used the following expression: 

Fold difference = 2–∆∆Ct  

∆Ct sample – ∆Ct calibrator = ∆∆Ct  

Ct target gene – Ct norm. gene = ∆Ct sample 

Ct target gene – Ct norm. gene = ∆Ct calibrator  

Statistical analysis was performed through an unpaired two-tailed t-test. Only p values of less than 0.05 

were considered significant: *p<0.05, **<0.01, ***p<0.001.   
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Table 10. Primers 

 Primer 
MSY1cFw CCCCAAGCTTAATTTGTCCCAATTCGAAGG 
MSY1cRv CCCCGGTACCGTGTGACAGTGAAATGTTCG 
MSY1DFw TAATATTGGACTTGAAGCTG 
MSY1DRv AATATCACCTCACGCATGCC 
MSY1P134RFw GGGAAAGTTGGGGACAGAAGTGGTAGGAAAACAGAAAGAGACG 
MSY1P134RRv CGTCTCTTTCTGTTTTCCTACCACTTCTGTCCCCAACTTTCCC 
MSY1hR209GFw 

MSY1hR209GFw 

CTTAGCTGATTTTGGTGGCCACATTCGGGTACAATCTATGTTGGCG 
MSY1R209VRv CGCCAACATAGATTGTACCCGAATGTGCACACCAAAATCAGCTAAG 
MSY1L226RFw GGATTCAATTTCTTCGAGGCGTCAAACCAAAAATGGTCTGG 
MSY1L226RRv CCAGACCATTTTTGGTTTGACGCCTCGAAGAAATTGAATCC 
	
	
MSY1Y239HFw GGTCTGGGATTTAACGAATTTACTCACCAAGTTTTACAAGCGTACG 
MSY1Y239HRv CGTACGCTTGTAAAACTTGGTGAGTAAATTCGTTAAATCCCAGACC 
MSY1hL391CFw CCGGATCGGATTCAGAAGCCTGTTCGAATATTATTTTTGGACG 
MSY1L391YRv CGTCCAAAAATAATATTAGAATACGCTTCTGAATCCGATCCGG 
MSY1L411SFw CTGCTGCGAAGTTAGTTGATTCATGTAAAAAAGCCAGAATTTTGCAG 
MSY1L411SRv CTGCAAAATTCTGGCTTTTTTACATGAATCAACTAACTTCGCAGCAG 	
PET112DFW CCCCGGTACCCTCATTGGAAACAATCCTCG 
PET112DRV GCACGGTTCCTATTTACACG 
PET112cFW CCCCGGTACCCTCATTGGAAACAATCCTCG 
PET112cRV CCCCCTGCAGCGTATCTTCATCCTCTCAACC 
PET112F103LFW GAATAGCATATCTCAGTTGGATAGGAAGCATTATTTTTATGG 
PET112F103LRV   CCATAAAAATAATGCTTCCTATCCAACTGAGATATGCTATTC 
HER2DFw CTTAGCCTCATGACTTATCTGC 
HER2DRv CATGATTAACGTTGTCCTCAC 
HER2cFW CCCCGGTACCCTTCCTGCTCTTCTTGTTGTCC 
HER2cRV CCCCCTGCAGCCATACTTTCTCACCCAGC 
HER2hS109GFw GGTTCTGGGGGAGTACATGGAATAAGAGGGCCCGTAATTAACC 
HER2hS109GRv GGTTAATTACGGGCCCTCTTATTCCATGTACTCCCCCAGAACC 
HER2S109VFw GGTTCTGGGGGAGTACATGTAATAAGAGGGCCCGTAATTAACC 
HER2S109VRv GGTTAATTACGGGCCCTCTTATTACATGTACTCCCCCAGAAC 
HER2hV155TFw GGAACAGATACTGGTGGCTCCACTAGGCTCCCCGCATGCTATGGATCTG 
HER2hV155TRv CAGATCCATAGCATGCGGGGAGCCTAGTGGAGCCACCAGTATCTGTTCC 
HER2V155NR156KP158HF

w 

GGAACAGATACTGGTGGCTCCAATAAGCTCCACGCATGCTATGGATCTG 
HER2V155NR156KP158H

Rv MSY1hR209GFw 

CAGATCCATAGCATGCGTGGAGCTTATTGGAGCCACCAGTATCTGTTCC 
HER2hP397AFw CCACATCGTCCAAGCTTGCTGGATCCATAAGGGACTTCG 
HER2hP397ARv   CGAAGTCCCTTATGGATCCAGCAAGCTTGGACGATGTGG 
HER2P397LFw CCACATCGTCCAAGCTTCTTGGATCCATAAGGGACTTCG 
HER2P397LRv CGAAGTCCCTTATGGATCCAAGAAGCTTGGACGATGTGG 

 	qSYM1Fw CGCCGCTAGGTTTGCCATTT 
qSYM1RV AGTGTAGGCCACCATTGCTCT 
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4.5 Construction of msy1 mutant strains  

MSY1 and its upstream and downstream regions were cloned by PCR-amplification using KOD Hot 

Start HF DNA polymerase (Novagen®), MSY1cFw and MSY1cRv as primers (see Table 10) and 

genomic DNA from W303-1B strain. MSY1 was then cloned in a pFL38 vector after digestion with 

HindIII-KpnI restriction enzimes. The pFL38-MSY1 plasmid was introduced into the W303-1B strain 

through the Li-Ac method (Gietz and Woods, 2002), obtaing the strain W303-1B/pFL38-MSY1, and 

disruption of the genomic MSY1 gene was performed in this strain. MSY1 disruption was performed 

through one-step gene disruption by PCR-amplification of KanMX4 cassette (Wach et al., 1994) from 

the genomic DNA of BY4742msy1Δ strain using KOD HF DNA polymerase (Novagen®) and 

MSY1DFw and MSY1DRv as primers (see Table 10). Transformation of the former strain (W303-

1B/pFL38-MSY1) with KanMX4 cassette was performed through high efficiency yeast transformation 

protocol (Gietz and Woods, 2002), thus obtaining W303-1Bmsy1Δ/pFL38-MSY1 strain. The 

msy1::KanMX4 cassette could recombine either at the MSY1 gene harboured on pFL38, or at the wild-

type gene in the genome, or less frequently, at another chromosomal locus by non homologous 

recombination. To distinguish between these cases we performed plasmid shuffling on 5-FOA and then 

checked the phenotype of the msy1Δ strains on geneticin and on non-fermentable carbon sources. Cells 

in which the genomic MSY1 locus was disrupted were not able to grow on oxidative carbon sources, 

due to the loss of mtDNA after pFL38MSY1 counter selection in 5-FOA plates, but able to grow in 

presence of geneticin. Cells in which the msy1::KanMX4 cassette recombined at the MSY1 plasmid 

copy maintained mtDNA and were able to grow on non-fermentable carbon sources but not able to 

grow in presence of geneticin, and cells in which the msy1::KanMX4 cassette recombined at another 

chromosomal locus are able to rescue in presence of geneticin and on non-fermentable carbon sources. 

In the following table an overview of the possible recombination events of the msy1::KanMX4 cassette 

in the W3031B-pFL38MSY1 strain was reported. The homologous recombination at genomic MSY1 

wild type locus is the wanted event. 
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MSY1 fragment was sub cloned from pFL38 to pFL39. The mutations studied were introduced in MSY1 

by PCR overlap technique (Ho et al., 1989) with appropriate primers (table 10) and with pFL38MSY1 

as template, to obtain the mutant alleles msy1hL391C, msy1L391Y, msy1L411S, msy1hR209G, msy1R209V, 

msy1Y239H, msy1P134R and msy1L226R and subsequently cloned into the pFL39 vector. W303-

1Bmsy1Δ/pFL38-MSY1 was transformed with pFL39-MSY1, pFL39 harbouring the mutant alleles 

created or the empty vector pFL39, and then pFL38-MSY1 was lost through plasmid-shuffling on 5-

FOA.  

 

4.5.1 Plasmid shuffling 

Strains which contained pFL38MSY1 plasmid and pFL39 plasmid carrying a mutant allele, and in 

which the chromosomal copy of the MSY1 gene has been disrupted, underwent plasmid shuffling on 5-

FOA medium to counter-select pFL38MSY1 plasmid. Cells were grown in SC-Trp solid medium for 

24h in order to counter-select pFL38MSY1 plasmid. Then the plate was replicated twice on 5-FOA 

medium, on which only the cells that had lost the plasmid could grow, since 5-FOA is toxic in the 

presence of the genic product of URA3 gene. Finally, the plate was replicated on SC-Trp and on SC-

Ura, to check the loss of plasmid. 

4.6 Construction of MSY1 heteroallelic strains  

The subcloning of alleles MSY1 and msy1Y239H from pFL39 plasmid, to pFL38 plasmid was performed 

through digestion of pFL38 plasmid and pFL39MSY1 and pFL39 msy1Y239H recombinant plasmid with 

the restriction enzymes HindIII-HF and KpnI-HF. The digested alleles were inserted in the pFL38 

plasmid. Recombinant plasmids obtained pFL38MSY1 and pFL38msy1Y239H were introduced in W303-

1B∆msy1/pFL39MSY1 or W303-1B∆msy1/pFL39 msy1R209V through the Li-Ac method (Gietz and 

Woods, 2002), to obtain the strains W3031B∆msy1/pFL39MSY1-pFL38MSY1 and 

W3031B∆msy1/pFL39msyR209V-pFL38 msyY239H. 

4.7 Construction of pet112 and her2 mutant strains 

The yeast strains harbouring the mutations studied in HER2 and PET112 genes were created using the 

same approach describe for msy1 mutant strain using appropriate primer listed in the table 10. 
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4.8 Nucleic Acid Manipulation		

All the manipulations were carried out with standard techniques (Maniatis et al., 1982). Genomic DNA 

from S. cerevisiae was extracted as previously described (Hoffman and Winston, 1987; Lõoke et al. 

2011). Plasmid DNA was extracted from E. coli with Wizard® Plus SV Minipreps DNA purification 

system commercial kit, or following standard procedures (Sambrook and Russel, 2001). DNA recovery 

from agarose gel and purification of PCR products were carried out with GenEluteTM PCR-Clean Up 

kit (Sigma-Aldrich®) commercial kit. Enzymatic manipulations (restriction, dephosporilation and 

ligation,) were carried out following manufacturer indications (New England Biolabs® Inc. NEB, 

InvitrogenTM). Sequencing of all genes was performed with external service (GATC BIOTECH).  

4.9 Transformation procedures  

4.9.1 S. cerevisiae transformation 

Yeast transformation was carried out with Lithium Acetate (LiAc) as described by Gietz and Woods, 

2002.  

4.9.2 E. coli transformation 

CaCl2 competent cells were prepared and transformed with standard techniques (Maniatis et al., 1982). 

4.10 Protein analyses 

4.10.1 Isolation of mitochondria and protein extraction  

Cells, pregrown at 28°C in SC supplemented with 2% ethanol, were exponentially grown in SC 

supplemeted with 2% glucose at 28°C and transferred to SC medium supplemented with 0.6% glucose 

plus 2% ethanol at 37°C for 14 h. 

To determine the cellular localization (mitochondrial vs cytosolic) of the Sym1 wt or mutant protein we 

have extracted mitochondrial and cytosolic protein fraction as previously reported (Glick and Pon, 

1995) with minor modifications: cell wall was removed using digestion buffer containing 1.2M 

sorbitol, 60mM K-phosphate pH 7.5, 1mM EDTA, 1% β-mercaptoethanol, 1mg/ml Zymolyase®-20T 

(Nacalai tesque) to obtain spheroplasts. Spheroplast were homogenized by glass/Teflon potter using 30 
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gentle strokes on ice. The supernatant containing the cytosolic fraction was separated from 

mitochondrial pellet by centrifugation. 

To determine Sym1 protein stability we have performed total protein extraction with the trichloroacetic 

acid (TCA) method by chilling the cells supplemented with 120 mM NaOH, 0.5% β-mercaptoethanol, 

650 µM PMSF and 25% TCA on ice, then re-suspending the proteins in laemmli sample buffer at 

pH 6.8. 

Mitochondrial proteins for BN-PAGE analyses were obtained by suspending the cells in extraction 

buffer containing 0.6 M sorbitol, 10 mM imidazole, 0.5 mM EDTA, 0.1% BSA and 1mM PMSF. Cells 

were broken by vortexing on ice using glass beads and mitochondrial proteins were obtained by 

centrifugation and re-suspended in the extraction buffer. 

Quantification of protein concentration was performed by Bradford’s method (Bradford, 1976) using 

Bio-Rad protein assay following the manufacturer’s instructions. 

 

4.10.2 Gel electrophoresis and western blot analysis 

Total protein extract or mitochondrial protein extract was load on 12% SDS–polyacrylamide gel and 

Western Blot (WB) was performed. 

For two-dimensional BNGE, 150 mg of protein from isolated mitochondria was treated as previously 

described (Nijtmans et al., 2002); then the samples were loaded and run into a 3–11% gradient non 

denaturating 1D-BNGE. The denaturing 2D-BNGE electrophoresis was performed as previously 

described (Dallabona et al., 2010).  

Gels were electroblotted onto nitrocellulose filters and sequentially immunostained with specific 

antibodies against HA (Roche Applied Science), Por1 and Pgk1 (Abcam Mitoscience). After 

incubation with the appropriate secondary antibodies, ECL Western blotting Substrate (ClarityTM, 

BioRad) was used for final detection. Signals were quantified through Quantity One Software (Bio-

Rad). 

 

4.11 Phenotypic analysis 

4.11.1 Spot assay 

Cells were pregrown o/n on YP or SC medium supplemented with 2% glucose at 28°C. When the cells 

were in exponential phase, they were diluted to obtain the concentrations 107, 106, 105, 104 cells/ml. 
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From these suspensions 5µl were spotted in ordered rows on agar plates and then incubated for several 

days at 28°C, 36°C or 37°C. 

4.11.2 Mitochondrial DNA mutation frequency 

Strains were pregrown at 28°C in SC medium supplemented with 2% ethanol in order to counterselect 

the petite cells that could be present in the population and then inoculated in SC supplemented with 2% 

glucose and incubated for 4 h at 28°C. Then 2% ethanol was added and the cultures were shifted at 

37°C. After 15 generations of growth at 37°C, cells were plated on SC agar plates supplemented with 

2% ethanol and 0.25% glucose at a dilution giving approximately 250 cells/plate. Petite frequencies 

were defined as the percentage of colonies showing the petite phenotype after a 5-day incubation at 

28°C. If necessary molecules to test were added in the medium before the shift at 37°C. The molecules 

of the Selleck chemical library and Prestwick chemical library were dissolved in DMSO, so as control 

the cell were treated also with this solvent. 

4.11.3 MIC determination 

Strains were pregrown at 28°C in SC liquid medium supplemented with 2% ethanol and then 

inoculated in SC supplemented with 2% glucose at the final concentration of 5x105cell/ml and 

incubated for 4 h at 28°C. Then 2% ethanol and the molecule were added and the cultures were shifted 

at 37°C. after 24 h the absorbance at 600 nm was determined. The molecules were tested starting from 

the concentration of 512 µM and sequentially halved. As control the cell were treated also with DMSO. 

4.11.4 Competition test ρ+/ρ0 

BY4741 ρ+ and BY4741 ρ0 strains were pregrown in SC liquid medium supplemented with 2% 

glucose and then were inoculated in SC medium supplemented with 2% glucose at the final 

concentration of 106 cell/ml (50% ρ+ and 50% ρ0) and incubated for 4 h at 28°C. Then 2% ethanol was 

added and the cultures were supplemented with i) 3,2 µl of the molecule to test ii) DMSO as control, 

and were shifted at 37°C for 24 h. Cells were plated on SC agar plates supplemented with 2% ethanol 

and 0.25% glucose at a dilution giving approximately 250 cells/plate. Petite frequencies were defined 

as the percentage of colonies showing the petite phenotype after a 5-day incubation at 28°C. 
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4.11.5 Mitochondrial respiration  

Oxygen consumption rate was measured at 30°C from yeast cell suspensions cultured for 18 hrs at 

28˚C in SC medium supplemented with 0.6% glucose until exhaustion using a Clark-type oxygen 

electrode (Oxygraph System Hansatech Instruments England) with 1 ml of air-saturated respiration 

buffer (0.1 M phthalate–KOH, pH 5.0), 0.5% glucose. Values were normalized to the wild type strain 

and represented as the mean of at least three values ± SD. Statistical analysis was performed on the 

values before the normalization by paired, two-tail Student’s t test. Only p values of less than 0.05 were 

considered significant: *p<0.05, **<0.01, ***p<0.001.  

4.12 High throughput screening: Drug drop test  

12x12 plates were filled with 90 ml of YP solid medium supplemented with i) 4% ethanol and 0.5X 

streptomycin-ampicillin. Cells were inoculated in YP medium + 2% ethanol and incubated at 28°C in 

constant shaking. After 3 days of growth, cells were inoculated in YP medium + 2% glucose 6h at 

28°C and then 1,5x105 (sym1R51W) or 2x105 (sym1Δ) cells are seeded onto the plates. After the seed, 

sterile filters of 6 mm of diameter were put on the agar surface and spotted with 2,5 µl of the compound 

to test, varying the quantity both of the filters and the molecule depending on primary or secondary 

screening. All the compounds of the chemical library are solubilized in DMSO, so as negative control 

one filter was spotted with DMSO and as positive control of growth  5µl of wild type strain was spotted 

on the medium (a number of cells equal as the mutant strain seeded in the same area). Plates were 

incubated at 37°C for 7 days and the growth of the mutant strain was monitored (Couplan et al., 2011) 
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