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1.1 Coenzyme A: structure, function and biosynthesis  

Coenzyme A (CoA), identified more than 70 years ago (Baddiley et al., 1953), is an essential 

cofactor in all living organisms where it functions as an acyl group carrier and as a carbonyl-

activating group. About 9% of known enzymes utilize CoA as an obligate cofactor (Strauss et al., 

2010) and it is involved in over 100 different reactions in intermediary metabolism. More 

specifically CoA is a key molecule in the metabolism of fatty acids, carbohydrates, amino acids and 

ketone bodies. It consists of 3’-phosphoadenosine linked through the 5’ position of the ribose, to 

pantothenic acid via pyrophosphate linkage. The carboxyl end of pantothenic acid is linked 

through a peptidic bond to 2-mercaptoethanol amine (Fig 1.1). 

Thanks to its sulfhydryl group (-SH), it acts as a carrier of acyl groups through the formation of 

thioesters (Nelson et al., 2010). 

 
Figure 1.1 Structure of CoA 

 
The biosynthesis de novo of CoA from pantothenic acid is an essential and universal pathway in 

prokaryotes and eukaryotes and proceeds through five enzymatic steps starting from 

pantothenate or Vitamin B5 (Fig 1.2). In the first step, pantothenate is phosphorylated to 4’-

phosphopantothenate by pantothenate kinase ATP dependent (PANK); this reaction is the primary 

rate-limiting step in CoA biosynthesis and it is controlled by the end-products of the pathway, CoA 

and CoA thioesters. Condensation of 4’-phosphopantothenate with cysteine catalyzed by 4’-

phospho-pantothenoylcysteine synthase (PPCS), is followed by a decarboxylation reaction to yield 

4’-phosphopantetheine with 4’-phosphopantothenoylcysteine decarboxylase (PPCDC) acting as 

the catalytic enzyme. Next, the AMP moiety of ATP is added to form dephospho-CoA by 4’-

phosphopantetheine adenylyltransferaase (PPAT), which is subsequently phosphorylated on the 

3’-hydroxyl to form CoA thanks to the dephospho-CoA kinase (DPCK) enzyme.  
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Fig 1.2 Biosynthesis of CoA. On the right are the enzymes that are involved in this pathway in different 
organisms. From Martinez et al., 2014 

 

In Escherichia coli, pantothenate could be formed de novo or taken up from outside the cell. The 

uptake is mediated by pantothenate permease, also termed PanF protein, encoded by the panF 

gene (Leonardi et al., 2005). In the majority of bacteria the biosynthesis of CoA is catalyzed by five 

enzymes: CoaA, CoaB, CoaC, CoaD and CoaE (Song et al., 1992; Geerlof et al., 1999; Mishra et al., 

2001; Kupke et al., 2002); the two reactions generally catalyzed by PPCS and PPCDC are carried out 

by one bifunctional enzyme CoaBC (Strauss et al., 2001) (Fig 1.2). In mammals the genes encoding 

enzymes involved in the biosynthesis of CoA are PANK (pantothenate kinase), PPCS 

(phosphopantothenoylcysteine synthase), PPCDC (phosphopantotenoylcysteine decarboxylase) 

and COASY (CoA synthase) that encodes a bifunctional enzyme that has both PPAT and DPCK 

activity. In humans there are three splice variants of COASY: COASY alpha expressed ubiquitously, 

COASY beta expressed predominantly in the brain and COASY gamma predicted to encode for the 

C-terminal region of CoA synthase corresponding to the DPCK domain. CoA synthase alpha and 

beta are anchored to the outer mitochondrial membrane by the N-terminal region (Zhyvoloup et 

al., 2003) or localized to the mitochondrial matrix (Dusi et al., 2014).  

Furthermore, different isoforms have been identified for the enzyme PANK: PANK1, PANK2, 

PANK3 and PANK4. The first three share the same function in mammalians’ cells and tissues but 

show important differences in terms of sub-cellular compartmentalization, regulation and 

expression. More specifically, PANK2 is ubiquitous but widely expressed in the brain (Zhou et al., 

2001), localized in the mitochondrial inner membrane space (Hӧrtnagel et al., 2003; Johnson et al., 

2004; Kotzbauer et al., 2005) and possibly in the nucleus (Alfonso-Pecchio et al., 2012), whereas 

PANK1 and PANK3 are predominantly found in the cytosol (Alfonso-Pecchio et al., 2012). PANK4 is 

Coenzyme A 
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probably not active as pantothenate kinase in fact it lacks an essential catalytic residue for enzyme 

activity (Hortnagel et al., 2003).  

In the yeast Saccharomyces cerevisiae, like E. coli, pantothenate could be synthesized de novo or 

taken up from outside thanks to Fen2p transporter (Stolz et al., 1999). The enzymes involved in 

this pathway are encoded by the five essential genes: CAB1, CAB2, CAB3, CAB4 (PPAT activity) and 

CAB5 (DPCK activity) (Fig 1.2). The sub-cellular compartmentalization of this pathway is still under 

investigation. A protein complex CoA-SPC (400 kDa) formed by the four proteins Cab2, Cab3, Cab4 

and Cab5 has been identified. However the complex formation is not essential for the activity of 

the single enzymes since the substitution of yeast proteins with homologues bacterial proteins 

that do not possess the ability to form a complex do not compromise the biosynthesis of CoA 

(Olzhausen et al., 2013).  

 

1.2 NBIA (Neurodegeneration with brain iron accumulation) 

Neurodegeneration with brain iron accumulation (NBIA) are a group of progressive neurological 

disorders characterized by excess iron accumulation in the globus pallidus and to a lesser degree 

in the substantia nigra (Gregory et al., 2005; Gregory et al., 2009). Iron accumulates in the brain 

gives rise to a progressive dystonia, spasticity, parkinsonism, neuropsychiatric abnormalities and 

retinal degeneration. NBIA diseases are inherited in an autosomal recessive or dominant mode, 

are X-linked and generally begin in childhood or adolescence. The frequency of NBIA in the general 

population is estimated to be between one to three people per one million individuals (Aoun et 

al., 2015). To date, ten genes causative genes underlying NBIA have been identified: PANK2, 

PLA2G6, FA2H, ATP13A2, C19orf12, FTL, CP, C2orf37/DCAF17, WDR45 (Rouault 2013) and COASY 

(Dusi et al., 2014). Nonetheless, in a many patients, 20 % of cases no genetic alteration has been 

found (Colombelli et al., 2014; Arber et al., 2016). Among the known disease genes, only two 

encode proteins directly involved in iron metabolism: ceruloplasmin (CP) and ferritin light chain 

(FTL) (Rouault 2013). The other eight genes code for proteins with different functions. For 

example, WDR45 and ATP13A2 genes are implicated in autophagosome and lysosomal activity 

respectively, while the C2orf37 gene encodes a nucleolar protein of unknown function. 

Pantothenate kinase 2 (PANK2) and CoA synthase (COASY) are implicated in biosynthesis of CoA 

while phospholipase A2 group VI (PLA2G6), fatty acid-2-hydroxylase (FA2H), and C19orf12 genes 

seem to be involved in lipid metabolism, membrane integrity and mitochondrial function. PLA2G6, 

PANK2, COASY and C19orf12 encode proteins localized in mitochondria. Since many of these genes 
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encode for proteins involved in lipid metabolism, it has been recently proposed that the iron 

accumulation is not likely the primary cause of neurodegeneration in NBIA but rather defects in 

lipid metabolism and mitochondrial function underline shared pathological mechanisms in these 

diseases (Aoun et al., 2015). 

 

1.2.1 Pantothenate kinase-associated neurodegeneration (PKAN) 

Mutations in pantothenate kinase encoding gene (PANK2), mapped to chromosome 20p13 (OMIM 

234200), lead to pantothenate kinase-associated neurodegeneration (PKAN) and account 

approximately for 50% of all NBIA cases (Leoni et al., 2012).  

The majority of PKAN patients suffer from a combination of dystonia, parkinsonism, dysarthria, 

spasticity, mental retardation and pigmentary retinopathy (Hayflick et al., 2006). There are two 

distinct manifestations of this disease: classical and atypical. Classic PKAN patients develop the 

disease in the first ten years of life, starting at an average age of three and a half and die before 

the age of twenty. The onset of the atypical form of PKAN occurs after the age of ten and within 

the first three decades of life. The disease progresses more slowly than classic PKAN with a 

predominant neuropsychiatric syndrome characterized by obsessive–compulsive disorder, 

schizophrenia-like psychosis and depression (Kruer et al., 2011). The main diagnostic criterion is 

the observation of the typical magnetic resonance imaging (MRI) pattern known as “eye of tiger” 

(Fig 1.3) (Hayflick, 2006; Kruer et al., 2011). 

 

 

Fig 1.3 MRI of PKAN patient. Classical ‘eye of the tiger’ sign. From Hayflick et al,, 2006 
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So far more than 80 mutations have been identified that spread throughout the whole PANK2 

gene. About 50 are missense mutations, while the remaining are frameshift and nonsense 

mutations, stop codons, splicing errors or deletions/insertions. Insertions, deletions and frameshift 

mutations are clinically linked to early onset disease indicating that null mutants of Pank2 lead to 

rapidly progressive PKAN. In contrast, the missense mutations have mixed early and late onset 

patterns (Zhou et al., 2001; Hayflick et al., 2003).  

Subramanian and collaborators in 2016, demonstrated that all pantothenate kinases operate by a 

compulsory ordered mechanism with ATP as the leading substrate followed by pantothenate (Fig 

1.4). The principal mechanism for controlling mammalian pantothenate kinase activity is through 

feedback inhibition by acetyl-CoA. More specifically they observed that PANK3 exists as a dimer in 

two distinct conformations. The inactive conformation has an “open” carboxyl-terminal nucleotide 

binding domain that is stabilized by the binding of the acetyl-CoA (red). The active conformation 

has a “closed” nucleotide-binding domain that is stabilized by the binding of ATP (green). The 

binding of acetyl-CoA and ATP to PANK3 is competitive. Pantothenate binds to the 

PANK3•ATP•Mg2+ complex and, following catalysis, 4-phosphopantothenate is released, followed 

by ADP. 4-Phosphopantothenate is rapidly converted to CoA. 

 

 

1.4 Catalytic cycle and acyl-CoA inhibition of PANK3. From Subramanian et al., 2016 
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The same mechanism has been proposed for PANK2 the structure of which is not yet available.  

Moreover the high degree of similarity between human Pank3 and Pank2 protein (highly 

homologous catalytic core e.g. the identity of 83%) allowed Hong and collaborator in 2007 to 

analyze 28 missense mutations associated with PKAN. They obtained the crystal structure of 

human pantothenate kinases 3 and classified the mutations on the basis of their localization. The 

human Panks contains two domains (Fig 1.5 A and B): the A domain consists of a six-stranded β-

sheet (strands Ab1–Ab6) flanked by five helices (Ah1–Ah3 on one side and Ah4 and Ah11 on the 

other side) and a glycine-rich loop, probably involved in ATP binding site. The B domain consists of 

nine β-sheet (strands Bb7-Bb15) and contains the extensive dimerization interface.  

 

 

Fig 1.5 Structure of human Pank3. A) structure of monomer with indicated A and B domains B) Pank3 
dimeric structure. From Hong et al., 2007 

 

On the basis of these observations they grouped the mutations into three categories: active site 

mutations, mutations at the dimer interface and protein interior and mutations on the surface of 

Pank (Table 1.1). They also investigated in vitro the effect of these mutations on activity and 

stability of the protein (Table 1.1), showing that mutations at the ATP binding site and dimer 

interface compromise the enzyme activities and stabilities and are mostly associated with the 

early onset of the PKAN phenotype. In fact these mutations could destabilize the monomer 



8 

 

structure reducing the formation of dimers. On the contrary the surface mutations are catalytically 

active but show slight instabilities relative to the wild type and are linked to the mixed onset of 

disease phenotype.  

 

 

Table 1.1 Enzyme activities and thermostabilities of Pank3 and Pank2 mutant proteins. From Hong et al., 
2007 

 

1.2.2 CoPAN (COASY protein-Associated Neurodegeneration) 
 
Mutations in the COASY gene, mapped to chromosome 17q21 (MIM 615643), lead to CoPan or 

COASY Protein-Associated Neurodegeneration which occurs in childhood with spasticity and 

dystonia of the lower limbs occurring early on, while dystonia of the mouth and jaw appears later 

as the disease progresses. The patients also suffer from speech difficulties and dysarthria.  

As previously mentioned COASY encodes for a bifunctional enzyme containing an import signal in 

the mitochondria, a regulatory domain and two catalytic domains: adenyl-transferase (PPAT) and 

dephospho-CoA kinase (DPCK). The few mutations associated to this rare form of NBIA mapped in 

both PPAT and DPCK domain (Fig 1.6). In 2014 Dusi and collaborators found a patient that carried 

a homozygous nucleotide substitution- c.1495 C > T that affected a conserved arginine residue 

(p.Arg499Cys) in the nucleotide binding site of the dephospho-CoA kinase (DPCK) domain (Fig 

1.7B). The other patient was a compound heterozygous carrying the same c.1495 C > T transition 
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and the c.175 C > T variation leading to a premature p.Gln59* stop codon in the N-terminal 

regulatory region of the protein. Recently others two patients carrying the missense mutation 

p.Arg214Val in the phosphopantetheine adenylyltransferaase (PPAT) domain were found (Evers et 

al., 2017).  

 

 

Fig 1.6 Schematic domain structure of Coenzyme A synthase. From Evers et al., 2017 

 

In order to evaluate the pathogenic role of the mutation R499C, functional studies have been 

performed in patient fibroblasts and in the yeast model (Dusi et al., 2014). As depicted in the 

sequence alignment (Fig 1.7A) Arg499 is conserved from yeast to human and corresponds to 

Arg146 in the yeast Cab5p. The pathogenic role of the mutation was assessed using either the 

homologous and heterologous complementation since the ∆cab5 lethal phenotype was rescued by 

the expression of COASY human gene.  

 
 

Fig 1.7 (A) Amino acid sequence alignment showing conservation of Arg499 across specie; (B) Crystal 
structure of E. coli DPCK (CoaE) (PDB ID 1VHL) showing the position of Arg140 (equivalent to Arg499 in 

human DPCK) in the nucleotide-binding site. From Dusi et al., 2014 

 
In the absence of pantothenate in the medium, the strains expressing the mutated allele 

COASYR499C or cab5R146C showed a severe growth defect at 37°C and an impairment of growth at 

28°C (Fig 1.8A and Fig 1.8B). This result supported the pathogenicity of the substitution 

p.Arg499Cys and suggested that the mutant enzyme requires a higher concentration of 

pantothenate to produce enough CoA to sustain yeast growth.  

http://pdb:1VHL/
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Fig 1.8 A/B Spot assay of ∆cab5/CAB5 and ∆cab5/cab5R499C (A) or ∆cab5/COASY and ∆cab5/COASYR499C (B) at 

28°C and 37°C on glucose in the presence or absence of pantothenate in the medium. From Dusi et al., 
2014 

 
Furthermore the authors measured the level of CoA in mitochondria isolated from the mutant 

strains ∆cab5/COASYR499C and ∆cab5/cab5R499C showing a reduction of CoA content by about 40% 

respect to parental strain (Fig 1.9). According to these results, the same analysis on the derived 

fibroblast of patients showed a reduction of total CoA level.  
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Fig 1.9 Percentage of CoA concentration in yeast strains obtained by HPLC analysis. Values of mutant 

samples are expressed as percentage of values obtained in wild-type samples, taken as 100%. Statistically 
significant differences were determined by the Student’s t-test; *p<0.05; **<0.02. From Dusi et al., 2014 

 

1.3 Pathogenesis of NBIA  
 
Mitochondrial dysfunction, iron accumulation and oxidative stress are hallmarks of several 

neurodegenerative diseases, although the relationship between these events in the development 

of the disorders is not yet clear (Mena et al., 2015). A cause-effect relationship between iron 

accumulation and oxidative damage has been established and it is namely through the Fenton 

reaction in which the iron reacts with H2O2 to generate the highly reactive hydroxyl free radical 

(ROS). Neurons are particularly sensitive to ROS and in fact it has been demonstrated that iron 

accumulation leads to neuronal death (Halliwell 1992; Halliwell 1996). The neurodegenerative 

disorders associated with iron homeostasis alteration could be due to its accumulation in specific 

areas of the brain or to a defect in its metabolism, although still today it is not yet clear whether 

the iron accumulation process is the primary cause of the disorders or not.  

Concerning the PKAN and CoPAN disorders, the reason for iron accumulation is still unclear.  

It has been hypothesized that enzyme deficiency due to mutations in PANK2, lead to a reduction 

of the final product and accumulation of substrates synthesized upstream in the metabolic 

pathway, such as N-pantothenoyl-cysteine and pantetheine which are potentially toxic (Leoni et 

al., 2012). In fact cysteine is a potent iron chelator therefore, high local levels of cysteine could be 

the basis of the subsequent accumulation of iron, resulting in increased oxidative stress (Perry et 

al., 1985). However the fact that in other NBIA disorders, such as COPAN, a similar pattern of iron 

overload has been observed without increased cysteine levels, does not support this hypothesis. It 

has been proposed that alterations in phospholipid metabolism due to CoA-deficiency both in 
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PKAN and CoPAN may affect membrane integrity, with consequent oxidative stress that leads to 

an alteration of iron homeostasis (Leonardi et al. 2007; Santambrogio et al., 2015; Aoun et al., 

2015). Another hypothesis links the CoA deficiency to altered gene regulation, DNA stability and 

cellular homeostasis. This is because Acetyl-CoA, a CoA derivative, is involved in histone protein 

acetylation a post-translational modification that compromises the affinity between histone and 

DNA. Low CoA levels could determine a histone hypoacetylation and contribute to neurological 

phenotype of PKAN and COPAN (Nakamura et al., 2012; Brunetti et al., 2012). 

 

1.4 Model organisms for PKAN and COPAN 

In order to explain the relationship between iron accumulation and CoA deficiency and identify 

therapeutic compounds for PKAN and COPAN diseases, different models in vivo and in vitro have 

been created.  

 

1.4.1 Drosophila melanogaster 

Drosophila melanogaster, fumble mutant was obtained by the insertion of the P-element near the 

PANK locus that encodes different pantothenate kinase isoforms including mitochondrial isoform 

(Afshar et al., 2001). The fumble flies showed locomotor dysfunction, lower pupation efficiency 

and reduced adult survival. Moreover dPANK/fbl mutant flies displayed reduced levels of CoA and 

impaired mitochondrial integrity (swollen mitochondria, aberrant cristae and ruptured 

membranes), increased levels of oxidized proteins (increased oxidative stress), increased loss of 

locomotor function, neurodegeneration, and decreased lifespan (Bosveld et al., 2008; Wu et al., 

2009; Rana et al., 2010). The neurodegeneration observed was probably due to an increased 

number of vacuoles in the brains and not to iron overload. It has been demonstrated that 

dPANK/fbl phenotypes were rescued by the addition of the compound pantethine to the food 

(Rana et al., 2010). The same study also showed that the mechanism underlying pantethine rescue 

is specific and not general; in fact other neurodegenerative Drosophila models are not sensitive to 

pantethine treatment. This result suggest the existence of an alternative pathway to the canonical 

de novo CoA biosynthesis starting from pantethine that allow to bypass the first step of the 

pathway: pantethine could be reduced into pantetheine that could be converted into 4’-

phospopantetheine, an intermediate substrate synthesized upstream of the PPAT (Rana et al., 

2010).  
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1.4.2 Mus musculus  

Another animal model for PKAN disorder is Mus musculus that presents four isoforms of 

pantothenate kinase similar to what found in humans. In 2005 Kuo and collaborators constructed 

and characterized the knock-out pank2 mouse model. The pank2-/- mice partially recapitulate the 

pantothenate kinase associated neurodegeneration disease phenotype: growth retardation, 

azoospermia and retinal degeneration but they did not develop brain iron accumulation or 

apparent neurological difficulties (Kuo et al., 2005). In a further study, the removal of pantothenic 

acid from the diet lead to a severe phenotype characterized by motor dysfunctions, neurological 

impairment with feet-clasping and weight loss (Kuo et al., 2007 ). Upon the re-introduction of the 

pantothenic acid, the mice were able to restore the locomotor defects and weight loss within four 

weeks. The pantothenic acid deficiency could therefore represent a useful phenocopy of PKAN and 

could be used to test pharmacological strategies for the treatment of this disease.  

On the basis of the role of CoA in several crucial metabolic pathways and considering the 

impairment of lipid metabolism in PKAN patients, Brunetti and collaborators in 2014 decided to 

characterize the pank2-/- mice fed to a ketogenic diet, thus stimulating lipid utilization by 

mitochondrial β-oxidation and ketone body production in the liver. In this way they demonstrated 

that the introduction of the ketogenic diet resulted in the onset of a severe phenotype in pank2-/- 

mice characterized by motor dysfunctions, neuronal cytoplasmic inclusion and exacerbated 

mitochondrial alterations such as aberrant cristae and defects of mitochondrial membrane 

potential. Moreover, this diet showed cytoplasmic accumulation of abnormal ubiquinated proteins 

as observed in the brains of PKAN patients (Brunetti et al., 2014). On the basis of the results 

obtained in the Drosophila model where it was shown that pantethine could work as a precursor 

of CoA, they administer pantethine to mice under ketogenic diet and  they demonstrated that 

pantethine restored the movement disorder and ameliorated the mitochondrial dysfunction and 

the lifespan of pank2-/- mice on a ketogenic diet. The mechanism of action of pantethine is not 

clear, in humans and rodents pantethine is readily metabolized to cysteamine and pantothenate 

compounds that cannot provide a biochemical bypass for the blockage of CoA biosynthesis (Zizioli 

et al., 2015). Since cysteamine was shown to have important neuroprotective effects in different 

models of neurodegenerative disorders, it has been proposed that the pantetheine effect in mice 

is at least in part mediated by this metabolite.  
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1.4.3 Zebrafish  

Another important model to study the pathophysiology of PKAN disease is Zebrafish with a 

vertebrate biology, easy methods of genetic manipulation and specific brain regions that are 

conserved and comparable to human counterparts. Zebrafish possess a single ortholog of PANK2 

together with three other paralogs (pank1α, pank1b and pank4). This gene is expressed at high 

levels in the brain and particularly in neurons in the adult animals similar to what happens for the 

human gene (Zizioli et al., 2015). The morphological investigation of the phenotype induced by 

pank2 down regulation showed abnormal head development with smaller eyes, perturbation of 

brain morphology (clear loss of neural cells in telencephalon and diencephalon), a reduction of the 

antero-posterior axis and the presence of edema in the cardiac region. Furthermore, a defect in 

vascular integrity has been observed. The wild type phenotype is restored by feeding pank2 

zebrafish to pantethine or CoA. The latter compound fully prevented the development of the 

abnormal phenotype. On the basis of these results Khatri and collaborators in 2016 extended their 

analysis to the COASY gene. In Danio rerio there is a single COASY gene with a high level of 

similarity to the human homolog. The apparently complete down-regulation of COASY expression 

lead to a severe alteration of development with early death, alteration of tissue of the ventral 

origin and a poorly defined brain. Moreover coasy morphants showed an altered vasculature 

structure particularly in the brain and trunk as showed in pank2 morphants. With regards to the 

iron homeostasis, the study showed a reduced Bmp expression (the Bmp- signaling is the main 

regulator of hepcidin expression the master regulator of systemic and cerebral iron balance). 

These phenotypes were associated with the storage of CoA availability; indeed CoA 

supplementation to fish water or overexpression of the human wild type COASY mRNA could 

prevent the abnormal phenotype (Khatri et al., 2016).  

However neither pank2 nor coasy morphants displayed any iron accumulation. 

 

1.4.4 PKAN fibroblasts 

In order to clarify the mechanism of iron accumulation, Campanella and collaborators (2012) 

examined iron metabolism in PKAN fibroblasts and demonstrated an abnormal behavior of PANK2 

deficient cells in response to treatment with iron. In these cells it was observed a defect in IRPs 

(iron regulatory proteins) activity that lead to an up-regulation of Ft (ferritins- proteins involved in 

iron storage) and a down-regulation of Tfr1 (transferrin receptor 1- protein involved in cellular iron 

uptake). The inaccurate quantity of these proteins increased the carbonylated proteins and ROS 
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generation. To investigate whether iron mishandling could occur in the mitochondria, affecting 

organelle functionality, Santambrogio and collaborators in 2015 further analyzed PKAN fibroblasts. 

They observed several mitochondria dysfunctions: altered mitochondrial morphology and 

mitochondrial membrane potential suggesting a global organelle impairment. Moreover, there 

was an increase in carbonylated proteins levels suggesting an alteration of oxidative status. The 

content of iron in mitochondria do not appear to be properly utilized in ISC (Iron Sulfur Cluster) 

and heme biosynthesis. In fact, the activity of Fe-S enzymes like cytosolic/mitochondrial aconitase 

was reduced in PKAN fibroblasts and the heme content was about 25% less when compared to 

control fibroblasts (Santambrogio et al., 2015). The reason why these phenotypes occur is not yet 

clear. The researchers proposed that the impairment of the Krebs cycle due to an altered CoA 

metabolism leads to a lower production of GTP and NADH factors also required for ISC synthesis. 

So they suggested that the reduction of aconitase activity could be due to the higher oxidative 

stress produced by ROS or by the diminished production of ISC, thus compromising ATP 

production (mACO role) and iron homeostasis (cACO role). They also proposed that the cell could 

respond to this affected ISC synthesis by increasing cellular iron uptake. This could lead to iron 

accumulation and consequent oxidative stress.  

 

1.4.5 hiPSC-derived neuronal model  

Taking advantage of the technology (Amamoto et al., 2014; Caiazzo et al., 2011) that allows 

neurons to be directly transdifferentiated from fibroblasts, induced neurons (iNs) from PKAN 

patients were created. This innovative model could represent a suitable model to study the 

consequences of PANK2 dysfunction. The initial studies conducted by Santambrogio and 

collaborators in 2015 showed a higher ROS levels and significantly lower membrane potentials in 

PKAN iNs. Further studies demonstrated that PANK2 deficiency lead to mitochondrial dysfunction 

and altered ISC and heme biosynthesis in PKAN iNs (Orellana et al., 2016). More specifically, the 

latter study showed morphological alterations of mitochondria which appear aberrant, enlarged 

and swollen with damaged cristae. These were accompanied by a decreased respiratory activity. 

ISC cluster and heme biosynthesis were compromised with the aconitase activity (mACO and 

cACO) and the heme content reduced in PKAN iNs and NPCs respectively. By measuring the level 

of two iron proteins, they revealed an increased level of Tfr1 and a decrease level of Ft in these 

neuronal precursors cells (NPCs). The addition of CoA to the neuronal culture medium during 
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differentiation restores the ROS levels, the mitochondria respiratory activity and the amount of 

heme in PKAN iNs and NPCs.  

The PKAN iNs characterized by Arber and collaborators in 2017 showed similar phenotypes to 

those previously described by Orellana; decreased respiratory activity and increased ROS content 

that in this model lead to a higher lipid peroxidation. However, they did not observe a different 

expression level of TfR whilst the Ft expression was increased. Moreover, an increased expression 

of Ferroportin (iron protein exporter) and MTFT (Mitochondrial Ferritin- stored mitochondrial iron) 

was observed in PANK2 knockout cell lines. They speculated that the mitochondrial defect could 

lead to altered iron storage in the mitochondrial matrix and increased iron export, leading to iron 

dyshomeostasis and a potential accumulation over time (Arber et al., 2017). 

None of the models described by Orellana and Arber showed iron accumulation.  

 

1.5 Saccharomyces cerevisiae as a model organism for the study of iron-related disorders 
and lipid metabolism 

 
The yeast S. cerevisiae, defined as an “honorary mammal” (Resnick and Cox, 2000), has been 

extensively used to study several mechanisms and pathways existing in higher eukaryotes and is 

one of the most useful model organisms to investigate the molecular and genetic basis of human 

diseases.  

S. cerevisiae was the first eukaryote organism to have its genome fully sequenced, published and 

annotated (Goffeau et al., 1996). Remarkably, about 46% of human-known proteins have 

homologs in yeast including proteins involved in DNA replication, recombination, transcription and 

translation, cellular trafficking and mitochondrial biogenesis (Venter et al., 2001). Moreover, about 

40% of human genes  which have mutations leading to diseases, have an orthologue in yeast 

(Bassett et al., 1996). Many genetic tools are available including the complete collection of gene 

deletions and the possibility to duplicate as haploid or diploid makes this organism a flexible tool 

to determine whether a nuclear mutation is recessive or dominant and, in the latter case, which 

kind of dominance (Baruffini et al., 2010). 

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. On the other hand, when the disease-associated gene does not have the 

counterpart in yeast the transgene can be heterologously expressed in yeast and the resulting 

strain, named “humanized yeast”, can be subjected to functional analysis (Khurana et al., 2010). 
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Moreover, the heterologous or homologous complementation approach can be used to assess the 

pathogenic role of a substitution. In both cases the collection of S. cerevisiae gene deletions strains 

is exploited: in the first case the human wild type or mutant cDNA are used to transform the null 

yeast strain to determine the possible relationship between genotype/phenotype. Through this 

strategy we can confirm the role of human gene and we also can assess the pathogenic role of a 

mutation. When human cDNA is unable to complement the yeast null strain, we use the 

homologous complementation approach. In this case we use site-specific mutagenesis to insert 

the pathological substitutions in orthologous yeast genes to genes that, when mutated, give rise to 

diseases. On the basis of phenotypic analyses we can thus confirm the pathogenic role of a 

mutation and also study the molecular basis of the disease.  

The yeast S. cerevisiae is the only eukaryote able to survive large deletions or total loss of mtDNA 

(petite mutants) provided it is supplied with a fermentative substrate. For this reason it has been 

largely used for the study of mitochondrial biogenesis and of mitochondria related pathologies 

(Rinaldi et al., 2010).  

In the last decade S. cerevisiae has been widely used to decipher molecular mechanisms of 

neurodegenerative disorders such as Alzheimer’s, Huntington’s, Friedreich’s ataxia and 

Parkinson’s and to investigate the key proteins involved in the etiology and/or pathology of these 

diseases (Tenreiro et al., 2010). A high degree of similarity of the iron homeostasis pathway 

between yeast and humans makes yeast an ideal model organism for studying iron-related 

disorders (Bleackley et al., 2011) (as described in paragraph 1.6 of Introduction).  

A good example of this is the study of iron accumulation in the neurodegenerative disorder 

Friedreich’s ataxia (FRDA an autosomal recessive mitochondrial disease characterized by 

progressive cardiological and neurological degeneration. FRDA is caused by GAA triplet expansion 

in the first intron of the frataxin gene (FA) (Campuzano et al., 1996). The yeast frataxin 

homologue, YFH1, encodes a protein localized in the mitochondria like the FA. The YFH1 knockout 

strain leads to an excessive iron accumulation in the mitochondria resulting in the generation of 

ROS and consequently oxidative damage (Lodi et al., 1999). The yeast model provided the 

evidence that FRDA is a mitochondrial disorder and allowed a better understanding of its 

pathophysiology and also provided a tool for the search of therapeutic targets.  

With regards to the study of lipid metabolism, the budding yeast S. cerevisiae offers an exceptional 

advantage to understand the lipid-protein interactions since lipid metabolism and homeostasis are 

relatively simple and well characterized when compared to other eukaryotes (Singh 2017).  
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Yeast deletion collections have been employed in a number of high-throughputs to determine and 

understand the role of a particular lipid in various lipid metabolic disorders (Daum et al., 1999; 

Proszynski et al., 2005; Hancock et al., 2006; Bozaquel-Morais et al., 2010; Villa-Garcia et al., 

2011). The biochemistry and molecular biology of lipid metabolism in yeast have been discussed 

extensively in literature to establish a good model for the study of lipid synthesis and lipid cellular 

transport (Daum et al., 1998). The yeast diverges from humans for the biosynthesis of 

phosphatidylserine, of ergosterol and for the sphingolipid composition. As happens in higher 

eukaryotes, acetyl-CoA is the precursor of lipid synthesis in yeast. In S. cerevisiae, acetyl-CoA 

metabolism takes place in at least four subcellular compartments: nucleus, mitochondria, cytosol 

and peroxisomes (Chen et al., 2012). Nuclear acetyl-CoA serves as an acetyl donor for histone 

acetylation but besides this role in chromatin regulation, acetyl-CoA is mainly important for the 

central carbon metabolism. Depending on the supply of substrate to the cell, various mechanisms 

may lead to the formation and utilization of acetyl-CoA. In the presence of glucose as carbon 

source, acetyl-CoA arises from pyruvate in a reaction catalyzed by the pyruvate dehydrogenase 

complex (PDH) in the mitochondria. Alternatively, acetyl-CoA generates pyruvate decarboxylase 

and acetaldehyde dehydrogenase via direct activation of acetate in an ATP-dependent reaction 

catalyzed by acetyl-CoA synthetase. This is the only source for fatty acid and sterol biosynthesis in 

the cytosol. Acetyl-CoA is also the end product of β-oxidation of straight chain fatty acids which in 

yeast takes place exclusively in the peroxisomes.  

Since the membranes of organelles are impermeable for acetyl-CoA (Van Roermund et al., 1995), 

this molecule must either be synthesized within each subcellular compartment where it is 

required or imported using specific transport mechanisms. Two transport systems have been 

identified. In the first system the carnitine/acetyl-carnitine shuttle acetyl-CoA produced in the 

peroxisomes or the cytosol is converted into acetylcarnitine which is subsequently transported 

into the mitochondria. However, it has been shown that S. cerevisiae is not capable of de novo 

synthesis of carnitine and unless carnitine is supplied with the medium, this transport system does 

not function (Van Roermund et al., 1999). The second pathway is the synthesis of C4 dicarboxylic 

acids from acetyl-CoA via the glyoxylate shunt, followed by transport of the C4 dicarboxylic acids to 

the mitochondria or the cytosol where they can serve as precursor for formation of pyruvate or 

phosphoenolpyruvate required for either the TCA cycle or gluconeogenesis.  

In acetyl-CoA metabolism, the acetyl-CoA synthase carries out a fundamental role ,converting the 

acetaldehyde derived from the decarboxylation of pyruvate to acetate and acetyl-CoA. Two 
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structural genes, ACS1 and ACS2, encoding this enzyme have been characterized in S. cerevisiae 

(Van den Berg et al., 1995). They differ in such kinetics property, specificity of substrate and 

cellular localization. At high concentrations of glucose, ACS1 is transcriptionally repressed whereas 

a severe de-repression occurs under glucose limitation or supplementation with non-fermentable 

carbon sources such as ethanol or acetate. It is located in the mitochondria (Klein et al., 1979; 

Kumar et al., 2002) and possibly also in the peroxisome (De Virgilio et al., 1992) and it is required 

for the histone acetylation and for the biology of the endoplasmic reticulum (ER), the Golgi 

apparatus and the vacuole. ACS2 is constitutively expressed, is predicted to be cytosolic but may 

also be present in the nucleus and possibly in the ER. It is involved in histone acetylation and 

global transcriptional regulation (Pronk et al., 1996; Takahashi et al., 2006).  

 

Fig 1.10 Schematic representing cytosolic and peroxisomal acetyl-CoA metabolism in S. cerevisiae. From 
Chen et al., 2012 

 

1.6 Iron homeostasis in human and in yeast  
 
Iron is an essential cofactor in different fundamental biological processes, including DNA synthesis 

and repair, oxygen transport, cellular respiration, metabolism of xenobiotics and hormonal 

synthesis (Gutteridge et al., 2000). The mitochondrion plays a key role in iron metabolism and, in 

fact, is the cellular compartment where iron-sulfur clusters, the prosthetic group that are essential 

for cell functioning, are synthesized (Stehling et al., 2013). Normally, Fe appears to be widely 

distributed by cell-type and accumulates progressively during aging and neurodegenerative 

processes. Organisms have evolved a number of systems for the efficient uptake, intracellular 
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transport, protein loading and storage of iron and to ensure that the needs of the cells are met 

whilst minimizing the associated toxic effects. Alteration in iron handling is associated to several 

diseases. In a variety of eukaryotes the Fe metabolism is mainly regulated at the level of uptake. In 

fact, changes in gene expression in response to iron overload have been observed either in 

mammals or yeast (Romney et al., 2008; Li et al., 2008). Iron uptake in S. cerevisiae occurs through 

four distinct pathways, three of these depend on the reduction of iron present in the environment 

as Fe3+ to soluble Fe2+ by membrane-bound reductases Fre1p and Fre2p (Georgatsou et al., 1994) 

(Fig 1.11). 

 

 

Fig 1.11 Iron homeostasis in S. cerevisiae. From Caroline et al., 2006 

 

Fet4p is a low affinity iron transporter in the yeast plasma membrane but it has also been shown 

to transport other metals such as copper and zinc (Hasset et al., 2000; Waters and Eide2002). 

Alternatively, iron enters inside the cell though Smf1p a broad specificity divalent metal 

transporter that drives the transport on the basis of a proton gradient (Chen et al., 1999). 

The third reductive system is represented by the Fet3-Ftr1 complex. Fet3p oxidizes Fe2+ , itself 

reduced by Fre1/2p, to give rise to Fe3+ for subsequent cellular uptake by the permease Ftr1p. 

Ftr1p only accept Fe3+ directly from the ferroxidase Fet3p in a process known as iron channelling 



21 

 

(Kwork et al., 2006). The nonreductive Fe uptake system is mediated by the ARN family (Arn1-4) of 

membrane permease that transport siderophore-Fe3+ complexes (Philpott and Protchenko, 2008; 

Nevitt 2011). Siderophores are small organic molecules produced by bacteria, fungi and grasses 

under iron-limiting conditions and are among the strongest Fe3+ chelating molecules (Neilands 

1995). The yeast does not produce any endogenous siderophores but it does express the 

necessary transporter to scavenge siderophores secreted by other organisms (Kosman 2003). In 

addition to the siderophores transporters, a FIT family on cell wall mannoproteins (Fit1-3) retain 

siderophores-bound iron in the cell wall (Philpott et al., 2002). Inside the cell, the iron overload is 

sequestered into the vacuole by the Ccc1 transporters. The CCC1 knockout strain displayed a 

growth sensitivity to iron addition in the medium, showing the protective role of vacuole and of 

Ccc1 transporter in this process (Li et al., 2001). On the other hand, during Fe limitation, the 

Fet5/Fthh1 complex mobilizes Fe out of the vacuole for use (Urbanowski and Piper 1999). During 

Fe deprivation, the transcription factor Aft1p is translocated from cytosol to the nucleus where it 

induces the expression of the iron regulon. This translocation is dependent on an interaction with 

a complex consisting of Fra1p and Fra2p which senses the Fe/S cluster levels in the cell. Aft1p 

targets approximately 20 genes including genes encoding siderophore uptake proteins, the high 

affinity iron transport complex and other proteins that function in intracellular iron metabolism 

(Shakoury-Elizeh et al., 2004). When the iron levels are low, the mRNAs encoding for proteins that 

bind the iron are degradated, thus allowing the cell to use the resources of this ion (Puig et al., 

2005). 

The iron homeostasis in also regulated by the mitochondrial machinery ISC (Iron sulfur cluster) it 

has been proposed that this machinery synthetizes a regulatory component that is then exported 

to the cytosol by the ISC export component Atm1 that prevents the iron responsive transcription 

factor Aft1 from entering the nucleus and turning on the iron regulon (Lill et al., 2008).  

Functional impairment of the ISC assembly and/or exporter machinery leads to a decrease of the 

regulatory component in the cytosol, translocation of Aft1 in the nucleus and, consequently, the 

activation of the iron regulon. This leads to an increase in iron uptake and translocation to the 

mitochondria where it is accumulated (Lill et al., 2008). The mitochondrial iron uptake is mediated 

by two homologous membrane transporters Mrs3/Mrs4 (Muhlenhoff et al., 2003). Inside this 

organelle, the yeast frataxin homolog Yfh1p binds iron and acts as a mitochondrial iron chaperone, 

delivering iron to sites where it is required (Bulteau et al., 2004).  
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A high degree of conservation for genes of iron metabolism exists between yeast and humans 

(Bleackley et al., 2011). The major differences are in the mechanisms of iron exporter and of 

storage of excessive iron (Fig 1.12). In the mammalian mechanisms, there is a membrane Fe 

exporter, Ferroportin (Fpn) and the excess iron is stored in the lumen of the ubiquitous multimeric 

protein ferritin (Torti et al., 2002). More specifically, ferroportin mediates the release of Fe in 

conjunction with ceruloplasmin (Cp) which must oxidize the Fe2+ transported by Fpn to Fe3+ before 

its release into the extracellular medium (Harris et al., 1999). Fpn expression is also detected in the 

blood-brain barrier (BBB) endothelial cells, neurons, oligodendrocytes, astrocytes, the choroid 

plexus and ependymal cells (Batista-Nascimento et al., 2012). Cp is essential for the stabilization of 

Fpn and is the yeast Fet3 homologue. The Fe uptake pathway starts in the intestines where Fe3+ is 

reduced to Fe2+ which is then transported to the blood by Fpn and oxidized by Cp that, in turn, 

promotes the binding of Fe3+ to the serum iron carrier transferrin (Tf). The circulating Fe bound to 

Tf is captured by TfR, enters the cell by endocytosis and translocated across the endosomal 

membrane through the divalent metal transporter 1 (DMT1). Fe2+ in the cytoplasm is then 

transported inside the mitochondria by mitoferrin (mitochondrial membrane iron transporter).  

 

 

Fig 1.12 Iron homeostasis in humans. From Batista-Nascimento et al., 2012 
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In mammals, the regulatory mechanism for Fe homeostasis is mediated by the iron-regulatory 

proteins IRP1 and IRP2, which post-transcriptionally modulate the expression of specific mRNA in 

response to intracellular iron transferrin and ferritin. In iron depleted cells, IRPs bind to the IREs’ 

(iron responsive elements) cis-elements present in ferritin and transferrin mRNA, preventing 

ferritin translation and protecting the TfR1 transcript from degradation (Wilczynska et al., 2005). In 

Fe-replete cells, IRPs do not bind to IREs and ferritin is freely translated whereas TfR1 undergoes 

cleavage and subsequently degradation (Rouault et al., 2006; Galy et al., 2004; Theil et al., 2000).  

 

1.7 Saccharomyces cerevisiae as a model organism for drug discovery 

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

with therapeutic effects, i.e. molecules able to modulate the function of either a protein or a 

cellular pathway involved in a human disease. The current paradigm for de novo drug discovery 

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

validation of the target in animal and/or cell culture models. Once the target is validated, the 

process proceeds with the development and execution of a screening system to obtain small 

molecules that modulate the activity of the target, followed by the characterization and 

optimization of these small molecules. Active compounds are subsequently tested for their 

efficacy, toxicity and side effects in animals and/or cell culture models and, finally, a series of FDA-

supervised clinical trials are performed to evaluate safety, pharmacology and efficacy in 

comparison to existing treatments for the same indications (Hughes 2002). The entire progression 

typically lasts a decade and costs millions of dollars for every molecule reaching the market. 

Improvement and acceleration of the drug discovery and development process at virtually any 

step is therefore of interest from commercial, economic and medical viewpoints. 

 

 

Fig 1.13 Diagram of de novo drug discovery process. From Carnero 2006 
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For this reason current approaches to drug discovery require an assay that can simultaneously test 

hundreds of thousands of compounds and hence high throughput screenings (HTS) have become 

the major tools in this emerging field. HTS allow the isolation of dozens to thousands of molecules 

to be further tested and ranked for development priority. On such a scale it is fundamental that 

HTS assays can be performed in small volumes, high density (i.e. 384- and 1536-well microplates) 

and with the help of robotic processing. 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 liabilities that 

preclude efficacy in vivo, including entry into cells, solubility, metabolism, distribution, excretion 

and off-target effects (Tardiff and Lindquist 2013). These potential pitfalls can hinder validation of 

a compound within the context of a cellular or animal model. In contrast, cell-based assays do not 

require purified target proteins and can be engineered to produce a simple, measurable readout 

of cellular processes for HTS (Barberis et al. 2005). Furthermore, in these formats the activity of 

any compound against a specific target is analyzed in a cellular context that more closely 

resembles the in vivo scenario. The most significant barrier in cell-based screens is determining a 

mechanism of action of the compound and 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. 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. Moreover, the genetic manipulation of mammalian cells is generally problematic and time-

consuming. The high degree of conservation of basic molecular and cellular mechanisms between 

yeast and human cells underscores the value of S. cerevisiae as a tool for drug discovery. In yeast 

cells the function of human proteins can often be reconstituted and aspects of some human 
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physiological processes can be recapitulated. Thus, yeast represents an inexpensive and simple 

alternative system to mammalian culture cells for the analysis of drug targets and for the 

screening of compounds in a heterologous yet cellular, eukaryotic environment. Despite its 

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

Principal among these is 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).  

Couplan and colleagues developed a two-step yeast phenotype-based assay, called “Drug drop 

test”, to identify active drugs against human mitochondrial diseases affecting ATP synthase, in 

particular NARP (neuropathy, ataxia, and retinitis pigmentosa) syndrome. An appropriate 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 performed in a solid 

medium and it was composed of a primary screening in which ∼12.000 compounds from various 

chemical libraries were tested for their ability to suppress the respiratory growth defect of the 

fmc1Δ mutant. Some of the tested compounds were from the Prestwick Chemical Library, a 

collection of drugs for which bioavailability and toxicity studies have already been carried out in 

humans and therefore, active compounds from this library can directly enter drug optimization 

programs. 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 (example in Fig 1.14).  

 

Fig 1.14 Schematic representation of the “Drug Drop Test” technique. From Couplan et al., 2011  
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Using the same experimental procedure, active compounds isolated from the 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,. The advantage of 

this method is that, in one simple experiment, it allows numerous compounds to be tested across 

a large range of concentrations due to diffusion of the drugs in the growth medium. 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 been recently used 

in our laboratory for the search of active molecules against mitochondrial disorders caused by 

mutations in POLG which encodes for the catalytic subunit of the DNA polymerase γ. 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 previously 

described, six molecules, named MRS1-6, were proven to be able to rescue the mutant 

phenotypes of the mip1 yeast strains. Interestingly, one of these molecules, MRS3, was also active 

on C. elegans and human fibroblasts. This finding can lead the way, for a clinical trial for this 

molecule in the search for treatments of human mitochondrial diseases related to POLG (Pitayou 

et al., 2016). In summary, one can state that these results demonstrate that S. cerevisiae is a useful 

model for drug discovery approaches. Furthermore, as yeast models of inherited mitochondrial 

disorders continue to be developed, the high-throughput screening approach described here will 

continue to yield both promising chemical therapeutics and insights into disease mechanisms.  
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Aim of the research 
 
 
The specific aims of my PhD project were: 
 

1. Localization of Cab1 and Cab5 proteins 

In S. cerevisiae the sub-cellular compartmentalization of the CoA biosynthetic pathway is 

not established. Therefore, the Cab1p and Cab5p localization was investigated.  

 

2. Construction and characterization of yeast models of CoPAN and PKAN diseases  

PKAN and CoPAN diseases are forms of neurodegeneration with brain iron accumulation 

(NBIA) associated to mutations in panthotenate kinase (PANK2) and coenzyme A synthase 

(COASY), both involved in CoA biosynthesis. Although iron overload is a hallmark of PKAN 

and CoPAN, its relationship with CoA dysfunction is not yet clear. In particular whether iron 

accumulation is the primary cause of the diseases or not has not been established.  

In order to investigate the connection between CoA deficiency and iron overload, yeast 

models of both PKAN and CoPAN were constructed and characterized. To this aim strains 

expressing pathological variants in the corresponding yeast proteins were generated. 

 

3. Identification of chemical suppressor for PKAN treatment   

In order to identify molecules that could represent therapeutic drugs active against these 

diseases, a screening of Selleck-FDA approved chemical library was performed, taking 

advantage of the growth defective phenotype of PKAN yeast model. 
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Results 

1. Yeast model of PKAN disease 
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1.1 Strains construction  

In order to study PANK2 pathological mutations in the yeast model associated with PKAN, we 

created a haploid strain deleted in the CAB1 gene the PANK2 yeast orthologue. As previously 

mentioned, CAB1 in an essential gene, i.e. cab1∆ is unviable. For this reason, the CAB1 gene was 

disrupted in the presence of a plasmid-borne wild type allele. Firstly we cloned CAB1 gene in the 

centromeric pFL38 plasmid (URA3 marker). The gene and its upstream and downstream regulatory 

regions were PCR amplified using genomic DNA of the W303-1B strain as template and 

CAB1FwHindIII and CAB1RvBamHI as primers. The amplicon was then digested with HindIII and 

BamHI and cloned in pFL38, digested with the same enzymes to obtain the construct pFL38CAB1. 

The gene was also inserted in the pFL39 vector (TRP1 marker). pFL38CAB1 was then transformed 

into the W303-1B strain. In the strain obtained, CAB1 gene was then disrupted by “one step gene 

disruption” (Rothstein et al, 1983), modified according to Wach et al. (Wach et al., 1994) as 

described in Materials and Methods. With this technique, the gene of interest is disrupted at the 

chromosomal locus by the KanMX4 cassette conferring geneticin resistance to the transformed 

yeast strain. The cab1::KanMX4 cassette was amplified using the pFA6a-KanMX4 plasmid (Wach et 

al., 1994) as template and CAB1FwKan and CAB1RvKan as primers. These primers contain 40bp 

identical to the sequence of  CAB1 gene and 18-20bp homologues to the KanMX4 cassette. The 

cassette was then inserted into the W303-1B/pFL38CAB1 strain through “high efficiency yeast 

transformation protocol” (Gietz et la., 2002). The cab1::KanMX4 cassette could recombine either 

at the CAB1 gene present on the vector or at the chromosomal locus. To distinguish between 

these two cases, plasmid shuffling on 5-FOA was performed and the viability on glucose was 

checked. Cells in which the genomic CAB1 locus was disrupted were unviable and vice-versa, cells 

in which the cab1::KanMX4 cassette recombined at the CAB1 plasmid borne locus were viable 

maintaining the genomic CAB1 copy. 

In order to study the human PANK2 mutations we first investigated if human PANK2 was able to 

complement the CAB1 deletion. For this purpose the PANK2 cDNA (kindly supplied by Dr. V. 

Tiranti, Istitito Neurologico Besta, Milan) was cloned in two different multicopy yeast expression 

vectors, under the control of either the strong promoter CUP1 (pYEX-BX) (Clontech Laboratories) 

or of the inducible GAL1 promoter (pSH63) and the recombinant constructs were then introduced 

into the cab1Δ/pFL38CAB1 or into the cab1Δ/pFL39CAB1. To obtain a strain containing only the 

human PANK2, plasmid shuffling was performed on 5-FOA or in YNB DO-TRP depending on the 

combination of plasmids carried by the strains. In no cases were viable cells (cab1Δ/PANK2) 
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obtained when the vector containing the CAB1 yeast gene was lost, indicating that the human 

PANK2 failed to complement CAB1 deletion. If the lack of complementation of the cab1Δ lethal 

phenotype by hPANK2 can be the consequence of an incorrect or a different localization of Cab1 

protein remains to be clarified. Cab1 protein shows high sequence identity with the PANK2 human 

counterpart lacking the stretch of about 120 amino acids present at the N-terminus of the human 

sequence that was shown to contain the mitochondrial targeting signal (Alfonso-Pecchio et al., 

2012) suggesting a cytosolic localization for the yeast protein. Alternatively, although in vitro assay 

in yeast suggests a mitochondrial sub-localization for hPANK2 protein (Hortnagel et al., 2003) we 

can hypothesize that, in vivo, the import of hPANK2p in the heterologous mitochondria could not 

happen thus explaining the inability to complement.  

In order to clarify the lack of complementation of the cab1Δ lethal phenotype by hPANK2 we 

performed some experiments to investigate the Cab1p localization (section 4). 

 

1.2 Analysis on the conservation between human and yeast of mutated PANK2 

residues and in silico pathogenicity prediction 

PKAN or Pantothenate Kinase-Associated Neurodegeneration, is the most common form of NBIA. 

Indeed between 35 and 50 percent of the NBIA patients have PKAN caused by mutations in the 

PANK2 gene (Hartig et al.,2006; Leoni et al., 2012). So far more than 80 mutations have been 

identified that spread throughout the whole PANK2 gene. About 50 are missense mutations while 

the remaining are frameshift and nonsense mutations, stop codons, splicing errors or 

deletions/insertions. In order to decide which mutation/s express in yeast to create the PKAN 

model, the identification of the mutations which affect the conserved amino acid residues 

between human and yeast protein was performed. As shown by the alignment in Fig 1.1, 13 

missense mutations were regarded as conserved residues between Cab1/PANK2 protein (green 

color) with the remaining ones not conserved (purple color) or regarded as residues in parts of 

sequences that do not overlap the yeast sequence (yellow color).  

http://www.sciencedirect.com/topics/medicine-and-dentistry/sequence-alignment
http://www.sciencedirect.com/topics/neuroscience/amino-acids
http://www.sciencedirect.com/topics/neuroscience/mitochondrion
http://www.sciencedirect.com/science/article/pii/S0969996115300681?via%3Dihub#bb0060
http://www.sciencedirect.com/science/article/pii/S0969996115300681?via%3Dihub#bb0060
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Fig 1.1 Alignment of cab1 and Pank2 protein sequences obtained with ClustalW. In green are represented 

the conserved residues between Cab1/PANK2 protein, in purple the residues not conserved and in 

yellow residues in parts of sequences that do not overlap the yeast 
sequence.(http://www.ebi.ac.uk/Tools/clustalw). 

 

As previously described in the Introduction, the hPANK2 protein functions as a dimer and the 13 

missense conserved mutations are classified on the basis of their localization. In particular two 

mutations (G219V and G521R of PANK2) were mapped to the ATP binding site, two (N404I and 

D378G of PANK2) were located on the surface of the protein while the remaining were located in 

the dimerization domain. When deciding which mutations express in yeast, one must keep in mind 

that it is important to understand how these mutations could affect the protein activity. To attain 

this information we performed in silico analysis of pathogenic prediction using 3 different 

bioinformatics tools. The residual activity was measured for only six of them (table 1.1 

Introduction). 
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Through these bioinformatics software, each of which uses a different prediction algorithm, we 

were able to predict the effect of each amino acid substitution on the protein function. Here is a 

list of the 3 bioinformatics tools employed: 

 SIFT (http://sift.jcvi.org) Range from 0 to 1. The amino acid substitution is predicted as 

damaging if the score is <=0.05 and tolerated if the score is >0.05. 

 PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) Range from 0.00 (benign) to 1.00 

(probably damaging). The amino acid substitution is predicted as benign- possibly 

damaging- probably damaging. 

 PANTHER (http://www-pantherdb.org) Range from 0 (neutral) to 1 (pathological). 

The output results are different depending on which program is used. In order to homogenize the 

results obtained by the 3 bioinformatics programs, a score and a color-code were given to each of 

the 3 outputs predicted for each mutation according to the following rules: score 0 and color 

green if the mutation was predicted as “neutral,” score 1 and color yellow if the output was 

“tolerated,”, score 2 and color red if the mutation was predicted “damaging” or “probably 

damaging”. So for each mutation 3 scores were defined and a single “Consensus score” was 

obtained by summing the 3 scores and by dividing the sum by 3 (that corresponds to the number 

of bioinformatics tools used). On the basis of these “Consensus score” we classified the mutations 

in three different groups: 

1. 0-0.66: mutations were predicted as “neutral” and colored in green 

2. 0.66-1.32: mutations were predicted as “tolerated” and colored in yellow 

3. 1.32-2: mutations were predicted as “damaging” or “probably damaging” and colored red 

In this way, out of the 13 mutations analyzed, 2 were classified as “neutral”, 3 as “tolerated” and 8 

as “damaging” (Table 1.1). 

 

http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://www-pantherdb.org/
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Table 1.1 Analyses of pathogenicity prediction using three bioinformatics tools 
1 http://sift.jcvi.org 

2 http://genetics.bwh.harvard.edu/pph2/ 
3 http://www.pantherdb.org 
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On the basis of this result we decided to construct 5 mutant alleles with different consensus value 

and mapping in different domains. More specifically, we chose Gly219Val (Gly26 in yeast) and 

Gly521Arg (Gly 311 in yeast) that map in ATP binding domain and present a consensus value = 2; 

Asn404Ile (Asn170 in yeast) that localizes on the surface and presents a consensus value =1; and 

Leu413Phe (Leu 179 in yeast) and Asn500Ile (Asn290 in yeast) that map in the dimerization 

domain and present a consensus value= 2 or 1 respectively.  

Starting with the hypothesis that these mutations could determine a complete loss of function, we 

decided to construct a yeast strain expressing the known thermosensitive allele Gly351Ser 

(Olzhausen et al., 2009).  

cab1 mutant alleles were constructed using mutagenic overlap PCR with the oligonucleotides 

reported in Table 1.5 in Materials and Methods, digested with HindIII and BamHI and sub-cloned 

in pFL39 centromeric vector (TRP1 marker). 

The recombinant plasmids pFL39cab1G26V, pFL39cab1G311R, pFL39cab1L179P, pFL39cab1N170I, 

pFL39cab1N290I and pFL39cab1G351S were transformed into the cab1Δ/pFL38CAB1 strain. To obtain 

strains containing only the mutated alleles, we then counter-selected the pFL38CAB1 through 

plasmid shuffling on 5-FOA, as described in Materials and Methods. If the mutant allele was able 

to complement the cab1 deletion, cells would be capable of losing the wild type allele and would 

be viable in 5-FOA whilst the cells would be unviable in 5-FOA.  

As expected, the three mutant alleles cab1G26V, cab1G311R and cab1L179P were unable to rescue the 

lethal phenotype of cab1Δ. The null cab1 lethal phenotype was rescued by the expression of 

mutant alleles cab1N170I, cab1N290I and as expected of cab1G351S  . 

These mutants were further characterized. 

 

1.3 Phenotypic characterization of cab1Δ/pFL39cab1N170I, cab1Δ/pFL39cab1N290I 

and cab1Δ/pFL39cab1G351S 

 

1.3.1 Analysis of OXPHOS metabolism 

Due to the fundamental role of Coenzyme A in a variety of cellular processes, a defect in its 

biosynthesis could lead to a variety of metabolic alterations. In particular we focused on energy 

metabolism by investigating mitochondrial function. We first evaluated the ability of the mutant 

strain to utilize respiratory vs fermentable carbon sources both at 28 and 37°C. Serial dilutions of 
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the different mutant strains were spotted on YNB DO-TRP supplemented with either ethanol or 

glycerol. The strain cab1Δ/pFL39cab1G351S, besides a thermosensitive phenotype (ts) on glucose 

(Olzhausen et al., 2009), exibits a clear growth defect on respiratory source both at 37°C and 28°C 

(Fig 1.2A). The same phenotype, ts on glucose and a growth defect on oxidative carbon source was 

shown by the mutant strain cab1Δ/pFL39cab1N290I (Fig 1.2B). On the contrary, the mutant strain 

cab1Δ/pFL39cab1N170I did not exhibit any evident growth defect (Fig. 1.2B)  

 

 

 

Fig 1.2 Spot assay of cab1∆ strain harbouring the pFL39CAB1 or pFL39cab1G351S (Fig. 1.2A), pFL39cab1N290I 

and pFL39cab1N170I (Fig 1.2B) on YNB DO-TRP medium plus 2% glucose, 2% glycerol or 2% ethanol. The 
growth was scored after 3 days of incubation at 28°C and 37°C. 
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To better define the oxidative growth deficiency, we measured oxygen consumption of whole 

cells, as described in Materials and Methods. Based on their growth we can state that the 

phenotype cab1Δ/cab1N170I mutant strain did not exhibit a respiratory defect while 

cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I show a decreased respiratory ability compared 

to the wild type by about 33% and 27% respectively (Fig 1.3). 

On the basis of the results obtained, further analyses were performed only on the strains 

expressing the variants Asn290Ile and Gly351Ser.  

 

Fig 1.3 Oxygen consumption of cab1∆ harbouring the plasmid pFL39CAB1, pFL39cab1N170I, pFL39cab1G351S 
and pFL39cab1N290I at 28°C grown in YNB DO-TRP medium supplemented with 0,2% glucose and 2% 

galactose. 

 

In both mutant strains the activity of the respiratory complexes NADH-cytochrome c reductase 

(NCCR, NADH reductase + CIII) and the cytochrome c oxidase (COX, CIV) were then measured on a 

mitochondrial-enriched fraction as described in Materials and Methods. These activities were 

likewise significantly reduced in both mutant strains though to different extents, ranging from 40% 

and 50% for NCCR activity and from 67% and 40% for COX activity as shown in Fig 1.4. 
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Fig 1.4 NCCR and COX activities were measured in mitochondria extracted from cells grown exponentially at 
28°C in YNB DO-TRP medium plus 0,2% glucose and 2% galactose. Each activity was normalized to 100% for 

the strain containing pFL39CAB1 . 

 

1.3.2 Analysis of mtDNA mutability  

S. cerevisiae has the unique property to produce cells with homoplasmic-deleted mtDNA 

molecules, referred to as petite mutants. Yeast petite colonies are compromised to different 

extents in their mtDNA which, in turn, results in loss of respiratory activity and complete 

dependence on fermentative metabolism. Analysis of mtDNA mutability was performed at 28°C as 

described in Materials and Methods. As shown in Fig 1.5, cab1Δ/pFL39cab1G351S and 

cab1Δ/pFL39cab1N290I mutants display a petite frequency of about 8% more than the wild type. 

 

Fig 1.5 Analysis of mtDNA mutability was performed on respiratory sufficient cab1Δ/pFL39CAB1, 
cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I strains at 28°C in YNB DO-TRP supplemented with ethanol 

2% and then shifted to 2% glucose. 
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1.3.3 Perturbation of iron homeostasis in cab1 mutant cells 

As previously said, PKAN disorder is characterized by iron deposition in the brain but the 

relationship between CoA deficiency and iron accumulation is still poorly understood. Animal 

models so far characterized fail to display iron accumulation and it has been recently 

demonstrated that in patient-derived neuronal cultures total iron content was also unchanged 

(Arber et al., 2017). In order to investigate if panthotenate kinase mutations perturb iron 

homeostasis in our model, the cellular response to iron was first evaluated. In particular, the 

inhibition of cellular growth by the addition of FeSO4  to the medium was tested since it has been 

reported that an excessive iron accumulation in the mitochondria led to an increased sensitivity to 

this ion (Foury and Cazzalini 1997; Patil et al., 2012). As shown in Fig 1.6A and B, 

cab1Δ/pFL39cab1G351S cells show growth sensitivity to FeSO4 both in glucose (fermentable) and 

galactose (respiro-fermentable) media. The sensitivity to iron in galactose-containing medium was 

observed at lower FeSO4 concentration (7 and 9mM FeSO4) with respect to glucose (9 and 12 mM 

FeSO4). This is most likely due to the fact that cells have a greater demand for iron in respiratory 

and respiro-fermentable media (Kaplan et al., 2006; Garber Morales et al., 2010). 

 

 

Fig 1.6 Spot assay of cab1∆ strain harbouring the pFL39CAB1 or pFL39cab1G351S on YNB DO-TRP 2% glucose 
(A) or 2% galactose (B), with the addition of 9 and 12mM FeSO4 or 7 and 9mM FeSO4. The growth was 

scored after 3 days of incubation at 28°C. 

 

As shown in Fig 1.7A and B the mutant strain cab1Δ/pFL39cab1N290I also showed a higher 

sensitivity to iron with respect to the wild-type strain.  
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Fig 1.7 Spot assay of cab1∆ strain harbouring the pFL39CAB1 or pFL39cab1N290I on YNB DO-TRP 2% glucose 
(A) or 2% galactose (B), with the addition of 9 and 12mM FeSO4 or 7 and 9mM FeSO4. The growth was 

scored after 3 days of incubation at 28°C. 

 

To investigate whether the differences observed in response to iron addition were due to an 

increased content of this ion, we performed a quantitative determination of cellular iron by using 

a colorimetric assay that relies on the formation of colored iron complexes with BPS after nitric 

acid digestion of yeast cells. As shown in Fig 1.8 both mutant strains cab1Δ/pFL39cab1G351S and 

cab1Δ/pFL39cab1N290I showed a two-fold increase in iron content with respect to the parental 

strain.  

 

Fig 1.8 Cellular iron levels 

 

It is known that there is a relationship between iron accumulation and the biosynthesis of the 

cluster Fe-S- a marker of mitochondrial functionality linked to iron metabolism. 
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For this reason we assayed the activities of the Fe-S enzymes succinate dehydrogenase and 

aconitase in both mutant strains. The activities, measured on a mitochondrial-enriched fraction 

and on whole-cell extracts (described in Material and Methods) decreased; in particular in the 

mutants the decrease of SDH was by 44 and 50%, while for aconitase it was by 26% and 25% , with 

respect to the wild type (Fig 1.9). 

 

Fig 1.9 SDH and aconitase activities were measured in mitochondrial-enriched fraction and whole-cell 
extracts from cells grown exponentially at 28°C in YNB DO-TRP medium plus 0,2% glucose and 2% 

galactose. Each activity was normalized to 100% for the strain transformed with pFL39CAB1. 

 

1.3.4 Increased ROS production and oxidative stress in cab1 mutants  

High iron content causes hypersensitivity to oxidative stress (Schilke et al., 1999; Mühlenhoff et 

al., 2002; Patil et al., 2012), which may cause greater sensitivity to ROS-inducing agents. Using a 

viability assay, we tested the survival of yeast cells exposed to oxidative stress with hydrogen 

peroxide. As shown in Fig 1.10 and 1.11 the cab1Δ/pFL39cab1G351S  mutant exhibits increased 

sensitivity to the ROS-inducing agent H2O2, a result consistent with increased oxidative stress.  

 

 

Fig 1.10 Spot assay of cab1∆ strain harbouring the pFL39CAB1 or pFL39cab1G351S  on YP 2% glucose media 
after the treatment with 0.8mM H2O2 for 4 hours. 
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Fig 1.11 Percentage of viability after exposure of cell to 0.8mM H2O2. 

 

Quantification of ROS was then performed in the cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I 

mutant strains using the dichlorofluorescein diacetate (DCFDA) assay (Marchetti et al., 2006). 

Inside the cells DCFDA can be oxidized by ROS to dichlorofluorescein (DCF) a fluorescent molecule. 

1x 107 cells grown up to stationary phase were incubated with DCFDA (20µM) for 30 minutes at 

28°C, washed two time, suspended in lysis buffer and broken with glass beads (see Materials and 

Methods). The fluorescence of the cell extract was measured by the “Tecan SPECTRAR Fluor Plus” 

system as an indirect read-out  of the ROS amount. As shown in Fig 1.12, both the mutant strains  

show a 3,5 fold increase of ROS with respect to the parental strain.  
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Fig 1.12 Evaluation of ROS content in cab1Δ/pFL39CAB1, cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I 

grown in YNB DO-TRP  2% galactose media. 

 

One of the consequences of high levels of free radicals or reactive oxygen species is a direct 

damage to lipids thus leading to impairment of the membrane function. Generally, ROS attack 

lipids containing carbon-carbon double bond(s) especially polyunsaturated fatty acid (PUFAs), or 

other targets such as glycolipids, phospolipids and cholesterol (Ayala et al., 2014). When oxidizing 

agents target lipids, they can initiate the lipid peroxidation process a chain reaction that produces 

multipe breakdown molecules such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE). MDA 

is widely used as a convenient biomarker for lipid peroxidation (Boominathan et al., 2003) because 

of its reaction with thiobarbituric acid (TBA) that produces of a pink pigment with a peak of 

absorption at 532-535 nm, easly measurable (Esterbauer et al., 1991). To investigated the “lipid 

status”, we therefore measured MDA content in yeast mutant strains after a total cellular extract 

mixed in TBA containing buffer was incubated for 30 minutes at 95°C of. 

The results obtained show a 1,6 and 1,8 fold increase respectively in MDA content in 

cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I with respect to the parental strain (Fig 1.13) 
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Fig 1.13 The MDA content was measured spectrophotometrically. Values are reported as fold change in 
content over WT 

 

1.3.5 Content of lipid droplets  

Acetyl-Coenzyme A is necessary for the production of a large chemical variety of lipids including 

neutral lipids which serve as energy reserves and are stored in lipid droplets. We evaluated the 

content of intracellular lipid droplets in cab1 mutants by fluorimetric analysis using the fluorescent 

lipophilic dye Nile Red. The measurements, performed in triplicate, highlighted a reduction of lipid 

droplets of 49% and 46% in mutant strains when compared to the wild type (Fig. 1.14) suggesting 

that at least lipid droplet homeostasis is impaired when CoA biosynthesis is impaired. 

 

Fig 1.14 The intracellular lipid droplets content has been detected by fluorimetric analysis after incubation 
of wild type and mutants cells with the fluorescent lipophilic dye Nile Red (4ug/ml).The values 

corresponding to mutants are expressed as percentage of the content obtained in the wild type strain. 
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The result obtained in yeast is in agreement with what observed in the Drosophila PKAN model 

(Bosveld et al., 2008) and with the studies of global metabolic profiling in patient-derived 

fibroblasts revealing an altered lipid metabolism.  

 

1.3.6 Transcriptional analysis of genes involved in lipid and iron metabolism 

To better understand the molecular basis of NBIA diseases, Bettencourt and collaborators (2015) 

investigated NBIA-enriched gene networks. They used whole-transcriptome gene expression data 

from human brain samples originating from 101 neuropathologically normal individuals (10 brain 

regions) to generate weighted gene co-expression networks and cluster the 10 known NBIA genes. 

In this way they found NBIA gene networks enriched in iron-related genes and also in genes 

involved in lipid metabolism.  

The results we obtained from the characterization of pantothenate kinase deficient mutant 

strains, according to what was observed in the Drosophila PKAN model (Bosveld et al., 2008) and 

the global metabolic profiling studies in fibroblasts derived from patients (Leoni et al., 2012), 

showed impaired iron and lipid homeostasis. 

Therefore, Real Time transcriptional analysis of genes involved in iron homeostasis and fatty acid 

metabolism was performed. These experiments were performed only in the strain expressing the 

pathological variant N290I found in PKAN patients. The wild type and the mutant strain were 

grown to exponential or stationary phase in YNB DO-TRP medium supplemented with 2% 

galactose or 0,6% glucose and total RNA was isolated and quantified as described in Materials and 

Methods. The cDNAs were synthesized and quantitative PCRs were performed (described in 

Materials and Methods). As internal control we used ACT1 that encodes structural protein 

involved in cell polarization. The RNA level of the gene of interest was normalized to ACT1 levels 

(described in Materials and Methods). 

With regards to the genes involved in lipid metabolism biosynthesis, the expression of ACS2 and 

HFA1 were analyzed. ACS2 encodes acetyl-CoA synthase, a key enzyme in the pathway leading to 

cytosolic acetyl-CoA- a key carbon precursor for the synthesis of a large variety of lipids. Pyruvate 

is first decarboxylated to acetaldehyde which is then converted to acetate and acetyl-CoA by 

acetyl-CoA synthases.  

HFA1 encodes the mitochondrial acetyl-coenzyme A carboxylase which catalyzes production of 

malonyl-CoA in mitochondrial fatty acid biosynthesis.  
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As shown in Fig 1.15 the mRNA levels of ACS2 and HFA1 in cab1Δ/pFL39cab1 N290I are about 2,16 

and 1.46 fold higher respectively.  

 

Fig 1.15 The mRNA levels of ACS2 and HFA1 genes were quantified by qPCR. Values are reported as fold 
change in expression over WT. Expression was normalized to the mRNA levels of the internal control ACT1. 

 

This result suggests that to counteract the altered lipid content/damage, the mutant cells try to 

increase the synthesis of the fundamental precursor Acetyl CoA.  

 

It is known that S. cerevisiae responds to reduced iron sulfur cluster synthesis by increasing 

cellular iron uptake and changing intracellular iron re-distribution. To investigate if iron 

accumulation observed in cab1Δ/pFL39cab1N290I was due to transcriptional activation of “iron 

regulon genes” and thus to an increased iron uptake, we investigated the expression level of three 

key genes: FET3, FTR1 and FIT3 by RT-qPCR analysis. Fet3p is a Ferro-O2-oxidoreductase that 

oxidizes ferrous (Fe2+) to ferric iron (Fe3+) for subsequent cellular uptake by the high affinity iron 

transporter Ftr1p (Stearman et al., 1996). Ftr1, a transmembrane permease (Bonaccorsi di Patti et 

al., 2005), accepts Fe3+ only from the ferroxidase activity of Fet3p in a process known as iron 

channeling (Kwork et al. 2006). FIT3 (facilitator of iron transport) encodes for a cell wall 

mannoprotein that plays a role in the uptake or utilization of siderophore-iron (Protchenko et al., 

2001 and Philpott et al., 2002). 

As depicted in Fig 1.16 and 1.17, FET3, FTR1 and FIT3 are down-regulated both in the exponential 

and the stationary growth phase. In particular, FET3 and FIT3 are down-regulated by about 0,35 

and 0,34 fold in the exponential phase. In the stationary phase all three genes are down-regulated 

by about 0,66 0,41 and 0,99 fold respectively. 
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Fig 1.16 The mRNA levels of iron regulon genes were quantified by qPCR from cells grown up to exponential 
phase.  Values are reported as fold change in expression over WT. Expression was normalized to the mRNA 

levels of the internal control ACT1. 

 

 

Fig 1.17 The mRNA levels of iron regulon genes were quantified by qPCR from cells grown up to stationary 
phase.  Values are reported as fold change in expression over WT. Expression was normalized to the mRNA 

levels of the internal control ACT1. 

 

This result suggests that iron accumulation in PKAN yeast is not due to an increase in iron uptake. 

We can hypothesize that the iron which is not correctly utilized for the ISC biosynthesis is then 

accumulated. The cell responds to this accumulation, limiting the iron uptake thus minimizing its 

overload.  
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Results 

2. Yeast model of CoPAN disease 
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2.1 Phenotypic characterization of cab5∆/COASYR499C 

A yeast model for disease associated to COASY mutation, namely CoPAN, has been previously 

generated. In yeast, the DPCK activity is encoded by CAB5 gene whose deletion is lethal; both 

human wt COASY or human COASY R499C were able to rescue the ∆cab5 lethal phenotype. However 

the mutant strain COASY R499C showed a severe growth defect in the absence of pantothenate, the 

precursor of the biosynthetic pathway, at the restrictive temperature of 37°C. The results obtained 

in yeast validated the pathogenicity of the substitution p.Arg499Cys suggesting that the mutant 

enzyme requires a higher concentration of pantothenate to produce enough CoA to sustain yeast 

growth. Moreover the CoA level in mitochondria isolated from mutant strain was reduced to 40% 

respect to wild-type (Dusi et al., 2014). 

The evaluation of metabolic consequences of CoA deficiency in this mutant strain was further 

investigated.  

 

2.1.1 Analysis of OXPHOS metabolism 

Given that defective CoA biosynthesis could lead to a variety of metabolic defects including energy 

metabolism we first looked to mitochondrial function. 

In order to reveal a possible respiratory growth defect, serial dilutions of the strains were spotted 

on mineral medium (40) without pantothenate supplemented with either ethanol or glycerol, at 

28°C. As shown in Fig. 2.1A the OXPHOS growth of the cab5∆/COASYR499C mutant was partially 

affected compared to COASY wild type expressing strain. To better evaluate the growth delay we 

determined the cell yield for each yeast strain grown on ethanol or glycerol Fig 2.1B.  
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Fig 2.1 (A)Spot assay of cab5∆ strain harbouring the pYEX-BXCOASY or pYEX-BXpFL39COASYR499C on mineral 
medium (40) plus 2% glucose, 2% ethanol or 2% glycerol without pantothenate. The growth was scored 

after 5 days of incubation at 28°C. (B) Cell yield (OD/ml) at 48H for COASY (black columns) and COASYR499C 

(grey columns) grown on ethanol and glycerol. *: p< 0,05 and **<0,01. 

 

To further analyze the respiratory deficiency we measured the oxygen consumption of the mutant 

strain grown in mineral medium (40) without pantothenate supplemented with either 0,2% 

glucose and 2% galactose at 28°C. Accordingly to the OXPHOS growth phenotype the oxygen 

consumption rate of the cab5∆/COASYR499C was 25% less than that of cab5∆/COASY (Fig 2.2).  

 

 

Fig 2.2 Respiratory activity of cab5∆ strain harbouring the pYEX-BX plasmid carrying the wild type COASY or 
the mutant COASYR499C. Respiratory activity was normalized to 100% for strain transformed with pYEX-

BXCOASY. 
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On a mitochondrial-enriched fraction of proteins we then measured the enzyme activities of 

NADH-cytochrome c reductase (NCCR, NADH reductase + CIII) and cytochrome c oxidase (COX, 

CIV). As shown in Fig 2.3 all the enzyme activities were reduced in the mutant strain respectively 

to 26% and 42% as compared to wild type. Accordingly, the steady state levels of complex III and 

IV subunits are decreased (Fig. 2.3). Altogether these results indicate a mitochondrial dysfunction 

associated to the reduced CoA level. 

 

 

Fig 2.3 Left panel: NCCR and COX activities were measured in mitochondria extracted from cell grown 
exponentially at 28°C in mineral medium (40) plus 0,2% glucose and 2% galactose without pantothenate. 
Each activity was normalized to 100% for strain carrying pYEX-BXCOASY. Right panel: Steady state level of 
cIII and cIV subunits in cells carrying the wild type COASY and the mutant allele. The filter was incubated 
with specific antibodies against Core1 and Rip1 cIII subunits, CoxII and CoxIV cIV subunits and Porin. The 

signals were normalized according to the control signal (porin) and taken as 1.00 the signal of the 
cab5∆/COASY (wild type) strain. 

 

2.1.2 Perturbation of iron homeostasis in COASY mutant  

To assess whether a reduction of CoA in yeast was associated to iron overload we performed 

some experiments. Since in yeast excessive iron accumulation in the mitochondria led to an 

increased sensitivity to this ion (Foury and Cazzalini, 1997; Patil et al., 2012) we first evaluated the 

inhibition of cellular growth of the COASYR499C mutant strain by the addition of 5mM and 7mM 

FeSO4 to the medium. As depicted in Fig. 2.4, the mutant strain showed a clear growth defect 

when compared to wild type strain indicating, although indirectly, a higher iron content. 
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Fig 2.4 Spot assay on cab5∆ strain harbouring the pYEX-BX COASY or pYEX-BX COASYR499C on mineral 
medium (40) without pantothenate plus 2% glucose, added of 5mM and 7mM FeSO4. The growth was 

scored after 5 days of incubation at 28°C 

 

To quantify the intracellular iron content we performed the colorimetric assay proposed by 

Tamarit et al. (2006). 5X108 cells of wild type or mutant strains were suspended in nitric acid and 

incubated over night at 95°C. After incubation, samples were centrifuged and the supernatant was 

mixed in buffer added of BPS. Non-specific absorbance was measured at 680nm and subtracted 

from the specific absorbance of the iron-BPS complex (535nm). The results obtained showed a 

two-fold increase in iron content in the COASYR499C mutant respect to the parental strain (Fig 2.5). 

 

Fig 2.5 Cellular iron levels of cells grown up to early stationary phase in YNB glucose (0,6%) medium. 
**<0.01 (unpaired two-tailed t-test) 

 

We then investigated whether the biosynthesis of the Fe-S cluster, a marker of mitochondrial 

functionality linked to iron metabolism (Moreno Cermeño et al., 2010), was affected by COASY 

deficiency. The activities of two Fe-S cluster enzymes, aconitase and succinate dehydrogenase, 
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were measured on whole-cell extracts and on mitochondrial-enriched protein fraction (described 

in Materials and Methods). As shown in Fig 2.6 both the activities were decreased in the mutant as 

compared to wild type strain; in particular SDH activity was decreased by about 50% and aconitase 

activity by about 25%. 

 

Fig 2.6 Aconitase ad SDH activities were measured on whole cell extracts and on  mitochondria extracted 
from cells grown exponentially at 28°C in mineral medium (40) plus 0,2% glucose and 2% galactose without 

pantothenate. Each activity was normalized to 100% for strain carrying pYEX-BXCOASY 

 

2.1.3 Sensitivity to oxidative stress 

It is known that an excess of iron increase the oxidative stress (Schilke et al., 1999; Mühlenhoff et 

al., 2002; Patil et al., 2012) another key feature of disease associated to CoA deficiency 

(Campanella et al., 2012; Wu et al., 2009; Rana et al., 2010), which may be reflected in 

hypersensitivity to oxidative stress-induced cell death. To test this hypothesis cells derived from 

cultures in exponential phase were exposed to 1mM and 2mM H2O2 for 4 hours and cell viability 

was determined by spot assay analysis and by counting the formation of colonies (C.F.U.). After 

the treatment 105, 104, 103, 102, 101 cells/spot were plated on YP media plus 2% glucose and the 

plates were incubated at 28 °C and 37°C. The growth was scored after 48h; as shown in fig 2.7. the 

mutant showed greater sensitivity to treatment compared to wild type strain at both 

concentrations tested.  
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Fig 2.7 Spot assay on cab5∆ strain harbouring pYEX-BXCOASY or pYEX-BX COASYR499C on YP 2% glucose 
media after the treatment with 1mM and 2mM H2O2 for 4 hours. 

 
To better quantify H2O2 sensitivity, after the treatment with 2mM H2O2, an equal amount of cells 

derived from mutant and wild type strain were plated on YP media and incubated at 28 °C. The cell 

survival was determined by counting the formation of colonies. At the tested concentration wild 

type cells showed a viability of 10%, while mutant cells showed a viability of 2% demonstrating 

that a COASY defect leads to oxidative stress susceptibility (Fig 2.8).  

 

 

 

Fig 2.8 Percentage of viability after exposure of cell to 2mM H2O2. Count the formation of colonies after 
three days. **<0.01 (unpaired two-tailed t-test). 
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2.1.4 Content of lipid droplets  

Acetyl-CoA is necessary for the production of neutral lipids, which serve as power reserve for the 

cell and are stored in lipid droplets. In man and in model organisms has been observed that a 

deficiency of CoA leads to alterations in lipid metabolism (Bosveld et al., 2008; Leoni et al., 2012; 

Brunetti et al., 2014). Since it is known that the mutant cab5∆/COASYR499C shows a 40% reduction 

of coenzyme A (Dusi et al., 2014) we evaluated the content of intracellular lipid droplets in the 

mutant compared to the wild type by fluorescence microscopy and fluorimetric analysis. These 

analysis were performed using the fluorescent lipophilic dye Nile Red. As shown in Fig. 2.9 the 

content of lipid droplets is decreased in the mutant expressing the COASYR499C. To better quantify 

this reduction the fluorescence of cells stained with Nile Red was measured using a fluorescence 

spectrometer. The measures, performed in triplicate, highlighted a reduction of lipid droplets of 

25% in mutant strain compared to wild type (Fig. 2.9). 

 

 

Fig 2.9 The intracellular lipid droplets content has been detected by fluorescence microscopy (left panel) 
and fluorimetric analysis (right panel) after incubation of wild type and mutant cells with the fluorescent 

lipophilic dye Nile Red (4ug/ml).The values corresponding to mutant COASY are expressed as percentage of 
the content obtained in the wild type strain. 

 

2.1.5 Treatment with lipoic acid  

Schonauer et al., suggested that a low availability of acetyl-CoA causes a deficit in mitochondrial 

fatty acid (mtFAS) synthesis lipoic acid (LA) included. This would contribute to the deficit of 

mitochondrial function, particularly of the respiratory activity (Schonauer et al., 2009). In fact, 

lipoic acid is a sulfur-containing cofactor required for the function of several multienzyme 



55 

 

complexes including the pyruvate dehydrogenase (PDH), the α-ketoglutarate dehydrogenase (α-

KDH) and the glycine cleavage system (GC). We wondered whether the addition of lipoic acid to 

the growth medium could have beneficial effect on the growth of COASYR499C mutant. As 

previously demonstrated this mutant shows a “growth retarded” phenotype in the absence of 

pantothenate at 28°C; therefore the growth in the same condition with the addition of 30 μM 

lipoic acid in the medium was tested. As show in Fig 2.10 the lipoic acid rescues the mutant defect.  

 

 

 

Fig 2.10 Spot assay on cab5∆ strain harbouring the pYEX-BXCOASY or pYEX-BX COASYR499C on mineral 
medium (40) plus 2% glucose without pantothenate added of 30µM acid lipoic (LA). The growth was scored 

after 2 days of incubation at 28°C 

 

Then we measured the oxygen consumption of the mutant grown in the presence of lipoic acid. In 

this condition the respiratory activity of the mutant strain was similar to that of the wild type 

strain (Fig 2.11).  

 

 

Fig. 2.11 Respiratory activity of cab5∆/COASYR499C grown in absence or presence of acid lipoic (LA) . 
Respiratory activity was normalized to 100% for strain carrying pYEX-BXCOASY. 
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Although the mechanism by which lipoic acid is able to "rescue" the respiratory activity is not clear 

we can hypothesize that the increase of respiratory activity after the addition in the medium of LA 

could be due to the lipoylation of the E2 subunits of PDH complex and α-KDH. Moreover since it is 

known that lipoic acid could act as an antioxidant and chelating metal ion (Petersen Shay et al., 

2008), the "rescue" could be ascribed to a decreased oxidative stress. 

 

Results described in this section have been published in: 

Ceccatelli Berti C, Dallabona C, Lazzaretti M, Dusi S, Tosi E, Tiranti V, 

Goffrini P. Modeling human Coenzyme A synthase mutation in yeast 

reveals altered mitochondrial function, lipid content and iron metabolism. 

Microbial Cell 2015, Vol. 2, No. 4, pp. 126 - 135. 
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3.1 Search for chemical suppressors of PANK mutations 

As reported in the Introduction, Pantothenate kinase‐associated neurodegeneration is a very 

severe disorder for which only symptomatic treatments were available, although the therapeutic 

effect of exogenous CoA administration in reverting pathological phenotypes in PKAN‐derived 

neurons has been very recently demonstrated (Orellana et al., 2016).  

In the last years, yeast has proved to be a good model for high-throughput screening (HTS) in drug 

discovery. HTS 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) ant its goal is to 

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

The results obtained in this work demonstrated that both yeast mutant strains 

cab1Δ/pFL39cab1G351S and cab1Δ/pFL39cab1N290I give rise to the most important phenotypes 

found in PKAN patients: mitochondrial dysfunction, altered lipid metabolism, iron overload and 

oxidative damage. 

In order to find molecules with a potential therapeutic activity for PKAN treatment, a screening of 

the Selleck chemical library (http://www.selleckchem.com/screening/fda-approved-drug-

library.html) has been performed taking advantage of the OXPHOS negative phenotype of the 

strains expressing pathological alleles Gly351Ser and Asn290Ile. The “Drug drop test” technique 

(Couplan et al., 2011) as described in Material and Methods was used.  

 

3.1.1 Determination of optimal screening conditions and choice of the strain 

The screening was performed on YP medium in fact it is known that, in general, the molecules 

appear to be less bio-available in synthetic medium, maybe due to their interaction with the saline 

components of the medium. In order to evaluate the ability of the drugs to rescue the respiratory 

defect of the mutant strain and to avoid a great number of false-positives, it is fundamental to 

define the optimal conditions by which the screening has to be performed. For this reason all the 

preliminary analyses were performed in both mutant strains characterized, focusing on three 

different parameters: the carbon source, the incubation temperature and the number of cells to 

spread on the plates. With regards to the oxidative carbon source, glycerol and ethanol were 

tested and, after several experiments (data not shown), we decided to use ethanol because of the 

lowest background growth observed. When different cell concentrations (1-2-4-8*105 cell/plate) 

were plated we observed that the 4*105 cell/plate an intermediate concentration between 2*105 

cell/plate (low cells number for rescue visualization) and 8*105 cell/plate (elevated background 
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growth) was the best one. Finally we tested two temperatures 36°C and 37°C and we fixed 37°C as 

the optimal incubation temperature. On the basis of all the results obtained we decided to 

perform the screening in the mutant strain cab1Δ/pFL39cab1G351S and to observe the following 

parameters: 

 

Cells/plate 4*105  

Temperature 37°C 

Carbon source Ethanol 

Positive control cab1Δ/CAB1 

 

Table 3.1 Scheme of the condition chosen for the screening 

 

3.1.2 Screening of Selleck FDA-approved Drug Library 

Selleck FDA-approved Drug Library is a collection of 1018 FDA-approved drugs. These molecules 

are structurally diverse, medicinally active and cell permeable. All compounds have been approved 

by the FDA and their bioactivity and safety were confirmed by clinical trials. Every compounds is 

also accompanied by a rich documentation concerning its chemical structure, IC50 and customer 

reviews. In addition, NMR and HPLC have been performed for each drug to ensure high purity. This 

chemical library contains drugs related to oncology, cardiology, anti-inflammatory, immunology, 

neuropsychiatry, analgesia, etc. (http://www.selleckchem.com/screening/fda-approved-drug-

library.html) 

Compounds are solubilized in DMSO at the final concentration of 10mM and organized in 96well 

plates. In each plate set up for the screening (seed with 4*105 cells of cab1Δ/pFL39cab1G351S 

mutant) 31 filters were placed, one was used for the negative control (DMSO) and a central spot 

for the positive control (cab1Δ/pFL39CAB1). 2.5 µl of every molecules of the chemical library (at a 

final concentration of 10mM in DMSO) were spotted onto the remaining 30 filters. In this way we 

could test 30 different molecules in each plate. The plates were incubated at 37°C and the growth 

of the cab1Δ/pFL39cab1G351SI mutant was monitored for 7 days.  

Out of 1018 compounds tested about 21 were classified as active and were tested in a secondary 

screening in order to counter-select false positive compounds. In the secondary screening we used 

the same conditions described for the primary screening except for the number of filters placed on 
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each plate. In this screening each plate contained only three equidistant filters: one of them was 

used for the negative control (DMSO) and the others were spotted with two different compounds 

to test. Molecules of class 1, leading to an enhanced halo of growth were spotted at the same 

concentration used in primary screening (2.5µl). Molecules of class 2, leading to a halo of no 

growth plus a halo of growth were tested at a lower concentration (1-1.5 µl), depending on the 

size of the halo of no growth observed in the primary screening. In fig 3.1 an example of secondary 

screening is reported. 

 

 

Fig 3.1 Graphic representation of a plate set up for secondary screening. 

 

In this secondary screening 8 molecules re-confirmed their ability to rescue the growth defect of 

cab1Δ/pFL39cab1G351SI mutant strain and were classified as active (Fig 3.2). The compounds found 

to be inactive were classified as false-positives. 
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Fig 3.2 Photo of some molecules that re-confirmed their beneficial effect while others, classified as a false-
positive, did not re-confirm their activity. C-:DMSO. The growth was scored after 5 days of incubation at 

37°C. 
 

These 8 drugs were then tested for their ability to rescue the growth defect of 

cab1Δ/pFL39cab1N290I and we identified 4 active molecules named with the conventional name 

Selleck CRM (CAB1 Rescue Molecules) 1-4. In table 3.2 a summary of the 4 molecules with their 

action and a small description was reported.  
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Table 3.2 Summary of the active molecules 

 

The CRM1 and CRM2 drugs were further evaluated for their ability to rescue the other phenotypes 

associated to CoA deficiency since they were found to be the most effective in both mutant strains 

and at both 28 and 37° C.  

 

3.1.3 Research of drugs optimal concentration able to revert OXPHOS defect 

To identify the CRM-optimal concentration able to rescue the growth defect of cab1Δ/cab1N290I we 

performed a growth test in liquid medium. The same cell concentrations of mutant and wild type 

strains were inoculated in YNB DO-TRP medium plus ethanol 2% and containing different 

concentrations of each molecule. We monitored the growth for four days at 28°C by measuring 

the increase of the optical density OD600. For both molecules the initial concentration was chosen 

in relation to their solubility. For CRM1 we used 10 different concentrations starting from the 

highest 1µM while for CRM2 we used 20 different concentrations starting from 128 µM. Since the 

compounds are solubilized in DMSO, we also ensured that this solvent does not affect the growth. 

The cell yield at 48h showed that CMR1 was able to reduce the growth defect starting from the 

concentration of 0,0625 µM and was able to cancel it at 1 µM (Fig 3.3). For this reason, we used 1 

µM CRM1 for the subsequent analyses.  
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Fig 3.3 Cell yield (OD/ml) at 48h of cab1Δ/pFL39CAB1 (black columns) and cab1Δ/pFL39cab1N290I (grey 
columns) grown in YNB DO-TRP medium plus 2% ethanol and DMSO or 10 different concentration of CRM1. 

 

In the presence of CRM2 the mutant growth defect was reduced in the range of concentrations 

between 0,5 µM and 32 µM (Fig 3.4). For the subsequent analyses we chose the intermediate 

concentration of 4 µM.  

 

Fig 3.4 Cell yield (OD/ml) at 48h of cab1Δ/pFL39CAB1 (black columns) and cab1Δ/pFL39cab1N290I (grey 
columns) grown in YNB DO-TRP medium plus 2% ethanol and DMSO or 19 different concentration of CRM2. 



64 

 

3.2 Analysis of CRM-rescuing effects on the cab1Δ/cab1N290I mutant strain 

3.2.1 Mitochondrial function 

We further investigated whether the rescue of cab1Δ/cab1N290I OXPHOS growth defect by CRM1 

and CRM2 was related to an improved mitochondrial function. We then measured the oxygen 

consumption rate of cab1Δ/cab1N290I grown in galactose 2% at 28°C with or without 1µM CRM1 or 

4µM CRM2. The respiratory activity of mutant strain grown in presence of both CRM drugs was 

similar to the wild type strain (Fig 3.5). 

 

 

Fig 3.5 Oxygen consumption of cab1∆/pFL39CAB1 and cab1∆/pFL39cab1N290I mutant strain grown in the 
presence or absence of CRM1 or CRM2 at 28°C in YNB DO-TRP medium plus 2% galactose. 

 

We later analyzed the activities of mitochondrial respiratory complexes (NCCR, SQDR and COX) in 

cells grown in 0,2% glucose and 2% galactose with or without CRM1/CRM2. As shown in Fig 3.6, 

3.7 and 3.8 the addition of CRM1 or CRM2 in the growth medium increased the activity of 

mitochondrial complexes.  
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Fig 3.6 NCCR activity was measured in mitochondria extracted from cells grown exponentially at 28°C in 
YNB DO-TRP medium plus 0,2% glucose and 2% galactose with or without CRM1/CRM2. Each activity was 

normalized to 100% for strains containing pFL39CAB1 

 

.  

Fig 3.7 SDH activity was measured in mitochondria extracted from cells grown exponentially at 28°C in YNB 

DO-TRP medium plus 0,2% glucose and 2% galactose with or without CRM1/CRM2. Each activity was 

normalized to 100% for strains containing pFL39CAB1 
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Fig 3.8 COX activity was measured in mitochondria extracted from cells grown exponentially at 28°C in YNB 
DO-TRP medium plus 0,2% glucose and 2% galactose with or without CRM1/CRM2. Each activity was 

normalized to 100% for strains containing pFL39CAB1 

 

3.2.2 CRM1 

CRM1 is 5,7 dichloro-8 hydroxyquinoline (CQCl) (Fig 3.9), a heterocycle compound belonging to the 

quinoline family with 8-hydroxyquinoline (8HQ) being its precursor. This latter lipophilic 

compound has several bioactivity: antimicrobial activity, anticancer activity, anti-inflammatory 

activity, antioxidant activity, antineurodegenerative activity, etc.. Most bioactivities of 8HQ and its 

derivatives are due to their metal chelating ability; for example the antimicrobial activity is 

dependent on the concentration and lipophilicity of the compound (to penetrate bacterial cell 

membranes) and hence, on its ability to bind metals of bacterial enzymes (Prachayasittikul et 

al.,2013).  

 

 

Fig 3.9 Structure of 5,7 dichloro-8 hydroxyquinoline 
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CQCL has also been reported to have an antimicrobial activity as well as anti-dental plaque activity. 

This compound could be used via a polyethylene glycol vehicle as an ointment or additive 

ingredient in dentifrice to control dental disease (Tanzer et al., 1978). In addition, it is able to bind 

metals such as copper, zinc and iron (Matlack et al., 2014). 

 

3.2.3 CRM2 

CRM2 is nalidixic acid (nalH) the first of the synthetic quinolone antibiotics, a large group of 

synthetic antibacterials very active against aerobic Gram-negative microorganism. Since the 

introduction of nalH into clinical practice in the early 1960s, a number of structurally related, 

highly potent, broad-spectrum anti-bacterial agents have been isolated (Turel 2002). Nalidixic acid 

is based on a 4-oxo-1,8-naphthyridin-3-carboxylic acid nucleus (Fig 3.10) and the derived new 

compounds retain several structural features of this nucleus. 

 

Fig 3.10 Structure of nalidixic acid 

 

These antibiotics block DNA replication in a selective and reversible mode. They inhibit a sub-unit 

of DNA gyrase and.topoisomerase IV and induce formation of cleavage complexes (Pommier et al., 

2010). In addition, the quinolones are able to assemble a complex with various metal cations 

together with iron, copper, zinc, aluminum, calcium and magnesium. These molecules can 

coordinate the metals through carboxylic oxygen and an adjacent 4-keto oxygen.  

 

3.2.4 Iron level, ROS content and lipid peroxidation 

The characteristic shared by both molecules, CQCL/nalH, is the ability to bind bivalent ions 

including iron (Turel 2002; Matlack et al., 2014). Therefore we hypothesize that their rescuing 

ability could be due to this ability and for this reason intracellular iron content was determined by 

means of the colorimetric BPS assay. As shown in Fig. 3.11 and 3.12 both molecules reduced the 
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iron content and in fact the mutant strain showed an iron level similar to wild type grown under 

the same conditions.  

 

 

Fig 3.11 Cellular iron levels in cab1∆/pFL39CAB1 and cab1∆/pFL39cab1N290I mutant strain grown with CQCL 

at 28°C in YNB DO-TRP medium plus 2% galactose. 

 

 

Fig 3.12 Cellular iron levels in cab1∆/pFL39CAB1 and cab1∆/pFL39cab1N290I mutant strain grown with nalH 

at 28°C in YNB DO-TRP medium plus 2% galactose. 
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We then evaluated the ability of both drugs to decrease the content of ROS. To this aim we 

measured the ROS content in cells grown with or without the molecules. The results obtained (Fig 

3.13) showed that the 3.5 fold increase of ROS displayed by the mutant strain was significantly 

reduced in the presence of CQCL or nalH.  

 

Fig 3.13 Evaluation of ROS content in cab1Δ/pFL39CAB1 and cab1Δ/pFL39cab1N290I grown in YNB DO-TRP 
plus 2% galactose with or without CQCL/nalH. Values are reported as fold change in content over WT 

 

In the same growth conditions the lipid peroxidation was also reduced. In fact, the MDA content of 

the mutant strain was similar to that of the wild type strain grown under the same conditions (Fig 

3.14).  
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Fig 3.14 MDA content in cab1Δ/pFL39CAB1 and cab1Δ/pFL39cab1N290I grown in YNB DO-TRP plus 0,6% 
glucose with CQCL or nalH. Values are reported as fold change in content over WT 
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Results 

4. Localization studies 
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4.1 Cellular localization of Cab1p 

In silico analysis using the PSORT program (Uberbacher et al., 1991) predicts similar amount of 

Cab1 protein in the cytosol and mitochondria. Since no commercial antibodies to experimentally 

investigate the subcellular localization of Cab1p exist, a carboxyl-terminal fusion of HA epitope to 

Cab1 was constructed. To obtain the Cab1-HA fusion protein we used the “two step overlap 

extension technique” (described in Materials and Methods). The fusion protein Cab1-HA was then 

cloned into the pFL38 vector and with the resulting plasmid pFL38CAB1HA we transformed the 

strain cab1Δ/pFL39CAB1. To obtain the strain containing only the tagged allele, we then counter-

selected the pFL39CAB1 through plasmid shuffling on YNB DO+W, as described in Materials and 

Methods. The cab1Δ lethal phenotype was rescued by the expression of the tagged wild type 

allele, indicating that the addition of HA did not disrupt the targeting and functioning of the Cab1 

protein. From cells expressing the wild type or tagged wild type allele we extracted the 

mitochondria with intact outer membrane and preserved the cytosolic fraction (PMS, Post 

Mitochondrial Supernatant) (described in Materials and Methods). Equivalent amounts of 

mitochondrial pellet (M) and supernatant (PMS) fractions were subjected to SDS-PAGE and 

Western blotting to identify the indicated protein. The filter was incubated with the following 

antibodies: α-HA (Roche), α-PORIN (Abcam Mitoscience) and α-PGK1 (Abcam Mitoscience). As 

shown in Fig. 4.1 the great majority of Cab1-HA co-fractionated with the soluble cytoplasmic 

protein phosphoglycerate kinase (PGK) while only a small amount remained in the mitochondria 

with the mitochondrial membrane protein porin, indicating that Cab1 behaves predominantly as a 

cytoplasmic protein.  

 

 

Fig 4.1 Immunoblot analysis of cytosolic fraction (PMS) and intact mitochondria (M), extracted from 
cab1Δ/pFL39CAB1 and cab1Δ/pFL39CAB1HA 
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We further investigated the sub-mitochondrial localization of Cab1p by performing a protease 

protection assay of intact mitochondria (described in Materials and Methods). For that purpose 

200 μg of mitochondrial protein were kept in buffer in the presence or absence of proteinase K 

(1mg/ml) for 60 minutes on ice. The samples were then subjected to SDS-PAGE and Western 

blotting. After the treatment the signal concerning Cab1-HA was not detected as shown in Fig 4.2, 

indicating a vulnerable physicals association of this protein with the outer mitochondrial 

membrane. 

 

 

Fig 4.2 Mitochondria were treated for 60 min at 4°C with proteinase K (prot K) (1mg/ml). The filter was 
incubated with anti-HA and anti-PORIN antibodies. 

 

4.2  Cellular localization of Cab5p 

As reported in the introduction, it is known that the human CoA synthase is mitochondrial protein, 

anchored to the outer mitochondrial membrane by the N-terminal region (Zhyvoloup et al., 2003) 

or localized within the mitochondrial matrix (Dusi et al., 2014). Contrariwise little is known about 

the subcellular compartmentalization of the CoA biosynthetic pathway in yeast. Study High-

throughput suggests for Cab5 a mitochondrial localization (Reinders et al., 2006), while GFP-fusion 

analysis identify the protein to “nuclear envelope” level and to endoplasmic reticulum level (Huh 

et al., 2003). In silico analysis using the PSORT and MITOPROT programs (Uberbacher et al., 1991; 

Claros et al., 1996) predict for Cab5 protein a mitochondrial localization. Moreover human CoA 

synthase is a mitochondrial enzyme and the human gene is able to complement the cab5∆ 

mutation. To investigate the localization of yeast Cab5p, a carboxyl-terminal fusion of HA epitope 

to Cab5 was constructed since for Cab5p do not exist commercial antibodies. To construct the 

Cab5-HA fusion protein we used the “two step overlap extension technique” (described in 

Materials and Methods). The fusion protein Cab5-HA was then cloned into pFL38 vector 
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(centromeric, URA3 marker) obtaining the plasmid pFL38Cab5HA which was then transformed into  

W303-1b cab5Δ/pFL39CAB5. To obtain strains containing only the tagged allele, we then counter-

selected the pFL39CAB5 through plasmid shuffling on YNB DO-W, as described in Materials and 

Methods. The cab5Δ lethal phenotype was rescued by the re-expression of the tagged wild type 

allele, indicating that the addition of HA did not disrupt targeting and function of the Cab5 protein. 

From cells expressing HA tagged Cab5 (Cab5-HA) the mitochondria with intact outer membrane 

were extracted and the cytosolic fraction (PMS, Post Mitochondrial Supernatant) was preserved 

(described in Materials and Methods). Equivalent amounts of mitochondrial pellet (M) and 

supernatant (PMS) fractions were subjected to SDS-PAGE and Western blotting. The filter was 

incubated with the following antibodies: α-HA (Roche), α-PORIN (Abcam Mitoscience) and α-PGK1 

(Abcam Mitoscience). As shown in Fig. 4.3 the great majority of Cab5-HA co-fractionated with the 

mitochondrial membrane protein porin, while only a small amount remained in the supernatant 

with the soluble cytoplasmic protein phosphoglycerate kinase (PGK), indicating that Cab5 behaves 

as a mitochondrial associated protein.  

 

Fig 4.3 Immunoblot analysis of cytosolic fraction (PMS) and intact mitochondria (M), extracted from 
cab5Δ/pFL39CAB5HA 

 

We further investigated the sub-mitochondrial localization of Cab5p by performing a protease 

protection assay of intact mitochondria (described in Materials and Methods). For that purpose 

200 μg of mitochondrial protein were kept in buffer in the presence or absence of proteinase K 

(1mg/ml) for 60 minutes on ice. After the treatment the mitochondria was subject to SDS-PAGE 

and Western blotting. Cab5-HA exhibited a significant increase in proteinase K sensitivity 

treatment respect to both porin, which is only partially exposed on the surface, and to the inner 

membrane protein Core1 (Fig. 4.4A). These data show a physical association of this protein with 

the outer mitochondrial membrane. In order to investigated whether Cab5p is an intrinsic o 
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extrinsic protein of outer mitochondrial membrane we determine the resistance of Cab5p to 

sodium carbonate treatment (Trott and Morano 2004; Fujiki et al., 1982). As depicted in Fig. 4.4B 

the amount of Cab5 associated with mitochondria was significantly reduced after the treatment 

while the amount of porin, intrinsic outer membrane protein, was not altered. Taken together 

these results suggest that Cab5 is an extrinsic outer membrane protein. 

 

 

 

 

 

 

 

 

 

 
Fig 4.4 (A) Immunoblot analysis on mitochondria treated with proteinase K. The membrane was incubated 

with the following antibodies: α-HA (Roche), α-PORIN (Abcam Mitoscience) and α-CORE1 (Abcam 
Mitoscience) (B) Immunoblot analysis on mitochondria treated with Na2CO3, pH 11. To the left pellet (P) 

and soluble fraction (S) of untreated mitochondria, to the right of treated mitochondria 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B 
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Conclusions and Future Perspectives 

 

PKAN and CoPAN, both subtypes of NBIA (Harting et al., 2006; Leoni et al., 2012;Dusi et al., 2014), 

are severe and disabling neurodegenerative disorders associated to inborn error of Coenzyme A 

(CoA) biosynthetic pathway. Mutations in PANK2 gene, encoding for the mitochondrial isoform of 

pantothenate kinase account approximately 50% NBIA (Hayflick et al., 2006; Levi and Finazzi, 

2014) whereas only few mutations in Coenzyme A synthase encoding gene, COASY, have been 

described so far (Dusi et al., 2015; Evers et al., 2017).  

CoA and its derivatives are key molecules involved in several metabolic process: ATP generation 

via the tricarboxylic acid cycle, fatty acid metabolism, cholesterol and ketone body biosynthesis, 

and histone and non-histone protein acetylation. 

PKAN and CoPAN, as the others forms of NBIA, are characterized by mitochondrial dysfunctions, 

oxidative stress, altered lipid metabolism and iron accumulation in specific region of the brain but 

the relationship between CoA deficiency and iron overload is not yet been elucidated.  

To investigate the pathogenic mechanism of PKAN and CoPAN diseases and to clarify why iron is 

accumulated and whether this is a primary event or simply an epiphenomenon, different disease 

models have been created. The Drosophila melanogaster fumble model partially recapitulates the 

human phenotype, showing locomotor dysfunction and neurodegeneration (Rana et al., 2010). 

Pank2 KO mouse model only when subjected to a diet containing high fat level displayed a severe 

neurological phenotype (Kuo et al., 2005; Brunetti et al., 2014). The pank2 and coasy morphants 

showed abnormal head development with smaller eyes, perturbation of brain morphology and an 

altered vasculature structure. In vitro studies using PKAN fibroblasts and PKAN hiPSC-derived 

neuron demonstrated severe functional impairments such as alteration of the oxidative status 

(increase of ROS and lipid peroxidation) and mitochondrial dysfunctions, including impaired 

energy production, iron-sulfur cluster (ISC) and heme biosynthesis, with consequent impairment 

of iron homeostasis (Campanella et al., 2012; Santambrogio et al., 2015; Orellana et al., 2016; 

Arber et al., 2017). However, none of these models showed iron accumulation, a hallmark sign in 

the brain of patients.  
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To investigate the relationship between PANK2 and COASY deficiency and dysregulation of iron 

homeostasis, a yeast models for PKAN and CoPAN disease were constructed and characterized, 

taking advantage of the high degree of conservation of the CoA biosynthetic pathway with the 

only difference that in Saccharomyces cerevisiae  the last two activities (PPAT and DPCK) reside in 

two different protein encoded by CAB4 and CAB5 gene respectively.  

Regarding yeast PKAN model we constructed five pathological variants of PANK2 in the 

corresponding yeast protein Cab1: Gly26Val, Asn170Ile, Leu179Pro, Asn290Ile and Gly311Arg. 

These substitutions regarded different domains of the protein: Gly26Val and Gly311Arg are 

located in the ATP binding site; Leu179Pro and Asn290Ile in the dimerization domain and 

Asn170Ile is located in the surface of protein with not apparent interactions with other proteins. In 

the hypothesis that all these substitutions could abolish the protein activity we also constructed a 

strain carrying the variant Gly351Ser known conferring a temperature sensitive phenotype 

(Olzhausen et al., 2009). Among the five tested mutant alleles, three totally compromised the 

activity of Cab1 protein being unable to complement the lethal phenotype associated to CAB1 

deletion. Contrariwise the variants cab1N170I and cab1N290I were able to complement the cab1∆ 

mutant. First we analyzed the mitochondrial function in the strains cab1∆/pFL39cab1G351S, 

cab1∆/pFL39cab1N170I and cab1∆/pFL39cab1N290I. Besides a thermosensitive phenotype on glucose 

the strains cab1∆/cab1G351S and cab1∆/cab1N290I, showed a severe growth defect on respiratory 

carbon source both at 37°C and 28°C. On the contrary the mutant strain cab1Δ/cab1N170I didn’t 

exhibit any evident growth defect. According to their OXPHOS growth phenotype the strains 

cab1∆/cab1G351S and cab1∆/cab1N290I showed a respiration rate significantly decreased and the 

activity of respiratory chain complexes (NCCR, SDH and COX) were reduced, demonstrating a 

impairment of mitochondrial functions. Moreover the growth of both mutants was severely 

inhibited in the presence of iron, indirectly suggesting iron accumulation. To better quantify the 

intracellular iron content we performed the BPS colorimetric assay, demonstrating a two fold 

increase of iron level. Accordingly the activity of succinate dehydrogenase and aconitase, marker 

of mitochondrial functionality linked to iron metabolism, were reduced in the mutant strains. 

Acetyl-CoA, a CoA derivative, is the primary substrate of mitochondrial and cytosolic fatty acid 

synthesis. In human and in model organisms has been observed that a deficiency of CoA leads to 

alterations in lipid metabolism. Accordingly both yeast mutans strains showed a reduction of lipid 

droplets an index lipid homeostasis perturbation. 
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We also evaluated the metabolic consequences of CoA deficiency in the yeast model of CoPAN, a 

yeast strain expressing the Arg499Cys variant in the COASY human gene previously constructed.,  

Also in this case mitochondrial dysfunctions were revealed; OXPHOS growth was affected and 

respiration rate significantly decreased. Accordingly, the activity of respiratory chain complexes 

and steady state levels of MRC subunits were reduced. Also the activities of SDH and aconitase 

were reduced in the COASY mutant. Moreover the growth of the mutant strain is not only strongly 

inhibited in the presence of iron but that the mutant strain showed iron accumulation; altered 

lipid metabolism and enhanced oxidative stress were also highlighted. 

The reason why this occurs and how the CoA deficit contributes to these  phenotypes, in particular 

to iron accumulation is not clear.  

It has been demonstrated that ISC biosynthesis requires GTP, NADH and ATP, other than iron and 

sulfur (Pandey et al., 2015). One prevailing hypothesis proposes that the impairment of the Krebs 

cycle due to CoA deficiency might result in a lower production of GTP and NADH, with the 

consequent partial iron utilization in ISC biosynthesis (Santambrogio et al., 2015). The low Fe-S 

cluster formation can result in the activation of DMT1 and decrease of Fpn1 with consequent iron 

accumulation and oxidative stress (Batista-Nascimento et al., 2012). Fpn1 is a ferroportin that 

mediates the release of iron into the extracellular medium that is captured by transferrin receptor 

(TfR), enters in the cell by endocytosis and then is translocated across the endosomal membrane 

through the divalent metal transport 1, DMT1.  

Even the yeast responds to reduced iron sulfur cluster synthesis increasing cellular iron uptake and 

changing intracellular iron re-distribution (Lill et al., 2008). In order to test this we analyzed the 

transcription levels of three gene involved in the iron transport: FET3, FTR1 and FIT3. in 

cab1∆/cab1N290I all the three genes were down-regulated both in exponential and stationary 

growth phase. This suggests that iron accumulation in mutant strain is not due to an increase 

uptake of the ion. It can be hypothesized  that the iron not correctly utilized in the ISC biosynthesis 

is accumulated and that the cells down-regulate the genes involved in iron uptake in order to 

counteract its accumulation. Accordingly Arber et al., studying the PANK2 Knockout cell lines, 

observed a significant increase in the FPN and in mitochondrial ferritin (FTMT) expression thus 

enhancing iron export and iron mitochondrial storage. They assumed that this response could be a 

further attempt by the cell to sequester excess iron safely and to reduce the potential iron 

accumulation over time.  
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The high iron level resulted in an increase in mitochondrial ROS production, which plays a central 

role in the regulation of ISC enzyme activity and in the lipid membrane composition. The mutant 

strains cab1∆/cab1G351S and cab1∆/cab1N290I showed a ROS content by about 3,5-fold higher 

respect to wild-type strain. These reactive species of oxygen can activate the lipid peroxidation 

process, with consequent production of downstream substrates such as MDA. In fact both mutant 

strains showed an increase in MDA content suggesting a membrane damage. The peroxidation of 

lipids in the mitochondrial inner membrane can result in a limited depolarization (Gall et al., 2012). 

This could cause the opening of mitochondrial membrane permeability transition pore (Bernardi 

et al., 1992; Gogvadze et al., 2003) that may facilitate the iron import not utilized in the 

biosynthetic pathways, thus exacerbating its accumulation. 

According to the defect observed in lipid homeostasis, PKAN yeast showed an altered expression 

of ACS2 and HFA1, key genes involved in the biosynthesis of acetyl-CoA an malonil-CoA 

respectively both fundamental precursor of lipid biosynthesis. The up-regulation of ACS2 and 

HFA1, observed in the mutant strain cab1∆/cab1N290I might be considered as a cell “emergency 

response” caused by the lack of Acetyl-CoA.  

Moreover since Acetyl-CoA acts as an acetyl group donor for protein acetylation in metabolism, 

low levels of CoA can cause histone hypoacetylation thus contributing to the neurological 

phenotype of PKAN (Takahashi et al., 2006; Nakamura et al., 2012; Brunetti et al., 2012).  

The impairment of energetic metabolism revealed by the yeast model, and present in the PKAN 

fibroblasts, could derive from an alteration in the membrane phospholipids caused by a CoA 

deficiency.  

All the results so far obtained indicated that the reduction of CoA level leads to an impairment of 

the Krebs cycle with lower production of GTP and NADH. A decreased production of these factors 

leads to defect in mitochondrial ISC biogenesis and in oxidative phosphorylation. These effects 

together with the alteration of membrane composition and permeability could represent a 

primary mechanism which triggers abnormal intracellular iron content. Iron overload  generates 

oxidative stress, lipid peroxidation, nucleic acid modification, protein misfolding and aggregation. 

Finally these events lead to cell death (Fig 1). 
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Fig 1 Cause/effect relationship between mitochondrial dysfunction, iron overload, oxidative stress and 
neurodegeneration 

 

According to Mena et al., these three phenomena (mitochondrial dysfunction, iron accumulation 

and oxidative damage) generate a feedback loop of increased iron accumulation and oxidative 

stress.  

The PKAN and CoPAN yeast models described in this work recapitulating the majors patient 

phenotypes and in particular high iron content, could represent a powerful tool for investigate the 

pathogenic mechanism of these diseases and for searching chemical suppressor i.e. potential 

therapeutic drug for PKAN and CoPAN.  

Starting with PKAN model we tested the 1018 compounds of Selleck-FDA approved chemical 

library and we found two molecules able to rescue the oxidative growth defect of 

cab1∆/cab1N290I : 5,7 dichloro-8 hydroxyquinoline (CQCL) and nalidixic acid (nalH). The CQCL is a 

heterocycle compound belongs to quinoline family where the precursor is the 8-hydroxyquinoline 

(8HQ). It is able to bind bivalent ions including iron and its antimicrobial activity is dependent on 
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the ability to bind metals of bacterial enzymes (Prachayasittikul et al.,2013). Nalidixic acid is a 

quinolone antibiotic very active against aerobic Gram-negative bacteria. It inhibits a subunit of 

DNA gyrase and topoisomerase IV and induces the formation of cleavage complexes (Pommier et 

al., 2010). In addition Nalidixic acid is able to form a complex with various metal cations as iron, 

copper, zinc, aluminum, calcium and magnesium (Turel 2002).  

After the identification of the molecules optimal concentration able to revert the OXPHOS defect, 

we investigated the ability of both molecules to revert the other phenotypes associated to CoA 

deficiency. So we demonstrated that the growth in presence of CQCL or nalH increase the oxygen 

consumption and the activity of respiratory complexes in cab1∆/cab1N290I. Moreover the iron 

amount is reduced, preventing the over production of harmful ROS and reducing the lipid damage. 

The results obtained suggest that the mechanism that underlies the rescue ability of both 

molecules, CQCL and nalH, could lie on their property to chelate the excess of iron thus reducing 

oxidative stress. Preliminary results indicated that at least 5,7 dichloro-8 hydroxyquinoline was 

able to rescue the altered phenotype displayed by CoPAN model.  

Although very recently it has been demonstrated the therapeutic effect of exogenous CoA 

administration in reverting pathological phenotypes in PKAN‐derived neurons, in the future the 

compounds identified could be tested in vitro on available hiPS-derived neuronal cells and in vivo 

on zebrafish model and/or on knock out mouse model. 
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Materials and Methods 
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1.1  Strains used  

All S. cerevisiae strains used in this work are listed below: 

STRAIN GENOTYPE REFERENCES 

W303-1B 
Matα, ade2-1, leu2-3, ura3-1, trp1-1, his3-11, 

can1-100 
Thomas and Rothstein, 1989 

W303-1B cab5∆ 

pYEX-BX/COASY 

W303-1B 

cab5::KAN
R
 

Dusi et al., 2014 

W303-1B cab5∆ 

pYEX-BX/COASY
R499C

 

W303-1B 

cab5::KAN
R
 

Dusi et al., 2014 

W303-1B cab5∆ 

pFL38CAB5HA 
W303-1B cab5::KAN

R
 This work 

W303-1B cab1∆ 

pFL39CAB1 
W303-1B cab1::KAN

R
 This work 

W303-1B cab1∆ 

pFL38CAB1 
W303-1B cab1::KAN

R
 This work 

W303-1B cab1∆ 

pFL38CAB1HA 
W303-1B cab1::KAN

R
 This work 

W303-1B cab1∆ 

pFL39CAB1
G351S

 
W303-1B cab1::KAN

R
 This work 

W303-1B cab1∆ 

pFL39CAB1
N170I

 
W303-1B cab1::KAN

R
 This work 

W303-1B cab1∆ 

pFL39CAB1
N290I

 
W303-1B cab1::KAN

R
 This work 

 

The bacteria strain used in this work is listed below: 

 

STRAIN GENOTYPE 

DH10B 
 F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80d DlacZ ΔM15 ΔlacX74 deoR recA1 

endA1 araD139 Δ(ara, leu)7697 galU galKλ-rpsL hupG 
 

 

1.2  Media and growth conditions 

For yeast the following media were used: 

- YP (1% peptone, 0.5% yeast extract) 



84 

 

- YPA (2% peptone, 1% yeast extract, 75mg/ml adenine) 

- YNB (YNB ForMedium™ w/o aminoacids w/o NH4SO4 1,9 g/L, NH4SO4 5 g/L). Minimum media 

was enriched with drop-out powder (Kaiser et al. 1994). 

- Mineral medium (40) (Magni et al., 1962): K2PO4 1 g/L, MgSO4 0.5 g/L, (NH4)2SO4 3.5 g/L, 1 

mL/L of solutions A (NaCl 100 g/L), B (CaCl2 100 g/L) and C (boric acid  500 mg/L, KI 100 mg/L, 

FeCl3 200 mg/L, MnSO4 400 mg/L, FeSO4 400 mg/L and ammonium molybdate 200 mg/L). Mineral 

medium was supplemented with mixture of vitamins and amino acids necessary to complement 

the auxotrophies of different strains. To obtain medium lacking pantothenate (40-Pan), a mixture 

of vitamins without pantothenate was prepared.  

- 5-FOA YNB: YNB ForMedium™ 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 ForMedium™ 2% was added. Carbon sources were added at 

final concentration of 2% if not specified differently. The following sources were used: Glucose (D), 

Ethanol (E), Glycerol (G) and Galactose (Gal). S. cerevisiae was cultured at 28˚C, in constant shaking 

120 rpm if liquid media was used.  

For E. coli LB media was used (1% bacto tryptone Difco™, 0.5% yeast extract Difco™, 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. 

 

1.3  Vectors 

PLASMIDS 
MARKERS IN  

S. cerevisiae 
TYPE REFERENCES FIG. 

    pFL38 
 

URA3 Centromeric Bonneaud et al., 1991 1.1 

    pFL39 
 

TRP1 Centromeric Bonneaud et al., 1991 1.2 

pYEX-BX URA3 Multicopy Clontech Laboratories 1.3 

      pSH63 TRP1 Centromeric Gϋldener at al., 2002 1.4 
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Fig 1.1 pFL38 plasmid 

 

 

Fig 1.2 pFL39 plasmid 
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Fig 1.3 pYEX-BX plasmid 

 

 

Fig 1.4 pSH63 plasmid 
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1.4  Polymerase chain reaction 

All the reactions were performed following manufacturer indications. For analytical purpose 

GoTaq® DNA polymerase (©Promega) was used. Preparative reactions for gene cloning and site 

specific mutagenesis were performed with a high fidelity (HiFi) polymerase. KOD Hot Start HiFi 

DNA polymerase was used (Novagen®). All the reactions were performed using “Applied 

Biosystem 2720 Thermal Cycler”.  

 

1.4.1 Two step overlap extension technique 

The cab1 mutant alleles were obtained by site-direct mutagenesis using the overlap extension 

technique (Ho et al., 1989). For each mutation, the first PCR reaction was performed using the 

external forward primer and the external reverse primer CAB1RvBamHI, each in combination with 

reverse or forward internal primers for each mutation (see Table 1.5). The final mutagenized 

product was obtained by using the overlapping PCR fragments as template with CAB1FwHindIII 

and CAB1RvBamHI as external primers. The product was then digested with and cloned in HindIII-

BamHI digested pFL39 centromeric plasmid.  

The same technique was used to added epitope HA (hemagglutinin) to CAB1 or CAB5. The final 

tagged gene CAB1HA and CAB5HA digested with HindIII-BamHI or BamHI-KpnI were cloned in 

digested HindIII-BamHI or BamHI-KpnI pFL38 vector. 

 

1.4.2 RT-PCR and qPCR 

For RT-qPCR, cells were grown in YNB supplemented with 0,6% glucose or 2% galactose until 0.9-

1.2 OD or 6-7 OD. 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) 20primer (Euroclone) and murine RNase inhibitor 

(NewEngland Biolabs).  

Quantitative PCRs were performed in 20-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, at a final concentration of 120 nM, are listed in Table 1.5. All reactions were performed in 

the AB 7300 instrument (Life Technologies) at default settings: 

     - 2’ at 50°C 

     - 10‘ at 95°C 

41 cycles 
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     - 15’’ at 95°C 

    - 1’at 60°C 

1 cycle 

    - 15’’ at 95°C 

    - 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. In particular as 

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.  

 

1.5  Primers  

OLIGONUCLEOTIDE SEQUENCE 5’-3’ USE 

CAB5Fw GGGGGGATCCCCATTGCTTAGAATGGGCGG 
CAB5 

cloning 

CAB5Rv CCGCGGTACCGAGAACCCATAGAATTCGAC 
CAB5 

cloning 

CAB5HATerFw TACCCATACGATGTTCCAGATTACGCTGTATAAGGTTGATATCTTATAATTA CAB5 tag 

CAB5HARv 
ATCAACCTTATACAGCGTAATCTGGAACATCGTATGGGTACGCTGAAGACT

TTTTATTTTG 
CAB5 tag 

CAB1FwHindIII CAGGCAAAAAGCTTTACACGTG 

CAB1 

cloning and 

disruption 

CAB1RvBamHI CCCCGGATCCCACAGACATTGAAGC 

CAB1 

cloning and 

disruption 
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CAB1FwKan 
GTGCATGCGAAAAGAATCGCAATGCCGCGAATTACTCAAGAGATATCCGT

ACGCTGCAGGTCGAC 

CAB1  

disruption 

CAB1RvKan 
GCCAAAAAAAAAGTGAAATCTATCTACGTACTTGTTTTCTTAGTAGATGATC

GATGAATTCGAGCTCG 

CAB1  

disruption 

K2 GAAAGAAGAACCTCAGTGGC disruption 

CAB1HATerFw TACCCATACGATGTTCCAGATTACGTCACGTAGATAGATTTCACTTTTTTT CAB1 tag 

CAB1HARv 
AATCTATCTACGTAGCGTAATCTGGAACATCGTATGGGTAACTTGTTTTCTT

AGTAGATGA 
CAB1 tag 

CAB1G351S 
Fw: GAAGGCTATTTGGGTGCAATGTCTGCTTTCCTAAGCGCGTCTCG 

Rv: CGAGACGCGCTTAGGAAAGCAGACATTGCACCCAAATAGCCTTC 

CAB1 

mutagenesis 

CAB1G311R 
Fw: TACAGAATATATACTTTGGCAGATCTTATACCAGAGGACATT 

Rv: AATGTCCTCTGGTATAAGATCTGCCAAAGTATATATTCTGTA 

CAB1 

mutagenesis 

CAB1L179P 
Fw: GTAGAGTAGGCGGTTCTTCACCTGGAGGGGAACTCTTTGGGG 

Rw: CCCCAAAGAGTTCCTCCTCCAGGTGAAGAACCGCCTACTCTAC 

CAB1 

mutagenesis 

CAB1G26V 
Fw: CCTTGCTATTGATATCGTTGGTACTCTGGCTAAAGTAGTCTTCTC 

Rv: GAGAAGACTACTTTAGCCAGAGTACCAACGATATCAATAGCAAGG 

CAB1 

mutagenesis 

CAB1N170I 
Fw: CAATATTAAAAGTCACCGAACCAAACATTTTCAGTAGAGTAGGCG 

Rv: CGCCTACTCTACTGAAAATGTTTGGTTCGGTGACTTTTAATATTG 

CAB1 

mutagenesis 

CAB1N290I 
Fw: CTATTCGCCATCTCCAACATTATTGGGCAAATAGCTTATTTGC 

Rv: GCAAATAAGCTATTTGCCCAATAATGTTGGAGATGGCGAATAG 

CAB1 

mutagenesis 

ACT1q 
Fw: GTATGTGTAAAGCCGGTTTTG 

Rv: CATGATACCTTGGTGTCTTGG 
qPCR 

ACS2q 
Fw: CTGCTGTTGTCGGTATTCCA 

Rv: TGTGTTCTGCATCACCTTCA 
qPCR 

HFA1q 
Fw: CGTGGGTGTTATTGCGGTAG 

Rv: GATACCACACCTGTCCTGCT 
qPCR 

FET3q 
Fw: CTACGGTTCAAACACGCACA 

Rv: GGTTTGGAAAGCGTGACCAT 
qPCR 

FTR1q 
Fw: AAGCAGGAGTTGACGGAAGA 

Rv: TGGTAGTTTGCTCGGGAAGT 
qPCR 

FIT3q 
Fw: GCTACATCCTCTAGCACCGC 

Rv: GCACCCATCAAACCAGTACC 
qPCR 

M13Fw AGGGTTTTCCCAGTCACGACGTT Sequencing 

M13RV GAGCGGATAACAATTTCACACAGG Sequencing 
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1.6. Sequencing  

Sequencing of all genes was performed with external services (©Eurofins-MWG). The primers 

used for the sequencing are reported in Table 1.5.  

 

1.7. Nucleid 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, Wizard® Plus 

Minipreps (Promega©) 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, ligation, 

dephosphorylation) were carried out following manufacturer indications (New England Biolabs® 

Inc. NEB, Invitrogen™). 

 

1.8. Transformation procedures  

1.8.1. S. cerevisiae transformation  

Yeast transformation was carried out with Lithium Acetate (LiAc) as described by Gietz et al. If a 

greater efficiency was desired, the long protocol was applied (Gietz and Woods. 2002). For the one 

gene disruption the cells were regenerated in two ml of YPAD for 2h and then plated on plates 

added with G418. 

 

1.8.2. E. coli transformation  

E. coli transformation was achieved with electroporation. Competent cells were prepared as 

previously described (Dower et al. 1988). Transformation was carried out with 1-3 μl of plasmid 

DNA or ligation product. 2 mm cuvettes were used, applying respectively a current of 2KV, 25 μF 

200 Ω. Alternatively, CaCl2 competent cells were prepared and transformed with standard 

techniques (Maniatis et al., 1982). 
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1.9. Analyses in whole cell 

1.9.1. Spot assay 

Spot assay is a classical phenotypic analysis used to test growth of single strains in different 

conditions. The principle is a 10-fold serial dilution of a starting culture at 1x107 cells/ml, 

performed four times to a final 1x104 cells/ml. After an o/n culture at 28 °C in YNBD medium 

(enriched with drop out powder), the OD 600 was measured for each strain. A first dilution was 

made to dilute each strain to a concentration of 1 OD (1x107). Then four 10-fold serial dilutions 

were made. From these suspensions 5μl were spotted in ordered rows on agar plates and then 

incubated for several days. 

 

1.9.2. Oxygen consumption  

To measure the respiratory activity, strains were pre-grown in YP supplemented with 2% ethanol 

to counter select petite cells. Cells were inoculated at a final concentration of 0.05 OD/ml in YNB 

supplemented with 0.2% glucose and 2% galactose and grown for approximately 16–18 h. The 

oxygen consumption rate was measured on whole cells at 30°C 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), 10 mM glucose. The reaction started by addition of 20 mg 

of wet-weight cells, as described previously (Goffrini et al., 2009: Panizza et al., 2013). Statistical 

analysis was performed through an unpaired two-tailed t-test. Only p values of less than 0.05 were 

considered significant. Oxygen consumption rate was expressed as nmol O2 for minute for mg of 

cells (nmolO2/min mg). 

 

1.9.3. Plasmid shuffling  

Haploid strain that contained pFL38CAB1 plasmid and pFL39 plasmid carrying a mutant allele, and 

in which the chromosomal copy of the CAB1 gene has been disrupted, underwent plasmid 

shuffling on 5-FOA medium to counter-select pFL38CAB1 plasmid. Haploid cells were grown in 

YNBD+DO-Trp solid medium for 24h in order to counter-select pFL38CAB1 plasmid. Then the plate 

was replica-plated on 5-FOA medium and finally on YNBD+DO-Trp. Since 5-FOA is toxic in the 

presence of the genic product of URA3 gene, if the mutated allele on pFL39 plasmid was 

completely functional the pFL38CAB1 plasmid could be lost without preventing growth of the 

strain, which would appear to be 5-FOA resistant. On the other hand, if the mutated allele on 

pFL39 plasmid was completely non-functional the strain would not grow on 5-FOA medium.  
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Haploid strain that contained pFL39CAB1 plasmid and pFL38 plasmid carrying a tagged allele, and 

in which the chromosomal copy of the CAB1 gene has been disrupted, underwent plasmid 

shuffling on YNB+DO+Trp medium to counter-select pFL39CAB1 plasmid. Haploid cells were grown 

in YNBD+DO-Ura liquid medium for 24h. Then 150 cells were plated on YNBD+DO-Ura and finally 

were replicated on YNBD+DO-Ura-Trp. If the tagged allele on pFL38 plasmid were completely 

functional the pFL39CAB1 plasmid could be lost without preventing growth of the strain. On the 

other hand, if the tagged allele on pFL38 plasmid were completely non-functional the strain would 

not grow on YNBD+DO-Ura medium. 

 

1.9.4. Aconitase activity 

(Brown et al., 1998; Patil et al.,2012) 

Cells were pre-grown on YNB medium supplemented with 2% glucose were inoculated in the same 

medium supplemented with 0.2% glucose and 2% galactose until an OD/ml = 1-2 was reached. 

Cell extracts were prepared by resuspending cells in Cell lysis buffer (50 mM Tris Hcl pH8, 50mM 

KCl, 2mM Sodium Citrate, 10% glycerol, 7mM ß-mercaptoethanol and 1mM PMSF) at 

concentration of 1gr of cells in 2.5 ml and subjecting them to mechanical breakage with glass 

beads. Cell debris and unbroken cells were separated by low speed centrifugation (2000 x g for 5 

min at 4°C) The obtained supernatant was further centrifuged at 13000 x g for 10 min, and the 

resulting supernatant was transferred to a new tube. Total protein concentration was determined 

as described in paragraph 1.11.2. 

Aconitase was assayed by the aconitase-isocitrate dehydrogenase coupled assay, in which NADPH 

formation was monitored at A340. Solutions needed:  

- 240µ REACTION MIX ( 1M Tris HCl pH 8, 10mM MgCl2, 10mM NADP+ and 0.32U ICDH) 

- 16µl of 50mM Sodium citrate  

- 48µl whole-cell extract 

- H2O to 0.8ml 

The aconitase activity was recorded on 3 mg/ml whole-cell extract and the specific activity was 

calculated with ε of 6,22 and the following formula (ΔOD*ε/min mg). ). Statistical analysis was 

performed through an unpaired two-tailed t-test. Only p values of less than 0.05 were considered 

significant 
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1.9.5. Measurement of iron content  

The iron content was determined by a colorimetric assay, essentially as described before (Tamarit 

at al., 2006; Almeida et al., 2008). 5X108 cells were washed twice with H2O, resuspended in 0.5 ml 

of 3% nitric acid and incubated over night at 95°C. After incubation, samples were centrifuged at 

12,000 rpm for 5min and the supernatant (400µl) was mixed with 160µl of 38 mg sodium L-

ascorbate ml- 1 (SIGMA), 320 µl of 1.7 mg BPS ml-1 (ACROS ORGANICS), and 126 µl of ammonium 

acetate (SIGMA) (saturated solution diluted 1:3). Non-specific absorbance was measured at 

680nm and subtracted from the specific absorbance of the iron-BPS complex (535nm). Iron was 

quantified by reference to a standard curve using iron sulfate performed as in Tamarit et al, 2006. 

Iron content was expressed as nmol Fe/ 5*108 cells. Statistical analysis was performed through a 

unpaired two-tailed t-test. p value <0.05 *; <0.01** and < 0,001***. 

 

1.9.6. H2O2 sensitivity  

To determine the sensitivity to oxygen peroxide, cells growing exponentially were exposed to 0.8, 

1 and 2 mM H2O2 at 28◦C or 37◦C for 4 h. Cell viability was determined by spotting equal amounts 

of serial dilutions of cells (105, 104, 103, 102, 101) onto YP plates (1% yeast extract, 2% peptone 

ForMedium TM) supplemented with 2% glucose (YPD). Plates were incubated at 28◦C or37◦C for 

two days. To better quantify H2O2 sensitivity cell survival was determined by counting the 

formation of colonies after the treatment. Statistical analysis was performed through a unpaired 

two-tailed t-test. Only p values of less than 0.05 were considered significant 

 

1.9.7. Measurement of ROS content 

The measure of the ROS amount was performed using dichlorofluorescein diacetate (DCFDA) that 

Inside the cells can be oxides by ROS to dichlorofluorescein (DCF) , fluorescent molecule, according 

to the modified version of Marchetti et al., 2006. 1x107 cells grown until stationary phase were 

incubated with DCFDA (20µM) (Sigma-Aldrich®) for 30 minutes at 28°C, washed twice with PBS,  

and resuspended in lysis buffer (20mM Tris HCl pH 7.5, 150mM NaCl, 1mM EDTA, 1% Triton X-100 

and 2.5mM Na4P2O7). The samples were mechanical broken with glass beads for 3-4 times for 30 

sec and the protein precipitated for 10 min. 100µl of supernatant, whole-cell extract was 

measurement by the “Tecan SPECTRAR Fluor Plus” system (excitation at 485 nm and emission at 

535 nm) indicating indirectly an amount of ROS. The fold change in the ROS content of mutant 

strains is calculated by dividing its content by the wild-type content value, which yields the fold 
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change compared with wild type, which now has a value of 1. Statistical analysis was performed 

through a unpaired two-tailed t-test. Only p values of less than 0.05 were considered significant 

 

1.9.8. Lipid peroxidation: determination of malondialdehyde content (MDA) 

(Boominathan et al., 2003; Salehi-Lisar et al., 2015) 

Lipid peroxidation was evaluated by measuring malondialdehyde (MDA) content in whole-cell 

extract. 2x109 cells were washed twice with H2O, homogenized with 0.1% (W/V) trichloroacetic 

acid (TCA, Merck, Germany) and broken with glass beads. After the samples were centrifuged at 

10,000 rpm for 5min, and the supernatant (150µl) was mixed with 0.8 ml of 20% TCA containing 

0.5% of 2-thiobarbituric acid (Merck, Germany) and heated for 30 min in hot water at 95°C. The 

mixtures were immediately transferred to ice bath and then centrifuged at 10,000 g for 15 min. 

Finally, the absorbance of supernatants recorded in 532nm and MDA concentration was calculated 

according to following standard curve prepared by using malondialdehyde (0–250µl).  

 

Fig 1.5 Standar curve prepared using MDA (0-250 µM) 

 

The fold change in the MDA content of mutant strain is calculated by dividing its content by the 

wild-type content value, which yields the fold change compared with wild type, which now has a 

value of 1. Statistical analysis was performed through a unpaired two-tailed t-test. Only p values of 

less than 0.05 were considered significant 
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1.9.9. Lipid droplets content: fluorescence microscopy and fluorimetric analysis  

Intracellular lipid droplets were detected using the fluorescent lipophilic dye Nile Red (9-

diethylamino-5H-benzo[α]phenoxazine-5-one 3 SIGMA-ALDRICH) by fluorescence microscopy and 

fluorimetric analysis (Greenspan et al., 1985; Kimura et al., 2004; Sitepu et al., 2012). Wild type 

and cab5∆/COASYR499C strains were grown to mid-log phase in mineral medium (40) containing 

Yeast Extract (1,5 g/L). To 250μl of the cultures, adjusted to 1OD, 10μl of the stock solution of Nile 

red [100μg/ml] were added in order to obtain a final concentration of 4 µg/ml of dye. 

Fluorescence of the stained cells were obtained with a Leica DM2000 microscope using X100 

magnification and captured using a Leica DFC310FX digital camera with Leica’s Imaging Software 

(Leica Application Suite-LASAF 3.7.0, Leica Microsystem). 

To quantify the fluorescence we used the fluorescence spectrometer Tecan SPECTRA Fluor Plus 

using the software XFLUOR4 V4.51 (excitation at 535 nm and emission at 595 nm). Aliquots of 100 

μl of cells stained with Nile red were transferred into 96-well microplates in 4 replicates. For each 

strain a negative control was performed in which the dye was omitted in order to exclude a 

possible auto fluorescence of samples. The evaluation of the fluorescence was repeated at 5-

minute intervals in a time interval of 20 minutes. Statistical analysis was performed through a 

unpaired two-tailed t-test. Only p values of less than 0.05 were considered significant 

 

1.10. Mutational rate analysis: petite frequency determination  

mtDNA stability was evaluated by the frequency of spontaneous cytoplasmic petite. They grow as 

small colonies on medium supplemented with respiratory carbon sources such as ethanol and 

glycerol. The protocol is the following:  

1. The pre-existing petite were counter-selected on YNB+DO-Trp medium supplemented with 2% 

ethanol.  

2. Replicate the YNB+DO-Trp 2% ethanol plates on selectable medium supplemented with 2% 

glucose. The strains were grown for 24h at 28°C. 

3. Replicate on a new plate of the same medium and incubate again for 24h. 

4. Resuspend a part of cells in H2O and evaluate the cellular concentration. 

5. Plate about 250 cells on YNB+DO-Trp medium supplemented with 0.3% glucose and 2% ethanol. 

Incubate at 28°C for 5-6 days and count the cells. 

0.4% glucose is added in order to allow the growth of petite mutants which are respiratory 

deficient and are unable to use ethanol like the “wild-type” cells. When glucose is exhausted the 
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wild-type cells uses ethanol to grow, while the petite mutants arrest their growth. Indeed the 

petite mutants will form small colonies unlike the big colonies formed by wild-type cells. 

 

1.11. Analysis in mitochondria  

1.11.1 Preparation of yeast mitochondria with intact outer membrane  

(Glick et al., 1995)  

Cells were pre-grown on YNB medium supplemented with 2% glucose were inoculated in the same 

medium supplemented with 0.6% glucose until an OD/ml = 4-5 was reached. 

The following protocol was used: 

1. Harvest cells at 2000-3500 rpm for 7 minutes and wash once with sorbitol 1.2M  

2. Resuspend washed cells in digestion buffer at concentration of 1gr of cells in 3ml  

Digestion Buffer: 30ml 2M sorbitol  

3ml 1M phosphate buffer, pH 7.5  

0.1ml 0.5M EDTA pH 8  

0.5ml ß-mercaptoethanol  

50mg of zymolyase 20000  

16ml of water (Vf=50ml)  

Incubate at 30˚C or 37˚C depending on the used growth conditions until most of the cells have 

been converted to spheroplasts.  

3. Add cold Buffer A and immediately centrifuge 4000rpm for 10 minutes. Wash two additional 

times with Buffer A  

Buffer A: 1.2M deionized sorbitol (BioRad® AG501-X8 resin)  

20mM KPO4 pH 7.5  

4. Suspend washed spheroplasts in 0.6M sorbitol, 20mM KMES pH 6, 0.5mM PMSF at 

concentration of 1gr/3ml. Homogenize with and glass/Teflon pestle and overhead stirrer 

(Wheaton Science Products)  

5. Centrifuge 3000rpm for 5 minutes to pellet debries. Collect the supernatant and centrifuge 

12000rpm for 10 minutes to sediment mitochondria. The supernatant is the post mitochondrial 

fraction (PMS) and represent the cytosolic component  
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6. Suspend mitochondria briefly with plastic sticks in 0.6M sorbitol, 20mM KMES pH 6 (1ml/g of 

starting cells wet weight) in eppendorf tubes. Centrifuge at 3000rpm for 5 minutes to pellet 

broken mitochondria  

7. Collect supernatant and centrifuge at 12000rpm for 10 minutes. Suspend mitochondrial pellet in 

0.6M sorbitol, 20mM KMES (100 μl/g of starting cells wet weight) and dilute with 20ml of 0.6M 

sorbitol, 20mM HEPES pH 7.4 (1ml/g of starting cells wet weight). Centrifuge 12000rpm for 10 

minutes.  

8. Suspend mitochondrial pellet in 0.6M sorbitol, 20mM HEPES accordingly to the pellet 

dimension. Mitochondria can be stored at -80˚C.  

 

1.11.2. Quantification of proteins with Bradford method  

Protein concentration was determined with Bradford method (Bradford, 1976). The “BioRad 

Protein Assay” commercial kit was utilized according to the manufacturer’s instructions. 

 

1.11.3. Mitochondrial Protein Localization and membrane association  

(Glick et al., 1995; Diekert et al., 2001; Trott and Morano et al., 2004) 

200μg of mitochondria with intact outer membrane were kept in 20mM HEPES pH 7.4, 0,6M 

sorbitol in the presence or absence of proteinase K (1mg/ml) for 60 minutes on ice. 0,1M PMSF 

(phenylmethylsulfonyl fluoride) was added to stop the reaction. The protein pellets were washed 

once with 20mM HEPES pH 7.4 plus 0,6M sorbitol, and suspended in SDS-PAGE sample buffer.  

A modified version of the membrane association experiments of Trott and Morano was utilized to 

determine the resistance of Cab5p  to sodium carbonate (pH 11.5) treatment. Equal amounts (150 

μg) of the mitochondrial fraction was resuspended in TEGN (20 mM Tris-HCl pH 7.9, 0.5mM EDTA, 

10% glycerol, 50mM NaCl) or TEGN and with 0.1 M NaCO3 for 30 min on ice. The samples were 

subsequently centrifuged at 17,000 x g at 4°C to obtain soluble and membrane fractions.  

 

1.11.4. Protein separation with SDS-page  

Protein separation with SDS-page was performed with classical Laemmli system (Laemmli 1970). 

Separating gels were prepared at 12% polyacrylamide, stacking gels at 6%. 
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SOLUTION  Separating gel 12%  

For two gels 

Stacking gel 6%  

For two gels 

Tris HCL 1M pH 8.8  1.876 ml  -  

Tris HCL 1M pH 6.8  -  0.751 ml  

Polyacrylamide-bis 

(37.5-1)  

4.5 ml  900 μl  

SDS 20%  150 μl  60 μl  

APS 10%  50 μl  30 μl  

TEMED  12.5 μl  9 μl  

H2O  8.4 ml  4.26 ml  

 

Running Buffer 5X for 1 liter: 15 g Tris-Base, 72 g glycine, H2O to final volume. Diluite to 1X and add 

0.5% SDS 20%. Running was performed for 1h 30’-2h at 100-120 Volts.  

 

1.11.5. Western Blotting and Ig-detection  

Separated proteins were transferred to nitrocellulose membranes by electro-blot for 1hr 40’ at 

2.5-3mA/cm2 in PerfectBlue™ Semi-Dry ElectroBlotter (PeqLab). Transfer buffer (200mM glycine, 

25 mM Tris, 20% methanol) was used.  

After semi-dry blotting membranes were blocked 1hr at RT with 5% non-fat dry milk prepared in 

washing buffer (TBS 1%, tween 0.1%) and then incubated o/n with appropriate primary antibody 

(mono or polyclonal, 5% non-fat dry milk prepared in washing buffer) at 4°C.  

Blocked membranes were washed 3 times 10 min with washing buffer prior incubation with 

suitable secondary antibodies (Anti-mouse, anti-Rabbit and Anti-Rat), conjugated with horseradish 

peroxidase (1:5000 in 5% milk). 

 

Primary antibodies Secondary antibodies 

α-HA 1:1000 (Roche) α-rat 1:2500 (Millipore) 

α-porin 1:5000 (Abcam Mitoscience) α-mouse 1:7500 (Millipore) 

α-PGK1 1:10000 (Abcam Mitoscience) α-mouse 1:5000 (Millipore) 

α-CoxII 1:5000 (Abcam Mitoscience) α-mouse 1:5000 (Millipore) 

α-CoxIV 1:8000 (Abcam Mitoscience) α-mouse 1:5000 (Millipore)  
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α-Core1 1:500 (a kind gift from Prof. A. Barrientos)  α-rabbit 1:5000 (Millipore)  

α-Rip1 1:500 (a kind gift from Prof. A. Tzagoloff)  α-rabbit 1:5000 (Millipore) 

 

After 2hr incubation membranes were washed as above and developed with ClarityTM Western 

ECL Substrate (BIO-RAD) commercial kit. 

 

1.11.6. Preparation of a mitochondrial enriched fraction  

(Soto et al., 2009)  

Cells were pre-grown on YNB medium supplemented with 2% glucose were inoculated in the same 

medium supplemented with 0.2% glucose and 2% galactose until an OD/ml = 1.5-2 was reached. 

Galactose was chosen as carbon source since it does not inhibit mitochondrial function and 

minimizes the presence of petite cells (galactose does not allow the growth on YNB medium of 

petite cells, whose frequency was lower than 3%).  

The following protocol was used:  

1. Harvest 20-40 ml of cells at about 2 OD  

2. Spin at 4000-5000 rpm for 5 min  

3. Resuspend pellet in 25 ml of H20 and spin at 4000-5000 rpm for 3 min  

4. Resuspend pellet in 1 ml of H20 and transfer cells to eppendorf tubes. Centrifuge at 7000 rpm 

for 30 sec and get rid of the supernatant.  

5. Resuspend pellet in 400 μl of sorbitol 0.6M and DTT 5mM and store at RT for 10 min  

6. Centrifuge at 7000 rpm for 30 sec and get rid of the supernatant  

7. Resuspend pellet in 400 μl of sorbitol 1.2M and Tris-HCl 10mM pH 7.5 and zymolyase 5mg/ml 

8. Incubate at RT for 10-40 min until 80-90% of the cells have been converted to spheroplasts 

9. Work on ice. Centrifuge at 5400 g for 8 min at 4°C and get rid of the supernatant 

10. Wash pellet twice with 1 ml of STE solution (sorbitol 0.6M, Tris-HCl 20mM pH 7.5, EDTA 1mM). 

Centrifuge at 5400 g for 5 min at 4°C. 

11. Suspend pellet in 100-200 μl STE solution accordingly to the pellet 

12. Freeze at -80°C and defrost at RT three times ( 10 min freeze + 10 min defrost) 

13. Determine protein concentration as described in paragraph 1.11.2  
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1.11.7. Succinate Dehydrogenase (SQDR) activity  

This assay measures the rate of reduction of an artificial electron acceptor as 

dichlorophenolindophenol (DCPIP) by complex II as modified by Kim and Beattie, 1973. 

Mitochondria were prepared as described in section 1.11.6.  

Solutions needed:  

- 10 mM K-phosphate pH 7.8 + EDTA 2mM  

- 80mM KCN  

- 10mM succinate pH 7.4  

- 20mM DCPIP  

- 100mM NaN3 

- 50mM ATP  

- 1% Na-DOC  

- 20mM dUQ2  

The SDH activity was recorded at 600nm on 4 mg/ml mitochondrial aliquots. Specific activity: 

SQDR activity was calculated with ε of 22 and the following formula (ΔOD*ε/min mg).  

 

1.11.8. Cytochrome c oxidase (COX) activity  

This assay measures the rate of cytochrome c oxidation by complex IV in yeast as described by 

Wharton and Tzagaloff, 1967. Mitochondria were prepared as described in section 1.11.6.  

Solutions needed:  

- 20mM K-phosphate pH 7.5  

- 1% cytochrome c in 20mM K-phosphate pH 7.5  

- 1% Na-DOC  

- KFeCN3  

COX activity was recorded at 550 nm on 2 mg/ml mitochondrial aliquots. Specific Activity: COX 

activity was calculated with ε of 18.5 and the following formula [2.3log (A1/A2)/ 

(ε*min*mg)]*ΔOD. 

 

1.11.9. NADH Cytochrome c Reductase (NCCR) activity  

This assay measures the combined activity of NADH dehydrogenase and complex III in yeast. 

Electron flux is from NADH-DH to complex III via ubiquinol to the final acceptor cytochrome c. 

Mitochondria were prepared as described in section 1.11.6.  
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Solution needed:  

- 10mM K-phosphate pH 7.5  

- 80mM KCN  

- 1% cytochrome c (bovine or horse heart, in K-phosphate pH 7.5 buffer)  

- 0.1M NADH in K-phosphate pH 7.5 

- 1% Na-DOC  

NCCR activity is registered at 550nm on 2mg/ml mitochondrial aliquots. Specific activity is calculated 

with cytochrome c ε of 18.5 and the following formula (ΔOD*ε/min mg). 

 

For all these respiratory complex activity statistical analysis was performed through a unpaired two-tailed 

t-test. Only p values of less than 0.05 were considered significant 

 

1.12. High throughput screening: Drug drop test  

(Couplan et al., 2011)  

Cells were inoculated in YP medium + 2% ethanol and incubated at 28°C in constant shaking. 

12x12 plates were filled with 90 ml of YP solid medium supplemented with 2% ethanol and 0.5X 

streptomycin. After 2 days of growth 4x105 (cab1IG351S) cells are seeded onto the plates. After the 

seed, filters of 6 mm of diameter were put on the agar surface and spotted with the compound to 

test varying the quantity both of the filters and the molecule depending on primary or secondary 

screening. As positive control a central spot by of cab1Δ/pFL39CAB1 was used while DMSO was 

used as negative control. Plates were incubated at 37°C for 7 days and the growth of the mutant 

strain was monitored. For the screening on the mutant strain cab1IN290I we used the screening 

conditions previously described for cab1IG351S (number of cells, temperature and carbon sources). 
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Fig 1.6 Schematic representation of Drug drop test. From Couplan et al., 2011. 
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Research Article 

ABSTRACT  Mutations in nuclear genes associated with defective coenzyme A 

biosynthesis have been identified as responsible for some forms of neuro-

degeneration with brain iron accumulation (NBIA), namely PKAN and CoPAN. 

PKAN are defined by mutations in PANK2, encoding the pantothenate kinase 

2 enzyme, that account for about 50% of cases of NBIA, whereas mutations in 

CoA synthase COASY have been recently reported as the second inborn error 

of CoA synthesis leading to CoPAN. As reported previously, yeast cells ex-

pressing the pathogenic mutation exhibited a temperature-sensitive growth 

defect in the absence of pantothenate and a reduced CoA content. Additional 

characterization revealed decreased oxygen consumption, reduced activities 

of mitochondrial respiratory complexes, higher iron content, increased sensi-

tivity to oxidative stress and reduced amount of lipid droplets, thus partially 

recapitulating the phenotypes found in patients and establishing yeast as a 

potential model to clarify the pathogenesis underlying PKAN and CoPAN dis-

eases. 
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INTRODUCTION 

In all living cells Coenzyme A (CoA) is the major carrier of 

acetyl and acyl groups playing a central role in basic cellu-

lar functions such as lipids metabolism, Krebs cycle and 

aminoacid biosynthesis. CoA biosynthesis proceeds 

through a highly conserved pathway, involving five enzy-

matic steps: pantothenic acid (vitamin B5) phosphorylation, 

cysteine conjugation, decarboxylation, conjugation to an 

adenosyl group and phosphorylation.  

Whereas in mammals the last two steps are catalyzed 

by Coenzyme A synthase (COASY), a mitochondrial bifunc-

tional enzyme possessing both 4’-phospho-pantetheine 

adenylyltransferase (PPAT) and dephospho-CoA kinase 

(DPCK) activities [1, 2], in other organisms, such as yeast, 

PPAT and DPCK activities reside in two different enzymes, 

Cab4 and Cab5, the products of the essential genes CAB4 

and CAB5 [3] whose compartmentalization is not well un-

derstood. 

Recently, it has been reported that dysfunctions of CoA 

biosynthetic pathway may play a role in the pathogenesis 

of neurodegeneration with brain iron accumulation (NBIA), 

a wide spectrum of clinically and genetically heterogene-

ous diseases characterized by progressive neurodegenera-

tion and high iron content in specific brain region [4, 5, 6].  

This concept is supported by the fact that mutations in 

PANK2, encoding the first enzyme in the CoA synthesis, 

approximately account for 50% of NBIA cases, classified as 

PKAN (Pantothenate Kinase Associated Neurodegenera-

tion) [7, 8]. Moreover COASY gene has been identified as a 

novel NBIA-associated gene and these NBIA cases have 

been termed CoPAN (COASY Protein-Associated Neuro-

degeneration)[9]. 
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Neurodegenerative diseases are often characterized by 

mitochondrial dysfunctions, altered lipid metabolism and 

iron accumulation [10, 11, 12] and several evidences link-

ing PKAN and CoPAN to these metabolic alterations have 

been reported [8, 13, 14, 15, 16]. 

The development of cellular and animal models is cru-

cial for advancing our understanding of the pathophysiolo-

gy of these diseases. In the last decade, the yeast Saccha-

romyces cerevisiae has been used as in vivo model system 

to gain insights into the molecular basis of mitochondrial 

pathologies and neurodegenerative disorders [17, 18]. 

Despite their simplicity, yeast cells possess most of the 

basic cellular machinery including pathways required for 

energy metabolism and protein homeostasis. Moreover, 

many of the genes and biological systems that function in 

yeast iron homeostasis are conserved throughout eukary-

otes [19]. 

To investigate if defective CoA metabolism could un-

derlie a more general disequilibrium of lipid metabolism 

and mitochondrial dysfunctions and its relationship with 

brain iron accumulation, we have performed phenotypic 

and biochemical investigation in a recently developed 

yeast model expressing the pathogenic missense mutation 

COASY
R499C

 found in NBIA patients [9].  

The results obtained in this study showed that yeast 

mutant defective in CoA biosynthesis recapitulates the 

most important phenotypes found in patients and validat-

ed this system to model CoPAN in order to help elucidating 

important cellular and biochemical aspects of mitochon-

drial, lipid and iron homeostasis underpinning this disease.  

 

RESULTS 

Cellular localization of yeast Cab5 protein 

Proteomics studies [20] and in silico analysis using the 

PSORT and MITOPROT programs [21, 22], which allows the 

prediction of protein localization, suggest for Cab5 a mito-

chondrial localization. Moreover human CoA synthase is a 

mitochondrial enzyme and the human gene is able to com-

plement the cab5Δ mutation. To confirm experimentally 

the mitochondrial localization of Cab5p, a carboxyl-

terminal fusion of HA epitope to Cab5 was constructed. 

The cab5Δ lethal phenotype was rescued by the re-

expression of the tagged wild type allele, indicating that 

the addition of HA did not disrupt targeting and function of 

the Cab5 protein. Equivalent amounts of mitochondrial 

pellet (M) and supernatant (PMS) fractions from cells ex-

pressing HA tagged Cab5 (Cab5-HA) were subjected to SDS-

PAGE and Western blotting to identify the indicated pro-

tein. The great majority of Cab5-HA co-fractionated with 

the mitochondrial membrane protein porin, while only a 

small amount remained in the supernatant with the solu-

ble cytoplasmic protein phosphoglycerate kinase (PGK), 

indicating that Cab5 behaves as a mitochondrial associated 

protein (Fig. 1A). We further investigated the mitochondri-

al localization of Cab5p by performing a protease protec-

tion assay of intact mitochondria. Cab5-HA exhibited a 

significant increase in proteinase K sensitivity treatment in 

respect to both porin, which is only partially exposed on 

the surface, and to the inner membrane protein Core1 (Fig. 

1B). The mitochondria were then treated with 0.1 M 

Na2CO3, pH 11, and supernatant and pellet fractions were 

generated by centrifugation. As depicted in Fig. 1C the 

amount of Cab5 associated with mitochondria was signifi-

cantly reduced but the amount of porin was not altered. 

Taken together these results suggest that Cab5 is an extrin-

sic outer membrane protein. 

 

Characterization of mitochondrial functions 

We have previously demonstrated by HPLC analysis that in 

the strain expressing the human COASY
R499C 

or
 
the yeast 

cab5
R146C 

mutant versions the level of CoA in mitochondria 

was reduced by 40% compared to wild-type [9]. Given that 

defective CoA biosynthesis could lead to a variety of meta-

bolic defects we looked for evidence of mitochondrial dys-

function. 

In order to reveal a possible respiratory growth defect, 

serial dilutions of the strains were spotted on mineral me-

dium without pantothenate supplemented with either 

ethanol or glycerol, at 28°C. As shown in Fig. 2A the 

OXPHOS growth of the cab5Δ/COASY
R499C 

mutant was par-

tially affected compared to COASY wild type expressing 

strain. To confirm the growth delay we determined the cell  

 

 

FIGURE 1: Localization of Cab5p. (A) Equal amounts (20 mg) of 

the mitochondrial fraction (M) and post mitochondrial fraction 

(PMS) were resolved by SDS-PAGE and analyzed by immunoblot-

ting with HA, PGK1 (cytosolic marker), PORIN (mitochondrial 

outer membrane marker) antibodies. (B) Mitochondria were 

treated for 60 min at 4°C with proteinase K (prot K) (1 mg/ml). 

The filter was incubated with anti-HA, anti-CORE1, and anti-

PORIN antibodies. Core1 was used as an inner membrane protein 

control. (C) 150 µg of mitochondrial proteins were treated with 

TEGN buffer or TEGN and 0.1M NaCO3. The insoluble pellet (P) 

and supernatant (S) fractions were resolved by SDS-PAGE and 

analyzed by immunoblotting with HA and PORIN antibodies. 
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FIGURE 2: Characterization of mitochondrial functions. (A) Oxidative growth phenotype. The strain W303-1B cab5Δ was transformed with a 

pYEX-BX plasmid carrying the wild-type COASY or the mutant allele COASY
R499C

. Equal amounts of serial dilutions of cells from exponentially 

grown cultures (10
5
,
 
10

4
, 10

3
, 10

2
, 10

1
) were spotted onto mineral medium (40) plus 2% glucose, 2% ethanol or 2% glycerol without panto-

thenate. The growth was scored after 5 days of incubation at 28°C. (B) Cell yield. Cell yield was calculated by growing cells on liquid medium 

containing ethanol or glycerol and measuring the optical density at 600 nm after 48h of growth (COASY black columns and COASY
R499C

 grey 

columns). Values are mean of three independent experiments. * P < 0.05; **P < 0.01 (unpaired two-tailed t-test). (C) Oxygen consumption 

rates. Respiration was measured in cells grown in mineral medium (40) plus 0.2% glucose and 2% galactose without pantothenate at 28°C. 

The values observed for the COASY mutant strain are reported as percentage of the respiration obtained in cells expressing the wild-type 

COASY gene. (D) NADH-cytochrome c oxidoreductase (NCCR) and cytochrome c oxidase (COX) activities were measured in mitochondria 

extracted from cells grown exponentially at 28°C in mineral medium (40) plus 0.2% glucose and 2% galactose without pantothenate. The 

values of the COASY mutant are expressed as percentage of the activities obtained in the wild type strain. (E) Steady state level of cIII and cIV 

subunits in cells carrying the wild-type COASY and the mutant allele. The filter was incubated with specific antibodies against Core1, Rip1, 

CoxII, CoxIV and Porin. The signals were normalized according to the control signal (porin) and taken as 1.00 the signal of the cab5∆/COASY 

(wild-type) strain. 
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yield for each yeast strain grown on ethanol or glycerol. 

We observed that the OXPHOS growth of the mutant strain 

was 20% lower as compared to wild type (Fig. 2B). 

To further analyze the respiratory deficiency, oxygen 

consumption and activity of respiratory complexes were 

measured. Accordingly to the OXPHOS growth phenotype 

the oxygen consumption rate of the cab5Δ/COASY
R499C 

was 

25% less than that of cab5Δ/COASY (Fig. 2C). Likewise, the 

NADH-cytochrome c oxidoreductase (NCCR) and cyto-

chrome c oxidase (COX) activities were reduced in the mu-

tant strain respectively to 26% and 42% as compared to 

wild type (Fig. 2D). Accordingly, the steady state levels of 

complex III and IV subunits are decreased (Fig. 2E). Alto-

gether these results indicate a mitochondrial dysfunction 

associated to the reduced CoA level. 

 

 

Mutation in CoA synthase determines an increase of iron 

content and increased sensitivity to oxidative stress 

NBIA disorders, PKAN and CoPAN included, are character-

ized by iron deposition in the brain but the mechanisms 

leading to iron overload and its pathophysiological role 

remain unclear. Since in yeast excessive iron accumulation 

in the mitochondria led to an increased sensitivity to this 

ion [23, 24], we first evaluated the inhibition of cellular 

growth in the COASY
R499C

 mutant strain by the addition of 

FeSO4 to the medium.  

As depicted in Fig. 3A, the mutant strain showed a clear 

growth defect when compared to wild type strain, indirect-

ly indicating a higher iron content.  

We then performed a quantitative determination of 

cellular iron level by a colorimetric assay that relies on the 

formation of colored iron complexes with BPS after nitric 

acid digestion of yeast cells and gives results comparable 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 3:  Measurement  of iron content. (A) Iron sensitivity. 

Equal amounts of serial dilutions of cells from exponentially 

grown cultures (10
5
,
 
10

4
, 10

3
, 10

2
, 10

1
) were spotted onto 40 

medium without pantothenate supplemented with 5 mM and 7 

mM FeS04. The growth was scored after 5 days of incubation at 

28°C. (B) Iron level.
 
Cellular iron levels was quantified in cells 

grown up to early stationary phase in YNB glucose (0,6%) medi-

um. **P < 0.01 (unpaired two-tailed t-test). (C) PMS/DCPIP 

(phenazyne methosulfate/dichlorophenolindophenol) reduc-

tase and decylubiquinone reductase activities were measured 

in mitochondria extracted from cells grown exponentially at 

28°C in mineral medium (40) plus 0.2% glucose and 2% galac-

tose without pantothenate. The values of the COASY mutant 

are expressed as percentage of the activities obtained in the 

wild type strain. 
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with those with ICP-mass spectrometry [25, 26]. The re-

sults obtained showed a two-fold increase in iron content 

in the COASY
R499C

 mutant respect to the parental strain (Fig. 

3B). 

We then investigated whether the biosynthesis of the 

Fe-S cluster, a marker of mitochondrial functionality linked 

to iron metabolism, was affected by COASY deficiency. We 

determined the activity of succinate dehydrogenase (SDH), 

a mitochondrial Fe-S cluster enzyme. As shown in Fig. 3C, 

SDH activity was decreased by about 50%, in the mutant as 

compared to wild-type strain. 

It is known that an excess of iron causes an altered oxi-

dative status [24, 27, 28], another key feature of disease 

associated to CoA deficiency [14, 29, 30], which may be 

reflected in hypersensitivity to oxidative stress-induced cell 

death. To test this hypothesis COASY
R499C

 mutant and con-

trol strain were exposed to H2O2 and cell viability was de-

termined by both spot assay analysis (Fig. 4A) and by 

counting the formation of colonies (Fig 4B). At the highest 

H2O2 concentration tested (2 mM) wild type cells showed a 

viability of 10%, while mutant cells showed a viability of 2% 

(Fig. 4B) demonstrating that a COASY defect leads to oxida-

tive stress susceptibility. 

 

Evaluation of lipid droplets content 

Acetyl-CoA is necessary for the production of neutral lipids, 

which serve as power reserve for the cell and are stored in 

lipid droplets. Since CoA is involved in the biosynthesis of 

fatty acids and having demonstrated that the mutant 

cab5Δ/COASY
R499C

 shows a 40% reduction of coenzyme A, 

the content of intracellular lipid droplets in the mutant 

compared to the wild type was evaluated by fluorescence 

microscopy and fluorimetric analysis after incubation of 

the cells with the fluorescent lipophilic dye Nile Red [31]. 

As shown in Fig. 5A the content of lipid droplets is de-

creased in the mutant expressing the COASY
R499C

. In order 

to better quantify this reduction, the fluorescence of cells 

stained with Nile Red was measured using a fluorescence 

spectrometer. The measures, performed in triplicate, high-

lighted a reduction of lipid droplets of 25% in mutant strain 

compared to wild-type (Fig. 5B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4:  Sensitivity to H2O2. The cells carrying the wild-

type COASY or mutant allele were grown up to exponential 

phase and incubated for 4h at 28°C or 37°C with the addition 

of 1 mM and 2 mM H2O2.
  

(A) After the treatment, equal 

amounts of serial dilutions of cells (10
5
,
 
10

4
, 10

3
, 10

2
, 10

1
) 

were spotted onto YP media plus 2% glucose. The growth 

was scored after 2 days of incubation at 28°C or 37°C. (B) Vi-

ability of wild-type and mutant strains was measured by 

C.F.U counting after exposure of cell to 2 mM H2O2 for 

4h.**P < 0.01 (unpaired two-tailed t-test).  
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DISCUSSION 

In all living organisms Coenzyme A (CoA) is an essential 

cofactor in cellular metabolism. CoA biosynthesis follows a 

highly conserved pathway, involving five enzymatic steps, 

which utilize pantothenate (vitamin B5), ATP, and cysteine. 

Mutations in nuclear genes directly involved in CoA biosyn-

thetic pathway have been identified as responsible for 

some forms of NBIA, namely PKAN and CoPAN. PKAN is 

caused by mutations in PANK2, encoding the pantothenate 

kinase 2 enzyme, that account for about 50% of NBIA cases, 

whereas mutations in CoA synthase COASY have been re-

cently reported as the second inborn error of CoA synthe-

sis leading to CoPAN [9]. In PKAN and CoPAN brain iron 

accumulation is dramatic but its link with defective CoA 

synthesis is unknown. 

Moreover, many neurodegenerative diseases, PKAN 

and CoPAN included, are characterized by mitochondrial 

dysfunctions, oxidative stress, altered lipid metabolism but 

again the complex relationships linking these factors in the 

context of disease conditions remain to be elucidated.  

Previous attempts to understand the mechanism of 

PKAN using animal models have met with limited success. 

A mouse model of PKAN exhibits azoospermia but lacks 

any neurological phenotype [32]. A Drosophila model of 

PKAN does have a brain phenotype, but this involves the 

formation of vacuoles, not iron accumulation [33]. The 

identification and generation of other cellular model may 

allow a deeper characterization of COASY and PANK2 dis-

ease gene products, and the investigation of their patho-

physiology in vivo. With this aim we developed and charac-

terized a yeast model for CoPAN disease. 

Although in yeast, differently from mammalian cells, 

the last two steps of CoA biosynthesis are catalyzed by two 

separate enzymes, namely the products of the essential 

genes CAB4 and CAB5, we have demonstrated that the 

lethality associated to deletion in CAB5 could be comple-

mented by human COASY. This allowed us to study the 

human Arg499Cys substitution in yeast and to support the 

pathogenic role of this mutation associated to a reduced 

level of CoA [9]. 

The evaluation of the metabolic consequences of coen-

zyme A deficiency in yeast revealed mitochondrial dysfunc-

tions; OXPHOS growth was affected and respiration rate 

significantly decreased. Accordingly, the activity of respira-

tory chain complexes and steady state levels of mitochon-

drial respiratory chain subunits were reduced. We also 

demonstrated that the growth of the mutant strain is not 

only strongly inhibited in the presence of iron but that the 

mutant strain showed iron accumulation. This result is con-

sistent with the patient phenotype, with iron overload be-

ing a typical sign of PKAN and CoPAN. We have also found 

that cab5Δ/COASY
R499C

 mutant was more sensitive to the 

ROS-inducing agent H2O2 indicating an increased oxidative 

stress that may contribute to the pathogenesis of these 

diseases. Accordingly, the activity of SDH, a marker of mi-

tochondrial functionality linked to iron metabolism, was 

reduced in the COASY mutant.  

Since Acetyl-CoA, one of the most important deriva-

tives of CoA, is also required for the synthesis of fatty acids, 

we investigated the impact of reduced CoA level by meas-

 
 

FIGURE 5: Evaluation of lipid droplets content. The intracellular lipid droplets content has been detected by fluorescence microscopy (A) 

and fluorimetric analysis (B) after incubation of wild type and mutant cells with the fluorescent lipophilic dye Nile Red (4 μg/ml). The values 

corresponding to mutant COASY are expressed as percentage of the content obtained in the wild type strain. 
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uring the lipid droplets content in mutant cells by fluori-

metric analysis of Nile Red stained cells. Interestingly 

enough, lipid droplets content was 25% lower in mutant 

strain as compared to wild-type. The same altered lipid 

metabolism was also observed in mutant strain for phos-

phopantothenoylcysteine synthetase (PPCS), another es-

sential enzyme in CoA biosynthetic pathway [34]. These 

results are in agreement with the hypothesis that low CoA 

perturbs lipid homeostasis; lipid deregulation was also 

observed in Drosophila CoA mutants and from global met-

abolic profiling studies in patient-derived fibroblasts [8, 35]. 

The transcriptional analysis of key genes involved in lipid 

metabolism would help in elucidating the role of lipid me-

tabolism in the pathology. 

Altogether these results established yeast as an appro-

priate model to study the molecular mechanisms involved 

in CoA metabolism, and to understand the connection be-

tween iron management, mitochondrial function and lipid 

metabolism in neurodegeneration. 

Several pathological phenotypes have been identified 

in the mutant COASY yeast strain thus representing ideal 

readouts for high throughput screening of chemical librar-

ies as described by Couplan et al. [36]. This could allow the 

identification of new molecules, the first step to set up 

future therapeutic experimental approaches. 

 

MATERIALS AND METHODS 

Yeast strains, media and vectors  

Yeast strains used in this study were W303-1B cab5Δ (MATα; 

cab5::KanMx4 ade2-1 leu2-3,112 ura3-1 his3-22,15 trp1-1 

can1-100) carrying pYEX-BX-COASY or pYEX-BX COASY
R499C

 

plasmid [9]. For localization studies we used the strain BY4741 

(MATa; his3∆1 leu2∆0 met15∆0 ura3∆0) transformed with 

pFL38-Cab5-HA plasmid.  

Cells were cultured in mineral medium (40) supplemented 

with appropriate amino acids and bases for auxotrophy as 

previously described [37]. To obtain medium lacking panto-

thenate (40-Pan) a mixture of vitamins without pantothenate 

was prepared. Yeast cells were transformed by the standard 

lithium acetate method [38] and cultured in YNB synthetic 

defined media (For-MediumTM, UK) supplemented with 1 g/l 

of drop-out powder [39] containing all amino acids and bases, 

except those required for plasmid selection. Various carbon 

sources (Carlo Erba Reagents, Italy) were added at the indicat-

ed concentration. Media were solidified with 20 g/l agar (For-

Medium™). Strains were incubated at 28 or 37°C as indicated. 

Plasmid pFL38-Cab5-HA was obtained by PCR overlap 

technique [40]. In the first set of PCR reactions, the CAB5 re-

gion was obtained using the forward primer CAB5Fw-

GGGGGGATCCCCATTGCTTAGAATGGGCGG and the following 

reverse tag primer CAB5HARv ATCAACCTTATACAGCGTAATCT-

GGAACATCGTATGGGTACGCTGAAGACTTTTTATTTTG where 

hemagglutinin (HA) tag sequence is indicated in bold. The 

second CAB5 region was obtained using the forward tag pri-

mers CAB5HATERFw complementary to CAB5HARv , and the 

reverse primer CAB5Rv-CCGCGGTACCGAGAACCCATAGAATT-

CGAC. The final product was obtained using the overlapping 

PCR fragments as template with CAB5Fw and CAB5Rv as ex-

ternal primers. The product was then digested with BamHI 

and KpnI and cloned in BamHI/KpnI digested pFL38 centro-

meric plasmid [41].  

 

Respiration measurement, biochemical assays and immunob-

lot analysis of respiratory chain subunits. 

Respiratory activity measurement was performed on whole 

cells at 30°C 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). 

The reaction started by addition of 20 mg of wet-weight cells 

[42].  

Complex II (SDH), NADH-cytochrome c oxidoreductase 

(NCCR) and complex IV specific activities were measured spec-

trophotometrically as previously described [42, 43, 44, 45] on 

a mitochondrial enriched fraction prepared according to Soto 

et al. [46]. Protein concentration was determined by the 

method of Bradford using the BioRad protein assay following 

manufacturer’s instructions [47]. For SDS-PAGE, 20 μg of mi-

tochondrial proteins were separated on 12% polyacrylamide 

gels and electroblotted onto a nitrocellulose membrane. The 

subunits of mitochondrial respiratory complexes were im-

munovisualized by specific antibodies. The sources of primary 

antibodies are indicated: anti-Core1 (a kind gift from Prof. 

Antoni Barrientos), anti-Rip1 (a kind gift from Prof. Alexander 

Tzagoloff), anti CoxIIp (Abcam Mitoscience), anti-CoxIV 

(Abcam Mitoscience) and anti-Porin (Abcam Mitoscience). 

Quantification of protein bands was performed using Multi 

Analyst software. The signals were normalized according to 

the control signal (α-Porin) and the signal of the cab5∆/COASY 

(wild-type) strain was set as 1.00. 

 

Intact mitochondria isolation, subcellular localization exper-

iments and membrane association 

Intact mitochondria were isolated from BY4741 strain trans-

formed with a plasmid expressing Cab5-HA under the native 

CAB5 promoter after cell wall removal by Zymoliase20T diges-

tion (Nacalai Tesque) and cell disruption with a glass-teflon 

potter homogenizer [48]. Whole cell extract was centrifuged 

at 12,000 g for 30 min to yield the mitochondrial pellet (M) 

and post-mitochondria supernatant (PMS). These fractions 

were analyzed by immunoblotting with the indicated antibod-

ies (Porin: mitochondrial marker; PGK cytoplasmic marker 

(Abcam Mitoscience)). The Cab5 protein was immunovisual-

ized using an anti-HA (Roche) specific antibody. Proteinase K 

protection assay for sub-mitochondrial localization study was 

performed as previously described [48, 49]. Briefly, 200 μg of 

mitochondrial proteins were kept in 20 mM HEPES pH 7.4, 0,6 

M sorbitol in the presence or absence of proteinase K (1 

mg/ml) for 60 minutes on ice. 0,1 M PMSF (phenylmethyl-

sulfonyl fluoride) was added to stop the reaction. The protein 

pellets were washed once with 20 mM HEPES pH 7.4 plus 0,6 

M sorbitol, and suspended in SDS-PAGE sample buffer.  

A modified version of the membrane association experi-

ments of Trott and Morano [50] was utilized to determine the 

resistance of Cab5p to sodium carbonate (pH 11.5) treatment. 

Equal amounts (150 μg) of the mitochondrial fraction was 

resuspended in TEGN (20 mM Tris-HCl [pH 7.9], 0.5 mM EDTA, 

10% glycerol, 50 mM NaCl) or TEGN and with 0.1 M NaCO3 for 

30 min on ice. The samples were subsequently centrifuged at 

17,000 g at 4°C to obtain soluble and membrane fractions. The 

fractions obtained in all type of extraction were separated by 
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SDS-PAGE and probed with anti-HA and anti-PORIN antibod-

ies.  

 

Measurement of iron content  

The iron content was determined by a colorimetric assay, es-

sentially as described before [25, 51]. 5x10
8 

cells were washed 

twice with H2O, resuspended in 0.5 ml of 3% nitric acid and 

incubated over night at 95°C. After incubation, samples were 

centrifuged at 12,000 rpm for 5 min and the supernatant (400 

µl) was mixed with 160 µl of 38 mg sodium L-ascorbate ml
- 1 

(SIGMA), 320 µl of 1.7 mg BPS ml
-1

 (ACROS ORGANICS), and 

126 µl of ammonium acetate (SIGMA) (saturated solution 

diluted 1:3). Non-specific absorbance was measured at 680 

nm and subtracted from the specific absorbance of the iron-

BPS complex (535 nm). Iron was quantified by reference to a 

standard curve using iron sulfate performed as in Tamarit et al. 

[25]. 

  

H2O2 sensitivity 

To determine the sensitivity to oxygen peroxide, cells growing 

exponentially were exposed to 1 and 2 mM H2O2 at 28°C or 

37°C for 4 h. Cell viability was determined by spotting equal 

amounts of serial dilutions of cells (10
5
,
 
10

4
, 10

3
, 10

2
, 10

1
) onto 

YP plates (1% yeast extract, 2% peptone ForMedium
TM

) sup-

plemented with 2% glucose (YPD). Plates were incubated at 

28°C or 37°C for two days. To better quantify H2O2 sensitivity 

cell survival was determined by counting the formation of 

colonies after the treatment. 

 

Lipid droplets content: fluorescence microscopy and fluori-

metric analysis  

Intracellular lipid droplets were detected using the fluorescent 

lipophilic dye Nile Red (9-diethylamino-5H-

benzo[α]phenoxazine-5-one 3 SIGMA-ALDRICH) by fluores-

cence microscopy and fluorimetric analysis [31, 52, 53]. Wild 

type and cab5∆/COASY
R499C 

strains were grown to mid-log 

phase in mineral medium (40) containing Yeast Extract (1,5 

g/L). To 250 μl of the cultures, adjusted to 1 OD, 10 μl of the 

stock solution of Nile red [100 μg/ml] were added in order to 

obtain a final concentration of 4 µg/ml of dye. Fluorescence of 

the stained cells were obtained with a Leica DM2000 micro-

scope using x 100 magnification and captured using a Leica 

DFC310FX digital camera with Leica’s Imaging Software (Leica 

Application Suite-LASAF 3.7.0, Leica Microsystem). 

To quantify the fluorescence we used the fluorescence 

spectrometer Tecan SPECTRA Fluor Plus using the software 

XFLUOR4 V4.51 (excitation at 535 nm and emission at 595 

nm). Aliquots of 100 μl of cells stained with Nile red were 

transferred into 96-well microplates in 4 replicates. For each 

strain a negative control was performed in which the dye was 

omitted in order to exclude a possible auto fluorescence of 

samples. The evaluation of the fluorescence was repeated at 

5-minute intervals in a time interval of 20 minutes [53]. 
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recessively inherited through segregation studies. The 
affected amino acid has been reported as a Dutch founder 
mutation p.(Asp92Tyr) in families with hereditary head and 
neck paraganglioma. By introducing both mutations into 
Saccharomyces cerevisiae, we were able to confirm that 
the p.(Asp92Gly) mutation causes a more severe oxida-
tive growth phenotype than the p.(Asp92Tyr) mutant, and 
provides functional evidence to support the pathogenicity 
of the patient’s SDHD mutation. This is only the second 
case of mitochondrial complex II deficiency due to inher-
ited SDHD mutations and highlights the importance of 
sequencing all SDH genes in patients with biochemical and 
histochemical evidence of isolated mitochondrial complex 
II deficiency.

Introduction

Mitochondrial respiratory chain disease arises from defec-
tive oxidative phosphorylation (OXPHOS) and represents 
a common cause of metabolic disease with an estimated 
prevalence of 1:4300 (Gorman et  al. 2015; Skladal et  al. 
2003). Under aerobic conditions, metabolised glucose, 
fatty acids and ketones are the OXPHOS substrates, shut-
tling electrons along the respiratory chain whilst concomi-
tantly creating a proton gradient by actively transporting 
protons across the mitochondrial membrane. The resultant 
proton gradient is exploited by ATP synthase to drive ATP 
production. Under anaerobic conditions, for example where 
atmospheric oxygen is scarce or during periods of exer-
tion, ATP synthesis is produced primarily during glycolysis 
(Horscroft and Murray 2014).

The mitoproteome consists of an estimated 1400 pro-
teins (Pagliarini et al. 2008), including the 13 polypeptides 
and 24 non-coding tRNA and rRNA genes encoded by the 

Abstract  Succinate dehydrogenase (SDH) is a crucial 
metabolic enzyme complex that is involved in ATP pro-
duction, playing roles in both the tricarboxylic cycle and 
the mitochondrial respiratory chain (complex II). Isolated 
complex II deficiency is one of the rarest oxidative phos-
phorylation disorders with mutations described in three 
structural subunits and one of the assembly factors; just 
one case is attributed to recessively inherited SDHD muta-
tions. We report the pathological, biochemical, histochemi-
cal and molecular genetic investigations of a male neonate 
who had left ventricular hypertrophy detected on ante-
natal scan and died on day one of life. Subsequent post-
mortem examination confirmed hypertrophic cardiomyo-
pathy with left ventricular non-compaction. Biochemical 
analysis of his skeletal muscle biopsy revealed evidence 
of a severe isolated complex II deficiency and candidate 
gene sequencing revealed a novel homozygous c.275A>G, 
p.(Asp92Gly) SDHD mutation which was shown to be 
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mitochondria’s own genetic material (mtDNA) that are 
exclusively maternally transmitted. The remaining genes 
of the mitoproteome are located on either the autosomes 
or sex chromosomes and as such are transmitted from par-
ent to child in a Mendelian fashion. Defects in a number 
of mtDNA and nuclear-encoded genes have been linked 
to human disease, often associated with a vast genetic and 
clinical heterogeneity and further compounded by few gen-
otype–phenotype correlations which help guide molecular 
genetic investigations.

Succinate dehydrogenase is a crucial metabolic enzyme 
complex that is involved in both the Krebs cycle and the 
mitochondrial respiratory chain. It is composed of two 
catalytic subunits (the flavoprotein SDHA, and Fe–S-con-
taining SDHB) anchored to the inner mitochondrial mem-
brane by the SDHC and SDHD subunits. All four subu-
nits and the two known assembly factors are encoded by 
autosomal genes (SDHA, SDHB, SDHC, SDHD, SDHAF1 
and SDHAF2, hereafter referred to as SDHx). Congenital 
recessive defects involving SDHx genes are associated with 
diverse clinical presentations, including leukodystrophy 
and cardiomyopathy (Alston et al. 2012).

A recent review describes SDHA mutations as the most 
common cause of isolated complex II deficiency, with 16 
unique mutations reported in 30 patients (Ma et  al. 2014; 
Renkema et  al. 2014); the next most common cause are 
mutations in SDHAF1, 4 mutations have been reported in 
13 patients (Ghezzi et  al. 2009; Ohlenbusch et  al. 2012). 
Just one mitochondrial disease patient is reported to har-
bour either SDHB (Alston et al. 2012) or SDHD (Jackson 
et al. 2014) mutations and metabolic presentations have yet 
to be reported in association with SDHC or SDHAF2.

In addition to their role in primary respiratory chain dis-
ease, SDHx mutations can act as drivers of neoplastic trans-
formation following loss of heterozygosity (LOH). One of 
the most common causes of head and neck paraganglioma 
(HNPGL) is LOH at the SDHD locus. These mutations 
are inherited in a dominant manner with a parent of origin 
effect; typically only paternally inherited SDHD mutations 
are associated with HNPGL development (Hensen et  al. 
2011).

Here, we report a neonate who presented prenatally with 
cardiomyopathy due to a novel homozygous SDHD muta-
tion. This is the second report of recessive SDHD mutations 
resulting in a primary mitochondrial disease presentation 
and serves to characterise the biochemical, histochemical 
and functional consequences of our patient’s molecular 
genetic defect. Moreover, the affected amino acid, p.Asp92, 
has been reported as a Dutch founder mutation in families 
with hereditary PGL, albeit the substituted residue differs. 
We have used the yeast, Saccharomyces cerevisiae, which 
has proven to be a useful model system to study the effects 
of SDHx gene mutations (Goffrini et  al. 2009; Panizza 

et  al. 2013), to provide functional evidence supporting 
the pathogenicity of the SDHD mutation identified in our 
patient and, to a lesser extent, that of the PGL-associated 
p.Asp92Tyr mutation.

Patient and methods

The patient is the third child born to unrelated Irish parents. 
Foetal heart abnormalities were identified on an anomaly 
scan at 31-weeks gestation, which prompted foetal echo-
cardiography. A normally situated heart with normal sys-
temic and pulmonary venous drainage was reported. Right 
to left shunting was noted at the patent foramen ovale and 
ductus arteriosus, consistent with gestational age. The left 
ventricle and left atrium were severely dilated with mod-
erate–severe mitral regurgitation. There was severe left 
ventricular systolic dysfunction, but no evidence of peri-
cardial effusion or ascites. Rhythm was normal sinus with 
a foetal heart rate between 100 and 120 beats per minute 
and subsequent weekly foetal echocardiogram showed no 
further progression of cardiac dysfunction or development 
of hydrops. Cardiac MRI at 32-weeks gestation showed 
marked left ventricular hypertrophy and dilation. A clinical 
diagnosis of dilated cardiomyopathy was considered and 
the parents were counselled that the prognosis for postpar-
tum survival was poor. The proband was born by elective 
caesarean section at 37 +  6  weeks gestation with a birth 
weight of 2620 g (9th–25th centile) and occipital circumfer-
ence of 34.5 cm (50th–75th centile). He had no dysmorphic 
features. He was transferred to neonatal intensive care on 
100 % oxygen to maintain his saturations in the low 90 s. 
An additional heart sound and loud murmur were noted, 
along with hepatomegaly (4  cm below costal margin) but 
without splenomegaly. By 12  h of age, his condition had 
deteriorated significantly; echocardiogram showed dilation 
of the inferior vena cava, hepatic veins, right atrium and 
interatrial septal bowing. He had moderate tricuspid regur-
gitation and very poor biventricular function with non-
compaction hypertrophy. The proband died the following 
evening following withdrawal of life support with parental 
consent. At postmortem examination, the heart weighed 
43 g (normal = 13.9 ± 5.8 g). The right atrium was par-
ticularly enlarged. The endocardium of the right atrium but 
particularly also the right ventricle showed fibroelastosis. 
The right ventricle was remarkably diminutive and under-
developed. The right atrium had a 7-mm-diameter patent 
foramen ovale. There was obvious non-compaction of the 
hypertrophic left ventricular myocardium (Fig. 1). Cardiac 
muscle, skeletal muscle and a skin biopsy were referred for 
laboratory investigations. Informed consent was obtained 
from the parents for the clinical and laboratory investiga-
tions and publication of the results.
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Histochemical and biochemical assessment 
of metabolic function

Histological and histochemical assay of 10 μm serial sec-
tions of patient muscle biopsy was performed according to 
standard protocols. The measurement of respiratory chain 
enzyme activities was determined spectrophotometrically 
as described previously (Kirby et al. 2007). Fibroblast cul-
ture and measurement of β-oxidation flux in cultured fibro-
blasts using [9, 10-3H] myristate, [9, 10-3H]palmitate and 
[9, 10-3H]oleate was performed as described elsewhere 
(Manning et al. 1990; Olpin et al. 1992, 1997).

Cytogenetic and molecular genetic investigations

Karyotyping of cultured fibroblasts and DNA extraction 
from patient muscle were performed according to standard 
protocols. Primers were designed to amplify each coding 
exon, plus intron–exon boundaries, of the SDHA, SDHB, 
SDHC, SDHD, SDHAF1 and SDHAF2 genes. PCR ampli-
cons were Sanger sequenced using BigDye3.1 chemistry 
(Applied Biosystems) and capillary electrophoresed on 
an ABI3130xl bioanalyser (Applied Biosystems) using 
standard methodologies. Resultant sequencing chromato-
grams were compared to the Genbank reference sequences: 
SDHA (NM_004168.2), SDHB (NM_003000.2), SDHC 
(NM_003001.3), SDHD (NM_003002.3), SDHAF1 

(NM_001042631.2) and SDHAF2 (NM_017841.2). All 
gene variants were annotated using dbSNP build 138 whilst 
ESP6500 and 10  k genome project data allowed determi-
nation of allele frequencies. Parental DNA samples were 
screened to investigate allele transmission.

In silico pathogenicity prediction tools 
and structural modelling

The effect of the p.(Asp92Gly) substitution on SDHD func-
tion was predicted using the in silico tools SIFT (Ng and 
Henikoff 2003), Align GVGD (Tavtigian et  al. 2006) and 
Polyphen (Adzhubei et al. 2010), all running recommended 
parameters. To determine whether the tertiary structure 
of the protein was affected by the mutation, the wild-type 
(NP_002993) and mutant SDHD protein sequences were 
input to PSIPRED (Jones 1999) and I-TASSER (Yang et al. 
2014); I-TASSER output was visualised using UCSF Chi-
mera (Pettersen et al. 2004).

Blue native polyacrylamide gel electrophoresis 
(BN‑PAGE)

Mitochondria-enriched pellets were obtained from 15 mg 
skeletal muscle as previously described (Nijtmans et  al. 
2002) and solubilised in 1×  sample buffer (Invitrogen, 

Fig. 1   Macroscopic and microscopic analysis of patient cardiac and 
skeletal muscle. a Macroscopic examination of patient heart revealed 
obvious non-compaction of the hypertrophic left ventricle. b Micro-
scopic assessment of left ventricle confirms non-compaction com-

pared to neonatal control tissue (c). Histochemical assessment of 
patient muscle biopsy shows a marked decrease in the activity of suc-
cinate dehydrogenase activity (d) compared with a control muscle (e)
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BN20032), 2  % dodecyl-β-d-maltoside (Sigma) and 
5 % glycerol. Mitochondria were pelleted for 15 min at 
100,000  g. Protein concentrations were determined by 
Pierce™ BCA Protein Assay Kit according to manu-
facturer’s protocol (ThermoScientific). Protein sam-
ples (25 μg) were separated on NativePAGE™ Novex® 
4–16  % Bis–Tris Protein Gels (Sigma) then transferred 
onto a PVDF membrane. Immunodetection of assem-
bled respiratory chain complexes was performed using 
primary monoclonal antibodies (mitosciences) raised 
against complex-specific proteins: Complex I (NDUFB8, 
Abcam, ab110242), Complex II (SDHA, MitoSciences, 
MS204), Complex III (CORE2 Abcam, ab14745), 
Complex IV (COX1 Abcam, ab14705) and Complex 
V (ATP5A Abcam, ab14748). Following HRP-conju-
gated secondary antibody application (Dako), detection 
was undertaken using the ECL® plus chemilumines-
cence reagent (GE Healthcare Life Sciences, Bucking-
hamshire, UK) and a ChemiDoc MP imager (Bio-Rad 
Laboratories).

Western blot

Mitochondria-enriched pellets prepared as above were 
lysed on ice in 50 mM Tris pH 7.5, 130 mM NaCl, 2 mM 
MgCl2, 1 mM PMSF and 1 % NP-40. Protein concentra-
tion was calculated using the Bradford method (Brad-
ford 1976). 13 µg of enriched mitochondrial proteins was 
loaded on a 12  % sodium dodecyl sulphate polyacryla-
mide gel with 1×  dissociation buffer, electrophoretically 
separated and subsequently transferred onto a PVDF 
membrane. Immunodetection was performed using pri-
mary antibodies raised against complex II SDHA (Mito-
Sciences, MS204) and SDHD (Merck Millipore, ABT110) 
and a mitochondrial marker protein, Porin (Abcam, 
ab14734). Following secondary antibody application 
(Dako), detection was undertaken using the ECL® plus 
chemiluminescence reagent (GE Healthcare Life Sciences, 
Buckinghamshire, UK) and ChemiDoc MP imager (Bio-
Rad Laboratories).

Yeast strains and media

Yeast strains used in this study were BY4741 (MATa; 
his3∆1 leu2∆0 met15∆0 ura3∆0) and its isogenic 
sdh4:kanMX4. Cells were cultured in yeast nitrogen 
base (YNB) medium: 0.67 % yeast nitrogen base without 
amino acids (ForMediumTM), supplemented with 1 g/l of 
drop-out powder (Kaiser et al. 1994) containing all amino 
acids and bases, except those required for plasmid main-
tenance. Various carbon sources (Carlo Erba Reagents) 

were added at the indicated concentration. For the respi-
ration and mitochondria extraction, cells were grown to 
late-log phase in the YNB medium supplemented with 
0.6  % glucose. Media were solidified with 20  g/l agar 
(ForMediumTM) and strains were incubated at 28 or 
37 °C.

Construction of yeast mutant alleles

The sdh4Asp98Gly and sdh4Asp98Tyr mutant alleles 
were obtained by site-directed mutagenesis using the 
overlap extension technique (Ho et al. 1989). In the first 
set of PCR reactions, the SDH4 region was obtained 
using the forward primer ESDH4F and the following 
reverse mutagenic primer sdh4R98G 5′-CATGACAG 
AAAAGAAAGAACCAGCTGCAGTGGATAACGG 
AC-3′ and sdh4R98Y 5′-CATGACAGAAAAGAAAG 
AGTAAGCTGCAGTGGATAACGGAC-3′ where base 
changes are indicated in bold. The second SDH4 region 
was obtained using the forward mutagenic primer 
sdh4F98G and sdh4F98Y, complementary to sdh4R98G 
and sdh4R98Y, and the reverse primer XSDH4R. The 
final mutagenized products were obtained using the 
overlapping PCR fragments as template with ESDH4F 
and XSDH4R as external primers. The products were 
then digested with EcoRI and XbaI and cloned in 
EcoRI–XbaI-digested pFL38 centromeric plasmid (Bon-
neaud et  al. 1991). The mutagenized inserts were veri-
fied by sequencing and the pFL38 plasmid-borne SDH4 
and SDH4 mutant alleles were transformed in the 
BY4741 using the lithium-acetate method (Gietz and 
Schiestl 2007).

Isolation of mitochondria, enzyme assay 
and respiration

Oxygen uptake was measured at 28 °C using a Clark-type 
oxygen electrode in a 1-ml stirred chamber containing 
1  ml of air-saturated respiration buffer (0.1  M phthalate–
KOH, pH 5.0) and 10  mM glucose (Oxygraph System, 
Hansatech Instruments, England). The reaction was initi-
ated with the addition of 20 mg of wet weight of cells, as 
previously described (Goffrini et al. 2009). Preparation of 
mitochondria and succinate dehydrogenase DCPIP assay 
was conducted as described (Goffrini et  al. 2009). The 
succinate:decylubiquinone DCPIP reductase assay was 
conducted as previously described (Jarreta et  al. 2000; 
Oyedotun and Lemire 2001). Protein concentration was 
determined by the Bradford method using the Bio-Rad pro-
tein assay following the manufacturer’s instructions (Brad-
ford 1976).
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Results

Pathological, histochemical and biochemical analysis

Histopathological examination of the patient’s heart 
revealed non-compaction of the left ventricular myocar-
dium (Fig.  1a, b). Histological investigations reported 
normal skeletal muscle morphology whilst histochemi-
cal analysis of fresh-frozen muscle biopsy sections 
revealed a global reduction of succinate dehydrogenase 
(complex II) activity compared to aged-matched control 
samples (Fig.  1d, e). Spectrophotometric analysis of res-
piratory chain function in patient muscle homogenate 
revealed a marked defect in complex II activity (patient 
0.042  nmols/min/unit citrate synthase activity; controls 
0.145  ±  0.047  nmols/min/unit citrate synthase activity 
(n = 25) representing ~30 % residual enzyme activity; the 
activities of complex I, complex III and complex IV were 
all normal (not shown). Fatty acid oxidation flux studies 
on cultured fibroblasts gave normal results which excluded 
virtually all primary defects of long- and medium-chain 
fatty acid oxidation as the cause of the underlying cardiac 
pathology. There was no evidence of an underlying ami-
noacidopathy and serum urea and electrolytes were within 
normal limits. Investigations of glucose and lactate levels 
were not performed. The monolysocardiolipin/cardiolipin 
(ML/CL) ratio on a postmortem sample was 0.03 and the 
neutrophil count was within normal limits.

Cytogenetic and molecular genetic investigations

Karyotyping reported a normal 46 XY profile, consist-
ent with no large genomic rearrangements. Follow-
ing identification of an isolated complex II deficiency, 
Sanger sequencing of all six SDHx genes was under-
taken and a novel homozygous c.275A>G, p.(Asp92Gly) 
variant was identified in SDHD (ClinVar Reference ID: 
SCV000196921). Results from parental carrier test-
ing were consistent with an autosomal recessive inherit-
ance pattern, with each parent harbouring a heterozygous 
c.275A>G, p.(Asp92Gly) SDHD variant (Fig.  2a). The 
p.Asp92 SDHD residue is highly conserved (Fig.  2d) 
and the c.275A>G variant is not reported on either the 
ESP6500 or 1KGP suggesting that it is rare in the general 
population. Whilst the c.275A>G, p.(Asp92Gly) SDHD 
variant has not been previously reported, another mutation 
affecting the same residue—c.274G>T, p.(Asp92Tyr)—
has been reported in association with familial PGL and 
PCC (Hensen et  al. 2011). In silico predictions were 
strongly supportive of a deleterious effect; 100  % sensi-
tivity and 100  % specificity were reported by SIFT and 
polyphen for both the p.(Asp92Gly) and p.(Asp92Tyr) 
variants. Both variants were assigned  an aGVGD class 

of C65 (highly likely to be detrimental to protein func-
tion)—the p.(Asp92Gly) variant was reported to have a 
grantham difference (GD) value of 93.77, whilst the GD 
for the p.(Asp92Tyr) variant was 159.94 (GD  >  70 is 
associated with C55/C65 variant classes). SDHD tertiary 
structure was not predicted to be markedly impacted by 
the patient’s p.(Asp92Gly) substitution; no gross confor-
mational change was reported by I-TASSER (Fig.  2b), 
whilst PSIPRED predicted only a mild alteration to the 
helix structure (Fig. 2c).

Functional effect of the c.275A>G, p.(Asp92Gly) SDHD 
mutation on protein expression and complex assembly

Having identified an excellent candidate mutation, assess-
ment of respiratory chain complex assembly by one-
dimensional BN-PAGE revealed a marked decrease in 
fully assembled Complex II, whilst levels of fully assem-
bled complexes I, III, IV and V were comparable to con-
trols (Fig.  3a). Western blot of mitochondrial proteins in 
patient muscle was performed which confirmed a signifi-
cant reduction of the SDHD and SDHA proteins compared 
to both equally loaded control muscle samples and Porin, a 
mitochondrial marker protein (Fig. 3b).

Functional studies in a yeast model

To further assess the pathogenicity of the patient’s novel 
p.(Asp92Gly) SDHD variant, we performed complemen-
tation studies using a strain of S. cerevisiae lacking the 
SDH4 gene hereafter referred to as Δsdh4. The SDH4 
gene is the yeast orthologue of human SDHD and although 
the human and yeast protein have a low degree of conser-
vation (16  % identity and 36  % similarity) the p.Asp92 
residue is conserved between the two species, correspond-
ing to p.Asp98 in yeast (Fig. 2d). We then introduced the 
change equivalent to the human p.(Asp92Gly) variant into 
the yeast SDH4 wild-type gene cloned in a centromeric 
vector thus obtaining the sdh4D98G mutant allele. Since 
another mutation involving the same residue, p.(Asp92Tyr), 
has been reported as a cause of paraganglioma, a second 
mutant allele, sdh4D98Y, was also constructed to compare 
the phenotype between the two different amino acid sub-
stitutions. The SDH4, sdh4D98G and sdh4D98Y constructs 
and the empty plasmid pFL38 were then transformed into 
the Δsdh4 strain. To test the possible effects on mitochon-
drial function, we first evaluated the oxidative growth by 
spot assay analysis on mineral medium supplemented with 
either glucose or ethanol, at 28 and 37 °C.

A clear growth defect was observed for the Δsdh4/
sdh4D98G strain in ethanol-containing plates incubated both 
at 28 and 37  °C (Fig.  4a), with growth similar to that of 
the sdh4 null mutant. Contrariwise, the Δsdh4/sdh4D98Y 
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strain did not exhibit an OXPHOS-deficient phenotype 
at either temperature tested (Fig.  4b) or in either oxida-
tive carbon source analysed (not shown). To further inves-
tigate the OXPHOS defect, oxygen consumption and 
SDH activity were measured. The oxygen consumption 
rate of the Δsdh4/sdh4D98G mutant was 55  % less than 
that of the parental strain Δsdh4/SDH4 (Fig.  5a), like-
wise, succinate dehydrogenase enzyme activities (PMS/
DCPIP reductase and decylubiquinone reductase) were 
both severely reduced, with levels similar to those of the 
null mutant (Fig. 5b). Consistent with the results obtained 
from growth experiments the oxygen consumption rate 
of the Δsdh4/sdh4D98Y mutant was not impaired (Fig. 5a) 

but both SDH activities (PMS/DCPIP reductase and decy-
lubiquinone reductase) were partially reduced (80 and 
75  % residual activity) in Δsdh4/sdh4D98Y mitochondria 
(Fig. 5b). Together, these data support the pathogenicity of 
our patient’s novel p.(Asp92Gly) SDHD variant.

Discussion

Mitochondrial complex II deficiency is one of the rarest 
disorders of the OXPHOS system, accounting for between 
2 and 8  % of mitochondrial disease cases (Ghezzi et  al. 
2009; Parfait et al. 2000) with only ~45 cases reported in 

Fig. 2   Molecular genetic and in silico investigations. a Identifica-
tion of a pathogenic SDHD mutation. A homozygous c.275A>G, 
p.(Asp92Gly) SDHD mutation was identified in the proband, with 
parental DNA screening supporting recessive inheritance. The 
mutation affects a highly conserved p.Asp92 residue in the SDHD-
encoded subunit of succinate dehydrogenase (SDH). b Structural 
modelling. I-TASSER prediction of control and patient SDHD ter-
tiary structure shows the p.Asp92 residue located within a transmem-
brane helix domain and the p.Asp92Gly substitution is predicted to 

have little impact on SDHD tertiary structure. c PSIPRED output pre-
dicts minor alterations to two of the SDHD helices from the patient 
p.(Asp92Gly) and HNPGL p.(Asp92Tyr) substitutions compared to 
control sequence. Predicted helix residues shown in pink; unshaded 
residues are located in coil domains. d Multiple sequence alignment 
of this region of the SDHD subunit was performed using ClustalW 
and confirms that the p.(Asp92Gly) mutation affects an evolutionary 
conserved residue (shaded). Alignments were manually corrected on 
the basis of the pairwise alignment obtained with PSI-BLAST
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the literature. We report a newborn boy presenting with left 
ventricular hypertrophy on foetal ultrasound at 32-weeks 
gestation who rapidly deteriorated after delivery due to 
cardiopulmonary insufficiency, dying on day one of life. 
Postmortem examination confirmed a non-compacted 
hypertrophic left ventricle but assessment of monolyso-
cardiolipin and cardiolipin levels excluded a diagnosis 

of Barth syndrome. Biochemical analysis of his muscle 
biopsy revealed evidence of a marked isolated complex 
II deficiency. Sequencing the genes involved in succinate 
dehydrogenase structure and assembly was undertaken and 
revealed a novel homozygous c.275A>G, p.(Asp92Gly) 
SDHD mutation which was shown to be recessively inher-
ited through segregation studies.

Fig. 3   Investigation of OXPHOS complex activities and protein 
expression in patient and controls. a BN-PAGE analysis of mitochon-
dria isolated from patient and control muscle homogenates revealed 
a reduction of assembled complex II in patient muscle with normal 
assembly of all other OXPHOS complexes. b SDS-PAGE analysis 

of patient and control proteins probed with antibodies against Porin 
(a loading control) and the SDHA and SDHD subunits of succinate 
dehydrogenase revealed a stark reduction in SDH steady-state protein 
levels in patient muscle, consistent with subunit degradation thereby 
supporting the pathogenicity of the p.(Asp92Gly) variant

Fig. 4   Oxidative growth 
phenotype in yeast. The strain 
BY4741 ∆sdh4 was trans-
formed with a pFL38 plasmid 
carrying either the wild-type 
SDH4, the empty vector or 
the mutant alleles sdh4D98G 
and sdh4D98Y. Equal amounts 
of serially diluted cells from 
exponentially grown cultures 
(105, 104, 103, 102, 101) were 
spotted onto yeast nitrogen base 
(YNB) plates supplemented 
with either 2 % glucose or 2 % 
ethanol. The growth was scored 
after 3-day incubation at 28 °C 
(a) and 37 °C (b)
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Patients with an isolated complex II deficiency harbour 
either compound heterozygous or homozygous mutations 
in an SDH structural or assembly factor gene. The result-
ant loss of OXPHOS-driven ATP synthesis is associated 
with clinical presentations including Leigh syndrome, car-
diomyopathy and leukodystrophy, that often present dur-
ing infancy, though adult cases are reported (Taylor et  al. 
1996; Birch-Machin et  al. 2000). Complex II deficiency 
is very rare, perhaps reflecting an incompatibility with 
life for many cases and our patient’s clinical history with 
prenatal cardiomyopathy and rapid deterioration post-
partum supports this hypothesis. Although the published 
cohort of patients with complex II deficiency is small, 
mutations which affect the ability of complex II to bind to 
the mitochondrial membrane are evolving to be the most 
deleterious.

The only other SDHD-deficient patient reported in the 
literature harboured compound heterozygous variants, 
one missense and one that extended the protein by three 
amino acids (Jackson et  al. 2014). The clinical presenta-
tion of this individual differed from that of our patient 
who presented in utero with a cardiomyopathy that was 
incompatible with life. The previously described case was 
delivered at term after a normal pregnancy and presented 
at age 3  months with developmental regression following 
a viral infection with progressive neurological deteriora-
tion (epileptic seizures, ataxia, dystonia and continuous 
intractable myoclonic movements) and died at the age of 
10 years. The patient described by Jackson et al. also had 

comparably low levels of SDHD protein on Western blot 
with greatly reduced levels of fully assembled complex II; 
a residual level of complex activity is therefore unlikely 
to account for the difference in presentation. We hypoth-
esised that the p.(Asp92Gly) variant might have caused a 
conformational change given the location of the conserved 
acidic p.Asp92 residue at the N-terminus of one of the 
protein’s helical domains. With this in mind, we modelled 
the predicted impact of the patient’s p.(Asp92Gly) SDHD 
mutation on tertiary structure using in silico methodolo-
gies. Contrary to our expectations, neither I-TASSER nor 
PSIPRED predicted gross tertiary structural anomalies 
due to the substitution, despite being situated between two 
conserved cysteine residues; the pathogenicity is therefore 
assumed to lie in the nature of the amino acid properties 
as opposed to consequential protein misfolding. The loca-
tion of the p.Asp92 residue at the helical N-termini may 
explain the discrepancy between the predicted Grantham 
scores and the functional data obtained following yeast 
modelling; leucine–tyrosine interactions are reported 
to act as stabilisers within alpha helices (Padmanabhan 
and Baldwin 1994) meaning the p.Asp92Tyr substitution 
(with a higher GD score) may therefore be less deleteri-
ous than the p.(Asp92Gly) substitution harboured by our 
patient. Moreover, the location of the substitution may 
also be important in capping the positive helical dipole, 
and replacement with a non-polar residue such as glycine 
would fail to provide the same charge stabilization. There 
was slight discordance between the helix predictions from 

Fig. 5   a Oxygen consump-
tion rates. Respiration was 
measured in cells grown in 
YNB supplemented with 
0.6 % glucose at 28 °C. The 
values observed for the sdh4 
mutant cells are reported as a 
percentage of the wild-type 
SDH4 cell respiratory rate, 
40.46 ± 1.54 nmol min−1 mg−1. 
b Complex II activity. PMS/
DCPIP reductase and decy-
lubiquinone reductase activities 
were measured in mitochondria 
extracted from cells grown 
exponentially at 28 °C in YNB 
supplemented with 0.6 % 
glucose. The values of the 
sdh4 mutants are expressed 
as percentage of the activities 
obtained in the wild-type strain
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I-TASSER and PSIPRED (Fig. 2b, c) but on closer inspec-
tion of the discordant residues, there was low confidence in 
the predictions.

Mutations in SDHD and other SDHx genes have been 
implicated not only in primary metabolic dysfunction, 
but also as drivers of neoplastic transformation in various 
tumour types. There is a wealth of information in the lit-
erature describing the involvement of SDHx gene mutations 
in cases of hereditary and sporadic cancers including head 
and neck paraganglioma, pheochromocytoma and gastro-
intestinal stromal tumours (Miettinen and Lasota 2014). In 
the context of hereditary cancer, each somatic cell harbours 
one heterozygous germline mutation either inherited from 
a parent or occurring de novo. This single loss-of-function 
allele, alone, is insufficient to cause neoplastic transforma-
tion but if a “second hit” affects the wild-type allele, the 
loss of SDH activity disrupts ATP production. The inabil-
ity of SDH to metabolise succinate causes a build-up of 
substrate, with elevated succinate levels stabilizing HIF1α. 
This in turn creates a pseudo-hypoxic state, prompting a 
switch to glycolytic respiration consistent with neopla-
sia (Hanahan and Weinberg 2011; Pollard et  al. 2005). 
The metabolic stalling due to SDH dysfunction also acts 
to inhibit multiple 2-oxoglutarate-dependent histone and 
DNA demethylase enzymes resulting in widespread histone 
and DNA methylation, further adding to the tumorigenic 
burden of these already respiratory-deficient cells (Xiao 
et al. 2012).

To date, mutations reported in the SDHx genes are loss 
of function, either as tumour suppressors or in metabolic 
enzymes. The mutation harboured by our patient transcends 
these fields in that, although manifesting as a primary met-
abolic condition in our case, the p.Asp92 residue is recog-
nised as a Dutch founder HNPGL mutation, p.(Asp92Tyr). 
Given the established link between tumorigenesis and this 
residue, further functional investigations were undertaken 
to determine whether the p.(Asp92Gly) variant—associ-
ated with primary metabolic dysfunction—was as deleteri-
ous, or indeed more so, than the founder HNPGL mutation. 
Functional investigations were supportive of a deleterious 
effect, Western blotting of patient muscle homogenates 
revealed a reduction in the steady-state levels evident for 
not only SDHD, but also for SDHA. This was supported by 
one-directional BN-PAGE, which confirmed a decrease in 
fully assembled complex II, consistent with the hypothesis 
that an inability to anchor the unstable complex within the 
mitochondrial membrane triggers the recycling of interme-
diates to prevent aggregation. This turnover is seen in other 
cases of mitochondrial complex dysfunction and prevents 
accumulation and aggregation of assembly intermediates 
and surplus complex subunits (Alston et al. 2012).

To assess the pathogenic role of the novel p.(Asp92Gly) 
SDHD substitution, we carried out a series of experiments 

in yeast devoid of SDH4, the yeast SDHD orthologue. 
The use of ethanol or glucose as a carbon source tested 
the strains’ ability to rely upon either OXPHOS or fer-
mentation for ATP synthesis. The SDHD residue p.Asp92 
shows high evolutionary conservation and corresponds to 
p.Asp98 in yeast. Given that a germline mutation involv-
ing the same amino acid has been reported as a cause of 
paraganglioma [p.(Asp92Tyr)], two mutant alleles—
sdh4D98G and sdh4D98Y—were constructed to compare 
the phenotypes associated with the different substitutions. 
Consistent with the reduction of SDHD steady-state lev-
els and fully assembled complex II found in our patient, 
the p.(Asp92Gly) mutation was detrimental to both oxida-
tive growth and succinate dehydrogenase activity in yeast. 
Contrariwise, the p.(Asp98Tyr) HNPGL-associated substi-
tution did not affect oxidative growth and showed a mild, 
albeit significant, reduction of SDH activity. Altogether 
the results obtained in the yeast model provide compel-
ling functional evidence supporting the pathogenic role 
of the p.(Asp92Gly) mutation and show that this substi-
tution conveys a more severe phenotype than the founder 
HNPGL SDHD mutation, this finding is not unique as 
other PGL-associated SDHD mutations were found to 
cause a milder phenotype when modelled in yeast (Panizza 
et al. 2013). Whilst our modelling suggests  that the well-
characterised p.(Asp92Tyr) PGL mutation is associated 
with what might be considered a mild phenotype in yeast, 
the phenotype in question is not a primary metabolic one 
and indeed it is only associated with oncogenesis in tan-
dem with a second mutation, which is often a large-scale 
deletion or other null allele.

There were no reports of potential SDHD-associated 
cancers in the immediate family although further informa-
tion from extended family members was unavailable. We 
previously reported inherited recessive SDHB mutations in 
association with a paediatric primary mitochondrial pheno-
type and this case also lacked a history of hereditary cancer 
(Alston et al. 2012). It is unclear whether germline carriers 
of the p.(Asp92Gly) SDHD mutation are at elevated risk of 
HNPGL and despite no tumours having been reported in 
the family, it is the opinion of their clinicians that surveil-
lance was advisable and is ongoing.

Left ventricular non-compaction is a rare form of cardio-
myopathy characterised by abnormal trabeculations in the 
left ventricle and associated with either ventricular hyper-
trophy or dilation. In some patients, LVNC arises from a 
failure to complete the final stage of myocardial morpho-
genesis, but this is not a satisfactory explanation for all 
cases, particularly those associated with congenital heart 
defects or arrhythmias. LVNC is genetically heterogene-
ous with many cases remaining genetically undiagnosed, 
but metabolic derangements are common and this form of 
cardiomyopathy is typical of Barth Syndrome, a disorder 
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of mitochondrial cardiolipin typically accompanied by neu-
tropenia (Chen et al. 2002) and has also been observed in 
other mitochondrial disorders including those due to muta-
tions in mtDNA (Pignatelli et al. 2003).

In conclusion, our case further expands the clinical and 
genetic heterogeneity associated with isolated complex II 
deficiency and demonstrates that sequencing analysis of all 
SDH subunits and assembly factors should be undertaken 
for patients in whom an isolated succinate dehydrogenase 
defect has been identified.
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Abstract
Background  Hereditary myopathy with lactic 
acidosis and myopathy with deficiency of succinate 
dehydrogenase and aconitase are variants of a 
recessive disorder characterised by childhood-onset 
early fatigue, dyspnoea and palpitations on trivial 
exercise. The disease is non-progressive, but life-
threatening episodes of widespread weakness, 
metabolic acidosis and rhabdomyolysis may occur. So 
far, this disease has been molecularly defined only in 
Swedish patients, all homozygous for a deep intronic 
splicing affecting mutation in ISCU encoding a scaffold 
protein for the assembly of iron–sulfur (Fe-S) clusters. 
A single Scandinavian family was identified with a 
different mutation, a missense change in compound 
heterozygosity with the common intronic mutation. The 
aim of the study was to identify the genetic defect in our 
proband.
Methods  A next-generation sequencing (NGS) 
approach was carried out on an Italian male who 
presented in childhood with ptosis, severe muscle 
weakness and exercise intolerance. His disease was 
slowly progressive, with partial recovery between 
episodes. Patient’s specimens and yeast models were 
investigated.
Results  Histochemical and biochemical analyses 
on muscle biopsy showed multiple defects affecting 
mitochondrial respiratory chain complexes. We identified 
a single heterozygous mutation p.Gly96Val in ISCU, 
which was absent in DNA from his parents indicating 
a possible de novo dominant effect in the patient. 
Patient fibroblasts showed normal levels of ISCU protein 
and a few variably affected Fe-S cluster-dependent 
enzymes. Yeast studies confirmed both pathogenicity and 
dominance of the identified missense mutation.
Conclusion  We describe the first heterozygous 
dominant mutation in ISCU which results in a phenotype 
reminiscent of the recessive disease previously reported.

Introduction
Iron–sulfur (Fe-S) clusters are prosthetic groups 
found in several mitochondrial, cytosolic and 
nuclear enzymes, which play a role in funda-
mental cellular processes, such as respiration, DNA 
synthesis and repair, ribosome biogenesis and iron 
metabolism. In eukaryotes, the biogenesis of Fe-S 
clusters is performed by two main multiprotein 
machineries, the ISC (iron–sulfur cluster assembly) 
machinery localised in mitochondria and the CIA 
(cytosolic iron–sulfur protein assembly) machinery 

localised in the cytosol.1 2 Fe-S clusters are found in 
almost all living organisms, and the most common 
stoichiometric species include [2Fe-2S], [3Fe-4S] 
and [4Fe-4S] structures in which the Fe ions are 
co-ordinated, for example, by cysteine thiol groups 
or histidine residues.

The ISC machinery is involved in the biogenesis 
of Fe-S proteins in mitochondria enzymes as well 
as in the cytosol and nucleus. The current under-
standing of the molecular mechanism of mitochon-
drial Fe-S protein biogenesis has been worked out 
in both yeast and human cells. The ISC machinery 
comprises 18 known proteins that perform several 
steps of Fe-S cluster synthesis, transfer and insertion 
into recipient proteins including subunits of the 
mitochondrial respiratory chain (MRC) complexes 
I, II and III, mitochondrial aconitase (mACO) and 
lipoic acid synthase (LIAS).3 De novo synthesis of 
the [2Fe-2S] cluster is accomplished on the scaffold 
protein ISCU. This reaction requires the cysteine 
desulfurase NFS1 with its stabilising partners ISD11/
LYRM4 and ACP1, frataxin/FXN as an iron donor 
and/or regulator of cysteine desulfurase activity, 
and the ferredoxin FDX2 (MIM 614585) as an 
electron donor for sulfur reduction.4 5 Conflicting 
results have been published regarding the role of 
FDX1 (MIM 103260) in this process.6 7 All these 
ISC proteins form a dynamic complex with ISCU. 
Dissociation of the preformed Fe-S cluster from 
the ISCU scaffold and transfer to intermediate 
carriers, for example the monothiol glutaredoxin 
GLRX5 (MIM 609588), is mediated by a dedi-
cated Hsp70-Hsp40 chaperone system (HSC20/
HSP70).8 The transiently GLRX5-bound [2Fe-2S] 
cluster is inserted into [2Fe-2S] targets or used for 
[4Fe-4S] cluster synthesis by ISCA1-ISCA2-IBA57. 
Finally, the cluster is inserted into target apopro-
teins with the help of factors including IND1 (MIM 
613621), NFU1 (MIM 608100) and BOLA3 (MIM 
613183). A different targeting mode has been 
suggested, based on interactions of the adaptable 
HSC20/HSPA9 scaffold complex with LYR motifs 
of SDHAF1 for complex II,9 with LYRM7 for 
complex III or directly with Fe-S cluster subunits 
of complex I.10

Recessive mutations in ISCU have been described 
in patients presenting myopathy with severe 
exercise intolerance and myoglobinuria (MIM 
255125). A homozygous intronic transversion 
(c.418+382G>C or IVS5 +382G>C) was initially 
reported in patients from northern Sweden, with 
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associated deficiencies of succinate dehydrogenase and aconitase 
in skeletal muscle.11 12 The mutation causes the retention of an 
‘extra exon’, leading to marked reduction of ISCU mRNA and 
protein in patient muscle. The splicing defect was shown to be 
selective for muscle tissue, thus explaining the muscle-specific 
phenotype of this disorder.13 Later, compound heterozygosity 
for the common intronic mutation and a missense c.149G>A/p.
G50E substitution was found in two brothers with Swedish/
Finnish origin. These boys had a more severe phenotype than 
patients homozygous for the intronic mutation, with progres-
sive and severe muscle weakness, muscle wasting and heart 
involvement.14

Contrary to the muscular phenotype of ISCU mutant patients, 
mutations in other components of the core Fe-S assembly 
complex cause neurological diseases (eg, Friedreich’s ataxia, 
MIM 229300, due to FXN mutations) or multisystem disorders 
(eg, combined oxidative phosphorylation deficiency 19, MIM 
615595, due to ISD11/LYRM4 mutations).

We report here a patient with myopathy, lactic acidosis and 
combined MRC complex deficiency, caused by a de novo hetero-
zygous missense pathological variant in ISCU.

Methods
Histochemical and biochemical studies in skeletal muscle
Muscle morphology and histochemistry, respiratory chain 
activities of complexes I to IV and pyruvate dehydroge-
nase complex  (PDHC) assays were performed as previously 
described.15–17 Histochemical staining of iron using Prussian blue 
colour was performed as previously described.18

Genetic analysis
Genomic DNA was extracted from peripheral blood by stan-
dard methods. Whole exome sequencing  (WES) and variants 
filtering were performed as previously described.19 Variants 
identified by WES were validated by Sanger sequencing. For 
deep sequencing of parental DNAs, the PCR products were 
processed with Nextera XT DNA sample preparation kit 
(Illumina). Sequencing was performed on an Illumina MiSeq 
instrument.

RNA was extracted from skin fibroblasts, and 1 µg was used 
as template for RT-PCR to obtain full-length cDNA. ISCU tran-
script was amplified by PCR and run through a 1% agarose gel in 
order to detect potential splicing alterations. PCR products were 
also sequenced in order to confirm genomic variants and unmask 
potential events of nonsense-mediated decay.

Cell culture and biochemical analysis of fibroblast samples
Fibroblasts obtained from skin biopsy were grown in 1 g/L 
glucose DMEM-F14 (Euroclone) supplemented with 20% fetal 
bovine serum (FBS), 1% uridine, 1% L-glutamine and 0.2% 
sodium pyruvate.

For enzyme activity measurements, cells were treated with 
digitonin in order to separate a cytosolic cell fraction from a 
crude mitochondria-containing organellar fraction.20 Biochem-
ical assays were essentially performed as described.16 Analysis 
of steady-state protein levels by immunoblotting was carried out 
by common methods, using a 6%–20% sodium dodecyl sulfate 
polyacrylamide (SDS-PA) gradient gel. Blocked membranes were 
probed with primary antibodies (online supplementary table 
S1), and antigens were visualised by  horseradish peroxidase 
(HRP)  coupled secondary reagents and a chemiluminescence 
reaction.

Yeast studies
Details on yeast strains, media, cloning procedures and vectors21 22 
as well as on generation of mutant allele and construction of 
mutant strains23–25 are reported in the online supplementary data

Complex II (succinate dehydrogenase (SDH)) and complex IV 
(cytochrome c oxidase (COX)) specific activities were measured 
on a mitochondrial-enriched fraction prepared as previously 
described.26 27 Aconitase activity was measured in whole-cell 
extracts.28 In vivo radiolabelling of yeast cells with 55FeCl3 (ICN) 
and measurement of 55Fe-incorporation into Fe-S proteins by 
immunoprecipitation and scintillation counting were performed 
as described.29 Antibodies against c-Myc were obtained from 
Santa-Cruz. The green fluorescent protein (GFP) based reporter 
assay for determination of FET3 promoter strength was described 
previously.29 The iron content was determined by a colorimetric 
assay, essentially as described before.30 31

Bioinformatics and structural analysis tools
The effect of the p.(Gly96Val) substitution on ISCU function 
was predicted using the in silico tools (ie, SIFT, Polyphen2 and 
EVmutation), all running recommended parameters. All images 
of the Escherichia coli IscU-IscS (PDB ID:3LVL) complex were 
made by using Visual Molecular Dynamics viewer.32 The eval-
uation of the impact of the mutated residue and the protein–
protein interaction analysis were performed by using Swiss PDB 
viewer,33 and FirstGlance in Jmol (http://www.​jmol.​org)

Results
Case report
The patient is a 23-year-old Italian male, first child from non-con-
sanguineous parents, born at term after a normal pregnancy by 
caesarean delivery. He has a healthy younger brother. He started 
walking at 18 months, but he always presented some walking 
difficulties, with frequent falls. Parents reported easy fatigability 
since the first years of life. At 7 years of age, the neurological 
examination showed bilateral ptosis not associated with ophthal-
moparesis, muscle hypotonia and wasting, and absent deep 
tendon reflexes. No obvious weakness was present, but marked 
exercise intolerance was reported. Neither cognitive impair-
ment nor other central nervous system (CNS) involvements 
were noticed. The brain  nuclear magnetic resonance (NMR) 
and the EEG were normal. Electromyography showed myopa-
thic changes in all tested muscles. Creatine kinase (CK) level was 
slightly increased (about 300 U/L; normal values, n.v.:<180), 
lactate acid was high in blood (4.6 mmol/L; n.v.: 0.4–2.2). He 
showed leucopenia (2.94×103/µL; n.v.: 5–14) and anaemia 
(haemoglobin 10.9 g/dL; n.v. 13–16) with microcythemia (72.9; 
n.v. 80–99); a bone marrow biopsy performed at 7 years was 
normal. No heart involvement was present: echocardiogram and 
ECG were both normal. Over time, his clinical conditions wors-
ened and he started presenting episodes of profound exercise 
intolerance and weakness, with partial recovery of muscle weak-
ness between episodes in about 2 weeks. During these episodes, 
the patient was unable to walk, and showed tachycardia; neither 
breathing shortness nor dysphagia was noticed. At the neurolog-
ical examination at 17 years of age, he presented predominantly 
distal limb weakness with muscle hypotrophy; deep tendon 
reflexes were absent. He was able to stand up from a chair and 
walk, but was unable to run. No signs of CNS involvement were 
present; CK level remained high (about 1700 U/L). The disease 
has since been slowly progressive, punctuated by episodes of 
acute weakness, with preserved cognitive function and no other 
signs of CNS involvement.
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Histochemical and biochemical analyses in skeletal muscle
A first muscle biopsy was performed at 8 years of age. At the 
histological examination, fibre size variability was present. The 
main feature was a severe reduction of the histochemical reac-
tion for both COX and SDH, not associated with ragged red 
fibres. The biochemical examination showed severe decrease of 
all the MRC complexes (I, II, III, IV), with strong increase in 
citrate synthase (CS) activity (online supplementary figure S1A). 
A second muscle biopsy was performed at 22 years, confirming 
the histological and histochemical findings (figure  1A-C). At 
this age, the reduction in the MRC complex activities was still 
present, yet normal CS activity was observed (online supple-
mentary figure S1B). Furthermore, the activity of PDHC was 
reduced (PDH/CS: 1.8, normal values: 2.5–5.0). After the 
genetic identification of the ISCU variant (see below), we carried 
out histological analysis for the presence of iron deposits in the 
muscle biopsy by Perls staining. We found Perls-positive mate-
rial in numerous patient’s fibres, whereas no such material was 
detected in control muscle biopsies, indicating iron overload in 
ISCU-mutant muscle (figure 1D).

Genetic studies
Genetic alterations linked to mitochondrial DNA were ruled 
out: no mutation was detected by sequencing and no evidence 

of depletion or deletion was observed by Southern blot anal-
ysis of mitochondrial  DNA from muscle. We performed WES 
on genomic DNA from the proband. After filtering steps to 
exclude common SNPs (frequency >0.5%), we selected genes 
with two compound heterozygous or one homozygous variant, 
according to a predicted recessive mode of inheritance. Then 
we focused on genes encoding proteins with mitochondrial 
localisation. Two entries were found: MTIF2 (translation initi-
ation factor IF-2, mitochondrial) and PDPR (pyruvate dehy-
drogenase phosphatase regulatory subunit). However, the two 
missense variants in MTIF2 were in cis, on the same paternal 
allele, whereas the two variants in PDPR were not confirmed 
by Sanger sequencing, being probably due to the presence of a 
pseudogene. No hemizygous variant, suggestive of an X-linked 
transmission, was detected. A deep analysis of the heterozy-
gous variants, prioritising genes associated with mitochondrial 
myopathies, highlighted a single variant in ISCU, a c.287G>T 
(NM_213595.2) predicted to cause the amino acid substitution 
p.G96V (figure 2A). This nucleotide change was not reported in 
public variant databases (dbSNP, EVS, ExAC (August 2016)); the 
substitution affected a highly conserved residue (figure 2B) and 
gave high scores of pathogenicity, according to several bioinfor-
matics tools. This variant was confirmed by Sanger sequencing 
in the proband but was not present in the parents’ blood DNA, 

Figure 1  Histochemical analysis of the patient’s muscle biopsy. (A) Gomori trichrome stain showing fibre size variability. (B) Strongly reduced 
histochemical activity of succinate dehydrogenase. Few fibres showed succinate dehydrogenase-positive staining (arrows). (C) Cytochrome c oxidase (COX) 
staining showing scattered fibres with severe reduction of histochemical COX activity (arrows). (D) Perls staining demonstrating punctuate accumulation of 
iron in the patient’s muscle fibres. Inset is a positive control (spleen) for the Prussian blue reaction. Bars correspond to 100 µm.
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indicating a de novo event (figure  2C, online supplementary 
figure S2): the parental DNA samples were analysed also by deep 
sequencing to exclude very low level of the variant, suggestive 
of germinal mosaicism. All the ISCU coding regions were well 
covered by WES. We then screened our patient and his parents 
for the intronic region encompassing the common mutation 
present in all the previously described ISCU mutant patients but 
no variant was identified.

To exclude that WES could have missed the presence of 
another deep intronic variant affecting the splicing or a ‘non-ex-
onic’ variant impairing mRNA transcription/stability, we further 
investigated patient’s specimen at the transcriptional level. No 
aberrant mRNA ISCU species was observed in PCR products 
obtained from fibroblast RNA, and their sequencing showed a 
biallelic expression, suggested by the presence of overlapping 
peaks corresponding to G and T nucleotides in position c.287 
(online supplementary figure S2).

Characterisation of patient’s fibroblasts
The amount of ISCU protein in patient’s fibroblasts was similar 
to controls, indicating that the mutant protein is normally synthe-
sised, imported into mitochondria and stable (figure 2D). In line 
with previous reports showing that the biochemical phenotype 
associated with mutant ISCU is very much attenuated, fibroblasts 
harbouring the ISCUG96V mutation showed hardly any defect in 
activities or protein amounts for a number of mitochondrial 
Fe-S dependent enzymes including mACO, LIAS (as indicated 
by the presence of lipoate cofactor (Lip) on pyruvate and keto-
glutarate dehydrogenase E2 subunits), ferrochelatase and respi-
ratory chain complexes I, II and III (online supplementary figure 
S3A-F). A minor defect was observed in complex IV, in line with 
the muscle biopsy analyses, and in the activity of cytosolic aconi-
tase (IRP1). Analysis of steady-state levels of cytosolic/nuclear 
Fe-S proteins as a measure for maturation-dependent stability 

Figure 2  Identification and characterisation of an ISCU mutation. (A) Schematic representation of the ISCU cDNA (NM_213595.2) and ISCU protein with 
the nucleotide/amino acid change identified in this study. The functional IscU-like domain is in red; the mitochondrial targeting sequence (MTS) is in yellow. 
(B) Phylogenetic conservation of the amino acid residue (Gly96, in green) affected by the missense mutation identified in the patient. (C) Electropherograms 
of the genomic region (gDNA) and transcript (cDNA) harbouring the ISCU mutation, and pedigree. (D) Immunoblot analysis of ISCUG96V mutant protein 
expression and subcellular localisation. Control and patient fibroblasts were harvested by trypsination, permeabilised by digitonin treatment, and separated 
into a cytosolic and a mitochondria-containing membrane fraction. Total cell lysates as well as cytosolic and crude mitochondrial fractions were subjected 
to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and analysed for ISCU and ATP synthase F1β subunit (mitochondrial marker) 
steady-state protein levels (left panel). Chemiluminescence signals of ISCU and F1β in total lysate samples were quantified, and values obtained from 
patient fibroblasts were expressed relative to control cells (right panel). Error bars indicate the SDs (n=3). UTR, untranslated region.
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revealed no general alteration of their cellular abundance (online 
supplementary figure S3G-H). However, we observed a severe 
deficiency of the base-excision DNA repair enzyme NTHL1, a 
[4Fe-4S] protein, and a slight decrease in protein levels of the 
CIA factor IOP1 containing 2 [4Fe-4S] clusters. Taken together, 
our analyses indicate that the presence of the ISCUG96V muta-
tion does not have a strong impact on Fe-S cluster assembly in 
patient’s cultured fibroblasts.

Yeast model
To assess the pathogenic role of the substitution p.Gly96Val 
identified in the patient, we performed studies in a yeast model, 
by introducing the analogous amino acid substitution (G97V) in 
the Saccharomyces cerevisiae orthologue of ISCU, the yeast gene 
ISU1. ISU1 has a paralogue, ISU2, arising from a recent gene 
duplication. The double deletion mutant isu1Δisu2Δ is unviable, 
thus indicating the essential role of these proteins in the biogen-
esis of Fe-S clusters, which is in turn indispensable for yeast cell 
survival.34 The double deletion mutant isu1Δisu2Δ, harbouring 
the centromeric pFL38 plasmid (URA3 marker) with the wild-
type (wt) ISU1 to allow viability, was additionally transformed 
with pFL39 centromeric plasmids (TRP1 marker) containing 
either the mutant allele isu1G97V, a wt copy of ISU1, or no gene.

The different strains were plated on 5-fluoroorotic acid 
containing medium to select for cells that have lost the pFL38/ISU1 
plasmid. The strain expressing isu1G97V as the sole ISU1 gene was 
able to grow on glucose at rates similar to strains carrying the wt 
ISU1, while the empty pFL39 did not support growth (figure 3A). 
This result indicates that glycine 97 is not essential for the function 
of the Isu1 protein. However, growth of the strain expressing the 
isu1G97V variant was severely retarded on non-fermentable carbon 
sources (figure 3A), highlighting a deleterious effect of the G97V 
mutation on mitochondrial function.

To test whether the G97V mutation acts as a dominant trait, 
the isu1Δisu2Δ/isu1G97V and the isu1Δisu2Δ/ISU1 strains were 
transformed with either the pGL38 empty vector (as a control) 
or pFL38/ISU1 thus obtaining the heteroallelic strain isu1Δi-
su2Δ/ISU1/isu1G97V and the homoallelic strain isu1Δisu2Δ/I-
SU1/ISU1. Growth on non-fermentable carbon sources was 
clearly reduced in the heteroallelic strain compared with the 
homoallelic wt strain, and also to the strain transformed with 
the empty vector and expressing a single copy of ISU1 (isu1Δi-
su2Δ/ISU1). These results indicate that the G97V mutation 
behaves as dominant (figure 3B). The measurement of the cell 

Figure 3  Growth analysis of mutant yeast strains. (A) The strain isu1Δisu2Δ harbouring plasmid pFL39 with the wild-type ISU1 gene or the mutant allele 
isu1G97V was analysed for growth on various media. Equal amounts of serial dilutions of cells from exponentially grown cultures were spotted onto yeast 
nitrogen base (YNB) medium plus 2% glucose, 2% lactate or 2% glycerol. The growth was scored after 3 days of incubation at 28°C. (B) The strains 
isu1Δisu2Δ/ISU1 and isu1Δisu2Δ/isu1G97V were transformed with pFL38/ISU1 or with the empty vector. Equal amounts of serial dilutions of cells from 
exponentially grown cultures were analysed for growth on YNB medium plus 2% glucose or 2% lactate after 4 days of incubation at 28°C. (C) Cell yield was 
calculated by growing cells on liquid medium containing glucose or lactate and measuring the optical density at 600 nm after 72 hours of growth. Error bars 
indicate the SDs (n=3).
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yield in liquid cultures confirmed what observed in the spot 
assay analysis (figure 3C).

To investigate if the G97V mutation affects mitochondrial Fe-S 
protein biogenesis, we measured the biochemical activities of two 
Fe-S cluster-containing enzymes: aconitase and complex II. These 
activities were reduced in both the isu1Δisu2Δ/isu1G97V and the 
heteroallelic strain isu1Δisu2Δ/ISU1/isu1G97V (figure  4A and B) 
indicating an impairment in Fe-S cluster biogenesis in isu1G97V-con-
taining yeast cells. The activity of complex IV which contains two 
heme centres was also partially reduced (figure 4C). Finally, we 
evaluated the cellular iron content by a colorimetric assay and 
found a twofold increase in the mutant compared with wt strain 
(figure 4D) consistent with a defective core ISC machinery.35

To further investigate the impact of the G97V mutation on 
Isu1 function, we measured the ability of mutant versus wt 
Isu1 protein to assemble a Fe-S cluster in vivo.36 To this end, 
we used the strain Gal-ISU1/isu2Δ, in which ISU2 is deleted 

and ISU1 is under the control of the GAL1-10 promoter. The 
levels of Isu1 can be downregulated by growing the cells in the 
presence of glucose.37 Gal-ISU1/isu2Δ cells were transformed 
with pRS426-TDH3 vectors encoding Myc-tagged ISU1wt or 
isu1G97V. To estimate Fe-S cluster binding of Isu1, cells were 
radiolabelled with 55Fe, and the incorporation of radioactivity 
into Isu1G97V or Isu1wt was measured by immunoprecipitation 
and scintillation counting (figure 4E,F). As shown in figure 4F 
(darker bars), the mutant protein showed a 30% reduction in 
the 55Fe binding capacity; this reduction is consistent with the 
mutant growth defect displayed on respiratory carbon sources. A 
decrease was also evident when isu1G97V was expressed in isu1Δ 
cells or when Gal-ISU1/isu2Δ cells were depleted by growth in 
galactose-containing medium, conditions in which endogenous 
wt Isu1 and Isu2 are present, thus mimicking the heteroallelic 
condition (figure 4F, light grey bars, and figure 4E). This result 
showed that the Isu1G97V mutant protein is slightly impaired 

Figure 4  Measurement of enzyme activities and iron content in yeast. (A) Aconitase activity was measured in whole-cell extracts from cells grown 
exponentially at 28°C in yeast nitrogen base (YNB) medium plus 0.6% glucose. (B and C) Succinate dehydrogenase activity and cytocrome c oxidase 
activities were measured in a mitochondria-enriched fraction obtained from cells grown as described before. The values for isu1Δisu2Δ/isu1G97V and 
isu1Δisu2Δ/ISU1/isu1G97V strains are expressed as percentage of the activities obtained in the strains isu1Δisu2Δ/ISU1 and isu1Δisu2Δ/ISU1/ISU1. (D) 
Cellular iron content was quantified in cells grown up to early stationary phase in YNB 0.2% glucose and 2% galactose medium. *<0.05 (unpaired two-
tailed t-test), **<0.01 (unpaired two-tailed t-test). (E) Gal-ISU1/isu2Δ cells and isu1Δ cells expressing Myc-tagged Isu1 were radiolabelled with 55Fe 
and 55Fe incorporation into Isu1-Myc was determined by immunoprecipitation with α-Myc antibodies followed by scintillation counting. Wild-type cells 
harbouring the empty vector (e.v.) served as control. Isu1-myc protein levels in isu1Δ cells were determined by immunostaining with α-Myc antibodies. Porin 
(Por1) served as a loading control. (F) Gal-ISU1/isu2Δ cells expressing Isu1 from vector pFL39 and the reporter plasmid pFET3-GFP were cultivated in SD 
or SGal medium supplemented with 50 µM ferric ammonium citrate. At an optical density=0.5, the GFP-specific fluorescence emission of whole cells was 
determined. Error bars indicate the SDs (n=3).
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in its ability to incorporate Fe into Fe-S clusters in vivo. The 
alterations observed in mutant strains were not due to a reduced 
amount of the mutant Isu1G97V protein since its abundance was 
similar to the wt form (figure 4E). Furthermore, Gal-ISU1/isu2Δ 
cells expressing isu1G97V from vector pFL39 displayed a twofold 
increase of the iron-dependent FET3 promoter on both glucose 
and galactose-containing medium (online supplementary figure 
S4). A deregulated iron homeostasis is a hallmark of cells with 
defective core ISC machinery and explains the increased iron 
levels in cells expressing isu1G97V.

In silico pathogenicity prediction and structural modelling
In silico predictions, by using different tools, were used to eval-
uate the potential effect of the Gly96Val substitution on ISCU 
structure and interaction with its protein partners. ISCU inter-
acts with NFS1, yet the 3D structure of the human NFS1-ISCU 
complex is hitherto unknown. Instead, we used the reported 
crystal structure of the E. coli IscS-IscU complex formed by 
an IscS dimer which binds two IscU at opposite ends of IscS.38 
Notably a similar, yet unusual monomeric structure has been 
recently described for the IscS human orthologue NFS1.39 
Human Gly96 which corresponds to Gly64 in E. coli38 is located 
in a flexible loop, at the beginning of the helix α1, next to the 
potential Fe-S cluster-co-ordinating Cys95 residue (Cys63 in E. 

coli).40 We analysed the possible interactions of Gly64 with IscS/
NFS1 by using First Glance in Jmol. The glycine backbone could 
establish hydrophobic interaction with IscS Met315 that is located 
inside a stretch (YVEGESLLMAL) highly conserved from E. coli 
to human. Although both glycine and valine are hydrophobic 
residues, the greater steric hindrance of the valine side chain 
could interfere with the IscS-IscU interaction (figure 5A). More-
over, the loop encompassing residues 62–64 (GCG) of IscU is 
opposite to Glu311 and Ser312 on IscS, and we suggest that the 
valine slightly disturbs these hydrophilic residues (figure  5A). 
The substitution Gly96Val could therefore prevent the correct 
orientation of the adjacent cysteine side chain, thus interfering 
with the Fe co-ordination and explaining the defective ISCU 
function (figure 5B).

Discussion
ISCU (Isu1-2 in yeast) is an essential scaffold protein for the 
biosynthesis of Fe-S clusters. Recessive hypomorphic ISCU alleles 
have been associated with isolated myopathy11 12 or skeletal and 
cardiac myopathy14 in humans. Here, we report a heterozygous, 
de novo dominant ISCU variant, G96V, causing congenital myop-
athy in a single patient. The following considerations provide 
evidence that this variant exerts a deleterious, dominant effect 
on Fe-S-dependent enzyme activities. First, we observed striking 

Figure 5  In silico structural analysis. (A) Ribbon diagram of the Escherichia coli IscS (coloured in grey)-IscU (coloured in orange) complex (PDB ID: 3lvl). 
Close view of the Gly64 of IscU and Glu311, Ser312 and Met315 of IscS represented in Van der Waals and coloured by type. (B) Residues supposed to be 
involved in the co-ordination of the 2Fe-2S are represented as sticks.
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clinical, histological, histochemical and biochemical abnormal-
ities affecting skeletal muscle, which define a mitochondrial 
myopathy similar to that reported in ISCU recessive mutations, 
including partial depletion of SDH and COX histochemical 
reactions, generalised reduction of the MRC complex activities, 
and accumulation of iron deposits. Similar to recessive ISCU 
cases, our patient displayed isolated myopathy with fluctuating, 
waxing and weaning episodes of profound muscle weakness, 
in the context of a congenital myopathy with moderately high 
CK and no involvement of extramuscular organs, including the 
CNS. Second, the mutation was absent in both healthy parents, 
supporting its sporadic occurrence in the proband, and was the 
only gene defect related to mitochondrial myopathies identified 
by WES. Third, analysis of the corresponding genetic defect 
in yeast suggested a Fe-S protein biogenesis defect, including 
defects in OXPHOS and the cellular iron regulon. The effects 
were dominant, since both the monoallelic and the heteroallelic 
genotypes were associated with the phenotype.

While our yeast studies suggest that Isu1G97V is function-
ally impaired by itself, what might then be the reason for the 
observed dominance of both the human ISCUG96V and corre-
sponding yeast Isu1G97V mutations? ISCU, as the scaffold protein 
for the de novo synthesis of Fe-S clusters within mitochon-
dria, interacts with a number of other ISC proteins during Fe-S 
biosynthesis, although the stoichiometry of these interactions 
is controversial. Similar to the bacterial structure, the mamma-
lian ISC complex was proposed to be composed of two NFS1 
and two ISCU subunits,4 41 with a central NFS1 dimer and two 
molecules of ISCU at each end of the NFS1 dimer. Recently, 
a [FXN42–210]24-[NFS1]24-[ISD11]24-(ISCU)24 complex model 
was proposed,40 but it was obtained by overexpressing human 
proteins in E. coli and it is probably not relevant in vivo. We 
think that the functional impairment of ISCU by the G96V 
mutation may be caused by structural changes, as suggested 
by our in silico analyses. For instance, the orientation of the 
potential Fe-S cluster-co-ordinating Cys95 adjacent to Gly96 
could be altered by replacement of the helix-breaking glycine 
residue, with a negative outcome on protein function in Fe-S 
cluster assembly. Moreover, the mutated protein structure may 
become stiffer, thus negatively affecting the interactions with its 
other partner ISC proteins, notably NFS1. The altered interac-
tion between NFS1 and the mutant ISCU could in turn affect 
the assembly/function of the entire ISC biosynthetic complex. 
In support of this view stands the observation that the ISCUG96V 
mutant protein is stable and not degraded, and its amount is 
similar to that of ISCUwt in patient’s fibroblasts. In addition, the 
dominant effect may be caused by the intermediate formation of 
an ISCU holodimer which, according to in vitro reconstitution 
studies, is the product of the ISC biosynthetic complex.5 42 In the 
homodimer, the mutated Gly96 residue in one ISCU monomer 
would likely directly face the other wt ISCU monomer because 
of the bridging character of [2Fe-2S] cluster binding. This could 
lead to the observed dominant negative effect of the mutated 
ISCU on wt ISCU proteins. This might also be the reason why 
we observed less radiolabelled 55Fe bound to yeast Isu1G97Vcom-
pared with the wt protein. Interestingly, the dominant-negative 
behaviour of the G97V mutation differs from the recessive effect 
reported for the G50E mutation in both yeast and humans, 
which can be ascribed to haploinsufficiency of the G50E allele.43

Although ubiquitous, the ISCUG96V variant produces a clinically 
detectable effect only in one critical tissue, skeletal muscle, in line 
with the purely myopathic presentation of the common ISCUIV-

S5+382G>C splicing variant already reported in Swedish patients. 
Similar to our results, no evident mitochondrial phenotype in 

fibroblasts has been previously reported in cases with ISCU-re-
lated recessive disease.14 44–46 The molecular mechanisms that 
make skeletal muscle exquisitely sensitive to partial ISCU impair-
ment warrant further investigation in patient-derived cells and, 
possibly, animal models. A tissue-specific splicing of ISCU was 
proposed for the common ISCUIVS5+382G>C mutation to explain 
the skeletal muscle phenotype,13 but this hypothesis cannot be 
applied for either the p.G96V or the p.G50E missense variants, 
which are equally associated with muscle-specific dysfunction. 
The structural alterations and impaired interactions with partner 
proteins caused by the p.G96V could have tissue-specific effects 
which explain the muscle involvement. A greater sensitivity of 
ISCU-mutant myoblasts to oxidative stress,45 and exercise-in-
duced oxidative damages in muscle,47 may also account for the 
muscular phenotype. Nevertheless, tissue specificities for many 
of the mitochondrial diseases due to defective nuclear-encoded 
genes with housekeeping functions are currently poorly under-
stood and hardly predictable.

The multiple biochemical defects of MRC activities observed 
in our patient were expected for complexes I, II and III which 
contain Fe-S clusters. A defect was also seen for the Fe-S clus-
ter-free complex IV, which harbours Cu2+ and Fe-containing 
heme a/a3 as redox centres. In principle, this may be due to a 
defect in the Fe-S protein ferrochelatase catalysing the last step 
of heme biosynthesis.48 However, strong complex IV defects are 
also seen on depletion of ISCA1, ISCA2 and IBA57 in both human 
and yeast cells.49 50 These ISC proteins are specific for mitochon-
drial [4Fe-4S] protein maturation, yet are not involved in the 
assembly of the [2Fe-2S] cluster on human ferrochelatase. More-
over, we observed a complex IV impairment in the mutant yeast 
model despite the yeast orthologue enzyme is devoid of a Fe-S 
cluster. Nevertheless, complex IV defects are common secondary 
effects of an impairment of Fe-S protein biogenesis.6 49 A complex 
IV deficiency (19%–28% residual activity) was also  reported 
in the two siblings with the most severe ISCU-related pheno-
type, and a partial reduction was found in five subjects with the 
Swedish-type myopathy.14 This may be due to a downstream 
damaging effect linked to impairment of complexes I, II and 
III or to the hampered formation of MRC supercomplexes. In 
addition to the biochemical defects, the histochemical analysis 
was peculiar, with a quite specific pattern of SDH and COX 
deficiency; this was suggested to be a pathognomonic finding of 
a myopathy related to Fe-S cluster.9 However, in patients with 
mutations in FXN, the picture is different, with mainly COX 
negative fibres and nearly normal SDH staining.51 Other Fe-S 
diseases are rare and usually present as neurological disorders 
with minimal myopathic signs, while little is known about their 
muscle features. Collectively, the histochemical pattern in muscle 
biopsy seems specific for ISCU myopathy.

In conclusion, we report the first heterozygous dominant muta-
tion in ISCU; notably, this alteration resulted in a similar phenotype 
as the recessive ISCU disease previously described. Our finding 
stresses the importance of a deep analysis of WES data that may 
include, for sporadic cases, any mode of transmission. Moreover, 
our study confirms that recessive and dominant mutations in the 
same gene may lead to the same disease, as already reported for 
other mitochondrial disorders (eg, DNM1L mutations).
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