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ABSTRACT

The hereditary optic neuropathies (HON) comprise a group of disorders that are
characterized by selective loss of retinal ganglion cells (RGCs), leading to optic nerve atrophy and
different degrees of visual impairment and blindness. Clinical variability often makes recognition
and classification difficult. Traditionally, classification has relied on the recognition of similar
characteristics and similar patterns of transmission, but genetic analysis now permits the specific
diagnosis. Thanks to next generation sequencing thirteen mutations were identified. The yeast
Saccharomyces cerevisiae is extensively used as a genetic system to study mitochondrial diseases,
giving the possibility to prove with high confidence the link between novel mutations and
mitochondrial pathologies, since yeast can survive without mitochondrial DNA and by fermenting.
Once the mutant strains were constructed, the pathogenicity of these variants were demonstrated
exploiting the analysis of the OXPHOS metabolism. In particular, it was shown that all the variants
identified in patients led to a reduction in both oxidative growth and respiration, allowing to connect
the pathological patients’ phenotype with the presence of the substitutions. Mild and severe
phenotypes were observed, and to better understand the mechanisms underlying the disease, a
series of molecular analyzes have been performed. Investigation on the enzymatic activity, in the
SDHA and ACO2 mutant strains, highlighted a positive correlation with the results obtained in the
OXPHOS metabolism analysis with that of the enzymatic capacity, suggesting that the expression of
the pathological phenotype could be due to an enzymatic deficiency. For the other mutants,
containing MTFMT and MECR, a series of analysis were performed. In MECR strains, a deficiency in
lipoic acid was observed, since the mitochondrial fatty acids biosynthesis pathway is blocked. Lipoic
acid is an essential cofactor for some of the enzymes important for the Krebs cycle, therefore a
reduction in lipoic acid content was compatible with the oxidative defects observed. On the other
hand, MTFMT, responsible for the formylation of the met-tRNA™®t led to defects in mitochondrial
protein synthesis which could explaining the pathological phenotype in patients. Furthermore, since
ACO2 and SDHA mutations were in heterozygous condition, inheritance studies have been
performed and, the diploid condition recreated in yeast, allowed to detect the pathological defect.
In almost all the mutants, the dominance was confirmed, explaining that with haploinsufficiency or
negative dominance. The results showed that yeast is an excellent tool for validation but also for

extrapolating information on the inheritance of mutations.



CHAPTER 1:

INTRODUCTION




1.1 THE MITOCHONDRIA

Mitochondria are cytoplasmic organelles of the eukaryotic cells and are considered their “power
station”. Energy is obtained from the oxidation of sugars, fatty acids, organic acids and other
compounds such as ethanol and glycerol to produce ATP (adenosine triphosphate), the fuel that
drives most of the life reactions. The origin of the mitochondria is dated 1.5 billion years ago, when
an aerobic bacterium, through a phagocytosis event, was engulfed by a eukaryotic progenitor and
maintained during evolution (Lane and Martin 2010; Schwartz 1973; Herst et al. 2017). The
‘mitochondrial unit’ length ranges from 1 um to 5 um with an average diameter of about 0.5 um.
These organelles are surrounded by two membranes with different characteristics, allowing them
to establish a close connection between their structure and function (Figure 1.1). The main
difference between the two membranes lies in the different degrees of permeability. The outer
mitochondrial membrane (OMM) separates the cytosol from the mitochondrion and is mainly
composed of porin, a transmembrane channel that confers high permeability to ions and small
molecules with a molecular weight lower than 5000 Da, making the intermembrane space similar
to the cytosol. On the other hand, the internal mitochondrial membrane (IMM), composed of 20%
cardiolipin (Horvath and Daum 2013), makes the membrane poorly permeable to charged

molecules, allowing the formation of electro-chemical gradients that drives the ATP production.

Figurel.l: Mitochondrion representation

The IMM forms a series of invaginations towards the matrix, called cristae, where the respiratory
enzymes are concentrated. The cristae organization has the effect to increase the inner membrane

surface, optimizing energy production processes (Joubert and Puff 2021; Ikon and Ryan 2017).
2



These organelles are important not only for energy production but play pivotal roles in many other
cellular processes, such as apoptosis, thermogenesis, calcium homeostasis and reactive species of
oxygen (ROS) production. Another peculiar feature of mitochondria concerns their incredibly
dynamic ability (Dimmer et al. 2002); in fact, their morphology and distribution can change
depending on the cell energy demand (Bereiter-Hahn and V6th 1994; Warren and Wickner 1996;
Hermann and Shaw 1998; Yaffe 1999; Yu and Pekkurnaz 2018). The number is highly variable, from
a single mitochondrion in some unicellular algae to tens of thousands in oocytes, but in most cases,
there are on average 500-1000. However, the count of mitochondria numbers has been overcome
and replaced by the concept of mitochondrial mass, maintained through mitochondrial fusion and
fission processes. The fission and fusion processes, continuously remodel the mitochondria

organization and allow rapid responses to the outside stimuli.

1.2 mtDNA: STRUCTURE AND FUNCTIONS

During evolution, mitochondria have maintained their own genome, even if many massive events
of genes migration in the nucleus have occurred. Human mitochondrial DNA (h-mtDNA), the first
genome to be sequenced (Anderson et al. 1981; Basu et al. 2020), is a 16.5-kb circular double-
stranded molecule with a high degree of compaction due to the absence of intronic sequences. The
length and the sequence of the mtDNA are species dependent. Unlike humans, in fact, the yeast S.
cerevisiae has mtDNA of variable lengths ranging from ~68 (short strain) to 86 kb (long strain),
mainly in a linear form (Foury et al. 1998). The h-mtDNA encodes for 22 tRNAs, which are specific
to the mitochondrial translational machinery, 2 rRNAs, and 13 proteins that take part in oxidative

phosphorylation processes (Figure 1.2).
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Figure 1.2: h-mtDNA map. Genes encoding subunits of complex | are in blue;
genes encoding cytochrome b of Complex lll are in green; genes encoding subunits
of Complex IV are in red; genes encoding for subunits of ATP synthase are in yellow.
(Taylor and Turnbull 2005)

All the other proteins (~1300) involved in the respiratory chain and mitochondrial pathways are
nuclear-encoded, synthesized in the cytosol, and imported into mitochondria through the TOM/TIM
super-complex (Neupert and Herrmann 2007; Ryan and Hoogenraad 2007; Gomkale et al. 2021). To
maintain mitochondrial functionality, a finely regulated recognition of mitochondrial import signal
and the subsequent transfer of these proteins are requested (Harbauer et al. 2014). Mitochondrial
DNA, unlike human nuclear DNA, which is always present in two copies, has a variable copy number
mainly dependent on both cell type or particular stimuli and conditions. Cells of tissues with a high
energy requirement, such as skeletal and cardiac muscles, have up to 5000-10000 copies of mtDNA
(D’Erchia et al. 2015). Moreover, even pathological conditions such as cancer and diabetes (Reznik
et al. 2016; Chien et al. 2012) or aging (He et al. 2014) can lead to a variation in the mtDNA content.
Despite the absence of histone-like mitochondrial proteins, mtDNA cannot be considered "naked"
because takes part in protein-DNA complexes called nucleoids, which are autonomous replicative
units anchored to the IMM (Holt et al. 2007; Kukat et al. 2011; Bonekamp and Larsson 2018).
Proteomics analyses of native cross-linked nucleoids have determined the major components of
these structures. It is possible to distinguish two different classes: proteins involved in replication

and proteins involved in transcription processes. The most abundant proteins connected to



mitochondrial replication are POLG, Twinkle and mtSSB, while those involved in transcription are
POLRMT, TFAM, TFB2M and TEFM (Rubio-Cosials and Sola 2013; Garrido et al. 2003). TFAM protein
belongs to the high-mobility proteins group, promotes the initiation of transcription by recruiting
the RNA polymerase POLRMT, playing an important role in this process by binding, folding and
unfolding the mtDNA. TFAM can compact the mtDNA inducing a 180° U-turn when bound to the
DNA (Bonekamp and Larsson 2018), and the degree of compaction of mtDNA is closely linked to its
presence; a ratio of 1 molecule of TFAM every 16 Bp of DNA, in basal conditions, has been estimated.
TFB2M and TEFM are specific transcription factors: the former induces structural changes in the
RNA polymerase enzyme promoting the recognition and capture of the non-template DNA strand,
the latter is a transcription elongation factor that increases mitochondrial RNA polymerase
processivity (Hillen et al. 2017; Minczuk et al. 2011). In mammals and fungi, all processes in which
the synthesis of new mtDNA occurs, such as replication, repair and recombination are accomplished
by the unique mitochondrial replicase, the DNA polymerase gamma (POLG o POLy) (Ropp and
Copeland 1996; Pinz and Bogenhagen 2006; Longley et al. 1998). POLG is a heterotrimer protein
composed of one catalytic and two accessory subunits which increase both catalytic activity and
processivity (Yakubovskaya et al. 2006; Euro et al. 2011). In humans the catalytic subunit, POLG(A),
encoded by POLG gene located on chromosome 1525, consists of 1239 amino acids subdivided

into three domains:

e N-terminal domain with 3’>5’ exonuclease activity (residues 170-440), involved in the

proofreading activity

e C-terminal domain characterized by polymerase activity (residues 440-475 and 785-1239),

involved in the synthesis of new mtDNA

e Spacer region that connects the two domains (residues 475-785)(T A Kunkel and Soni 1988;
Thomas A. Kunkel and Mosbaugh 1989; Graziewicz, Longley, and Copeland 2006; Gilea et al.
2021) and which contains two subdomains. The former is implicated in intrinsic processivity
and the latter is involved in processivity mediated by the interaction with the accessory

subunits, encoded by the POLG2 gene (Lee, Kennedy, and Yin 2009)



The replication of mammalian mtDNA, in which POLG is the key player, is continuous and
asymmetrical, both in space and time. Based on the nucleotide composition, it is possible to identify
an H (heavy) and an L (light) strand on mtDNA (Berk and Clayton 1974; Falkenberg 2018). Unlike the
replication of the nuclear DNA, every single strand (H and L) is synthesized continuously, without
the presence of Okazaki fragments. Moreover, the synthesis of the two strands begins from
different origins, called On and O, (spatial asymmetry) and at different times (temporal asymmetry).
In 1972, Vinograd and co-workers proposed the strand displacement model to explain this process
(Robberson, Kasamatsu, and Vinograd 1972). The mtDNA contains two regions that act as
transcription initiation sites called HSP (Heavy Strand Promoter) and LSP (Light Strand Promoter).
According to this theory, the mtDNA synthesis, starts from Oy, using a short primer inserted by
POLRMT in the LSP region to produce the new H-strand. The replication process is facilitated by
TWINKLE, a protein with 5’3" helicase activity, which helps the opening of the double helix. In this
initial step, there is no contemporaneous L-strand synthesis and the parental H-strand is bound by
the mitochondrial single-strand binding protein (mtSSB) to prevent random RNA synthesis on the
displaced strand from the mitochondrial RNA polymerase (POLRMT) (Miralles Fusté et al. 2014).
When the replicative machinery replicates two-thirds of the genome, reaches the other origin of
replication (OL), and the displaced parental H-strand folds into a stem—loop structure (Falkenberg
2018). This particular conformation blocks mtSSB from binding mtDNA, and a small fragment of
single-stranded DNA in the loop region remains accessible to the POLRMT which initiates RNA
synthesis (Fusté et al. 2010). The processivity of POLRMT on single-stranded DNA is low, and after
25 nucleotides is switched with POLy, allowing the L-strand DNA synthesis (Wanrooij et al. 2008;
Wong and Clayton 1985). After this polymerase substitution, H- and L-strand synthesis proceeds

until the two strands complete the entire circle. (Figure 1.3)
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Figure 1.3: Strand displacement model (Falkenberg 2018)

1.3 THE TWO MAIN MITOCHONDRIAL PROCESSES: KREBS CYCLE AND OXIDATIVE
PHOSPHORYLATION

1.3.1 Krebs cycle

Sugars and fatty acids are the main energy sources of the cells, which, through oxidation processes,
are converted into carbon dioxide, releasing energy used for ATP synthesis. Enzymes which catalyze
the oxidative degradation of these compounds are in the mitochondrial matrix. Glucose and other
sugars are oxidized in the cytoplasm, via glycolysis, into pyruvate. Pyruvate is then imported in
mitochondrion, where it undergoes oxidative decarboxylation reaction, producing acetyl-coenzyme
A (Acetyl-CoA) (Ochoa 2006; Perham 2000; McCommis and Finck 2015). Fatty acids, mainly deriving
from the mobilization process of triglycerides in eukaryotes, are imported into the mitochondrial
matrix through the acylcarnitine transport system. In the mitochondrial matrix, the fatty acids are
converted into acyl-coenzyme A, template of the B-oxidation process, consisting of four reactions.
Each B-oxidation cycle produces one acetyl-CoA and one acyl-coenzyme A (two carbon atoms
shorter) molecules. In higher eukaryotes, B-oxidation occurs mainly in the mitochondria and, for
very long-chain fatty acids, in peroxisomes, while in yeast this catabolic process occurs primarily in
peroxisomes and subsequently the acetyl groups are transported into the mitochondria, through
the acetyl-carnitine system. Acetyl-CoA, resulting from these degradative processes, is oxidized to

carbon dioxide through the Krebs cycle (tricarboxylic acids cycle or TCAs) (figure 1.4).
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Figure 1.4: Krebs cycle schematic representation (Martinez-Reyes and Chandel 2020)

The tricarboxylic acid cycle is the principal oxidative process of respiration, through which all
metabolic "fuels" (carbohydrates, lipids, proteins and other compounds) are catabolized in aerobic
tissues. The Krebs cycle is composed of eight reactions, that convert one molecule of acetyl-CoA
into two molecules of carbon dioxide, one molecule of ATP, three molecules of NADH and one
molecule of FADH;. The cycle starts with a condensation reaction, catalyzed by citrate synthase
enzyme, which combines a molecule of oxaloacetate (4 carbon atoms) and a molecule of acetyl-CoA
(2 carbon atoms) to form oxaloacetate (6 carbon atoms). The second step involves the isomerization
of citrate to isocitrate, catalyzed by aconitase, more detailed below. In the third step, isocitrate is
converted into alpha-ketoglutarate by isocitrate dehydrogenase. In this phase, a dehydrogenation
reaction to form oxalosuccinate occurs: being this molecule highly unstable, it is immediately
converted to alpha-ketoglutarate with the release of carbon dioxide and reduction of nicotinamide
adenine dinucleotide (NADH) cofactor. The fourth step of the Krebs cycle involves a subsequent
decarboxylation reaction catalyzed by a multi-protein complex called alpha-ketoglutarate
dehydrogenase, in which the product of the previous step is converted into succinyl-CoA, releasing
carbon dioxide. Succinyl-CoA synthase, the fifth enzyme in the cycle, couples the cleavage of
succinyl-CoA to the synthesis of a nucleotide triphosphate (GTP), which can be rapidly

interconverted into ATP by the action of a nucleoside diphosphate kinase:



GDP + ADP 2 GDP + ATP AG®'=0

Succinate dehydrogenase, detailed later, subsequently catalyzes the stereoscopic
dehydrogenation of succinate to fumarate. Fumarate hydratase (fumarase) catalyzes the
seventh reaction of the cycle, in which the fumarate double bond is reduced to form malate.
The reaction proceeds thanks to the formation of an unstable carbanion transition state. The
final reaction leads to the regeneration of oxaloacetate, catalyzed by malate dehydrogenase. In
this NAD* dependent step, the hydroxyl group of the malate is oxidized, with simultaneous
transfer of a proton and two electrons to NAD*, forming NADH. Most of the energy released is
therefore stored in the form of reducing power. In fact, at the end of each cycle, the net balance
provides the production of 3 NADH, 1 FADH; and 1 GTP (or ATP) molecules. It is important to
emphasize that the Krebs cycle is not fundamental only for oxidative metabolism but provides
intermediates, such as oxaloacetate and a-ketoglutarate, essential for the synthesis of amino
acids. Another example is the succinyl-CoA, used for the synthesis of heme and other
porphyrins. Oxaloacetate and a-ketoglutarate are the ketoacids used to form aspartate and
glutamate, respectively, through transamination reaction. Since these and other reactions tend
to deplete the intermediates of the citric acid cycle, the progress of the cycle could fail if
processes able to restore the stocks of these intermediates did not exist. These processes
constitute the anaplerotic pathways. Although they are not usually classified as anaplerotic,
transamination reactions can also be considered a source of these molecules, since they are
reversible reactions that can produce intermediates of the Krebs cycle. Consequently, cells that
have an abundance of amino acids can convert them into intermediates of the citric acid cycle
by transamination generating a-ketoglutarate and oxaloacetate from glutamate and aspartate.
Another enzyme, glutamic dehydrogenase, constitutes another possibility for the synthesis of
a-ketoglutarate from glutamate. In addition, many plants and some microorganisms, including
the yeast Saccharomyces cerevisiae, can convert two-carbon compounds to four-carbon

intermediates of TCA through the glyoxylate cycle.

1.3.2 Oxidative phosphorylation

NADH and FADH,, derived from B-oxidation and the Krebs cycle, are molecules with a high
energy level in the form of reducing power. They contain electrons with high transfer potential

and when these electrons are used to reduce molecular oxygen (a very potential harmful
9



molecule) to water, a large amount of free energy is released. In aerobic organisms, oxidative
phosphorylation is the main mechanism used to synthetize ATP, thanks to the conversion of the
energy resulting from the oxidative degradation of organic substances into ATP. The
progressive passage of the electrons through carrier proteins with increased affinity is
associated with the pumping of protons into the intermembrane space, generating an
electrochemical gradient based on the different H* concentrations between the intermembrane
space (IMS) and the matrix, through the inner membrane. This gradient is dissipated at the level
of ATP synthase, the fifth complex of the electron transport chain, that couples the re-entry of
protons into the matrix with the ATP synthesis, starting from ADP and inorganic phosphate.
Electrons are transported through carriers with lower reduction potential to those with higher
reduction potential, which cyclically accept and donate electrons. The classes of transporters

present in the mitochondrial transport chain are:

Iron-sulfur centers (Fe-S), which represent the prosthetic groups of iron-sulfur proteins, in

which one or more iron atoms are linked via coordination bonds to inorganic sulfur atoms or
sulfur atoms of cysteines. In the Fe-S centers, the effective electron carriers are the iron atoms
which, cyclically, accept (reducing themselves into a ferrous ion Fe?*) and release the electron

(re-oxidizing to ferric ion Fe3*)

Respiratory cytochromes are proteins complexed whit a heme-type molecule, which confers

the ability to absorb visible light, with a characteristic spectrum. Respiratory cytochromes are
divided into three classes according to the peak of absorption in the visible light: cytochrome a,
with an absorption peak at 602 nm; cytochrome b, with an absorption peak at 560 nm;
cytochrome c, with an absorption peak at 550 nm. In cytochromes, the electron carriers are the

heme groups, mainly formed by Fe?* ion (Cu* in the case of cytochromes a)

Ubiquinone, or coenzyme Q, presents a quinone structure that, unlike the other transporters,

is not complexed to proteins. The quinone scaffold is composed of a specific number of
isoprenoid units (10 in mammalian cells), which allow it to diffuse freely in the mitochondrial

membrane. Ubiquinone can accept two electrons, passing from the oxidized form (ubiquinone)

10



to the partially reduced form (semiquinone), and then to the totally reduced form (ubiquinol)

after the bond of the second electron.

The oxidative phosphorylation system (OXPHOS) comprises five multiprotein complexes
(complexes | to V) and two mobile electron carriers (Ubiquinone and Cytochrome c)

incorporated into the IMM phospholipid bilayer (Figure 1.5).

Complex V

Succinate Fumarate
NADH NAD*

ADP + Pi ATP
+

H

Figure 1.5: Electron transport chain representation (M. Zeviani 2004)

Complex | (or NADH-coenzyme Q reductase, or NADH dehydrogenase) contains 30 different
polypeptides and transfers two electrons from NADH to coenzyme Q. The prosthetic group of
one of these subunits, the flavine mononucleotide (FMN), cyclically accepts electrons and

protons from NADH, transferring them to the iron-sulfur centers.

Complex Il (or succinate-coenzyme Q reductase or succinate dehydrogenase) catalyzes the
transfer of two electrons from succinate to coenzyme Q. It is the only complex that also acts as
enzyme in Krebs cycle, catalyzing the oxidation of Succinate to Fumarate. Coenzyme Q diffuses

freely across the inner mitochondrial membrane and transfers electrons to complex Ill.

Complex lll (or cytochrome c-coenzyme Q oxidoreductase) contains 10 polypeptides, heme
groups and iron-sulfur center; it is involved in the transfer of electrons from coenzyme Q to

cytochrome c. The transfer takes place in the following order: cytochromes b (bse2 and bses),

11



iron-sulfur centers and cytochrome c. Cytochrome c differs from other cytochromes since it

behaves as a protein weakly anchored to the inner membrane, able to spreads along it.

Complex IV (or cytochrome c oxidase) contains 13 polypeptides and catalyzes the transfer of
electrons from cytochrome c to the final acceptor, oxygen. It consists of cytochromes a, as and

copper atoms (Cugand Cua center);

Complex V (or ATP synthase) is a complex with enzymatic activity that synthesizes ATP using
the electrochemical gradient generated during the transport of electrons from the reduced
molecules to oxygen. The transport of electrons is concomitant to the pumping of protons
through the inner membrane, from the matrix to the IMS, through the respiratory complexes:
this pumping creates a gradient of protons across the membrane, which provides the energy
for the synthesis of ATP. The dissipation of this gradient through complex V allows the synthesis

of ATP starting from ADP and inorganic phosphate.

The mitochondrial respiratory chain is a conserved system among eukaryotic organisms. Unlike
humans, complex | is absent in Saccharomyces cerevisiae. Yeast contains three NADH
dehydrogenases distributed on both external (Ndel and Nde2) and internal (Ndil) surfaces of
the inner mitochondrial membrane. During respiratory glucose dissimilation, eukaryotes
produce cytosolic NADH via glycolysis. This NADH must be reoxidized outside the mitochondria,
because the mitochondrial inner membrane is impermeable to NADH. In Saccharomyces
cerevisiae this process is accomplished by external NADH dehydrogenases Ndelp or Nde2p,
while the internal Ndilp oxidizes the NADH generated in the mitochondria (Matus-Ortega et al.
2015). For the assembly and maintenance of active respiratory complexes, a series of accessory
factors are required. The assembly of complexes |, lll, IV and V must bypass some aspects. The
subunits are encoded by two different genomes (nuclear and mitochondrial), so that
coordination is required between synthesis and assembly. Consequently, there are many
dedicated proteins involved in the assembly of these complexes. Genetic analysis of yeast-

deficient respiratory mutants led to the identification of several assembly factors or

12



chaperones, necessary for the biogenesis of respiratory complexes. Several helper proteins,
involved in post-translational assembly of respiratory chain complexes, have been identified.
Among these factors, the most abundant are involved in the synthesis of the prosthetics groups,
or mediates insertion of respiratory subunits within the membrane or facilitates the assembly
of the complexes (Barrientos et al. 2009; Lenaz and Genova 2010). Recently, two important
complex Il assembly factors were discovered in humans, fundamental for the oxidative
phosphorylation (OXPHOS) activity (Ghezzi et al. 2009; Hao et al. 2009). Although there is a
plethora of proteins involved in these mechanisms, oxidative phosphorylation is not a perfect
process since, even in normal conditions, a fraction (0,2-2%) of the electrons transported
through the respiratory complexes leads to the formation of reactive oxygen species (ROS)
(Green and Reed 1998). The ROS mitochondrial origin was identified in complex | and complex
[l of the respiratory chain during the normal transfer of electrons from the NADH to molecular
oxygen, forming superoxide anion (Lenaz 1998; Forkink et al. 2015). For this reason, it is
necessary to defuse these potentially harmful agents by exploiting antioxidant systems, which
help to maintain these substances at physiological levels as they have an important role in cell
signaling and homeostasis. Generally, the production of superoxide anion is controlled by
superoxide dismutase (SOD) present in cytosol, mitochondria and in the extracellular space,
which converts the superoxide anion into hydrogen peroxide (H20z). H,0; is then converted
into molecular oxygen (02) and water (H;0) through glutathione peroxidase or catalase.
(Wallace et al. 1988; Y. Wang et al. 2018). When the electron transport is damaged, superoxide
anion production reaches high levels and the cell protection enzymes fail to control it. In these
cases, oxidative stress, resulting from the presence of ROS, can damage both mitochondrial and
nuclear DNAs leading to the onset of degenerative disorders, cancer and aging (Schieber and

Chandel 2014).

1.4 MITOCHONDRIAL DISEASES

The energy deficit of mitochondrial metabolism in humans leads to a heterogeneous group of
clinical syndromes called mitochondrial diseases (MDs) (Massimo Zeviani and Carelli 2007).
Currently, MDs are altogether the most common pathologies among the genetic ones, affecting
1 in 5000 people (Ng and Turnbull 2016). Although the mitochondrion is the site of various

fundamental metabolic pathways, mitochondrial diseases refer to a large group of clinical
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phenotypes characterized by OXPHOS deficiency. MDs have typically a progressive course and
include a broad spectrum of clinical phenotypes associated with oxidative phosphorylation
insufficiency, which makes diagnosis difficult and complex. The most affected tissues are those
with higher energy demand and therefore more dependent on oxidative metabolism, such as
nervous tissue, skeletal and cardiac muscle, but also kidneys, liver, the endocrine system and
retina (Land et al. 2004; Frazier, Thorburn, and Compton 2019) (Figure 1.6). Consequently,
patients may present, in various combinations and different degrees of impairment, muscle
degeneration, heart disease, movement disorders, diabetes mellitus, renal failure, dementia
and various ophthalmological symptoms (McKenzie, Liolitsa, and Hanna 2004). Based on this
knowledge, mitochondrial pathologies can be defined mostly multisystemic and determine
symptoms associated with multiple tissues and organs. Recognition of these pathologies is
often difficult due to common symptoms in multiple pathologies, while others are specific to

some diseases (Schon, Bonilla, and DiMauro 1997)
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Figure 1.6: Clinical spectrum of mitochondrial diseases

(P. F. Chinnery and Hudson 2013).
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A genetic-clinical classification for mitochondrial pathologies has been proposed (Leonard and
Schapira 2000; M. Zeviani 2004). It is possible to distinguish five classes of genes involved in

mitochondrial diseases:

e genes that encode structural components of the respiratory chain

e genes encoding for assembly factors of OXPHOS complexes

e genes that encode proteins involved in the synthesis of non-protein components of the
respiratory chain

e genes that encode proteins indirectly related to OXPHOS

e genes involved in the mtDNA stability

Another important clustering of mitochondrial diseases is mainly based on the type of
inheritance: genetic defects can involve mitochondrial DNA (mtDNA) or nuclear DNA (nDNA).
As previously mentioned, mtDNA in the cells is present in a variable number of copies and based
on this, it is possible to distinguish two different situations: mutations in mitochondrial genes
that affect all mtDNA copies (homoplasmy) or only a percentage of them (heteroplasmy). In the
latter case, there is a threshold level of mutated mtDNA required for the expression of the
biochemical defect. Since mtDNA is maternally transmitted, these pathologies are subjected to
maternal inheritance. The genetic defect, besides being inherited from mother to child, can
arise spontaneously as de novo sporadic mutations. Point mutations or mtDNA rearrangements
(mtDNA deletions) are the most common cause of mtDNA-related diseases. Approximately 1 in
200 individuals is affected by mtDNA point mutations and in most cases in heteroplasmic
condition, but in only few people the mutant mtDNA molecules exceed the threshold (Elliott et
al. 2008). This means that the ratio of normal/mutated mtDNA is the main factor that
determines the onset of the disease. MERRF (myoclonic epilepsy with ragged red fibers), MELAS
(mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes) NARP
(neurogenic weakness, ataxia and retinitis pigmentosa) are some representative disorders
caused by heteroplasmic mutations (Nils-Gran Larsson et al. 1995; Vergani et al. 1999; Nissanka
and Moraes 2020). Otherwise, sporadic mtDNA mutations arising during embryonic
development, lead to the onset of different types of diseases, such as Kearns—Sayre syndrome
(KSS), progressive external ophthalmoplegia (PEO) and Pearson syndrome. Mutations in mtDNA

have been considered for a long time the predominant cause of mitochondrial disease.
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However, today it is known that the diseases are caused by mutations in the nuclear genes in
more than 50% of adult cases and more than 80% of cases with onset during infancy or
childhood. Since oxidative phosphorylation and other mitochondrial processes are extremely
complex, the number of genes potentially involved is very high and could coincide with the

entire mitochondrial proteome (Calvo and Mootha 2010).

1.5 HEREDITARY OPTIC NEUROPATHIES

The optic nerve is highly dependent on mitochondria. A broad category of optic neuropathies,
with both genetic and environmental origin, are caused by mitochondrial dysfunctions (Sadun
2002). Mitochondrial hereditary optic neuropathies (HON) are disorders characterized by
dysfunction and loss of retinal ganglion cell (RGC), with consequent loss of central vision. For
this reason, they represent an important cause of chronic visual dysfunction (Yu-Wai-Man,
Griffiths, and Chinnery 2011). The two most common forms of HON are Dominant Optic Atrophy
(DOA) and Leber's hereditary optic neuropathy (LHON). It was established that 60-70% of DOA
cases are caused by mutations in the nuclear gene OPA1, encoding for a protein involved in the
mitochondrial dynamics, in particular in fusion pathway. LHON is a maternally transmitted
disease that predominantly affects young males. It was discovered as a clinical entity in 1871 by
the ophthalmologist Theodore Leber, and in 1988 it was reported as the first hereditary
mitochondrial disease (Wallace et al. 1988). LHON is mainly due (95% of the subjects studied)
to three mtDNA points mutations (m.3460G>A / MTND1, m.11778G>A / MTND4, and
m.14484T>C / MTND6) in genes encoding for complex | subunits of the mitochondrial
respiratory chain (Carelli, Ross-Cisneros, and Sadun 2004).The symptoms in HON patients are
characterized by rapid loss of central vision in one eye. This manifestation is generally painless
and is associated with abnormalities in the perception of the colors. Often the second eye can
be affected after a few days or months, rarely after years. Vision loss is usually permanent,
although a mild spontaneous recovery may occur. Blindness is generally the only clinical
manifestation of HON, but in some patients, cardiac, skeletal or neurological dysfunctions have
been reported (Carelli, Ross-Cisneros, and Sadun 2004; Yu-Wai-Man, Griffiths, and Chinnery
2011). The disease penetrance, calculated as the affects numbers on the total of carriers, is very
high in males compared to females (Alfredo A Sadun et al. 2003). Penetrance is heterogeneous,

can vary between families and within the same pedigree. Factors that can influence the disease
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include heteroplasmy, environmental factors (such as the use of alcohol and tobacco), mtDNA
haplotype and modifications in the nuclear genes (epigenetics modification). Although in many
families the mitochondrial pathogenic mutations are present in homoplasmic conditions, not
all the individuals of the maternal line develop the illness, hypothesizing the existence of
additional genetic determinants, such as modifications of nuclear genes(Carelli, Ross-Cisneros,
and Sadun 2004; Hudson et al. 2007; Shankar et al. 2008; Castellani et al. 2020). Thanks to the
advent of new highly processive sequencing techniques (next generation sequencing, or NGS)
it has been possible to implement the ability to link the specific genetic defect with the patient’s
pathological phenotype (optic atrophy). (Achilli et al. 2012). Mutations in other genes were
associated with HON (e.g. TMEM126A, ACO2, AFG3L2, MFN2, SPG7, WFS1, C120rf65, OPA3),
even if in some cases the diagnosis is not certain (Barbet et al. 2003; Hanein et al. 2009;
Metodiev et al. 2014; Tucci et al. 2014; Reynier et al. 2004; Charif et al. 2015). Therefore, in
many subjects affected by HON, the gene causing the dysfunction is unknown and the
identification of new pathological genes, represents the goal for a better and faster diagnosis.
For this purpose, a powerful and easy tool is the patients' exome sequencing through NGS,
followed by bioinformatic analysis aimed at identifying the allegedly pathological mutation(s).
Once the mutation is identified as potentially pathogenic, however, rigorous validation is
required to associate the genetic defect to the pathology. Such validation can be performed
through phenotypic and biochemical in vitro tests, in patients’ cells and in suitable model

organisms (Claypool 2013).

1.6 S. cerevisiae AS A MODEL FOR MITOCHONDRIAL DISEASES

Several of the scientific knowledge concerning the principal properties of human mitochondria
derives from studies performed in model systems including the yeast S. cerevisiae. Yeast shares
many cell characteristics with higher eukaryotes and for this reason, it has been defined as a
"honorary mammal" (Resnick and Cox 2000). All the intracellular structures present in
mammalian cells, including mitochondria (Botstein 1991) and the principal metabolic
processes, are conserved in yeast. The use of S. cerevisiae as a model organism has several
advantages: it grows quickly in different cultural conditions and can exist both in the haploid
and diploid state, making possible to study the effect of both dominant and recessive

mutations. A broad range of genetic engineering tools is available, including high-efficiency
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transformation with single or multi-copy plasmids. The possibility to perform gene knockouts
in yeast is facilitated by two important characteristics: the high degree of genome compaction
and the high efficiency of homologous recombination, which allow the insertion of deletion-
cassette in a specific locus. These features have been exploited extensively for the selection,
screening, and identification of mutant phenotypes, as well as for the creation of new mutant
strains. S. cerevisiae was the first eukaryotic organism whose genome has been completely
sequenced; the entire nucleotide sequence (12.8 Mb), about 250 times shorter than the human
genome, was published in 1996 (Goffeau et al. 1996). Genome analysis identified more than
6300 genes (Goffeau et al. 1996; Johnston 2000; Sdez-Vasquez and Gadal 2010), about 5 times
less than those of humans but 1.5 times greater than the Escherichia coli genes (Blattner et al.
1997; Venter et al. 2001). Hence, the yeast expresses a minimal set of genes needed to support
the survival of eukaryotic organisms. 15% of the open reading frames (ORFs) of the yeast
genome remain without an assigned function (Costanzo et al. 2001; Sickmann et al. 2003; Yang
et al. 2017). Despite this limitation, S. cerevisiae is currently one of the few eukaryotic organisms
in which both genomic and proteomic analyzes are performed efficiently (Kumar and Snyder
2001; Hughes et al. 2000; Uetz and Hughes 2000; Martzen et al. 1999; Zhu et al. 2001). Thanks
to the high homologous recombination efficiency and using a high-throughput strategy, haploid
and diploid yeast strains collection were generated: a total of 5943 Saccharomyces cerevisiae
strains were constructed, each with a precise deletion in non-essential genes (Winzeler et al.
1999). Interestingly, 46% of known human proteins possess homologs in yeast and 31% of the
proteins encoded by yeast genome have a human ortholog (Venter et al. 2001; Laurent et al.
2020). The conserved proteins between yeast and humans are involved in the essential
mechanisms of cellular life, such as DNA replication, recombination and repair, RNA
transcription and translation, communication between subcellular compartments, general
metabolism and mitochondrial biogenesis. However, human proteins have often more complex
structures and different domains architecture. Despite this, several studies have shown that
yeast genes share a significant identity sequence with 30-40% of the human genes associated
with diseases (Yang et al. 2017; Bassett et al. 1996). Another extremely important and peculiar
characteristic of S. cerevisiae is that, unlike most eukaryotic organisms, it can survive even in
the absence of respiratory function and in the presence of mitochondrial DNA deletions or lack
of it, providing a fermentable carbon source in the medium (Tzagoloff and Dieckmann 1990).

This characteristic makes yeast particularly useful to study molecular basis in human
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pathologies due to mitochondrial metabolism dysfunctions. Yeast mutants with altered
respiratory chain are called respiratory deficient (RD) mutants, unable to grow on non-
fermentable carbon sources such as ethanol, glycerol, acetate and lactate, but only on
fermentable substrates. RD mutants form small colonies on glucose and, based on this
characteristic, are called “petite” colonies. The morphology of the mutated strains is a
consequence of the inability to metabolize ethanol, produced during the glucose fermentation,
or other non-fermentable carbon sources. While in high eukaryotic cells, most of the ATP
derives from the metabolic pathways present in the mitochondria or lactic fermentation, in

yeast cells ATP is produced through two ways:

e glycolysis and fermentation, when glucose or other sugars are used as carbon source

e respiration and oxidative phosphorylation, when a non-fermentable carbon source is

added to the medium

Petite mutants can result from both mutations in nuclear genes (pet mutants) and from
mitochondrial genome mutations (cytoplasmic petite or simply petite). While pet mutants arise
spontaneously at low frequency, cytoplasmic petites are spontaneously generated with a very
high frequency (1-10%), because the mtDNA has a greater predisposition to the mutations
onset. (Nagai, Yanagishima, and Nagai 1961; Contamine and Picard 2000; Lodi et al. 2015). The
petite colonies frequency is variable and closely related to the strain background, ploidy and
growing conditions. Thanks to the ability to remain viable despite mtDNA alterations, S.
cerevisiae is defined petite positive, unlike organisms (called petite negative) which cannot grow
on fermentable carbon sources (e.g. glucose) in the absence of an intact mitochondrial genome.
In yeast, some phenotypes related to the mitochondrial metabolism dysfunctions are easily
observable; in fact, mutations that inhibit mitochondrial functionality can determine growth
reduction or inhibition on non-fermentable carbon sources, alteration of respiratory activity
and absorption or levels of the respiratory cytochromes. Several studies have shown that yeast
is a suitable model system to demonstrate the pathogenicity of mutated genes involved in
mitochondrial diseases (Fontanesi 2004; Palmieri et al. 2005; Schwimmer et al. 2005; Spinazzola

et al. 2009; Rinaldi et al. 2010; Baruffini et al. 2011; Ceccatelli Berti et al. 2021). As already
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discussed, the diagnosis of mitochondrial pathologies is often complex, especially for the ones
involving mutations in nuclear genes where it is difficult to relate the clinical phenotype to the
genetic defect. In fact, mutations in the same gene can generate different symptoms and
mutations in different genes can lead to the same pathological phenotype. Consequently, even
when it is possible to find several families with components that exhibit the same symptoms,
there is no guarantee that they harbor the same genetic defect (Patrick F. Chinnery 2003).
Therefore, to identify allegedly pathological mutations, classical genetic techniques followed by
sequencing analysis are performed. The identification of pathological mutations is difficult
because, among the different individuals, many polymorphisms are present. Discerning
between pathological mutations and polymorphism is a delicate process, which cannot be
based only on predictive bioinformatic programs but requires a validation system. Hence, the
validation process is defined as the study in a model system of the mutation effects on several
phenotypes. Validation is obviously more important in sporadic cases when the patient's family

history is not available. The workflow to create a yeast model is schematized in figure 1.7.
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Figure 1.7: Schematic representation of the workflow to create a mitochondrial disease yeast
mode (image taken from the review “The Power of Yeast in Modelling Human Nuclear
Mutations Associated with Mitochondrial Diseases” (Ceccatelli Berti et al. 2021)

To build a yeast model, the first step to do is to understand whether the gene implicated in
human pathology has an ortholog in the yeast genome. If the gene in analysis is absent in yeast,
it can be cloned into an expression vector under the control of an appropriate promoter to
regulate the expression of the putative pathological gene. Some examples of this type of model
concern neurodegenerative diseases, associated with protein misfolding and the consequent
formation of inclusion bodies. The “humanized” yeast model has been used in the recent past
to understand the pathogenetic mechanisms of degenerative diseases such as Parkinson's,

Huntington's and polyglutamine (poly(Q)) (Khurana and Lindquist 2010). When the gene
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identified in patients as a possible cause of the disease has an ortholog in yeast, homologous,
heterologous or chimeric complementation can be used. If the human cDNA complements the
deletion of the yeast orthologous gene, a heterologous complementation approach can be
performed, in which the cDNA of interest is inserted into a yeast expression vector, optimizing
its expression levels by selecting an appropriate promoter, and subsequently introduced in the
corresponding yeast null mutant strain. For example, this type of approach has been used for
the construction of models related to GRACILE syndrome-related gene BCSI1L, encoding a
mitochondrial chaperone involved in the correct assembly of complex Il (Fernandez-Vizarra et
al. 2007; Tuppen et al. 2010; de Lonlay et al. 2001; Cruciat et al. 1999). Another example of
heterologous complementation regard COASY (Dusi et al. 2014; Ceccatelli Berti et al. 2015), a
mitochondrial gene encoding for the coenzyme A synthase (Aghajanian and Worrall 2002),
whose mutations are associated with CoPAN (COASY protein-associated neurodegeneration), a
neurogenerative disorder characterized by damage of the mitochondrial processes and brain
iron accumulation (Dusi et al. 2014; Di Meo et al. 2020). This type of approach allows having a
direct confirmation of the pathological role of the gene identified in patients, but on the other
hand, it is not always practicable as it is strictly dependent on both the ability to complement
the deletion of the yeast gene and the optimization of the protein expression level. When these
situations occur, it is possible to follow a different strategy, performing the homologous
complementation. The key point of this approach is based on the fact that if an amino acid
residue is totally or partially conserved during evolution, it is possible to hypothesize that has
the same function in both human and yeast protein. When this condition occurs, the effects of
the mutation inserted in the yeast gene will replicate the pathological role of the substitution
in the human gene involved in the disease. If by aligning the S. cerevisiae and human protein
sequences the amino acid is conserved, it is possible to directly insert the mutation into the
corresponding yeast amino acid. On the other hand, when the mutation lies into a non-
conserved residue but within a stretch conserved during evolution, assuming that the function
of this portion exactly replicates what happens in the human protein, an alternative strategy
may be followed. In fact, it is possible to build both a humanized control allele, in which the
original yeast amino acid is replaced with the human wild-type residue (humanized allele), and
also the mutated allele bearing the mutation under investigation. Both alleles, under the control
of their physiological promoter, are inserted into a vector used to transform the null yeast

strain. First of all, the ability of the humanized allele to complement the deletion of the wild-
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type gene is analyzed; then the effect of the mutation on several phenotypes related to
mitochondrial processes in yeast is evaluated. An example of validations using the homologous
complementation strategy concerns ISCU. This gene encodes a protein involved in the genesis
and assembly of Fe-S clusters, and mutations in this gene are related to skeletal and cardiac
myopathy (Olsson et al. 2008; Kollberg et al. 2009). In this case the variants, which are in
heterozygosis in patients, were modeled in the orthologous yeast gene (/SU1), demonstrating
both the pathogenicity and the dominance of such mutations (Legati et al. 2017). When the
previous strategies are not feasible, because the cDNA doesn’t complement or the mutation
falls into a poorly conserved region, the construction of a “chimeric” gene harboring a region of
the human gene and a region of the yeast gene can be used. One of the main reasons for which
the heterologous complementation fails is due to a partially different mitochondrial import
system of the proteins encoded in the nucleus between human and yeast. In fact, the
mitochondrial targeting sequence (MTS) of human proteins maybe not recognized in yeast,
preventing the translocation. To overcome this problem, it is possible to generate a fusion gene
(chimera) in which the human MTS signal has been replaced with that of yeast, allowing the
correct localization of the protein. This approach has been used for the construction of various
disease models, such as POLG, and SPG7 and AFG3L2, two subunits of the m-AAA complex, an
ATP-dependent metalloprotease located in the inner mitochondrial membrane (Magri et al.
2018; Atorino et al. 2003). Sometimes, to enhance the complementation, it is necessary to
replace not only the MTS but also a portion of the human protein by replacing it with that of
yeast. For example, to study the potentially pathological mutations in OPA1, a gene involved in
mitochondrial dynamics, and ANT1, which encodes for a mitochondrial ADP/ATP carrier, “true”
fusion proteins were constructed (Nolli et al. 2015; Nasca et al. 2017; Lodi et al. 2006; Hatanaka
et al. 2001). Once the best strategy to build a yeast disease model has been identified, a series
of phenotypes related to mitochondrial activity can be analyzed to highlight the mutation
pathogenicity, including oxidative growth, respiratory activity, protein and mRNA stability,
mitochondrial protein synthesis and enzymatic assays (better discussed in the “Material and

Methods” and in the “Results” sections).
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1.7 AIM OF THE PROJECT

My Ph.D. project makes part of the “Italian project of Hereditary Optic Neuropathies (IPHON): from
genetic basis to therapy", a program funded by the Italian Ministry of Health which is based on the
collaboration between the University of Parma and the Institute of Neurological Sciences, Bellaria,

Bologna (iltaly). This research project has two main aims:

e identification of new mutations causing the HON pathology trough NGS techniques and

patient-derived fibroblasts analysis.

e validation of the pathological mutations, using the model organism Saccharomyces

cerevisiae, provided that the identified mutations can be studied in such model

These two aims are the subject of two different Ph.D. theses. The former concerns the identification
of the mutations in patients and the subsequent characterization of the disease, exploiting patient-
derived fibroblasts. The latter, which is the object of the study here reported, regards the validation
of the mutations identified in patients, by introducing them in the model organism S. cerevisiae and
evaluating the effect on mitochondrial functionality. Since the data concerning the studies
performed on fibroblasts are under embargo, only the results obtained in yeast will be discussed in
this thesis. This project began with the genetic screening of almost 200 patients affected by HON,
carried out at the Institute of Neurological Sciences in Bologna, where about 100 new cases are
followed each year. The selection of patients was carried out based on their genetic
characterization, focusing on subjects in which the disease is not due to the classic main known
genetic determinants, already associated with HON. For the identification of patients with these
characteristics, a custom panel based on the lllumina sequencing platform of nuclear genes already
described or suspected to be related to hereditary optic neuropathies, syndromic or non-syndromic,
was designed. For this purpose, a specific panel of 36 genes was created: ACO2, AFG3L2, AIFM1,
AOX1, ATP1A3, C120RF65, C190RF12, CISD2, DNM1L, IBA57, MFN1, MFN2, MTFR1, MTFR2, MTPAP,
NEFH, NR2F1, NUTF2, OMA1, OPA1, OPA3, PHB, PHB2, PMPCA, PRPS1, RTN4IP1, SDHA, SFXN4,
SLC25A46, SPG7, TFG, TIMMS8A, TMEM126A, TSFM, WFS1, YME1L1. 183 unrelated probands were
investigated with this custom panel genes, and in negative cases, whole-exome sequencing (WES)
was performed, prioritizing mitochondrial genes. In most cases, the patients presented mutations

in genes already described to be associated with HON, except for two variants in homozygosis in the
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MTFMT and MECR genes. Furthermore, the analysis performed with the panel identified novel
mutations, not yet described in the literature, in the SDHA and ACO2 genes. Although these genes

are known to be associated, when mutated to HON, these novel variants were studied in this work.

In this screening, 13 variants were identified:

e 4 variants in the SDHA gene coding for the catalytic subunit of the succinate dehydrogenase

e 1 variant in MECR coding for the Mitochondrial Trans-2-Enoyl-CoA Reductase enzyme,

involved in the mitochondrial biosynthesis of fatty acids

e 1 variant in MTFMT, encoding an enzyme that catalyzes the formylation of the first

methionine during mitochondrial protein synthesis.

e 7 variants in ACO2 coding for the aconitase, an enzyme of the Krebs cycle.

Once the allegedly pathological mutations have been identified, it is necessary to have a validation
system that definitively links the patients’” HON phenotype with these variants. Since the main
purpose of this thesis is to assess whether these mutations are the direct cause of diseases in
patients, it is necessary, therefore, to proceed with the validation process in yeast. In tablel, the
human variants, the condition in which they were identified (heterozygosis or homozygosis) and the

conservation of this residues in yeast are reported:
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Human cDNA Human Yeast Residue Yeast
gene variant Protein | Genotype | Gene | conservation Protein
change change

1 SDHA | c.1127T>C | L376P HT SDH1 Conserved L367P
2 SDHA c.1351C>t | R451C HT SDH1 Conserved R444C
3 SDHA | ¢.1799G>A | R600Q HT SDH1 Conserved R671Q
4 SDHA | c.1877C>A | T626N HT SDH1 Conserved T602N
5 MECR c.772C>T | R258W HM ETR1 Conserved R256W
6 | MTFMT | ¢.518C>T | T173lI HM FMT1 Conserved T173I
7 ACO2 c.935G>A | R312Q HT ACO1 Conserved R308Q
8 ACO2 | c.1420A>G | R474G HT ACO1 Conserved R471G
9 ACO2 | c.1438A>G | N480D HT ACO1 Conserved N477D
10 | ACOZ2 | c.1454A>G | E485G HT ACO1 | Non-conserved Q482G
11 | ACO2 | c.1949A>C | Y650S HT ACO1 Conserved Y647S
12 | ACO2 | c.2011C>T | R671W HT ACO1 Conserved R668W
13 | ACO2 | c.2012G>A | R671Q HT ACO1 Conserved R668Q

Tablel: list of variants identified. HT indicates variants in Heterozygosis with the wild type allele
and HM indicates variants in Homozygosis

Once the mutations are modeled in S. cerevisiae, firstly, the impact of the mutations on
mitochondrial activity will be evaluated, analyzing oxidative growth and respiratory activity. A defect
in the OXPHOS suggests that the mutation is the probable cause of the pathology in patients. After
verifying the presence of a defect in the OXPHOS metabolism, the yeast model will be used for
studies aimed to understand the molecular mechanisms causing the disease in patients and, when
possible, to find molecules that could improve the phenotype. Thus, an approach based first on

validation and then on understanding the molecular defect will be used.
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1.8 OVERVIEW OF GENES IDENTIFIED AS A POSSIBLE CAUSE OF HON STUDIED IN THIS WORK

1.8.1 SDHA and Succinate dehydrogenase

Complex 1l of the respiratory chain (succinate-ubiquinone oxidoreductase or succinate
dehydrogenase, SDH) is a flavoprotein located in the inner membrane of the mitochondrion. This
complex represents the only direct link between the citric acid cycle and the electron transport
chain, since it catalyzes the oxidation of succinate to fumarate, transferring electrons directly to
ubiquinone to produce ubiquinol. The structure of the 124 kDa porcine mitochondrial complex I,
the first SDH structure of a mammalian organism to be solved, was determined in 2005 (PDB ID:
1ZQY) (Sun et al. 2005). The respiratory chain SDH complex consists of two distinct regions: a
hydrophilic peripheral dimeric domain and a hydrophobic dimeric region that anchors the entire
complex to the IMM. The hydrophilic domain is composed of a flavoprotein subunit (Fp) with a
typical Rossmann fold structure in an extended conformation, containing one FAD molecule bonded
to a histidine side chain (Cecchini et al. 2002), and a 29-kDa iron-sulfur subunit (Ip) which connects
Fp to the membrane anchor. It consists of three different clusters Fe-S ([2Fe-25]?*'* [4Fe-45]?*!* and
[3Fe-45]1), implicated in the electron transfer between FAD and ubiquinone (Sun et al. 2005). In
all eukaryotic complexes, the hydrophilic domain, anchored to the inner mitochondrial membrane

through hydrophobic subunits, locates in the mitochondrial matrix (Figure 1.8) (Ackrell 2000).
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Figure 1.8: succinate dehydrogenase complex structure and electron flow direction from succinate
to ubiquinone (Moosavi et al. 2020)

SDH is a heterotetrameric complex, composed of four subunits that are encoded by SDHA-D nuclear
genes in mammals (corresponding to the SDHI1-4 genes in yeast): these genes are generally
considered as housekeeping since they are expressed in all tissues (Parfait et al. 2000). Each subunit
undergoes a maturation process starting from a precursor composed by a mitochondrion N-terminal
targeting sequence, which is removed by proteolytic cleavage (Sharma et al. 2019). SDHA and SDHB
subunits (corresponding to Sdh1l and Sdh2 in yeast, respectively) form the catalytic dimer which
contains the active site, FAD and the three Fe-S clusters. SDHC and SDHD (corresponding to Sdh3
and Sdh4 in yeast, respectively) are integral membrane proteins containing the heme group and
ubiquinone reduction sites. In yeast, the catalytic subunit Sdh1 is a 70 kDa protein encoded by the
SDH1 nuclear gene, located on chromosome XI. Through computational analysis, the presence of a
highly conserved paralog gene SDH1b has been identified. The encoded proteins Sdh1 and Sdhlb
share 84% identity; however, it was shown that SDH1b complements the deletion of the SDH1 gene
only when inserted in a multi-copy plasmid. On the contrary, under physiological conditions, the
Sdh1b levels are 100-500-fold lower than those of Sdh1, with a low contribution to the catalytic
activity (Colby, Ishii, and Tzagoloff 1998). The assembly process of the four subunits is a delicate
mechanism and therefore is supported by helper proteins, called assembly factors, that guarantee
the correct recognition and positioning of these SDH subunits. The first specific assembly factor for
succinate dehydrogenase, SDHAF1, was discovered analyzing the genotype of young patients with
progressive leukoencephalopathy associated with a significant decrease in SDH activity (Alston et
al. 2012; Ghezzi et al. 2009). SDHAF1 is characterized by peculiar tripeptide motifs Leu-Tyr-Arg (LYR),
which represents a signature for proteins involved in Fe-S metabolism (Sharma et al 2019). SDHAF1
plays likely an important role in the insertion or retention of the Fe-S centers inside the protein
backbone of complex Il (Na et al. 2014). The human SDHAF1 gene is the ortholog of the yeast gene
SDH6, and its deletion in yeast leads to 60-70% reduction in SDH activity (Ghezzi et al. 2009). Failure
to incorporate the Fe-S centers can inhibit the formation or destabilize the holocomplex structure,
leading to a decreased enzymatic activity. SDHAF2, another recently isolated assembler, which
corresponds to Sdh5 in yeast, is involved in the insertion of FAD cofactor into the catalytic subunit
of the enzyme (Hao et al. 2009). Yeast studies revealed that Sdh7, ortholog to SDHAF3 in human,

another SDH assembly factor, act together with Sdh6, to promote Sdh2 maturation by binding
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Sdh1/Sdh2 intermediate, protecting it from the deleterious effects of oxidants (Na et al. 2014).
Therefore, since the role of complex Il is crucial for mitochondrial metabolism, it is easy to
understand that mutations and defects in genes that encode for the SDH subunits complex and their

assembly factors lead to relevant pathologies, such as:

e Leigh's syndrome, an early-onset encephalopathy caused by homozygous or compound

heterozygous mutations in SDHA gene (Parfait et al. 2000)

e paragangliomas (Baysal et al. 2000; Amar et al. 2021), tumors associated with the
sympathetic nervous system, and pheochromocytomas (Astuti et al. 2001; Gill 2018),
tumors connected to the chromaffin cell of the adrenergic glands, characterized by loss of

heterozygosity in genes encoding for the subunits B, C and D of SDH complex

e Hereditary optic neuropathies (HON), mitochondrial pathologies characterized by
deterioration of the retinal ganglion cells and optic nerve atrophy, already identified in

several studies (Courage et al. 2017; Zehavi et al. 2021)and discussed in this thesis.

Previous studies in our laboratory (Panizza E., Ph.D. thesis, unpublished) on heterologous
complementation studies have demonstrated the inability of SDHA human allele to
complement the deletion of SDH1 gene in yeast, probably due to the inability to interact
correctly with the other subunits of the yeast complex or with the assembly factors. Despite
this, as demonstrated in several studies, it was possible to create yeast models for the validation
of SDHA pathological mutations, exploiting the homologous complementation approach. As an
example of this, Burnichon and collaborators studied the effect of R589W mutation in SDHA
gene, identified in patient affected by extra-adrenal paraganglioma, by inserting the
pathological substitution directly into the corresponding yeast positions of Sdh1l. The analysis
of the phenotype of the mutant strain shows that the mutation leads to the inability to use non

-fermentable carbon sources probably due to a total destabilization of the mutated protein,
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evidenced through western blot analysis, validating the metabolic defect associated with this
variant (Burnichon et al. 2010). Furthermore, in yeast, mutations in one of the four subunits of
the complex, destabilize the other components which take part in the succinate
dehydrogenase. In fact, mutations in the catalytic subunit Sdh1 are associated to deficient levels

of Sdh2, the subunit with which it closely interacts (Bannon et al. 2017).

1.8.2 MECR and Mitochondrial fatty acids biosynthesis (mtFASII)

Fatty acids synthesis (FAS) is a process conserved from bacteria to eukaryotes including
humans. In cells, FAS has several functions, among which the main ones are the production of
triglycerides and phospholipids: the former are stored as energy stocks and the latter are the
essential constituents of the membranes. This process takes place in two different
compartments: cytosol and mitochondrion (Hiltunen et al. 2010). The presence of a second
mitochondrial pathway for fatty acid synthesis (mtFAS) has been considered marginal for many
years, with a negligible role in the production of these molecules. However, the identification
of mutations in genes encoding for enzymes involved in this biosynthetic pathway, associated
with neurodegenerative diseases, has restored the curiosity in understanding the true
contribution of mtFAS in fatty acids production (Heimer et al. 2016). The cytosolic FAS type |
pathway comprises one (a homodimer of az-subunits in higher eukaryotes) or two (a
heterododecamer of asBs-subunits in fungi) multifunctional polypeptides generated as a
consequence of a genes fusion (McCarthy and Hardie 1984; Wernig et al. 2020), whereas the
mitochondrial pathway comprises independent monofunctional polypeptides that carry out
individual steps in FAS (type IlI) (Hiltunen et al. 2009). Yeast has been a useful tool for
understanding and characterizing the mtFAS pathway. The process starts from Acetyl-CoA, a
fundamental and highly regulated hub of the mitochondrial processes. The elongation cycle is
schematized in Figure 1.9. The first step involves a carboxylation reaction catalyzed by Acetyl-
CoA carboxylase enzyme (Hfal in yeast and ACC in humans) which by means of an ATP-
dependent reaction adds a carbon unit to the substrate, generating Malonyl-CoA (Hoja et al.
2004; Kearsey 1993; Kaushik et al. 2009). The malonyl-CoA:ACP transferase enzyme Mctl
(MCAT in humans), catalyzes the transfer of the malonyl moiety from malonyl-CoA to the free

thiol group of the phosphopantetheine arm of the mitochondrial Acpl protein (NDUFAB1 in
30



humans) (Schneider et al. 1997). Acpl is a soluble scaffold for the formations of acyl
intermediates during the stepwise process of de novo fatty acid synthesis (Van Vranken et al.
2016). The 3-Chetoacyl-ACP synthase enzyme Cem1 (OXSM in humans) is responsible for the
chain elongation step in fatty acid biosynthesis, forming the elongate acyl-chains containing 2—
14 carbon atoms with malonyl moieties attached to an acyl carrier protein. During this step,
two carbon atoms are added to the fatty acid chain (Harington et al. 1993). The subsequent
reaction, catalyzed by 3-Chetoacyl-ACP-reductase Oarl (OXSM in humans), involves an NADPH-
dependent reduction of the ketone group 3-oxoacyl-[ACP] to (3R)-hydroxyacyl-[ACP]
(Venkatesan et al. 2014). The product of the previous reaction undergoes a dehydration
reaction, catalyzed by hydroxyacyl-thioester dehydratase type 2 Htd2 (HTD2 in humans), which
leads to the elimination of an H,O molecule with the formation of trans-2-enoyl-ACP
(Kastaniotis et al. 2004). Etrl (MECR in humans) catalyzes the last step of the cycle, a NADPH-
dependent reaction that leads to the formation of Acyl-ACP (Miinalainen et al. 2003). At this
point, the cycle can restart with a new condensation reaction starting from Mctl enzyme (the
second enzyme of the pathway), elongating the fatty acid chain to form (C8) octanoyl-ACP, the

most important intermediate that can be transformed into lipoic acid.
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Figure 1.9: Schematic representation of the mtFAS Il pathway. Fatty acids single cycle of
elongation (A) and an overview of the entire biosynthetic pathway (B)
(Gueguen et al. 2000; Hiltunen et al. 2009).
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mtFAS has a marginal role in both phospholipids and triglycerides production, but rather is the main
producer of lipoic acid, essential for many mitochondrial processes (Nowinski et al. 2018). Lipoic
acid is a small amphipathic molecule composed of eight carbon atoms, two oxygen atoms in the
carboxylic group and two sulfur atoms. It exists in two forms, as a cyclic disulfide (oxidized form) or
as dihydrolipoic acid (reduced form), with two sulfhydryl groups in positions 6 and 8. However, the
two forms are easily interconvertible through redox reactions. Due to these chemical
characteristics, lipoic acid participates in various antioxidant mechanisms such as the reduction of
glutathione (GSH) and ascorbic acid (P. Chen et al. 2011; Shay et al. 2009). Lipoic acid, besides being
a powerful compound able to limit the ROS damaging action, plays an important role in the
mitochondrial oxidative phosphorylation and in mitochondrial translation, through a tRNA
maturation process linked to mtFAS (Hiltunen et al 2009). Mitochondrial tRNAs are cleaved from
the initial multigenic transcripts by tRNA 3’ endonuclease (Mo6rl and Marchfelder 2001) and
mitochondrial RNAse P, which cuts the 5’ leader sequences of tRNAs (Walker and Engelke 2006).
This process is well detailed in yeast. S. cerevisiae mitochondrial RNAse P is composed of a nuclear-
encoded protein Rpm2 (Morales et al. 1992)and RPM1, a mitochondrially encoded RNA subunit.
RPM1 is transcribed from different promoters: FP promoter, which transcribes RPM1 with the
upstream tRNA¢ Met and the downstream tRNAP™, or SP promoter with only tRNAP™ (Stribinskis
2001). Following the tRNA removal from the RNA precursor, the sequence of RPM1 is processed by
Pet127 (Ellis, Schonauer, and Dieckmann 2005) in the 5’ end, and by 3’-to-5’ exonuclease Dss1/Suv3
and/or by other enzymes not yet characterized (Dziembowski et al. 2003). These data suggest that
the production of mature RPM1 RNA requires the activity of a variety of mitochondrial RNA
processing factors, including RNase P itself. It was demonstrated that disruption of the
mitochondrial FAS Il pathway in yeast results in inefficient processing at the 5’ ends of mitochondrial
tRNAs by RNase P (Schonauer et al. 2008). Specifically, in FAS Il yeast mutant strains, in which the
cleavage of tRNAP™ from the 3’ end of the pre-RPM transcript is abolished, low levels of mature
RPM1 are observed, leading to a damaged mitochondrial translation (Schonauer et al. 2008).Besides
having an important role in the regulation of mitochondrial oxidation state and mitochondrial
synthesis, lipoic acid is also used as an essential cofactor for enzymes involved in glycine metabolism
and a-ketoacids oxidative decarboxylation (Perham 2000; Burger, Gray, and Lang 2003). In yeast,
there are three well-known lipoate-dependent enzyme systems: the glycine cleavage system (GCV),

the a-ketoglutarate dehydrogenase (KGDC) and the pyruvate dehydrogenase (PDH) (Schonauer et al.
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2009). GCV is involved in the cleavage of glycine to ammonia and C1 units, which is fundamental to
using glycine as a sole source of nitrogen (Sinclair and Dawes 1995; Piper et al. 2002). KGDC catalyzes
the oxidative decarboxylation reaction, converting 2-oxoglutarate into succinyl-CoA, the precursor
of several amino acids and source of succinate, a molecule which links the respiratory chain to Krebs
cycle (Repetto and Tzagoloff 1991; Vatrinet et al. 2017). PDH catalyzes the oxidative decarboxylation of
pyruvate, linking cytosolic glycolysis pathway and mitochondrial respiration (Boubekeur et al. 1999;
van Rossum et al. 2016). Gev3p, Kgd2p, and Latlp are the subunits of GCV, KGDC, and PDH,
respectively, which are covalently bonded to lipoate (Nagarajan and Storms 1997; B. Chen et al. 2020).
To generate the lipoylated-bonded subunits Gev3p, Kgd2p, and Latlp, a two-step conversion
mechanism has been hypothesized for lipoic acid synthesis and protein attachment in yeast
mitochondria (Hermes and Cronan 2013). Lip2p and Lip3p encode for octanoyltransferases
enzymes, that utilize octanoyl-ACP or octanoyl-CoA to attach the octanoyl group to the apo-form of
lipoate-dependent proteins. (Marvin, Williams, and Cashmore 2001; Hermes and Cronan 2013). The
bounded octanoyl group is subsequently modified through lipoyl synthase Lip5p, which catalyzes
the insertion of two sulfur atoms into the octanoate carbon chain (Sulo and Martin 1993; B. Chen et al.
2020). Lipoic acid is bound to Gev3p, Kgd2p, and Latlp via an amide linkage between the epsilon
amino group of a lysine residue of these proteins and its carboxyl group (Sulo and Martin 1993; B.
Chen et al. 2020). Interestingly, it has been discovered that Lip2p and Lip5p are required for
lipoylation of all three proteins, while Lip3p is essential for lipoylation of Kgd2p and Latlp but not
Gcev3p (Hermes and Cronan 2013). A model in which Lip2, Lip3 and Lip5 together with Gev3 take part
in the same complex with lipoyl-transferase activity has been proposed (Hermes and Cronan 2013).
In fact, lipoylation of Gev3, and not the glycine cleavage activity, has been reported to be required
for lipoylation of the other two target proteins (Latl and Kgd2), but several details on the
mechanism are still lacking (Schonauer et al. 2009). In literature, some cases of MECR mutations
associated with childhood-onset dystonia characterized by a distinctive MRI pattern in the basal
ganglia and optic atrophy, have been reported (Heimer et al. 2016). Heimer and collaborator
identified the MECR R258W variant in compound heterozygosity with a frameshift mutation; the
same mutation was found in our patients’ cohort in homozygous condition with recessive
inheritance, as described below. In this thesis, this potentially pathological variant will be studied in
yeast to understand the real effect on the mitochondrial metabolism. Based on previous results,
some of the variants identified in the Heimer work (p.G232E and Y285*) were validated using a

heterologous complementation approach, by inserting a multi-copy plasmid carrying the mutated
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hMECR cDNA in a yeast ETR1 deleted strain (Miinalainen et al. 2003; Heimer et al. 2016). Phenotypic
analysis concerning oxidative growth of these strains demonstrated that the presence of the
mutated hMECR alleles is associated with defects in oxidative growth and alteration of Krebs cycle
enzymes activity, due to the lack of lipoylation of a- keto-glutarate and pyruvate dehydrogenase
subunits (Heimer et al. 2016). The R258W variant was not validated in this study, probably because
being in compounded with a truncated protein, it could have a marginal role in the patient's

pathological phenotype.

1.8.3 MTFMT and mitochondrial translation

Protein synthesis begins with a methionine residue or with a formyl-methionine derivative (Kozak
1983; Gualerzi and Pon 1990). In prokaryotes and mitochondrion, the first methionine residue is
formylated, through a transfer reaction, catalyzed in humans by MTFMT, in which a formyl group
derived from 10-Formyltetrahydrofolate (10-CHO-THF) is covalently bound to the methionine
residue. A single tRNAMet type is produced in the mitochondria, able to load methionine through a
specific aminoacyl-tRNA synthetase (MetRS), generating Met-tRNAMet (Figuccia et al. 2021). After
this aminoacylation reaction, the Met-tRNAMet may become the substrate of MTFMT, the human
mitochondrial methionyl-tRNA formyltransferase, which binds a formyl group to the methionine. At
this point, two different species of methionine-binding tRNA are present, formylated (fMet-tRNAMet)
and non-formylated (Met-tRNAM®t), used during the initiation or the elongation, respectively. Many
studies have focused on understanding how these two tRNA species could be discriminated and
chosen (Tucker et al. 2011). fMet-tRNAMethas been shown to have a higher affinity for mitochondrial
initiation factor mtIF2 (Spencer and Spremulli 2004; F. Wang et al. 2021), which is recruited to the
ribosome in the early stages of the synthesis. On the contrary, the Met-tRNAMet has a preferential
affinity for mitochondrial elongation factor mtEF-Tu, recruited to the ribosome during the
elongation (Takeuchi et al. 1998; Mai, Chrzanowska-Lightowlers, and Lightowlers 2017) (Figure
1.10).
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Figure 1.10: Selection process of methionine-loaded tRNAs for the
elongation and initiation phases of mitochondrial synthesis

The importance of the first methionine residue formylation in human mitochondrial synthesis was
demonstrated by several patients carrying mutations in MTFMT, identified by genetic screening and
associated with Leigh syndrome (Tucker et al. 2011; Haack et al. 2014; Neeve et al. 2013). The
discovery of fMet-tRNAMet in the yeast Saccharomyces cerevisiae suggested that protein synthesis
is also initiated with formyl-methionine (Kuzmenko et al. 2014). Yeast has an ortholog of the human
MTFMT gene, FMT1, which encodes for a protein of 393 amino acids, which contains a
mitochondrial targeting sequence and a highly conserved motif in the N-terminal proposed to be
the binding site for the N10-formyltetrahydrofolate (10-formyl-THF), source of formyl group. The C-

terminal contains a sequence with a putative Met-tRNA binding domain (Li et al. 2000) (Figure 1.11).
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Figure 1.11: Human MTFMT protein organization
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Although yeast has retained this function, it is not fundamental for mitochondrial synthesis under
physiological conditions. In fact, studies carried out on yeast strain deleted in the FMT1 gene do not
show any defects in mitochondrial protein synthesis and oxidative growth (Franco et al. 2019).
Based on this consideration, the function of FMT1 can be bypassed in physiological conditions, but
it was demonstrated that remain indispensable in heat-stress or starvation conditions (Li et al.
2000). Since the deletion of the FMT1 gene leads to a mild defect in mitochondrial phenotypes only
at high temperature, no MTFMT mutation has been validated using the yeast model. The purpose
of this thesis is, if possible, to build a yeast model of MTFMT and find conditions in which the

pathological phenotype of the mutations identified are highlighted.

1.8.4 ACO2

Aconitase is the second enzyme of the Krebs cycle and catalyzes the reversible isomerization of

citrate to isocitrate, through the formation of the cis-aconitate intermediate.
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Citrate cis-Aconitate Isocitrate

Figure 1.12: Aconitase enzymatic reaction

The substrate of the reaction is citrate which, following a dehydration reaction, loses a proton and
OH group becoming cis-aconitate. The second step of the reaction is rehydration of the double bond
of the cis-aconitate to form isocitrate. The structure of Sus scrofa mitochondrial aconitase (PDB ID:
5ACN), the first mammal aconitase to be solved, was deposited in 1990 (Robbins and Stout 1989),
allowing to gain information on protein organization. The primary protein sequence is divided in
four domains and a one linker region: 1-202 (domain 1), 203-320 (domain II), 321-513 (domain Ill),
538-755 (domain IV) while residues 514-537 form the linker region which connects domains 3 and

4 (Figure 1.13). The unorganized structure of this region permits hinged movements which are
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fundamental for the catalysis of the reaction (Robbins et al 1989). In the active site of the enzyme,
there is an iron-sulfur center [4Fe-4S] which presumably coordinates the OH group of the citrate, to
facilitate its elimination. This Fe-S center could act both in the substrate binding to the active site
and in catalytic removal of water. Three cysteine residues, positioned within the active site, bind
the inactive form of the cluster [3Fe-4S], while a fourth Fe atom is subsequently added and

coordinated with the citrate (Robbins and Stout 1989; Artymiuk and Green 2006).

Figure 1.13: Cartoon representation of the porcine mitochondrial aconitase (PDB ID: 5ACN):
domain | in light blue; Domain Il in red; Domain Ill in green; Domain IV in magenta; Linker region in

yellow

The integrity of this iron-sulfur center is essential for the enzymatic activity of aconitase (Xin Jie
Chen et al. 2005). In humans, besides the mitochondrial aconitase (ACO2), there is also a
cytoplasmic form (ACO1) with a different function. Human cytoplasmic aconitase (ACO1) acts as an
iron regulator protein (IRP-1) (Artymiuk and Green 2006). The main feature of the cytoplasmic
isoform is the presence of a labile [4Fe-4S] cluster. In fact, in absence of the latter, the
interconversion of citrate into isocitrate is blocked and the protein becomes an IRP protein able to

bind RNA (Wachnowsky et al. 2019). The IRPs are located in eukaryotic cells' cytosol, where they act
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as post-transcriptional regulators, binding the hairpin structures of RNA known as IREs (iron
response elements) (J. Wang and Pantopoulos 2011). Specifically, IRP1 recognizes IRE in the 5' UTR
of the mRNA for ferritin, a protein involved in the iron storage inhibiting its own translation
(negative regulation) (Zhou and Tan 2017). On the contrary, when the IRE in the 3' UTR of the
transferrin receptor mRNA is recognized, the stability of the mRNA is improved (positive regulation)
(Rupani and Connell 2016). In iron deprivation conditions, the necessity to increase the absorption
of thision, up-regulating transferrin receptors and down-regulating ferritin level, is satisfied by post-
transcriptional regulation mediated by IRP1 (J. Wang and Pantopoulos 2011). IRP1s could be
considered intracellular iron sensors, regulating the translation of proteins involved in the iron
homeostasis through the assembly and disassembly of iron-sulfur clusters. In Saccharomyces
cerevisiae, mitochondrial aconitase Acol is a bifunctional protein: an enzyme involved in the TCA
cycle and a component of the nucleoid. Acol has a crucial role in ensuring the distribution and
propagation of the mitochondrial genome, suggested by the fact that yeast strain deleted in ACO1
quickly loses mtDNA (X. J. Chen, Wang, and Butow 2007). In addition, the overexpression of the
ACO1 gene suppresses the mtDNA instability in cells lacking the mtDNA packaging factor Abf2p,
although the function in the mitochondrion of Acolp and Abf2p do not completely overlap (X. J.
Chen, Wang, and Butow 2007). Acol expression is finely regulated through two different pathways:
the HAP system (heme activator protein), which is enhanced in cells with normal respiratory activity;
and the retrograde system (RTG), which is activated in cells with compromised or dysfunctional
mitochondria (Mao and Chen 2019; X. J. Chen, Wang, and Butow 2007). Inactivation of these two
pathways leads to a decrease in the expression of ACO1 resulting in point mutations and nick
accumulation in the single strand mtDNA. These events can promote the reduction of
recombination and replication stalling, which consequently leads to the complete loss of
mitochondrial genomes. Under glucose repression conditions, Abf2p is essential for mtDNA
maintenance, probably for its DNA packaging function (Chakraborty et al. 2017). Since Acol binds
ssDNA, it is hypothesized that Acol, but not Abf2, can protect ssDNA sites from ROS species during
the replication (Vozarikova et al. 2020). All these considerations validate the conclusion that Acol
stabilizes mtDNA during the replication, recombination and repair events through physical
interaction with the ssDNA, even when the ability to convert the citrate into isocitrate is absent (X.
J. Chen, Wang, and Butow 2007). Mutations in the human ACO2 gene are identified in patients with
a broad range of symptoms correlated to neurodegenerative diseases, including cortical atrophy,

optic nerve atrophy, cerebellar atrophy, hypotonia, seizures and intellectual disabilities. (Spiegel et
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al. 2012; Metodiev et al. 2014; Neumann et al. 2020; Sharkia et al. 2019). S. cerevisiae has proved
to be an excellent model for the study of mutations associated with the ACO2 gene. The sequence
similarity allows using a homologous complementation approach for the insertion of the potentially
pathological variant directly into the yeast gene ACO1, in fact, Sharkia and collaborators exploited
this approach to validate the H596R and R684W mutations identified in compound heterozygosity
in a patient with optic atrophy. These variants are inserted into the corresponding residues in the
yeast ACO1 gene, encoding the mitochondrial aconitase. H596R and R684W mutations are studied
both in homozygous and compound heterozygous conditions. From these validation studies, it
emerged that both variants lead to enzymatic activity deficit, dissecting the contribution of each of
these mutations to the pathological phenotype of the patient (Sharkia et al 2019). However, the
ability of the ACO2 human gene to complement the absence of the ACO1 yeast gene, when inserted
in @ multicopy plasmid context, was demonstrated (Metodiev et al. 2014). These finding allows
studying mutations in non-conserved amino acids between the two species. The variants L74V,
G259D, G661R, K736N were validated using heterologous complementation approach. Yeast, in this
case, has confirmed the role of mutations in mitochondrial metabolism dysfunctions, leading to
pleiotropic phenotypes such as the inability to use non-fermentable carbon sources, reduced
respiratory rate, mtDNA instability and defect of aconitase activity(Spiegel et al. 2012; Metodiev et
al. 2014; Neumann et al. 2020). Furthermore, the growth phenotype defects of the different yeast
mutant strains showed a good correlation with the severity of the disease in patients. (Metodiev et

al. 2014).
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CHAPTER 2: RESULTS AND
DISCUSSION SECTION |




2.1 SDHA MUTATIONS MODELING AND YEAST STRAINS CONSTRUCTION

As reported in the introduction, next-generation sequencing on HON patients led to the
identification of four mutations in the SDHA gene, in compound heterozygosis with the wild type
allele, encoding the catalytic subunit of succinate dehydrogenase. In particular, the mutations
identified in patients are L376P, R451C, R600Q, T626N. To verify whether these amino acid
substitutions, identified in patients, are the effective cause of the disease or neutral polymorphisms,
several analyses are carried out. Before starting the validation iter of these mutations in the model
organism S. cerevisiae, molecular docking studies were performed, to evaluate the region in which
the variants lie. Thanks to the high sequence identity (about 95%) between porcine and human
SDHA catalytic subunits and the available structure of porcine succinate dehydrogenase complex
(PDB ID: 1ZQY), it was possible to discriminate where the mutations are positioned in the protein
folding. The human mutated residues L376, R451, R600 T626, corresponding to the porcine L334,
R409, R558, T584 respectively, are highlighted in figure 2.1

Figure 2.1: Cartoon representation of the SDHA structure of S. scrofa (PDB ID: 1ZQOY), highlighting

the position of corresponding mutated residues identified in the patients
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From the row analysis of the structure, three of these residues (L334, R558 and T584) fall into
superficial regions that do not show a peculiar structural organization. On the contrary, the arginine
409 has an internal localization in the structure, making contact with succinate, the SDH complex
substrate. In literature, a catalytic mechanism was proposed through which the electrons and
protons from the succinate are transferred to FAD (Figure 2.2) (Sharma et al. 2018; Birch-Machin et

al. 2000).
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Figure 2.2: Proposed mechanism of the conversion of the succinate to fumarate with the
consequent formation of FADH; (above). Analysis of the structural role of the R451 residue in the
catalytic site of SDHA and the change induced by the R451C mutation(below).

This model predicts the presence of a catalytic triad formed by arginine, threonine and histidine
within the catalytic site of the human SDHA subunit. The arginine residue 451, highly conserved
during evolution, corresponds to amino acid R409 of the porcine structure, represented in figure
2.2. Being a nucleophilic molecule, succinate is stabilized within the catalytic site by the positive
charges present on the nitrogen atom of the arginine side chain, which allowed correct positioning
and subsequent FAD nucleophilic attack. Structural analysis shows that succinate and arginine 409
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were contiguous (2,7 A) in the enzymatic pocket. The replacement of arginine 409 with cysteine, an
amino acid with completely different chemical-physical characteristics in the side chains, causes a
loss of the proximity effect but also an ineffective stabilization of the substrate charges within the
catalytic site. The mutation affecting the human R451 residue seems to have a clear impact on the
protein functionality: however, for the other mutations falling into poorly structured regions, it is
not possible to gain information on the possible correlation with the patient’s HON phenotype.
Nevertheless, all the variants identified require careful validation in S. cerevisiae to evaluate the
impact of these on mitochondrial activity in vivo. Previous studies have reported the inability of the
human SDHA gene to complement the SDH1 deletion (Introduction, section 1.8.1), so, in this specific
situation, only a homologous complementation approach is allowed. Using bioinformatics tools, the
flavoprotein (FP) subunit of succinate dehydrogenases from different organisms has been aligned
to evaluate the conservation degree of the residues in analysis during evolution. The multiple
alignment represented in figure 2.3 clearly shows that the amino acids under investigation are highly
conserved from bacteria to humans, assuming a retained function of these amino acids in the
complex. The human SDHA and the yeast ortholog Sdh1 proteins share a high identity percentage,
of about 60%. Moreover, all the four human amino acids under analysis are conserved in yeast and
correspond to L367, R444, R593 and T602, making it possible to perform a homologous

complementation approach.
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Figure 2.3: Multiple alignments of succinate dehydrogenase flavoprotein subunit sequences from
different organisms. In red are highlighted the residues under analysis. The alignment was
performed with cluster X and displayed with GeneDoc tool. The accession numbers related to the
selected sequences are: H. sapiens NP_004159.2; S. cerevisiae CAA8198.1; G. gallus
NP_001264327.1; X. laevis AAH47261.1; E. coli CAD6019009.1; B. taurus AAI05358.1; D. rerio
AAI64560.1; D. melanogaster NP_477210.1; C. elegans NP_509446.1

To study the effect of SDHA mutations, it is necessary to insert the SDH1 mutant alleles in a yeast
strain bearing the deletion of the SDH1 genomic gene. The specific deletion cassette for the SDH1
gene (sdhl1::kanMX4) was amplified starting from the genomic DNA extracted from the BY4741
sdh1A strain (Brachmann et al. 1998) through a preparative PCR reaction using the SDHIDFw and
SDHI1DRv primers. The 5’ and the 3’ regions of the amplicon share homology with the upstream and
downstream region of the SDH1 ORF, which allows the recognition of the correct locus and the
subsequent integration by homologous recombination; the central fragment contains the gene for
resistance to kanamycin, used for the selection. The cassette was then inserted into the W303-1B
strain through “high-efficiency yeast transformation protocol” (Daniel Gietz and Woods 2002) to
produce the deletion of SDH1 in the W303-1B genetic background (producing W303-1B sdh1A4). To
generate the mutated alleles, the SDH1 gene and its downstream and upstream regulatory regions
were PCR amplified using genomic DNA of the W303-1B strain as a template and the primers
SDH1Fw and SDH1Rv, containing respectively the restriction sites recognized by Sacl and Sall. The
amplicon was then digested with the Sacl and Sall enzymes and cloned in the centromeric vector
pFL38, digested with the same enzymes to obtain the construct pFL38SDH1. Subsequently, the SDH1
mutant alleles containing the amino acid substitutions, corresponding to those found in patients,
were prepared through overlap PCR. This reaction, described in the materials and methods section,
allows, through a series of reactions, to make site-specific mutagenesis targeting the site of interest
on the template. Starting from pFL38SDH1 template and using primers listed in 6.5 paragraph
(material and method section), the sdh1'367?, sdh1R444C sdh1R>%3Q sdh1T602N jlleles were produced.
The mutant alleles, besides harboring the mutation of interest, contain at the 5" and 3’ ends the
sites recognized by the Sacl and Sall restriction enzymes inserted during the amplification phases.
This allows, after digestion, cloning the mutant alleles into the centromeric plasmid pFL38. Once the
mutant and wild type alleles have been prepared, they can be used to transform the W303-1B sdh1A

yeast strain. The wild type and the mutant strains thus constructed were used to evaluate the effects
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of mutations on some mitochondrial phenotypes such as oxidative growth, respiratory activity and

SDH enzymatic activity.

2.2 Analysis of oxidative growth in SDH1 mutant strains

Succinate dehydrogenase plays a pivotal role within the mitochondrion, as it is part of both oxidative
phosphorylation and the Krebs cycle, the main processes involved in energy production in this
organelle. Yeast is an excellent tool to highlight defects in energy production with simple
experiments, such as the analysis of oxidative growth on non-fermentable carbon sources. The
ability of mutants and wild type strains to grow in the presence of several non-fermentable carbon
sources such as ethanol, glycerol, acetate, lactate that allows exclusively oxidative growth in the
presence of mitochondrial functionality, has been tested. Through spot assay analysis, serial
dilutions of the different strains were spotted on SC-URA supplemented with these non-
fermentable carbon sources or glucose 2%. The plates were incubated at 28°C, the physiological
temperature of growth, and 37°C to highlight temperature-dependent defects. The results obtained
were very similar in all the conditions tested; here, only spot assays on medium supplemented with

ethanol is reported (figure 2.4)
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Figure2.4: Oxidative growth analysis of W303-1B sdh1A strains containing the wild type
SDH1 gene, empty vector and mutated alleles at 28 and 37 °C.

The analysis of oxidative growth on medium supplemented with ethanol allows dividing the
mutations into two groups: severe and mild mutations. Severe mutations R444C and R593Q
exhibited total ablation of oxidative growth both at 28 and 37 °C, showing the same phenotype of
the strain transformed with the empty plasmid. These results demonstrated that the presence of
the substitutions leads to severe dysfunction of mitochondrial activity, probably due to the
impairment of succinate dehydrogenase complex and the consequent block of the Krebs cycle
leading to the inability to metabolize ethanol. The strains harboring L367P and T602N mild
mutations at 28°C on ethanol plates show a growth trend comparable to that of the wild type strain.
However, in a stress condition due to the temperature increase (37°C), these strains exhibit slight
reduction in oxidative growth compared to the wild type strain, indicating thermosensitive
abnormalities in mitochondrial activity. However, to confirm these hypotheses further analyses are

necessary.

2.3 Evaluation of the respiratory rate in SDH1 mutant strains

SDH complex takes part both in the Krebs cycle and in the electron transport chain so that
pathological mutations could have an effect not only on the enzymatic activity but also on the ability
of complex Il to exchange electrons with the other components of the respiration chain. To gain a
broader view of the OXPHOS metabolism defects and to validate this hypothesis, the ability of the
yeast mutants to reduce molecular oxygen to H,O was evaluated. The analysis of respiratory activity
was performed in the strains W303-1B sdh1A transformed with SDH1 wild type or mutant alleles
and empty vector, grown at 28 and 37 °C in SC-URA supplemented with 0,5% glucose. The oxygen

consumption rate was measured after total exhaustion of glucose available in the medium to
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promote respiratory metabolism, and within one hour to avoid metabolic shift induced by ethanol.

Figure 2.5 showed the results obtained.
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Figure 2.5: Oxygen consumption of W303-1B sdh1A harboring the plasmid pFL38 SDH1,
pFL38sdh1367P pFL38sdh1R*44C pFL38sdh1R5%3Q pFL38sdh1T9?N at 28 and  37°C. The green
bar indicates the wild type strain (positive control). Values are represented as the mean of at
least three values + SD. P values are obtained using one-way analysis of variance followed by
Bonferroni’s test, **P<0.01

The first significant data that can be observed from this analysis is that the absence of the catalytic
subunit of complex I, does not lead to a total reduction in oxygen consumption. In fact, in the null
strain, the absence of the catalytic subunit of complex Il leads to a reduction in respiratory rate of
about 40% at 28°C and 50 % at 37°C, compared to the wild type strain. This particular result cannot
be attributed to the presence of the paralogue gene SDH1B, which, as described in the introduction
section, seems to poorly contribute to the SDH functionality. A more realistic explanation lies in the
nature of the respiratory chain. In fact, complex Il can be bypassed and the electrons coming from
the reduction of NADH, accomplished by the internal Ndil enzyme, can flow directly to complex llI
and will continue the chain until the reduction of molecular oxygen. Analyzing the behavior of
mutant strains, it is possible to observe good parallelism between oxidative growth and respiration.
The strains bearing the severe mutations R444C and R593Q have a similar reduction in respiratory
rate compared to the null mutant, while the mild mutations L367P and T602N confirm the
thermosensitive phenotype, showing defects in oxygen consumption only at 37°C. These
thermosensitive mutations have a greater impact on respiration than on oxidative growth, as the
respiratory rate is comparable to that of the null mutant, while oxidative growth presents an

intermediate phenotype between the wild type and the deleted strains. The growth observed on
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non-fermentable carbon sources is the result of multiple factors converging together, including
respiration, Krebs cycle and the ability of the mutated enzyme to catalyze the reduction of succinate
to fumarate. The partial retention of oxidative growth may be due to residual enzymatic activity of
the mutated proteins which could not block the progress of the Krebs cycle, allowing the use of
ethanol to grow. To better dissect this hypothesis, the enzymatic activity of the mutated SDH
complexes is measured and discussed in the next paragraph. The data coming from oxidative growth
and respiratory rate analysis highlights defects in mitochondrial activity, establishing a positive

correlation between the mutation identified in the screening and the clinical phenotype in patients.

2.4 How does it work? Molecular investigations in SDH1 mutant strains

Once it is clarified that these mutations are the effective cause of disease in patients, it is possible
to investigate the molecular mechanisms through which they act. The phenotypes analyzed so far
show that all the variants are associated with respiratory phenotypes compatible with an altered
SDH complex Il functionality, with several degrees of severity. Using a mitochondrial protein extract,
it was possible to quantify these defects, through an enzymatic assay of the SDH complex. This
analysis was performed on yeast strains grown in SC-URA medium in a limiting 0.5% glucose
condition at both 28 and 37°C. To determine the ability of the mutated SDH complexes to catalyze

the reaction, an in vitro reaction was prepared, containing the following molecules:

e Succinate, the enzyme-specific substrate
e KCN, an inhibitor of the complex IV
e DCPIP (2,6-Dichlorophenolindophenol)

e Decylubiquinone

In particular, the electrons generated by the reduction of succinate are conveyed to the final
acceptor of the reaction, the DCPIP. KCN, a specific inhibitor of complex IV, blocks the electron flow
through the mitochondrial transport chain, directing all the electrons produced to the DCPIP.
Decylubiquinone, the initiator of the reaction, is involved in the transmission of electrons from

succinate to DCPIP. The results obtained are shown in figure 2.6. Since malonate is a strong inhibitor
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of the succinate dehydrogenase, at the end of each reaction was added, to ensure the specificity of

the reaction and as expected the reaction stopped (data non shown).
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Figure 2.6: Enzymatic activity at 28 and 37 °C of the W03-1B sdh1A strain transformed with wild
type and mutant alleles, and empty plasmid as a negative control. Values are represented as the
mean of at least three values + SD. P values are obtained using one-way analysis of variance
followed by Bonferroni’s test, **P<0.01;

The analysis of the enzymatic activity of the SDH complex provided data that agree with those
obtained from the analysis of the OXPHOS metabolism. In fact, the severe mutations R444C and
R593Q lead to a reduction of the enzymatic activity of succinate dehydrogenase similar to that
observed in the null strain. The absence of catalytic activity may explain the deficit both in oxidative
growth and respiratory activity, seen in the previous paragraphs. In fact, the inability to convert
succinate into fumarate constitutes a limiting stage for the Krebs cycle, probably leading to a strong
reduction of the produced intermediates. The block of the Krebs cycle could be associated with the
inability to use ethanol as a carbon source. The consequent decreased quantity of molecules with
high reducing power, such as NADH and FADH, could explain the reduced respiratory rate observed.
The mild mutations L367P and T602N exhibit a trend similar to the wild type strain at 28 °C and a
decrease in enzymatic activity only in a heat-stress condition. In fact, at 37°C these mutations lead
to a reduction of SDH complex enzymatic activity, confirming once again the thermosensitivity of

these mutations. The proteins harboring the mild mutations, although presenting an evident defect,
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maintained an enzymatic activity of about 40/45%, which could explain the intermediate growth
phenotype seen in the previous paragraph. To evaluate whether the decreased enzymatic activity
could be related to a decreased Sdh1 steady state levels, western blot analysis was performed. For
this purpose, the cells were grown under the same conditions in which the enzymatic defect was
detected. After 18 hours of growth at both 28 and 37°C, the cells were harvested, and the TCA
protein extraction protocol was performed. The western blot was carried out on these extracts and
the Sdh1 protein was detected using ANTI-SDHA antibody, able to recognize both human SDHA and
yeast Sdhl proteins. Porl, the mitochondrial porin, was used as housekeeping, and the signal was
measured with an antibody against yeast Porl. The normalized values of the Sdh1 protein content

in the different strains analyzed are shown in figure 2.7.
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Figure 2.7: Western blot performed at 28 and 37 °C on SDH1 wild type, deleted and mutant
strains, and related quantification graphs using Porl as housekeeping to quantify the Sdh1
content. Values are represented as the mean of at least three values + SD. P values are obtained
using one-way analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01; ***p<0.001
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At 28°C the R593Q mutation in Sdh1 protein leads to a moderate decrease in its levels (about 50%),
compared to the control. All the other mutant variants analyzed, including R444C, show Sdh1 level
similar to the strain transformed with the wild type allele. Since from the previous analysis, the
severe mutations (R444C and R593Q) exhibit a phenotype comparable to that of the null mutant, it
is possible to conclude that the instability of the protein carrying the R593Q mutation together with
other factors, such as the catalytic deficiency, lead to the expression of the pathological phenotype.
Regarding the R444C mutation, it is possible to hypothesize that the disease in patient is due to a
pathogenetic mechanism not correlated with the reduction of the Sdh1 levels. At 37°C, the L367P
and T602N mutations confirm their thermosensitive phenotype, showing a decreased Sdh1 protein
levels. Based on these data, it is therefore possible to associate the decreased levels of Sdh1 carrying
the L367P and T602N mutations with the defects in the enzymatic activity and OXPHOS phenotypes
analyzed before. However, as previously mentioned in the docking analysis paragraph, the severe
mutation R444C acts following another pathogenic mechanism close correlated with its function in
the catalysis. The pivotal role of the arginine residue 451 in the human catalytic site, and
consequently of the arginine residue 444 in yeast, can explain the severe phenotype associated with
the R444C substitution. In fact, in the presence of this mutation, the enzymatic activity of the
succinate dehydrogenase complex is almost null, probably due to the inability of the mutated
catalytic site to stabilize the substrate. Although for the R444C mutation the mechanism of action is
quite clear, for the other substitutions other details are necessary. Since the Sdh1 subunit is part of
a tetramer, and in particular interacts specifically with Sdh2, forming the hydrophilic dimer with a
catalytic function, the presence of mutations in Sdh1 could lead to a defect in the assembly of Sdh1-
Sdh2 dimer and therefore a reduction in the stability of the other subunit (Sdh2 for example). The
assembly of the dimer is not autonomous but is helped by assembly factors that facilitate the
process. The Sdh2 subunit contains 3 Fe-S clusters which act as a link for the electrons transport
from the catalytic subunit Sdh1l to coenzyme Q, the final acceptor. To maintain the electron
transport continuous, the assembly of these subunits must be a rigorous process, ensuring
contiguity between the portion containing the FAD in the Sdh1 subunit and the region of Sdh2
containing the Fe-S centers. Based on these considerations, the stability of the Sdh2 protein in the
yeast SDH1 mutant strains was evaluated through Western blot. Using the same protein extracts
prepared for the evaluation of Sdh1 stability, a second western blot analysis was performed. The
detection of the Sdh2 subunit was carried out using a primary anti-SDHB antibody, able to recognize

also the yeast orthologous protein Sdh2. The results obtained are reported in Figure 2.8.
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Figure2.8: Evaluation of Sdh2 levels, through western blot, performed at 28 and 37°C on strains W303-1B
containing empty plasmid and SDH1 wild type and mutated alleles. Porl was used as housekeeping. The
red arrow indicates an aspecific band.

The results show that the Sdh2 protein, at 28°C, is present only in wild type and the mutant strain
containing the L367P substitution, a condition in which no defects, related to mitochondrial activity,
are observed. In all the other mutants, no bands related to Sdh2 subunits are detected. Since the
L367P and T602N mutations in the previous analysis have shown a thermosensitive phenotype, the
experiment was repeated at 37°C. In this stress condition, almost no detectable levels of Sdh2 are
present in the line corresponding to the thermosensitive mutants. These results highlight the
intrinsic instability of Sdh2. In fact, Sdh2 is completely absent in null mutants (R444C and R593Q)
but is still present in mild mutant L347P at 28°C, while a 37°C both L367P and T602N lost this subunit.
These results could establish a correlation between the functionality of the catalytic subunit SDH1
and Sdh2 stability. To stably maintain Sdh2 in cells, it must be associated in a functional catalytic
tetramer/dimer and when this condition is not satisfied, for example in the case of the mutants
analyzed in this thesis, the levels of the Sdh2 protein drastically drop. Further confirmations come
from previous studies reported in literature on patients who also showed instability of the SDHB

subunit in the presence of mutations in the SDHA (Bannon et al. 2017).

2.5 INHERITANCE ASSOCIATED WITH MUTATIONS IN SDH1

All the mutations here analyzed induce mitochondrial defects and thus led to the pathological
phenotype in patients. Once this has been demonstrated, it is possible to investigate the type of
inheritance associated with these mutations. All variants identified in SDHA gene are heterozygous

in patients, each mutated allele was in compound with the corresponding wild type allele. The yeast
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S. cerevisiae can be a useful tool to obtain information regarding the genetic mechanism associated
with inheritance; for example, in the case of dominant mutations, it may be useful to highlight
negative dominance or haploinsufficiency. For this purpose, diploid strains were constructed. The
first step was the selection of a strain with the same genetic background of W303-1B with an
opposite mating type, allowing the formation of a diploid yeast (2n). The isogenic strain W303-14A
was chosen. These strains share all five genetic markers (ade2, leu2, trp1, ura3, his3) leading to
auxotrophies for adenine, leucine, tryptophan, uracil and histidine. To create a functional yeast
model to study the inheritance, both strains must contain the deletion of the genomic SDH1 gene:
i) W303-1B sdh1A strain constructed to study haploid mutations (paragraph 2.1) was used; ii) W303-
14A strain was transformed with the deletion cassette (sdh1::kanMX4; paragraph 2.1) to obtain the
W303-14A sdh1A yeast strain. The SDH1 gene cloned in the pFL38 plasmid (paragraph 2.1) was
subcloned into another monocopy plasmid with a different selection marker (pFL39 containing the
TRP1 marker). W303-14A sdh1A strain was transformed with the plasmids pFL39SDH1 and empty
pFL39. Diploid heteroallelic strains were constructed by crossing the haploid W303-1B Mata sdh1A
strain transformed respectively with the plasmids pFL38SDH1, empty pFL38, pFL38sdh1¢7P,
PFL38sdh1R444¢, pFL38sdh1”593Q and pFL38sdh1™%2N with the isogenic W303-14A Mata sdh1A strain
transformed with the empty pFL39 or pFL39SDH1 plasmids. The crossing has been carried out using
the “drop on drop” technique in YPD medium, and a subsequent incubation for three days. Diploids
were selected through replication on SD medium, supplemented with adenine, histidine and
leucine, exploiting the complementation of the URA3 and TRP1 genes present on the plasmids
contained in the starting strains. At the end of this selection, the following diploid strains were

obtained (W303-1B sdh1A xW303-14A sdh1A):

pFL38SDH1/ pFL39SDH1
pFL38/pFL39SDH1
pFL38/pFL39
PFL38sdh1367°/pFL39 SDH1
PFL38sdh1R%44C/pFL39SDH1
PFL38sdh 175939/ pFL39SDH1
PFL38sdh1T602N/pFL39SDH1
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To investigate the effects of the mutated alleles in the presence of the SDH1 wild type copy, the
oxidative growth of diploid strains on non-fermentable carbon sources was evaluated. This analysis
was performed through spot assay, following the same experimental procedure adopted for haploid
cells. Serial dilutions of cells were plated on SC-U-W medium, selective for the maintenance of pFL38
and pFL39 plasmids, alternatively supplemented with glucose or non-fermentable carbon sources
(ethanol, glycerol, Na-acetate, lactate). The plates are incubated for several days at 28 and 37 °C
and the phenotypes obtained are shown in figure 2.9. The results obtained are comparable in all the
sources tested: the NA-acetate plates are reported here because in this condition the diploid strains

show a more evident defect.
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Figure 2.9: oxidative growth of diploid strains containing wild type
and mutated SDH1 alleles at 28 and 37°C on Na-acetate and
glucose as control

The analysis of oxidative growth allows drawing several conclusions. The mutations R444C and
R593Q are also in this case associated with a more severe growth defect. Comparing the growth of
the diploid strain harboring these mutations with the homoallelic (SDH1/SDH1) and hemiallelic
(SDH1 / empty) control strains, an oxidative growth slight reduction is observed. Both mutations
lead to growth reduction compared to the hemiallelic strain, containing only one copy of the SDH1
gene, indicating that the presence of the mutated alleles carrying the R444C and R593Q mutations
has a detrimental effect on the wild type SDH1 allele. These results highlight a negative dominant
effect associated with these mutations. On the other hand, the mild mutations L367P and T602N
exhibit a similar growth behavior to the homoallelic strain, containing two copies of SDH1, both at
28 and 37 °C. In this case, the presence of the wild type SDH1 allele complements the effect of the
mutations on oxidative growth, suggesting that these mutations in yeast are recessive. However,
this type of analysis allows doing a qualitative investigation, useful for highlighting significant
differences, but could be less sensitive in detecting the effect of mutations with a mild phenotype.
More sensitive and detailed analyses, which allow a quantification of the defect associated with the
mutations, are necessary. One of the possible alternatives is certainly to measure the SDH enzymatic
activity in diploid strains, which allows quantifying the enzymatic SDH complex defect. The protocol
followed is the same used for the haploid strains: the cells are grown for 18 hours at both 28 and
37°C on SC-U-W medium, to allow the maintenance of the pFL38 and pFL39 plasmids. The results

obtained are shown in figure 2.10.
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Figure 2.10: Enzymatic activity at 28 and 37 °C of the diploid strains containing wild type and
mutant alleles, and empty plasmid as a negative control. Values are represented as the mean of at
least three values £ SD. P values are obtained using one-way analysis of variance followed by
Bonferroni’s test, *P<0.05; **P<0.01; ***p<0.001

The results obtained confirm the negative dominance of the R444C and R597Q mutations at 28 °C,
since the enzymatic activity of the diploid strains containing these variants shows a significant
reduction compared to both the homoallelic and hemiallelic strains, containing respectively two and
one copy of the SDH1 wild type allele. It is therefore confirmed that the presence of these mutated
alleles leads to a negative effect on the SDH1 wild type allele, suggesting that the pathogenetic
mechanism in patients bearing these mutations is associated with a negative dominant effect. The
thermosensitive mutations L367P and T602N at 28 °C, as expected, do not show any difference in
enzymatic activity compared to the homoallelic diploid strain. At 37°C, indicating a greater
sensitivity of this analysis, it is observed that there is a significant difference in enzymatic activity
between the homoallelic and the hemiallelic strains, in which only one copy of the SDH1 gene is
present. Consequently, it is possible to affirm that in stressing condition in yeast, a single copy of
the SDH1 gene is not able to support the maximum succinate dehydrogenase activity, indicating a
haploinsufficiency condition. By the analysis of the behavior of the mild L367P mutation, no
significant difference is observed compared to the control homoallelic strain, assuming a recessive
inheritance in yeast, in contrast with the data obtained from the patient. On the other hand, the
diploid strain containing the T602N mutation exhibits an intermediate behavior, with a value of
enzymatic activity significantly different from that of both homoallelic and hemiallelic strains, which
could explain the dominance related to this mutation with a mechanism linked to haploinsufficiency.
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To have a further confirmation of the negative dominance associated with the R444C and R593Q
mutations, a second spot assay experiment was set up to evaluate the oxidative growth in a strain
overexpressing the mutant alleles, which allows to better visualize the effect of negative dominant
variants. First, the SDH1 wild type gene and all the mutants under analysis were subcloned into a
YEpLac195 multicopy vector; subsequently, these plasmids were introduced in a W303-1B yeast
strain containing the genomic copy of SDH1. The heteroallelic strain thus constructed carried the
wild type SDH1 allele at the genomic locus and plasmids that overexpress wild type or mutated
alleles. If a mutant variant, expressed at the physiological level, has a dominant negative effect, it
would be expected that the overexpression of the same mutant variant will lead to the exacerbation
of this defect. Based on this concept, the ability of this strain to use non-fermentable carbon sources

was evaluated at 28 and 37°C, the results are shown in figure 2.11.
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Figure 2.11: Oxidative growth of heteroallelic strains
containing wild type and mutated SDH1 alleles in a multicopy vector at
28 and 37°C on Na-acetate and glucose as control

Analyzing the phenotype of the strains transformed with the empty plasmid or the wild type SDH1
allele, a difference in growth is present. The explanation of this phenomenon lies in the gene
overexpression consequences that, even in the wild type form, is often an unfavorable event
compared to the physiological condition (strain transformed with empty plasmid). The
overexpression of the pathological R444C variant in a heteroallelic context leads to almost total
repression of oxidative growth, confirming the severe negative effect of the mutated Sdh1 isoform
on the wild type protein. Overexpression of the R593Q variant also shows a reduction in oxidative
growth, which is less severe compared to that associated with the R444C variant, suggesting also in
this case a negative effect of the mutated protein on the wild type counterpart. Both the recessive
L367P and haploinsufficient T602N variants show oxidative growth at 28 and 37°C comparable to
that of the strain overexpressing the wild type SDH1 allele. The data obtained in this experiment
further confirmed the negative dominance of the R444C and R593Q mutations and demonstrated
that the L367P and T602N mutations, at least in yeast, exhibit another hereditary pathway, as shown

in the previous experiments.

2.6 DISCUSSION

This first part of the thesis concerns the study of mutations in the SDHA gene, coding for the catalytic
subunit of succinate dehydrogenase complex, identified in patients with a typical clinical
characterization of hereditary optical neuropathies (HON). The yeast S. cerevisiae is an excellent
model organism to study diseases associated with mitochondrial dysfunctions, as it is one of the
very few eukaryotes viable in the absence of mitochondrial functionality. Several studies have
described mutations in the SDHA gene, validated in yeast exploiting the homologous
complementation approach, due to the inability of the human gene to complement the absence of
SDH1. The sequence alignment of the human SDHA and yeast Sdh1 proteins shows a high degree of
similarity, which also involves the potentially pathological residues identified in the patients. This

similarity allows, using the homologous complementation approach, inserting the pathological
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substitutions in the corresponding yeast residues to study their effect on a series of mitochondrial

phenotypes (Figura 2.12).

MUTATION  OXIDATVIVE T ENZYMATIC RESPIRATION | PROTEIN INHERITANCE
GROWTH (°C) ACTIVITY RATE STABILITY
DEFECT
Sdh1L367P LOW 37 MODERATE MODERATE MODERATE RECESSIVE
5dh1R444C HIGH 28 HIGH MODERATE LOW DOMINANT
Sdh1R593Q HIGH 28 HIGH MODERATE MODERATE DOMINANT
sdh1T6OZN MODERATE 37 MODERATE MODERATE HIGH DOMINANT

Figure2.12: Summary of the phenotypes analyzed in yeast of in SDH1 mutations

The models constructed are used to test the oxidative growth on non-fermentable carbon sources,
which allows highlighting defects related to OXHOS metabolism. Two of the mutations identified,
R444C and R593Q, induced a total loss of oxidative growth, assuming a severe defect of
mitochondrial metabolism. On the other hand, the L367P and T602N mutations allow a growth
similar to that of the wild type strain at the physiological temperature, presenting a moderate defect
in oxidative metabolism only at 37 °C. To better understand the different behavior of the mutations,
molecular, biochemical and computational analyzes are performed. In particular, the severe defects
in the mutants containing the R444C and R593Q mutations are associated with a strong reduction
of the SDH catalytic activity, which leads to the stall of the metabolic pathway of the Krebs cycle.
The arginine residue R444, highly conserved between species, is part of the catalytic site of succinate
dehydrogenase and is involved in the stabilization of succinate. If this stabilizing effect is lost in the
presence of the R444C substitution, the catalytic reaction could be blocked. The R593 amino acid,
on the other hand, does not show a strictly catalytic role, since it localizes on the external surface
of the protein. However, the yeast mutant carrying the R593Q mutation shows a strong reduction
in the activity of complex Il. This behavior can be explained, in part, by the poor stability of the

protein in the presence of the mutation, but other mechanisms could be involved. In fact, arginine
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R593, being a surface residue, could play an important role in the interaction with the other subunits
of the complex or with the various assembly factors involved in the subunits association. Yeast is
also a very useful tool to define the type of inheritance involved in the pathogenetic mechanism of
the diseases. Assuming that all mutations in patients are heterozygous and therefore dominant,
yeast has been used in this study to identify the dominance mechanism. The severe mutations
(R444C and R593Q) exert their dominance through a negative dominant mechanism, indicating that
the mutated allele influences the activity of the wild type allele. For the mild T602N mutation,
dominance in yeast is associated with haploinsufficiency. On the other hand, for the L367P
mutation, there is no concordance between yeast and humans, since the heterozygous mutation in
patients is recessive in yeast. Based on these considerations, it is possible to think that patient data
may be incomplete, and that the dominant pathological phenotype in patients could be due to the
combination of L367P mutation in SDH1 with another mutation in a different gene: alternatively,
this mutation cannot contribute to the pathological phenotype at all. However, it is important to
underline that yeast can confirm the pathological role of a mutation, but if no defects are observed,
it could still remain the cause of the pathology in patients. Besides this, three of the four identified
mutations have a positive correlation, and the alleged dominance in patients iss also confirmed in

yeast, demonstrating that S.cerevisiae is an excellent model to highlight mitochondrial dysfunctions.
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CHAPTER 3: RESULTS AND
DISCUSSION SECTION i




3.1 MECR MUTATIONS MODELING, YEAST STRAINS CONSTRUCTION AND COMPLEMENTATION
ASSAY

In the second part of the thesis, the attention will be focused on the recessive mutation identified
in homozygosity through NGS in MECR, which codes for the Mitochondrial Trans-2-Enoyl-CoA
Reductase. In particular, the identified amino acid substitution in the patient is R258W. As
mentioned in the introduction part, this mutation has already been reported in a previous study, in
heterozygosity with an allele harboring a long deletion and, therefore, probably null (Heimer et al.
2016). This variant has never been validated in a model organism, since the contribution of this
substitution to the pathological phenotype was considered marginal, and completely due to the
truncated protein. In our patient cohort, however, the R258W substitution was identified in
homozygous condition, assuming a possible involvement in the patient's HON phenotype. For these
reasons, careful validation in a model organism is required. The presence in the database of the
human MECR structure (PDB ID: 1ZSY) allows performing docking analysis on the mutation

Figure3.1.

Figure3.1: Cartoon representation of human MECR protein. The N-terminal domain is represented

in green and C-terminal domain is colored in red.
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Human MECR is divided into two domains, an N-terminal (Arg42-Val166) with catalytic activity and
a C-terminal (Asn167—-Trp311) which contains a NADH cofactor binding site and the fatty acyl-acyl
carrier protein (ACP) recognition regions (Z.-J. Chen et al. 2008). In the fatty acyl-ACP substrate, the
fatty acyl molecule is covalently bound to the pantetheine moiety of ACP. MECR acts as a
homodimer in the catalysis of the last step of the mitochondrial fatty acid biosynthesis pathway.
The homodimer organization forms a groove of about 15 A in which the pantetheine, a molecular
group of the fatty acyl-ACP complex, is accommodated. The arginine 258 residue is one of the
structural components of this groove, and, therefore, mutations in this residue can lead to the loss
of interaction between pantetheine and MECR, blocking the mitochondrial fatty acids biosynthesis.
(Z.-). Chen et al. 2008). Although this hypothesis is plausible, validation in an in-vivo system, such as
a yeast, is necessary. The multiple alignment of mitochondrial Enoyl-[acyl-carrier-protein] reductase
sequences from different organisms, shows the high conservation degree of the human R258

residue during the evolution, assuming a function conserved between species (Figure 3.2).

H.sapiens 3 281
B.taurus : 281
M.musculus : : 281
G.gallus s 269
X.laevis : 205
D.rerio s 283
C.elegans : 245
S.cerevisi : s 1259

Figure3.2: Multiple alignments of mitochondrial Enoyl-[acyl-carrier-protein] reductase sequences
from different organisms. In red are highlighted the residues under analysis. The alignment was
performed with cluster X and displayed with GeneDoc tool. The accession numbers related to the
selected sequences are: H. sapiens NP_057095.4; S. cerevisiae QHB06797.1; G. gallus
XP_040546107.1; X. laevis XP_041438071.1; B. taurus NP_858055.1; D. rerio NP_001017852.1; C.
elegans CAA19533.1; M. musculus NP_079573.2

Comparing MECR protein sequence with Etrl, the respective orthologous proteins in yeast, the
conservation of the arginine under study is observed, although the whole sequence identity of the
two proteins is low (around 30%), with large non-overlapping areas. As described in the introduction
part, it was previously reported that the deletion of ETR1 is partially complemented by

overexpression of human MECR (Heimer et al. 2016).
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Based on the low identity percentage between MECR and Etrl proteins and the knowledge coming
from literature, it was chosen to build the corresponding MECR yeast models, using a heterologous
complementation approach, in which the mutation pathological effect, if present, is directly
demonstrated by introducing the mutated human allele into a yeast strain deleted in the
corresponding orthologous gene. The deletion cassette etrl::kanMX4 was amplified through a
preparative PCR using the primer pairs ETRIDFw / ETRIDRv and the genomic DNA, extracted from
the BY4741 etrlA strain, as the template (Brachmann et al. 1998). The amplified DNA contains
external fragments, corresponding to the regions flanking ETR1 ORF, where integration must occur
and kanamycin resistance gene for the selection. The deletion cassette was used to transform the
yeast strain W303-1B, producing the W303-1B etr1A strain. To evaluate whether the human allele
is able to complement the deletion of the yeast ortholog ETR1, MECR cDNA (GenBank ID:
BC001419.2) was cloned into both single-copy and multi-copy expression vectors. The human cDNA,
purchased from an external company, was amplified through a preparative PCR reaction using the
primer pairs MECRCNotFw/MECRCNotRv, producing MECR cDNA containing Notl restriction sites at
the 5’ and 3’ ends. The amplicon was digested with the Not/ restriction enzymes and cloned in the
PFL39TEToff and YepLacll12TEToff vectors, digested with the same enzymes. In both cases, the
cDNA was cloned under the strong and repressible TEToff promoter, consisting of CYCI yeast
promoter preceded by seven doxycycline repressible regulatory elements. The use of both single-
copy centromeric (pFL39TEToff) and multicopy episomal (YepLacl12TEToff) plasmids is due to the
attempt to optimize the expression of the human gene in yeast, in order to provide a good level of
complementation. These recombinant plasmids containing human MECR allele were used to
transform the respective strain W303-1B etr14, producing the humanized yeast strain. To evaluate
the complementation, it was necessary to construct the control strain, containing the orthologous
yeast gene under its natural promoter. Starting from the genomic DNA extraction of W303-1B strain,
the ETR1 gene was amplified using the respective ETRICBamFw/ETRICPstRv primer pairs, which
introduces BamHI and Pstl restriction sites at the 5’ and 3’ ends. Yeast gene ETR1, digested with
BamHI and Pstl, was cloned into the centromeric plasmid pFL38, digested with the same restriction
enzymes. The produced vector pFL38ETR1 was used to transform the W303-1B etr1A strain. Once
the strains have been prepared, it was possible to perform the study of complementation. To assess
the ability of the human MECR gene to complement the absence of the ETR1 orthologue gene in
yeast, the oxidative growth of the humanized and yeast wild type strains was analyzed. In this case

the ability of the human protein to restore the growth phenotype of the null strain must be
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evaluated at first. Through the spot assay technique, strains were plated on media supplemented
with non-fermentable carbon sources, which allow highlighting defects of oxidative metabolism.
The growth phenotype was comparable on all the sources tested and the results obtained in

medium supplemented with 2% ethanol are shown in figure 3.3.
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Figure3.3: Oxidative growth analysis to evaluate the complementation of
human MECR gene.

At 28°C, both constructs, lead to a restoration of oxidative growth in the ETR1-deleted strain, with
an effect dependent on the amount of gene product available in the cell. In fact, comparing the
oxidative growth of the strain containing the multicopy plasmid YepLac112TEToffMECR with that of

the strain containing pFL39TEToffMECR, a better degree of complementation is observed in the
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presence of a greater quantity of gene product, guaranteed by a multicopy plasmid contest. At 37°C,
on the other hand, the complementation is weaker. The strain harboring MECR gene within the
centromeric plasmid, shows a growth phenotype almost comparable to the null mutant, whereas a
partial complementation is observed using MECR overexpressing plasmid. These results well
parallelize with the results shown by Heimer and collaborators. Based on these considerations, it
was decided to study the effect of the R258 W mutation, using the YepLac112TEToff MECR multicopy
vector. Once the complementation of the human gene is established, the MECR-related yeast model
carrying the mutation identified in patient was constructed. In fact, exploiting a site-specific
mutagenesis PCR technique, called “Quik change® PCR”, the mutation was inserted directly into the
constructs previously prepared. To introduce the R258W mutation, a mutagenic PCR was
performed, using the plasmid Yeplacl12TEToff MECR as a template and the primers pair
MECRR258WFw and MECRR258WRv. The recombinant mutated plasmid Yeplacll2TEToff
MECRR?>2W was selected and used to transform the yeast strain W303-1B etr1A, producing the

mutant strain for the validation of the putative pathological mutation.

3.1.1 VALIDATION OF MECR R258W MUTATION IN HUMANIZED YEAST MODEL

The validation process is a well-defined workflow: after the construction of the strain bearing the
mutation, putative defects associated with the OXPHOS metabolism must be analyzed. Following
the same pattern described for the SDH1 mutations in the previous chapter, the ability of the mutant
strains to use non-fermentable carbon sources was investigated, in order to correlate the presence
of the mutation with mitochondrial dysfunctions. Using the spot assay technique, serial cell dilutions
were plated on media supplemented with non-fermentable carbon sources. This analysis was
performed at 28°C, the temperature at which a better degree of complementation occurs. The
results of this analysis were similar in all conditions tested, and the results on medium

supplemented with ethanol 2% are reported in figure 3.4.
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Figure3.4: Oxidative growth analysis of W303-1B etr1A strain containing MECR wild type/mutated
alleles and empty vector (negative control) at 28°C.

The strain containing MECR R258W mutation, shows a reduction of oxidative growth compared to
that of the strain containing the wild type MECR allele, similar to that of the strain transformed with
the empty plasmid. So, this phenotype could be compatible with the pathology observed in patients.
Since MECR is involved in the biosynthesis of the mitochondrial fatty acids, it does not have direct
involvement in the mitochondrial respiration. However, secondary effects caused by the
malfunctioning of the pathways in which it participates could influence oxygen consumption rate.
To evaluate this hypothesis, the respiratory capacity of wild type and mutant strains was measured.
Since the growth in ethanol of MECR-related strains is slow, these strains were inoculated in YP
medium supplemented with 0.5% glucose at 28 °C for 18 hours. The results of this analysis are

shown in figure3.5.
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Figure 3.5: Oxygen consumption rate of strain carrying MECR wild type, null and mutant
alleles at 28 °C. Green bar indicates the wild type strain, which was set to 100%. Values
were normalized to the wild type strain value and are represented as the mean of at least
three values * SD. p values are obtained using one-way analysis of variance followed by
Bonferroni’s test, *P<0.05; **P<0.01;

The deleted strains W303-1B etr1A shows a respiratory activity of about 70% compared to the wild
type. The respiratory activity of the R258W mutant is similar to the deleted strain. These results
confirm the association between the R258W mutation and defects related to the mitochondrial
activity, indicating that it is bona fide the direct cause of the disease in patient. To evaluate whether
the deleterious effects of the mutation could be due to a decreased level of the mutated protein, a
western blot experiment was set up to detect human MECR protein (Figure 3.5). For this purpose,
MECR strains were inoculated in YP medium supplemented with 0.5% glucose and incubated
overnight at 28 °C. The proteins were extracted through TCA extraction protocol, and subsequently
loaded on polyacrylamide gel and incubated with an anti-MECR primary antibody, able to detect

human protein. Porl was used as a loading control.

68



% hMECR/Por1
120

100

BD

yETR1 hMECR @ R258W 50
MECR F—. — . o
20 -
PO £ 1 ﬁ ’ hMECR R25BW

Figure 3.6: Western blot performed at 28°C on strains carrying ETRI1, wild type MECR, the
empty plasmid and the MECR mutant allele, and relative quantification graphs using Por1 as
housekeeping to normalize the MECR levels. Values were normalized to the wild type MECR

strain value and are represented as the mean of at least three values * SD. P values are
obtained using one-way analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01

The representative image of the western blot shows the absence of bands in the ETR1 and null yeast
strains. In fact, the antibodies used, probably for a low degree of sequence conservation, recognized
only the human protein and not the yeast one. The R258W mutation leads to a drastic decrease in
protein content (about 80%), suggesting that the defects seen in the previous phenotype analyzed,
may be due to the low level of MECR in the presence of the R258W substitution. MECR presents a
mitochondrial targeting sequence of approximately 40 amino acids, which is removed once the
protein is translocated into the mitochondrion. Looking at the image in detail, two contiguous bands
were present: based on the sizes, the bands may correspond to the MECR pre-protein and the
mature forms. In the lane corresponding to the strain containing the wild type MECR allele, similar
levels between the precursor and the mature form are observed. On the contrary, in the mutated
strain, most of the protein detected seems to be in the unprocessed form, assuming defects in the
maturation process linked to the R258W mutation. However, to confirm the hypothesis of stability
or turn-over protein defects, pulse-chase experiments, not investigated in this thesis, would be
necessary. Besides, it cannot be excluded that the two bands could be the mature protein and a
degradation product respectively, due to overproduction or just heterologous expression in yeast.
Nevertheless, these results taken together indicate that protein scarcity may be the cause of
mitochondrial defects detected in yeast, and therefore the factor that strongly contributes to the

patients' HON phenotype.
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3.1.2 LIPOYLATION ANALYSIS OF THE ENZYMES INVOLVED IN THE KREBS CYCLE AND POTENTIAL
THERAPEUTIC APPROACH

MECR encodes the last enzyme involved in the biosynthesis of mitochondrial fatty acids, which
catalyzes the NADPH-dependent reduction of trans-2-enoyl thioesters. As widely discussed in the
introduction of this thesis, the main product of this biosynthetic pathway is lipoic acid. This
compound plays two main roles in cells, acting both as a scavenger against various oxygen radicals
(ROS) and as a cofactor for some enzymes important for the respiratory metabolism, such as
pyruvate dehydrogenase (PDH) and a-ketoglutarate dehydrogenase (a-KGD). A study on fibroblasts
derived from patient with severe defect in lipoic acid production, due to compound heterozygous
mutation in LIPT1 gene, which catalyzes the transfer of the lipoyl group to the target protein,
demonstrates a reduction in PDH activity by 70% and, even if to a lesser extent, a reduction in KGD
activity (Ni et al. 2019). Yeast well replicates the human condition: it has been shown that the Lat1,
Kgd2 and Gcv3 subunits, whose function is reported in the introduction section, are covalently
bonded to the lipoate group, which directly participates in the enzymatic reaction. Some studies
reported that the deletion of the LIP3 gene, involved in the biosynthesis of lipoic acid in yeast, leads
to total ablation of the enzymatic activity of both pyruvate and a-ketoglutarate dehydrogenases
(Schonauer et al. 2009). These data coming from literature, further underline the importance of the
lipoylation of target proteins Lat1, Kgd2 and Gev3. Starting from these considerations, it was decided
to evaluate the lipoylation state of the Latl and Kgd2 subunits in the ETR1 deleted strain
transformed with empty plasmids or wild type/mutant MECR allele. For this purpose, a western blot
analysis was carried out, using an antibody able to recognize lipoic acid covalently linked to proteins.
Unfortunately, this type of antibody fails to detect lipoylated Gev3, and for this reason the focus will
be pointed to the two other target proteins. The strains were grown at 28 °C in YP medium
supplemented with 2% of ethanol for 18 hours, until the exponential phase, and subsequent TCA
protein extraction was performed. The proteins were separated on a polyacrylamide gel and
transferred into the membrane, which was subsequently incubated with the primary anti-Lipoic Acid
antibody. Porl was used as the housekeeping loading control. The western blot results are shown

in figure 3.7.
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Figure 3.7: Western blot analysis to evaluate the lipoylation state of the Lat1l and Kgd2 subunits in
W303-1B etr1A strain transformed with plasmids containing wild type MECR, andMECRR?>8W
alleles, and the empty plasmid.

The gel image shows the absence of lipoylated Latl and Kgd2 subunits in the null and R258W-
mutated strains, probably due to irreversible damage to mtFASIlI which leads to the inability to
produce a sufficient amount of lipoic acid. This type of test allows measuring only the lipoylation
levels of Latl and Kgd2 in the different strains analyzed, but does not allows obtaining any
information on the levels of these subunits. However, the conclusive result is that the levels of the
lipoylated subunits are decreased. As previously mentioned, lipoylation of Latl (pyruvate
dehydrogenase) and Kgd2 (a-ketoglutarate) subunits, permits the catalytic efficiency of these
enzymes. The absence of detectable levels of lipoylated subunits observed well parallelized with the
oxidative growth and respiration defects observed in the previous analyses. Specifically, the reduced
ability of the null and the mutated strains, to use non-fermentable carbon sources could be the
result of the weak functionality of the pyruvate dehydrogenase and a-ketoglutarate enzymes, due
to the absence of lipoylation. From the information drawn so far, it is clear that the lipoic acid deficit
maybe the fulcrum of all defects observed. Since in the mutant containing the R258W mutation,
the lipoylated subunits of the pyruvate dehydrogenase and of the a-ketoglutarate dehydrogenase
enzymes are absent, it has been evaluated whether supplementation with lipoic acid is able to
bypass the defects, increasing the lipoylation levels of Latl and Kgd2. To test this hypothesis, wild
type, null and mutant strains were grown 18 hours at 28°C in YP medium supplemented with 2%
ethanol, with or without lipoic acid at different concentrations (40 ug/ml, 4 ug/ml and 0.4 pg/ml).
The concentrations used were selected from data available in literature, identified in studies that
have demonstrated the lipoic acid beneficial effect on the mitochondrial DNA polymerase mutants

(Mip1) (Baruffini et al. 2006; 2012). Cells were harvested for subsequent TCA protein extraction to
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assess the lipoylation levels of Lat1 and Kgd2 through western blot in the same conditions described
above, and the results are shown in figure 3.8.
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Figure 3.8: Western blot analysis on W303-1B etr1A strain transformed with plasmids containing
MECR, empty, MECRR?>8 3lleles to evaluate the effect of lipoic acid 40 ug/ml treatment on the
lipoylation state of Lat1 and Kgd2 subunits.

As is possible to observe, the treatment with lipoic acid does not affect the lipoylation levels of the
Kgd2 and Latl subunits, which are still absent. Then, the ability of lipoic acid to rescue the reduced
growth phenotype observed on media with non-fermentable carbon sources, was analyzed. The
deleted, wild type and mutant strains were plated on YP supplemented with 2% ethanol without or
withlipoic acid at different concentrations (40 pug/ml, 4 pg/ml and 0.4 pug/ml). Figure 3.9 shows the
results related to the administration of Lipoic acid 40 pg /ml (comparable data were obtained with

the other two concentrations).
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Figure 3.9: Evaluation of the lipoic acid effects, supplemented at 40 pug / ml, on the oxidative
growth of the wild type, deleted and mutant MECR strain
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The results obtained show that 40 pg/ml lipoic acid does not lead to a significant rescue of the
pathological phenotype associated to the R258W allele, indicating, again, that the supplementation
of lipoic acid cannot bypass the enzyme defect associated with the MECR mutation. A hypothesis to
explain this result is dependent on the administered form of lipoic acid, which may not be
recognized and bounded by the enzymatic system that catalyzes the binding of the lipoate group on
the target subunits. Another important role of lipoic acid within cells is the antioxidant function
against reactive oxygen species (ROS). In fact, the characteristic structure of lipoic acid consents the
switch to two forms, oxidized and reduced, allowing the exchange of electrons with other
compounds to defuse the hazard linked to oxygen radicals. The scarcity of lipoic acid in the yeast
mutant containing the R258W mutation, could, therefore, be associated with an increased levels of
oxidative stress To validate this hypothesis, a method to highlight the deficit associated with
oxidative stress, induced by exposure to different concentrations of H,0;, was tuned. At first, the
growth assay was set up, in which the wild type, mutant, and deleted strains were plated on YP
medium supplemented with 2% glucose, without or with 2 mM H,0; (Figure 3.10A). In the latter
condition, it is observed that both deleted end mutant strains show growth defects compared to
the wild type strain. This experiment provided a qualitative evaluation of hypersensitivity to ROS-
inducing agents in the presence of fatty acids metabolism dysfunctions. To better quantify H,0>
sensitivity, after the treatment with 0.5, 1 or 2 mM H,0;, an equal number of cells derived from
mutant, wild type and deleted strains were plated on YP media supplemented with 2% glucose and
incubated at 28 °C. The survival cell rate was determined by counting the number of colonies (Figure

3.10B).
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Figure 3.10: Evaluation of hypersensitivity to ROS-inducing agents of wild type, null and mutant
MECR strains. (A) Cell growth assay performed at 28 °C in the presence of 2mM H;0,. (B)Survival
rate percentage after the exposure to 0,5 or 1 or 2 mM of H,0; for 3 hours. The values were
normalized to the wild type strain, to which an arbitrary survival rate value of 100% was assigned.
Values are represented as the mean of at least three values £ SD. P values are obtained using one-
way analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01;

In all conditions tested, a greater sensitivity to H,O, of deleted and mutant strains is observed,
showing a significant decrease in the survival rate compared to the wild type. Intriguingly, at all the
concentration tested, the lethality was slightly higher in the MECR mutant strain than in the null
strain. When H;0; concentration rises, the gap, in terms of survival rate, between the mutant and
wild type strains proportionally increased. In fact, at low concentrations of H,0; (0.5 mM), the strain
containing the R258W mutation shows an increase in mortality of 20% compared to the wild type,
while at the higher concentration tested (H.0, 2mM) the increase in mortality was 60%. These data
confirmed the high sensitivity of the mutant and the deleted strains to oxidizing agents, showing
the inability to respond to increasing concentrations of H,0,. This series of experiments allow, by
counting the total colonies, quantifying the defect associated with hypersensitivity to H;0,,
confirming the oxidative demage associated with mitochondrial fatty acid biosynthesis disfuncition.
To validate the hypothesis that lipoic acid may be associated with better management of oxidative
stress in the mutant strain, a second cell viability experiment, after H,0; treatment, was set up. The
wild type and mutant strains were inoculated in YP medium supplemented with 2%, glucose and
the mutated strain was supplmented with different concentrations of lipoic acid (40 pug/ml, 4 pg/ml
and 0.4 ug/ml); the cells were incubated overnight at 28°C and subsequently exposed to two
different concentrations of H,0,. The cells were treated independently with 1 mM H,0; for 2 hours
or with 2 mM H;0; for 3 hours, to induce a mild and a more severe oxidative stress conditions.
Subsequently, the same number of cells was plated and the survival rate was calculated. The results

of this analysis are shown in figure 3.11.

74



OXIDATIVE STRESS RESPONCE H,0, 1mM 2h OXIDATIVE STRESS RESPONCE H,0, 2mM 3h

120 120
100 - - 100
w w
= =
< 80 < =
| —
=
> 60 g 60 * %
= = *
o o
2 40 > 40
® ®
20 20
0 0
MECR R258W LA 40 LA 4 LAOA MECR R258W LA 40 LA 4 LAO4
pg/ml pg/mi pg/ml pg/ml pg/ml ug/ml

Figure 3.11: Lipoic acid supplementation effect on ROS-inducing agents treatment of wild type,
null and mutant MECR strains. Survival rate percentage analysis after the exposure to 1ImM H,0;
for 1 hour (A) . Or after the exposure to 2 mM H;0; for 3 hours (B) . The values were normalized to
the wild type strain, to which the arbitrary survival rate value of 100% was assigned. Values are
represented as the mean of at least three values £ SD. P values are obtained using one-way
analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01

Mild stimulation with 1 mM H,0; for one hour leads to an increase of 25% in cell mortality in the
mutant compared to the wild type. 40 and 4 ug/ml lipoic acid supplementation show an almost total
recovery of this defect, while the administration of 0.4 lipoic acid pug/ml showed no effect on
mortality. The more severe condition with 2mM H,0; for 3h is associated with a deep defect in
mutant viability, with a 60% decrease in the survival rate. The beneficial effect of lipoic acid is
observed also in this condition, since supplementation with 40 pg/ml leads to a significant decrease
of 15% in cell mortality. It is important to underline that the enzymatic defect associated with the
R258W mutation cannot be bypassed, since the administration of lipoic acid does not lead to both
an improvement in the oxidative growth and restoration of the lipoylation state of Latl and Kgd2
subunits of the mutant. However, these data confirm the antioxidant power of lipoic as a general
scavenger molecule, which is able to contrast the oxidative stress generated in MECR/Etrl
deficiency, reducing the sensitivity of the R258W mutant strain to the oxygen radical species (ROS)
exposure. Lipoic acid is a low toxic compound that can be integrated through the oral use of tablets.
Given the results here reported, the data from literature and the safety of lipoic acid, the molecule
has been tested directly in the patient harboring MECR mutation to evaluate putative beneficial

effects on the disease progression.
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3.2 MTFMT MUTATIONS MODELING, YEAST STRAINS CONSTRUCTION AND COMPLEMENTATION
ASSAY

The NGS screening carried out on patients’ cohort led to the identification of another mutation in
homozygous condition. Specifically, the T178l substitution in MTFMT gene, coding for the
Mitochondrial Methionyl-TRNA Formyl transferase, was identified. MTFMT, as reported in the
introduction part of this thesis, is the enzyme involved in the formylation of the initial methionine
residue in the mitochondrial protein synthesis process. Unfortunately, the structure of the human
MTFMT protein (or other mammalian) protein has not yet been resolved, and information on the
domain’s organization is obtained by homology with the well-characterized bacterial Methionyl-
TRNA Formyl transferase. hMTFMT protein is composed of 393 amino acids and contains the initial
mitochondrial targeting sequence, a highly conserved motif that forms the N10-
formyltetrahydrofolate (10-formyl-THF) binding site at the N-terminal region and a putative Met-
tRNA binding domain in the C-terminal part of the protein (Li et al. 2000). The threonine 173 residue
lies in the N-terminal domain, implicated in the recognition and binding of 10-formyl-THF, the
substrate of the reaction and donor of the formyl group. The replacement of threonine, which
possesses a polar side chain with a hydroxyl group, with isoleucine, containing a bulky apolar side
chain, could leads to a weak recognition of the substrate and a defect in the enzymatic activity.
However, this little information available does not allow discerning between a pathological
mutation or a neutral polymorphism, making it necessary to validate the T173I substitution in a
model organism. The multiple alighment of mitochondrial Methionyl-TRNA Formyl transferase
sequences from different organisms shows the high degree of conservation of the human T173
residue during the evolution, assuming a critical function of this residue among different species

(Figure3.12).
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Figure 3.12: FigureX: Multiple alignments of mitochondrial methionyl-tRNA formyltransferase sequences
from different organisms. In red are highlighted the residues under analysis. The alighment was performed
with cluster X and displayed with GeneDoc tool. The accession numbers related to the selected sequences
are: H. sapiens NP_640335.2; S. cerevisiae NP_009540.2; G. gallus XP_040536165.1; X. laevis
XP_018108772.1; B. taurus NP_001159995.1; D. rerio NP_001071010.2; M. musculus AAH19509.1

Although the amino acid is conserved in human and yeast, the whole identity percentage of the two
proteins is low (around 30%) with large non-overlapping areas. Based on the low conservation, it
was chosen to construct a disease model, associated with this gene, using a heterologous
complementation approach, thus introducing the mutated MTFMT human allele into a yeast strain
deleted in the orthologous gene FMT1. In literature, no evidence of complementation of MTFMT in
FMT1-deleted strain is available, and therefore the purpose of this thesis, besides the validation of
the mutation, is to evaluate the ability of A(MTFMT gene to complement the lack of FMT1 gene. The
deletion cassette fmtl1::kanMX4 was amplified through a preparative PCR using the primer pairs
FMTIDFw / FMTI1DRyv, and the genomic DNA extracted from the BY4741 fmtlA strain as the
template (Brachmann et al. 1998). The amplicon fragment contains external portions, homologous
to the region flanking the FMT1 ORF, and kanamycin resistance gene for the selection. To induce
the deletion of FMT1 gene, the deletion cassette was used to transform the yeast strain W303-1B,
producing the W303-1B fmt1A strain. To evaluate whether the human allele can complement the
deletion of the yeast orthologs, MTFMT cDNA was cloned into both centromeric and episomal
expression vectors. The human cDNA (Gene Bank ID: BC016630.1), purchased from an external
company, was amplified by exploiting a preparative PCR reaction using the primer pairs
MTFMTCNotFw /MTFMTCNotRv, producing MTFMT cDNA containing Notl restriction sites at the 5’
and 3’ ends. The amplicon was digested with Not/ restriction enzymes and cloned in the pFL39TEToff
and YeplLacl12TEToff vectors, digested with the same enzyme. These recombinant plasmids
containing MTFMT were used to transform the respective deleted strain W303-1B fmt1A, producing
the humanized yeast strain. To evaluate the complementation, it was necessary to construct the
strain containing the orthologous yeast gene regulated by its physiological promoter inserted in a
centromeric plasmid as a control. Starting from the genomic DNA extraction of the W303-1B strain,
FMT1 gene was amplified using the FMT1CBamFw/FMTI1CPstRv primer pairs, which introduces
BamHI and Pstl restriction sites at the 5’ and 3’ ends. Yeast gene FMT1 digested with BamHI and Pstl
was cloned into the monocopy plasmid pFL38, digested with the same restriction enzymes. The
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pPFL38FMT1 vector thus produced was used to transform the W303-1B fmt1A strains. Once the
strains have been prepared, it was possible to perform the study of complementation. To assess the
ability of the human MTFMT gene to complement the lack of FMT1 orthologue genes, the oxidative
growth of the humanized and yeast wild type strains was analyzed. Using the spot assay technique,
the strains were plated on media supplemented with non-fermentable carbon sources which allow
highlighting mitochondrial defects related to the oxidative metabolism. The results were consistent
across all sources tested, and glycerol is the source in which the complementation is more evident.

(Figure3.13).
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Figure 3.13: Oxidative growth analysis to evaluate the complementation of
the human MTFMT gene.

The complementation of human MTFMT has never been reported in the literature. However, it is
well established that the respiratory deficient phenotype of the strain deleted in FMT1 is very weak
(Franco et al. 2019). In fact, there is a partial reduction of oxidative growth only at high
temperatures, above 37°C. For this reason, the complementation analysis was performed only in
this condition, to better visualize the difference in the growth phenotype between the deleted and
wild type strains. Both constructs inserted in the fmtlA strain, pFL39TEToffMTFMT and
YEplac112TEToffMTFMT, are able to complement the deletion of FMT1 gene. It was decided to
continue this analysis using the centromeric plasmid, more stable inside the cell and which produces
a lower amount of protein, sufficient to guarantee the best possible complementation. Once the

complementation of the human gene was established, the MTFMT-related yeast model carrying the
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mutation identified in patients was constructed. In fact, using “quik change® PCR”, the mutation of
interest was inserted directly into the construct pFL39TEToff MTFMT. The T173| mutation was
introduced into the plasmid using the primers pair MTFMTT173IFw / MTFMTT173IRv. The
recombinant mutated plasmid FL39TEToff MTFMT™73 was used to transform the yeast strain W303-

1B fmt1A, producing the yeast model useful for the validation of the putative pathological mutation.

3.2.1 VALIDATION OF T1731 MTFMT MUTATION IN HUMANIZED YEAST MODEL

Once the ability of MTFMT gene to complement the FMT1 deletion was ascertained, the impact of
the mutation on mitochondrial activity is assessed, evaluating the oxidative growth and respiration
of the mutant strain. The oxidative growth evaluation through spot assay allows having a quick
qualitative demonstration of mitochondrial defect associated with a particular genetic background.
This analysis was performed at 37.5°C in medium supplemented with 2% glycerol, since only at high
temperatures the possible defect associated with the mutation can be detected. The results of this

analysis are shown in figure 3.14.
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Figure 3.14: Oxidative growth analysis of W303-1B etr1A and W303-1B fmt1A strains containing
MECR or MTFMT wilt type/mutated alleles and empty vector (negative control) at 28 and 37.5 °C,
respectively.
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The strain containing the MTFMT T1731 mutation showed a reduction in oxidative growth compared
to the wild type strain. Since this analysis does not allow a quantification of the mitochondrial
defect, offering only a rapid and qualitative overview of mitochondrial activity, the evaluation of the
respiratory rate was performed. Although MTFMT is not directly involved in respiratory metabolism,
secondary effects, for example due to defects in mitochondrial protein synthesis, could be related
to a deficit in respiratory ability in the mutant strain. To evaluate this hypothesis, the respiratory
capacity of the wild type and mutant strains was measured in heat stress condition.MTFMT-related
strains were grown for 18 hours in YP medium supplemented with 0.5% glucose at 37.5°C. The

results of this analysis are shown in figure 3.15.
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Figure 3.15: Oxygen consumption rate of strains carrying MTFMT wild type or mutant
alleles, or the empty plasmid, at 37.5°C, respectively. The green bar indicates the wild
type strain, which was set to 100%. Values were normalized to the wild type strain value
and are represented as the mean of at least three values £ SD. p values are obtained using
one-way analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01;

The deleted strain W303-1B fmt1A shows a residual respiratory activity, with a reduction of about
30% compared to the strain containing the wild type allele. The T1731 mutant shows a phenotype
similar to the deletant strain, indicating that the mutated protein is unable to complement the
partially defective respiratory phenotype of the null mutant. However, this residual 70% respiratory
activity in null and T1731 mutants could explain the slight oxidative growth reduction phenotype,
compared to the control strain, observed in the previous analysis. All these considerations lead to
the association of the T173 mutation with defects related to the mitochondrial activity in yeast,

indicating that it could be the direct cause of the disease in patient. To evaluate whether the
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detrimental effects of the T173I substitution could be due to a decreased level in the mutated
protein, western blot analyses were set up to detect MTFMT protein (Figure 3.16). For this purpose,
the strains were inoculated in YP medium supplemented with a limiting source of glucose (0.5%)
and incubated overnight at 37.5 °C. The proteins were extracted using TCA extraction protocol,
loaded on a polyacrylamide gel and subsequently incubated with a primary anti-MTFMT antibody,

able to detect human proteins. Porl was used as a loading control.
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Figure 3.16: Western blot performed at 37.5°C on strain carrying MTFMT wild type, null and
mutant alleles and relative quantification graphs using Por1 as housekeeping to quantify the
MTFMT contents. Values were normalized to the wild type strain value and are represented as
the mean of at least three values + SD. P values are obtained using one-way analysis of variance
followed by Bonferroni’s test, *P<0.05; **P<0.01

The image of the western blot highlighted the inability of the antibody to detect the yeast protein
Fmtl, since no bands are detected in the FMT1 wild type strain. Protein levels of wild type and
mutated MTFMT are also measured, and a significant reduction in the MTFMT mutated protein
content (50%) is observed, suggesting that protein scarcity may contribute to the pathological
phenotype. It is important to underline that the mutant strain shows a respiratory rate comparable
to that of the null strain, therefore the reduction of the protein content of about 50% may be an
important contribution to the patients’ pathological phenotype; however other factors are likely

involved.
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3.2.2 MITOCHONDRIAL PROTEIN SYNTHESIS DEFECTS IN THE YEAST MODEL OF MTFMT

Mitochondrial translation normally requires formylation of the initiator Met-tRNAMet, While this
process in humans has been widely demonstrated to play a pivotal role in the stability of proteins
produced within the mitochondrion, it seems largely unnecessary in yeast. As previously mentioned,
at physiological temperature, the deletion of FMT1 gene did not affect mitochondrial activity.
However, this process tends to acquire importance in stress conditions, such as starvation and high
temperature. Based on this information, it was decided to evaluate the ability of deleted, wild type
and mutant MTFMT strains to synthesize mitochondrial proteins in vivo. The yeast strains were
grown at 37.5°C for 18 hours, the condition in which the oxidative defect was detected, in minimal
SC-TRP medium supplemented with 2% galactose and 0.2% glucose. Galactose is the standard
source for measuring the protein synthesis, 0.2% glucose was added since the growth on galactose
medium is slow. The cells were harvested and the ability to incorporate the radioactive methionine
and cysteine containing the 3°S isotope into mitochondrial proteins in the presence of
cycloheximide, a specific inhibitor of cytoplasmic synthesis, was evaluated. The proteins were
extracted and subsequently loaded into the polyacrylamide gel and transferred on a nitrocellulose
membrane, which was used to impress the autoradiography film. The results are represented in

figure 3.17.
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Figure 3.17: Mitochondrial protein synthesis in MTFMT wild type, deleted and mutant strains at
37.5°C. (A) Representative image of mitochondrial synthesis. (B) Quantification of the overall
mitochondrial synthesis (C) Relative quantification of proteins codified by mtDNA. Values were
normalized to the wild type strain value and are represented as the mean of at least three values +
SD. P values are obtained using one-way analysis of variance followed by Bonferroni’s test, *P<0.05;
**p<0.01; ***p<0.001

In the presence of the T1731 mutation, a significant decrease in the overall mitochondrial protein
synthesis is observed. In detail, the proteins that showed a greater reduction are Cox2 and Cox3,
which are subunits to the cytochrome c oxidase (complex V), and Atp8 and Atp9, which are subunits
of the ATP synthase (Complex V). Analysis performed on muscle fibroblasts derived from the patient
carrying the T1731 mutation confirmed the deficiency in complex IV. This result is further confirmed
by evidence in the literature that associates dysfunctions of the formylation process with anomalies
of cytochrome C oxidase (Hinttala et al. 2015). Based on this consideration, the attention was
focused on complex IV. To have further confirmation of the data obtained concerning the synthesis
deficit in the subunits of complex IV, the Cox2 subunit levels were detected by western blot, and
subsequently, using spectrophotometric enzymatic assay, the activity of complex IV in vitro was
evaluated (figure 3.18). Experimentally, the cells were inoculated in SC-TRP medium supplemented

with 0.5% glucose and incubated at 37.5 °C in a thermostatic bath for 18 hours. At the end of the
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growth, the cells were collected; a part of them was for the TCA protein extraction with the aim to
evaluate the Cox2 levels, whereas the remaining cells were used for the zymolyase mitochondria

extraction to evaluate the enzymatic activity of complex IV.
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Figure 3.18: analysis of complex IV defects in mutant, null and wild type MTFMT strains at 37.5° C.
(A) Western blot analysis on the stability of the Cox2 subunit and relative quantification using the
housekeeping Porl. (B) Evaluation of the enzymatic activity of complex IV. Values were normalized
to the wild type strain value and are represented as the mean of at least three values + SD. P
values are obtained using one-way analysis of variance followed by Bonferroni’s test, *P<0.05;
**p<0.01

Western blot confirmed the data obtained from the mitochondrial synthesis assay: the levels of
Cox2 subunit of complex IV are reduced in both mutated and MTFMT-lacking strains, with a greater
reduction of about 50% in the mutated strain. The analysis of the complex IV enzymatic activity, in
agreement with the previous considerations, shows a 40% reduction in the strain carrying the T173I
mutation compared to the wild type. This evidence supported the hypothesis that the deficit in the
synthesis of mitochondrial proteins and the consequent decrease of the complex IV activity could
lead to the symptomatology observed in the patients. However, the residual activity of the COX
complex is 60%, thus allowing a partial activity of the electron transport chain, a result that well

parallelize with the mild phenotype of the null and the MECR mutant strain. An hypothesis to explain
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the decreased mitochondrial protein synthesis and, as secondary effect, the defect observed in
complex IV activity could involve the maturation and quality control processes of newly synthesized
proteins. The nascent polypeptide chain is immediately recognized by PDF, a deformylase
associated with ribosomes that removes the formyl group, allowing the correct folding of the
protein (Giglione et al. 2000). Furthermore, the proteins that escape to the PDF action, still exposing
the residue of formylated methionine, are recognized and degraded by fMet/N-recognin/protease.
The absence of formylation could lead to an incorrect folding, due to the loss of interaction between
PDF and native protein, but also can deregulate the quality control system of newly synthesized
peptides, leading to reduced protein stability. In yeast, these quality control mechanisms are
probably switched off at physiological temperature and subsequently activated only in response to
heat prolonged stress. Therefore, mutant strains defective in formylation may lose the ability to
respond to these environmental stimuli, and consequently, defects in the stability of mitochondrial

proteins are observed.

3.3 DISCUSSION

In the second part of this thesis the process of validation in yeast of MECR R258W and MTFMT T173lI
recessive mutations, identified in two different HON patients in homozygosis, is described. The
study of the mutation was performed using a heterologous complementation approach, in which
the human pathological allele is inserted directly into the yeast context bearing the deletion of the
respective ortholog. Regarding MTFMT gene, encoding the enzyme that catalyzes the formylation
reaction of the first methionine residue in mitochondrial synthesis, no experimental pieces of
evidence from literature, on the ability of the human allele to complement the deletion of the yeast
FMT1 ortholog, are available. The results obtained firstly confirmed the ability of the human MTFMT
allele to partially complement the FMT1 deletion, and also identify the experimental conditions in
which the pathological phenotype of the mutated allele could be evaluated. In fact, it has been
shown that the methionine formylation process in yeast, despite being bypassed at physiological
temperature, plays a fundamental role in heat-stress conditions. At 37.5°C, the strain containing the
T173I variant shows defects of the OXPHOS metabolism with a deficit in oxidative growth and
respiration, thus confirming that the patient pathological phenotype is due to the mutation under
analysis. Molecular studies aimed at understanding the pathogenetic mechanism related to the

mutation show that T173l substitution leads to a decrease in the overall mitochondrial protein
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synthesis, with a greater effect on the subunits that take part in cytochrome c oxidase (Complex IV)
and ATP synthase (Complex V). Enzymatic assays on mitochondrial extracts supported the complex
IV enzymatic defects in the presence of the mutation. Studies on patient fibroblasts derived from
the patient carrying the T1731 substitution confirm a deficient assembly and activity of cytochrome
c oxidase. The formyl group of the first methionine residue could be important for the recognition
of native peptides in the folding phase by proteins that facilitate this process. The formylated
methionine residue is immediately recognized by PDF, a deformylase enzyme that removes the
formyl group, probably recruiting multi-protein machinery with a chaperone-like action, favoring
the folding process. The absence of formylation could lead to the loss of these interactions and
therefore to the lower stability of the mitochondrial proteins produced. This work demonstrates the
complementation of the human MTFMT allele and the existence of a defect linked to the absence
of formylation in yeast, hypothesizing a conserved maturation mechanism between humans and
yeast, in which it is active only under stress conditions. However, two similar mechanisms of native
protein maturation could coexist: i) one involved in the maturation of polypeptides under
physiological conditions and ii) one involving the initial methionine formylation, active only under
stress conditions. These considerations make yeast an excellent tool also for the validation of
defects related to the formylation mechanism, allowing studying mutations in MTFMT. Regarding
the other homozygous mutation, on the contrary, it had already shown that the overexpression of
the human MECR allele, involved in the mitochondrial fatty acids biosynthesis (mtFASII), is able to
complement the absence of the corresponding ETR1 yeast ortholog. Also in our experimental
conditions, the complementation using multicopy plasmids, leading to the overexpression of MECR,
is observed. After the construction of mutant strain containing the R258W mutation, a series of
phenotypes related to oxidative metabolism are evaluated. Also in this case, defects in oxidative
growth and respiration are observed, confirming that the R258W mutation could be the cause of
the disease in patient. The mtFASII, in which MECR is involved in the final step of the pathway, has
lipoic acid as the main product. In cells this compound has several functions, it is a powerful
antioxidant agent but also an essential cofactor for the subunits of key enzymes in OXPHOS
metabolism, such as pyruvate dehydrogenase and a-ketoglutarate dehydrogenase. The lipoylation
levels of the Latl and Kgd2 yeast subunits, which respectively take part in these enzymes, were
assessed by western blot. In the mutant strain carrying the R258W mutation, the total absence of
lipoylated subunits emerged, probably leading to a lower residual activity of these enzymes, which

could explain the observed defect in oxidative growth. Since defects in mtFASII cause a reduction in
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lipoic acid production, the effects of lipoic acid supplementation on the oxidative growth of the
mutant are tested. It is observed that the mutant treated with lipoic acid does not show
improvement in oxidative growth. This result underlines the absence of a "salvage pathway" in
yeast, capable to use exogenous lipoic acid, to rescue the lipoylation of target subunits. However,
as previously mentioned, lipoic acid also has a scavenging action, aimed to contrast the oxidative
stress induced by ROS. In this thesis it has been demonstrated that the mutant containing the
R258W mutation, is associated with hypersensitivity to ROS-inducing agents, since the treatment
with H20; has shown a different survival rate in mutant and wild type strains, assuming the inability
to respond at oxidative stress sources in the presence of R258W mutation. The mutant strain
treated with lipoic acid shows a significant increase in the survival rate after exposure to different
concentrations of H20,. All these results demonstrate the beneficial effect of lipoic acid on the
mutant containing the R258W substitution, due to the intrinsic antioxidant capacity of this molecule
rather than to the restoration of normal levels of lipoylation in Latl and Kgd2 subunits. Thanks to
its low toxicity, lipoic acid is already used to treats several diseases in human such as diabetic
retinopathy and acute optic neuritis (Nebbioso et al. 2013; Falardeau et al. 2019). Based on this
consideration, lipoic acid is now administrated to the patient carrying the R258W mutation, to

evaluate the allegedly beneficial effects on the progress of the disease.
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CHAPTER 4: RESULTS AND
DISCUSSION SECTION lI1i




4.1 ACO2 MUTATIONS MODELING, YEAST STRAINS CONSTRUCTION AND COMPLEMENTATION
ASSAY

The last part of the thesis concerns the mutations identified in the ACO2 gene, coding for the
mitochondrial aconitase which catalyzes the conversion of citrate to isocitrate. Interestingly, ACO2
was the most frequent mutated gene in the patients’ cohort analyzed. Seven variants in unrelated
probands were identified in heterozygosis, which specifically lead to the following amino acid
substitutions: R312Q, R474G, N480D, E485G, Y650S, R671W and R671Q. Following the same pattern
used in the previous validation studies, the analysis started from the modeling of the mutations,
exploiting mammalian mitochondrial aconitase crystallographic structure, available in the PDB
database. The structure of human mitochondrial aconitase has not yet been solved, however,
structures of other mammalian proteins, such as Sus scrofa (PDB ID: 7ACN), are available. The high
percentage of identity between the human and porcine sequences, of about 97%, allows inserting
the mutations identified in the patients in the respective residues of the S. scrofa protein, modeling
them with an excellent confidence interval. In particular, the residues in the polypeptide structure

of S. scrofa, corresponding to the substitutions identified in the patients, are listed in figure 4.1.
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Figure 4.1: Modeling of human mitochondrial aconitase mutation in the Sus scrofa protein. A)
correspondence between human residues, identified in the screening, and porcine amino acids. B)
The mutations in close contact to the substrate are highlighted in red, citrate in blue, while the
surface mutations are colored in yellow. C) Zoom on the interaction between the residues R474,
N480, R671 and citrate.

Based on the model obtained, it is possible to cluster the mutations in two distinct groups. The
residues R447, N453 and R644, corresponding to R474, N480 and R671 in human aconitase
respectively, localize into the enzymatic pocket of the enzyme in close contact with citrate, the
substrate of the reaction catalyzed by ACO2. Furthermore, it has been shown that the human
arginine residues 474 and 671 are involved in both the binding of citrate and in the catalytic process
of isocitrate formation. Analyzing the position of the human asparagine residue 480 (N453 in the
porcine structure), although it does not seem to show a catalytic role, it is probably fundamental to
recreate the optimal environment in which the reaction takes place, being close to the substrate.
Therefore, mutations in these amino acids could lead to severe defects in aconitase activity. Instead,
the second group of residues, including R285, E458 and Y623, corresponding to R312, E485 and Y650
in human protein, localize in superficial and unorganized stretches of the protein, hypothesizing a
structural role rather than an involvement in the enzymatic reaction. For mutations that lie in the
enzymatic pocket, the impact on the mitochondria aconitase functionality seems evident from the
modeling information obtained; however, for all the mutations, especially those involving amino
acids of the second group, analyses are necessary to verify whether they are the effective cause of
the disease in patients. For this purpose, a yeast model was constructed to study the impact of all
these mutations on mitochondrial functionality. The multiple alignment of mitochondrial aconitase
sequences from different organisms shows the high conservation degree of the mutate amino acids
during the evolution, assuming a very specialized function conserved among the species, except for
amino acid E485 which is poorly conserved but lies in a conserved stretch (Figure 4.2). The
mitochondrial aconitase sequences of human and yeast, phylogenetically distant organisms, show

a high degree of similarity, with an identity percentage of about 67%.
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Figure 4.2: Multiple alignments of mitochondrial aconitase sequences from different organisms. In
red are highlighted the residues under analysis. The alignment was performed with cluster X and
displayed with GeneDoc tool. The accession numbers related to the selected sequences are: H.
sapiens NP_001089.1 ; S. cerevisiae NP_013407.1; G. gallus NP_989519.2; X. laevis
NP_001337055.1 ; B. taurus B.taurus AAI02643.1 ; D. rerio NP_944590.1 ; C. elegans
NP_741235.1; M. musculus NP_542364.1
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Studies reported in the literature (Metodiev et al. 2014), have demonstrated the ability of the
human ACO2 allele, inserted into a multicopy plasmid, to complement the absence of the yeast
ortholog ACO1. Based on these considerations, it was chosen to validate the mutations identified in
patients exploiting the heterologous complementation approach, by inserting the mutatedACO2
allele into an acolA strain. However, it is necessary to optimize the complementation in our
experimental conditions, and for this purpose, several strains were prepared. Since aconitase has a
fundamental role within the mitochondrion, being part of both the Krebs cycle and a component of
the nucleoid, ACO1 deletion leads to irreversible loss of mtDNA, a condition that does not allow
evaluating the complementation of the human allele. For this reason, to construct the yeast model
related to the ACO2 gene, it was necessary to perform the ACO1 genomic allele deletion in the
presence of a plasmid-borne wild type allele. Moreover, the strain bearing the ACO1 gene deletion
is auxotrophic for glutamate, therefore, to allow the mutants and deleted strain growth this amino
acid must be present in the culture medium (Narahari et al. 2000). Considering this fundamental
information, the model yeast strains were constructed. The ACO1 gene with its promoter and
terminator was amplified through PCR, using the genomic DNA extracted from the W303-1B strain
as a template and the primers pair ACO1FwBamHI and ACO1RvHindlll. The amplicon was digested
with Hindlll and BamHI and cloned in the centromeric plasmid pFL38, digested with the same
enzymes, to obtain the construct pFL38ACO1. The plasmid thus constructed, was used to transform
the W303-1B strain, generating the W303-1B pFL38ACO1 strain. The ACO1 deletion cassette
(acol::KanMX4) was prepared through PCR, carried out using the genomic DNA of the BY4741
acolA strain (Euroscarf collection; Brachmann et al., 1998) as a template and the ACO1BamHIFw
/ACO1HindllIRv primers pair. Through “high-efficiency yeast transformation protocol” (Daniel Gietz
and Woods 2002) the amplicon, containing regions for homologous recombination in the ACO1
locus and the gene conferring kanamycin resistance, was used to induce ACO1 deletion in the W303-
1B pFL38ACO1 strain. The acol::KanMX4 cassette could recognize either the ACO1 gene present at
the chromosomal locus or that contained in the plasmid. To distinguish between these two
situations, plasmid shuffling on 5-FOA method was used to test the ability of the deleted clones to
use a non-fermentable carbon source (ethanol). Clones harboring the genomic ACO1 deletion, after
growth on 5-FOA medium to induce loss of the plasmid pFL38 ACO1, are unable to grow on ethanol-
supplemented medium; vice versa, clones with the deletion of plasmid-borne ACO1, due to the
genomic ACO1 copy maintenance, can grow on non-fermentable carbon sources. Furthermore, the

clones were also selected on a medium supplemented with geneticin, since only the clones bearing
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the ACO1 deletion at the genomic locus were geneticin resistant, while the clones containing the
plasmid ACO1 deletion, after two 5-FOA cycles, lost their ability to grow on the antibiotic-containing
medium. Based on the different growth characteristics, the positive clones, containing the deletion
of ACO1 genomic gene, were selected. To study the human ACO2 mutations, it was necessary to
investigate the complementation of ACO2 human gene in our experimental condition. For this
purpose, the ACO2 cDNA was cloned in two different multicopy yeast expression vectors, containing
two strong promoters: TEToff promoter, consisting of CYC1 yeast promoter preceded by seven
doxycycline repressible regulatory elements, or PGK promoter, which controls the expression of the
housekeeping phosphoglycerate kinase gene in yeast. The human ACO2 cDNA (GenBank ID:
BC014092.2), purchased from an external company, was amplified through preparative PCR using
the hACO2NotIFw and hACO2NotIRv primers, introducing the Notl restriction site at the 5’ and 3’
ends. The amplicon was digested with Not/ enzyme and cloned into Yeplacl12PGK or
Yeplacl12TEToff multicopy plasmids, digested with the same restriction enzyme. The two
constructs thus prepared (YepLac112PGKACOZ2 and YeplLac112TEToffACO2), were used to transform
the strain W303-1B acolA pFL38ACO1. To obtain the strains bearing only the human ACO2, 5-FOA
plasmid shuffling was performed. These strains containing the cDNA under the control of two
different promoters were tested for the oxidative growth ability, to evaluate which of these
constructs lead to better complementation. To evaluate the growth phenotypes associated with
these humanized strains, it is necessary to use a reference strain containing the ACO1 gene in a
centromeric plasmid with the same selection marker (TRP1). For this reason, ACO1 gene was
subcloned into the centromeric plasmid pFL39, exploiting the presence of restriction enzymes
BamHI and Hindlll sites. The resulting construct pFL39ACO1 was used to transform the strain W303-
1B acolA pFL38 ACOI1. The subsequent loss of the plasmid pFL38ACO1 was obtained through
plasmid shuffling on a medium containing 5-FOA, obtaining the strain W303-1B aco1A4 pFL39ACO1.
Once all the strains were constructed, the ability of the human ACO2 allele, under the control of two
different promoters, to complement the ACO1 deletion was evaluated. Through spot assay analysis,
the ability of the human ACO2, under the control of TEToff and PGK promoters, to restore the
growth phenotype of the ACO1 deleted strain on non-fermentable carbon sources was analyzed.
The different strains were spotted in YP medium supplemented with 2% glycerol and ethanol or 2%

glucose, at 28 and 37 °C. The results obtained are shown in figure 4.3.
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37°C

W303-1B acolA

pFL39 yACO1

Yeplacl12 TEToff hACO2
Yeplacl12 PGK hACO2

Figure 4.3: Oxidative growth analysis to evaluate the complementation of
human ACO2 gene at 28 and 37°C.

The results clearly exhibit a growth difference between the strains containing the human ACO2
gene: better complementation of the strain harboring the construct containing the human gene
under the control of the PGK promoter is observed, which almost completely restored the
phenotype of the deleted strain both at 28 and 37°C. The different degree of complementation
could be explained by the different levels of gene product formed from the two different promoters.
In fact, previous studies in our laboratory have shown that the PGK promoter, compared to the
TEToff promoter, leads to a doubling of the gene product quantity, which could be the reason for
the different complementation observed. Based on the results obtained, it was decided to study the
effect of the pathological mutations identified in patients using the strain W303-1B acolA
YeplLacll2PGKACO2 as a model. Once the best complementation condition was identified, the
allegedly pathological mutations were inserted into the human ACO2 gene within the construct
Yeplacl112PGKoffACO2 through Quik™ Change site-specific PCR, using the primer pairs shown in

6.5 paragraph (materials and methods section), producing:
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® VYeplacl12TEToff ACO2R312Q ® Yeplacl12TEToff ACO2Y6505
® Yeplacl12TEToff ACO2R474G ® Yeplacll12TEToff ACO2R67IW
® Yeplacl12TEToff ACO2N4800 ® Yeplacll2TEToff ACO2R671Q
® Yeplacl12TEToff ACO2E485G

The mutant constructs were used to transform the strain W303-1B acolA pFL38ACO1, thus
producing heteroallelic strains containing one copy of the yeast wild type ACO1 gene and the
mutated copy of the human ACO2 gene. Subsequently, plasmid loss of ACO1 was induced by means
of plasmid shuffling on 5-FOA plates, in the presence of and glutammate, to obtain haploid strains

containing exclusively the mutated human allele (YeplLac112PGK ACO2%).

4.2 VALIDATION OF OXIDATIVE METABOLIC DEFECTS ASSOCIATED WITH ACO2 MUTATIONS IN THE
YEAST MODEL

Aconitase catalyzes the second reaction of the Krebs cycle, converting citrate into isocitrate through
a two-reaction mechanism, in which dehydration is followed by subsequent rehydration reactions
to form the final product. Furthermore, the role of aconitase in mtDNA stability has been also
demonstrated, probably due to its SSB-like (single stand binding protein) activity. The mitochondrial
processes in which this enzyme takes part are fundamental to sustaining the mitochondrial activity;
thus, defects in these processes could be associated with impaired mitochondrial metabolism. To
evaluate this hypothesis, the ability of wild type and mutant strains to use non-fermentable carbon
sources (or combinations of them) were analyzed. Through spot assay analysis, the cells were
spotted on YP medium supplemented with a combination of 2% glycerol and ethanol (the condition
in which the complementation is maximal) or with 2% glucose and subsequently incubated at 28 or

37°C. Figure 4.4 shows the results obtain
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Yeplacl12 hACO2R474G
YeplLac112 hACO2N4&0D

W303-1B acolA

YeplLacl12 hACO2
Yeplacl12 @
Yeplac112 hACO284356
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37°C
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W303-1B acold

YeplLacl12PGK hACO2
YeplLacl12PGK @
Yeplacl12PGK hACO284856
YeplLacl12PGK hACO2Y5%05
YeplLacl12PGK hACO2R/671W
YeplLac112PGK hACO27é71Q

Figure 4.4: Oxidative growth analysis of W303-1B aco1A strains containing the wild type or
mutated ACO2 alleles and empty vector at 28 and 37°C.

Analyzing the growth phenotype of the mutants, it is possible to cluster the mutations into two
categories, that well parallelize the pattern identified in the modeling analysis, dividing the
mutations into severe and mild. The severe mutations R474G, N480D, R671W and R671Q inhibit
completely the growth ability on media with non-fermentable carbon sources, with a consequent
defect in mitochondrial activity, underlining that the involved amino acids could have a key role in
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the protein functionality. In this analysis, the arginine 671 is affected by two different mutations,
with the replacement of this amino acid with tryptophan and glutamine, leading to the same severe
phenotype, thus confirming the pivotal role of this residue in the protein functionality. On the
contrary, the mild mutations R312Q, E485G and Y650S, located in peripheral areas of the protein,
are associated with a growth level comparable to the strain transformed with the wild type ACO2
allele at 28°C, but show a thermosensitive moderate reduction of oxidative growth in a heat-stress
condition at 37 °C. Further investigations are needed to confirm and explain the diversity of the
defects associated with these mutations. Another analysis related to mitochondrial OXPHOS defects
concerns the assessment of the respiratory activity. Since the Krebs cycle and the OXPHOS pathway
are closely linked, the defects detected in the oxidative growth could have repercussions on the
respiratory rate. To test this hypothesis, the strains were inoculated in YP medium added with 0.5%
glucose, incubated for 18 hours at 28 and 37°C. Since the growth in media with ethanol and glycerol
is slow, a limiting fermentable carbon source was added, and the analysis of the respiratory rate
was performed after total exhaustion of glucose. The results obtained from the respiratory rate

analysis are shown in the figure 4.5.
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Figure 4.5: Oxygen consumption rate of W303-1B aco1A harboring the wild type or mutated ACO2
allele and empty plasmid at 28 and 37°C. The green bar indicates the wild type strain, which
respiratory activity was normalized to 100%. Values are represented as the mean of at least three
values * SD. p values are obtained using one-way analysis of variance followed by Bonferroni’s
test, *P<0.05; **P<0.01

97



The results obtained show that ACO1 null strain loses any respiratory capacity, likely due to the loss
of mtDNA, producing a rho® strain. mtDNA encodes for some subunits of the respiratory complexes,
in particular of complex lll, IV and V; therefore, the absence of these proteins negatively affects the
entire electrons transport chain process. Focusing on mutant strains, excellent parallelism is
observed between oxidative growth and respiratory rate. In fact, mutant strains unable to grow on
ethanol and glycerol plates at 28°C, show an oxygen consumption rate comparable to that of the
null mutant, confirming also in this analysis the severe phenotype associated with these mutations.
All variants that present a thermosensitive oxidative growth defect, except for E485G, also exhibit
a reduction in respiratory activity at 37°C. In particular, the strain containing the R312Q mutation
shows a slight reduction in the respiratory activity (~ 20%) compared to the wild type, while the
Y650S mutation is associated with a moderate defect, showing a reduction of about 50%. The strain
containing the E485G mutation possesses an oxygen consumption rate similar to that of the wild
type strain, suggesting that the observed defect in oxidative growth may not be related to a

reduction in respiratory ability.

4.3 MOLECULAR AND BIOCHEMICAL INVESTIGATIONS ON ACOZ2 YEAST STRAINS

The previous paragraph demonstrates that all mutations are associated with several degrees of
mitochondrial impairment. These analyses lead to the identification of two groups, based on the
severity of the defect, highlighting 4 severe mutations and 3 mild thermosensitive mutations. This
section of the thesis is aimed to understand the mechanisms underlying the different degrees of
mitochondrial deficit, to better clarify the pathogenetic mechanism associated with these mutations
in patients. The defects observed in mitochondrial activity, respiration and oxidative growth could
be due to reduced steady state levels of mutated ACO2 protein. To evaluate this hypothesis, the
aconitase protein levels in wild type and mutant strains were investigated through western blot.
The null, wild type and mutant strains were inoculated in YP medium supplemented with 0.5%
glucose and grown at 28 and 37°C for 18 hours. The cells were harvested to perform TCA protein
extraction, subsequently loaded on polyacrylamide gel and transferred to a nitrocellulose
membrane which was hybridized with the primary antibody anti-ACO2 and anti-Porl. The results of

this analysis are shown in figure 4.6.
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Figure 4.6: Western blot performed at 28 and 37 °C on ACO2 wild type, null and mutant
strains, and related quantification graphs using Porl as housekeeping to quantify the
ACO2 content. Values are represented as the mean of at least three values + SD. P values
are obtained using one-way analysis of variance followed by Bonferroni’s test,
*P<0.05; **P<0.01
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The western blot quantification analysis highlights at 28°C a strong reduction in the steady state
levels of the ACO2 protein in strains carrying the severe mutations (R474G, R671W and R671Q),
suggesting a correlation between oxidative defect and the low mutant protein content. The other
severe mutation (N480D) at 28°C displays a significant reduction in aconitase levels, but not severe
enough to explain the consistent defect seen in the previous analysis. In this case, the reduced
content of the mutated protein carrying the N480D mutation seems to be just one of the
contributing causes to the severe defect, assuming the existence of other mechanisms that
contribute to the pathological phenotype. In fact, even if the protein is present, it may not be able
to catalyze the reaction due to the mutation in the enzymatic pocket of ACO2. However, the level
of the N480D mutated protein is lower compared to that of the mutants able to grow on media with
non-fermentable carbon sources, hypothesizing the existence of a possible critical protein content
threshold, below which oxidative growth is completely abolished. Regarding the Y650S mutation, a
perfect parallelism between ACO2 stability and mitochondrial defect is observed; in fact, in both
analyses, slight defects are detected at 28°C, which became more marked in heat-stress conditions
at 37°C. Interestingly, the thermosensitive R312Q mutation leads to a significant increase in ACO2
levels at 37°C. In this case, this increased in mutated protein content could be due to an attempt to
compensate the presence of a defective protein. Furthermore, it is possible to hypothesize that the
observed thermosensitive defect could be related to deficient protein turnover mechanisms, in
which the balance between produced and degraded proteins is affected. Mitochondrial aconitase is
considered as a metastable polypeptide, since its heat sensitivity could be attributed to its complex
structural composition, containing an iron/sulfur cluster as large prosthetic group (Wilkening et al
2018). The increase in ACO2 levels in the presence of the R312Q mutation could also be due to a
stabilizing effect of this substitution on the Fe-S centers present in the protein. Also in this analysis,
the strain containing the E485G mutation behaved in the same manner as the ACO2 wild type strain
both at 28 and 37°C, making it difficult to justify the pathological phenotype associated with this
mutation. Since ACO?2 is a pivotal protein in mitochondrial processes, its activity is strictly required
both for the stability of mitochondrial DNA and for the Krebs cycle. The evaluation of the ability to
convert the citrate into isocitrate is a fundamental step in the mutation validation process. For this
purpose, an enzymatic assay was performed to quantify the catalytic ability of the mitochondrial
aconitase in the wild type or mutated strains. Cells were inoculated in 0.5% glucose-supplemented

YP medium and grown for 18 hours at 28 and 37°C. Subsequently, 10° cells (100 OD) were collected
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to carry out mitochondrial protein extraction. The spectrophotometric assay was performed on
mitochondrial extracts derived from wild type and mutant strains to evaluate the aconitase activity
through a coupled assay, in which the aconitase activity is assessed based on the reduction of NADP*
to NADPH, promoted by isocitrate dehydrogenase, the enzyme that catalyzes the reaction
immediately downstream the aconitase reaction in Krebs cycle. In fact, the NADPH reduction can
be followed spectrophotometrically as it presents a particular absorption spectrum in the reduced
form, with a specific peak at 340 nm, absent in the oxidized forms. Therefore, the absorption at 340
nm is proportional to the aconitase enzymatic activity. The results of this analysis are shown in figure

4.7.
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Figure 4.7: Enzymatic activity at 28 and 37°C of the W03-1B aco14 strain transformed with wild
type and mutant alleles, and empty plasmid as a negative control. Values are represented as the
mean of at least three values £ SD. p-values are obtained using one-way analysis of variance
followed by Bonferroni’s test, *P<0.05; **P<0.01.

This kind of analysis is more accurate than those carried out so far, since allows identifying the
specific defect of the mutated enzyme and therefore highlighting small differences which could be
lost in other analyses. An interesting detail to note, is the residual aconitase activity of about 30%
in the ACO1 deleted strain, probably due to the yeast cytoplasmic isoform ACO2 which, even if with
low affinity, could catalyze the citrate reduction. The results obtained show a positive correlation
between the defects observed in OXPHOS metabolism and the activity of human aconitase in yeast
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models. The mutations associated with a more severe phenotype possessed a behavior similar to
the null mutant, leading to a total loss of function of the aconitase activity. The thermosensitive
mutations R312Q and Y650S at 37°C show a slight and moderate enzymatic activity defect,
respectively. It is necessary to note that the enzyme carrying the Y650S mutation in this analysis
exhibited an enzymatic defect even at the physiological temperature of 28°C, probably for the
greater sensitivity of this analysis. However, regarding the E485G mutation, it is not possible to
establish a correlation between the observed oxidative defect and the activity of the mutated
protein, since the latter is comparable to that of the wild type strain. The information obtained in
this analysis allows hypothesizing that HON phenotype in ACO2-related patients is correlated with
a defect, with several degrees of severity, of the mitochondrial aconitase activity for all the
mutations studied, except for E485G in which the etiology is still uncertain. For almost all the
analyzed mutations it is possible to establish a correlation between the enzymatic activity of the
mutated protein and its steady state level, analyzed by western blot. The only exception concerns
the severe mutation N480D, which exhibit an almost total abatement of the aconitase activity, but
significant retention of the ACO2 content, approximately 50%. In this case, the mutation may not
destabilize the structure of the protein but decrease the ability to convert the citrate into the
isocitrate, maybe due to a loss of the interaction with the substrate. The analyses carried out so far
allow explaining, partially in some cases, the pathological mechanism of the mutations studied in
ACO2. Another important role of ACO2 in the mitochondrion is connected to its mtDNA stabilizing
function, through the binding of the single-strand DNA during the mitochondrial replication. For
these reasons, ACO2 mutations could have effects on both the catalytic activity and the stability of
mtDNA. To evaluate this hypothesis, a protocol for the relative quantification of mtDNA, using real-
time PCR, was developed. The underlying idea in this experiment is that while in a haploid yeast
strain the genes encoded by the nucleus are present in a single copy, those encoded by mtDNA are
strictly dependent on its copy number, which varies greatly depending on the condition. Based on
this consideration, the mutant, null and wild type strains were subjected to a total DNA extraction
protocol, followed by a real-time PCR reaction, detecting the presence of the nuclear-encoded gene
ACT1 as a reference and the mitochondrial gene COX1, using the specific primer pairs gACT1-Fw /
gACT1-Rv and qCOX1-Fw / gqCOX1-Rv. Comparing the COX1/ACT1 ratio in the various strains
analyzed, it is possible to obtain the relative quantification of mtDNA. The experimental growth
condition for the DNA extraction was finely tuned, depending on the strains ability to use non-

fermentable carbon sources. In fact, the proficient respiratory strains, containing the mild
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mutations, were pre-inoculated in a medium supplemented with 2% ethanol. This growth condition
is necessary to counter-select the growth of petite colonies, since the presence of repeated
sequences in rho” clones could alter the results. On the other hand, the respiratory deficient strains,
containing severe mutations, were pre-inoculated in a medium containing glucose 2%, to allow their
growth. All strains were then inoculated in the same condition, medium supplemented with 0.5%
glucose, and incubated for 18 hours. At the end of the growth, total DNA extraction was carried

out, and the results of the mtDNA quantification are shown in figure 4.8.
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Figure 4.8: mtDNA content in wild type, mutated and deleted strains at 28 and 37°C. Values
are represented as the mean of at least three values = SD. P values are obtained using one-
way analysis of variance followed by Bonferroni’s test, *P<0.05; **P<0.01

The results obtained show that at 28°C the strains carrying severe mutations, except N480D,
presented a total loss of the mitochondrial gene COX1, assuming a total loss of mtDNA. Interestingly,
the N480D severe mutation is associated with partial maintenance of mtDNA. Combining the
various findings obtained in this thesis, the N480D mutation is that with a severe phenotype that
presents partial retention of the protein in the western blot analysis. Therefore, the stabilizing
function may be not associated with the ability to convert citrate into isocitrate, since the enzymatic
activity is almost abolished in this mutant, but seems probably to correlate with the amount of
protein present in mitochondria and its ability to bind the DNA. Another interesting finding emerged
in this analysis. The E485G thermosensitive mutation, associated only with a small defect in

oxidative growth, exhibits a small but significant decrease in mtDNA levels at 37°C which could be
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the cause of the pathological phenotype in the patient. The other mild mutations analyzed, on the
other hand, does not show defects related to the stability of mtDNA, assuming that catalytic defects
in patients, carrying these mutations, are the major cause of the disease. The yeast strain containing
the R312Q mutation shows no defects in mtDNA stability, hypothesizing that other factors, such as

the enzyme deficiency, are the main cause of the pathological phenotype in patient.

4.4 INHERITANCE ANALYSIS IN ACO2 MUTANT YEAST STRAINS

Mutations identified in the ACO2 gene, like those of SDHA, are heterozygous and therefore allegedly
dominant in patients. The effect of the simultaneous presence, in ACO1 null yeast strain, of the wild
type gene in combination with the mutated allele (ACO2/aco2”) was evaluated. To analyze the
inheritance of these mutations in yeast, heteroallelic strains were constructed using the following
method. Starting from the plasmid YepLac112PGKACO2, used for the haploid mutant preparations,
the ORF of ACO2 and the PGK promoter were subcloned into YepLac181 multicopy vector (LEU2
marker) using the restriction enzymes Hindlll and Sacl. To avoid the irreversible loss of mtDNA due
to the absence of aconitase, the plasmid thus constructed (YeplLacl81PGKACO2) was used to
transform the previously prepared W303-1B acolA strains containing the pFL38ACO1 and
Yeplacl12PGKACO2* (wild type and mutant alleles) or YepLac112PGK plasmids. Strains transiently
containing 3 plasmids were then subjected to plasmid shuffling on a medium supplemented with 5-
FOA to induce loss of pFL38ACO1. After two cycles of plasmid loss, the following strains were
selected on SC without tryptophan (YEpLac112 plasmid selection) and Leucine (YEpLac181 plasmid

selection).
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YEPlac112PGKACO2Ré71Q
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To investigate the inheritance of these alleles in yeast, the oxidative growth of the above-mentioned
strains was evaluated on non-fermentable carbon sources at 28 and 37°C. The results of this analysis

are shown in figure 4.9.
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Figure 4.9: Oxidative growth of diploid strains containing wild type and mutated
ACO? alleles at 28 and 37°C on non-fermentable carbon sources

From the analysis of the oxidative growth of heteroallelic strains, it is difficult to draw clear
conclusions, even if it allows making hypotheses that can be confirmed with other analyses.
Analyzing the behavior of these mutants on medium added with 2% glycerol and ethanol, a
temperature-dependent effect is identified, with defects that became more severe with the
increase of the temperature. Comparing the growth of the strain containing two copies of ACO2
(homoallelic) with that containing only one gene (hemiallelic), a difference in growth is observed,
hypothesizing a haploinsufficiency mechanism in which a single copy of ACO2 is not able to restore
the wild type growth phenotype at the maximum level. Since the ACO2 gene is under the control of
a strong promoter (PGK) in a plasmid multicopy context, identification of haploinsufficiency may
appear uncommon. However, it has also been shown in this thesis that a high amount of protein is
required to have a good degree of complementation, guaranteed by the expression system used.
Analyzing the growth of heteroallelic strains carrying the R474G, N480D, R671W and R671Q
mutations, an intermediate growth phenotype between the hemiallelic and homoallelic strains at
28°C was observed, that became more similar to the strain with only one copy of ACO2 at 37°C,
hypothesizing a possible dominance mechanism caused by haploinsufficiency. On the contrary, the
R312Q and Y650S mutations exhibit a growth similar to the hemiallelic strain at 28°C, while at 37°C
a negative effect of the mutant allele against the wild type is highlighted, hypothesizing a
pathogenetic mechanism based on the negative dominant effect of these mutations. Regarding the
E485G mutation, no growth differences are shown both at 28 and 37°C compared to the wild type
homoallelic strain, assuming a recessive inheritance mechanism in yeast. However, a qualitative test
such as the spot assay must be confirmed with other analyses, to better clarify the inheritance
associated with these mutations. Since the mitochondrial aconitase acts indirectly in respiration,
participating in the Krebs cycle and stabilization of mtDNA, analyses on the respiratory rate of these
mutants were performed. To evaluate this hypothesis, the oxygen consumption rate analyses,
which allow a quantification of the defects of the OXPHOS metabolism, were performed in
heteroallelic strains. The experimental conditions replied those used for the assessment of the

respiratory activity in haploid strains. The results obtained are shown in figure 4.10.
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Figure 4.10 Figure 4.8: Oxygen consumption of ACO2 heteroallelic strains at 28 and 37°C.
The green bar indicates the wild type strain (positive control). Values are represented as the
mean of at least three values + SD. P values are obtained using one-way analysis of variance
followed by Bonferroni’s test. Black asterisks indicate the comparison with the homoallelic
strain (ACO2/ACO2), while the red asterisks indicate the comparison with the hemiallelic strain
(ACO2 [/ empty), *P<0.05; **P<0.01

1

S = o 15}
=} =] =} S

N
=]

J"”_
(39
%
_
(] - =) 00 j=]
o o o (=] [=] (=]
I
*
I
I - +
G
° I
*
I} *
I
I +

The analysis of this data at 28°C showed that the mutation does not influence the respiratory rate,
since all the mutant strains exhibit similar respiration rate values compared to the homoallelic
strain. Thus, the haploinsufficiency effect seen in oxidative growth is not detected in this analysis,
indicating that this condition is not useful to evaluate the inheritance mechanisms in these strains.
The same analysis was repeated at 37°C, to evaluate alleged thermosensitive defects. In fact, in this
heat-stress condition, a different respiratory rate between the hemiallelic and homoallelic strains is
observed, and therefore phenotypes associated with haploinsufficiency can be detected. Looking at
the mutant phenotypes, good parallelism is highlighted concerning the hypotheses made in the
previous analysis. The respiratory rate at 37°C of the mutant strains containing the R312Q and Y650S
mutations showed a dominant profile attributable to a negative dominance mechanism, since the
respiratory activity of these strains is significantly lower compared to that of the hemiallelic strain.
The mutations R474G, N480D, R671W and R671Q, on the other hand, show similar behavior to the
hemiallelic strain with a significant decrease in oxygen consumption rate compared to the
homoallelic strain, confirming the haploinsufficiency. The E485G mutation presents a respiratory
rate comparable to that of the homoallelic strain, obtaining a further confirmation of the recessivity
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in yeast. To evaluate whether the decreased oxygen consumption rate is associated with a
deficiency in the enzymatic aconitase activity in the heteroallelic strains, the enzymatic ability of the
mutated aconitase to convert citrate into isocitrate was analyzed. Experimentally, the strains were
inoculated in a selective medium, to maintain the plasmids, supplemented with 0,5% glucose and
cells were grown for 18 hours at 28 and 37°C. Subsequently, the protocol of mitochondrial proteins
extraction through mechanical break was carried out, to obtain the extracts used to evaluate the

aconitase activity in the mutant heteroallelic strains. The results are shown in figure 4.11.
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Figure 4.11: Enzymatic activity at 28 and 37°C of the ACO2 heteroallelic strains. The green bar
indicates the wild type strain (positive control). Values are represented as the mean of at least
three values + SD. P values are obtained using one-way analysis of variance followed by
Bonferroni’s test. Black asterisks indicate the comparison with the homoallelic strain
(ACO2/ACO2), while the red asterisks indicate the comparison with the hemiallelic strain (ACO2/
empty), ¥*P<0.05; **P<0.01

This analysis provided more accurate details compared to that of the respiratory rate and oxidative
growth. In this more accurate analysis, also at 28°C, the phenotypes described above are confirmed.
In fact, this analysis allows identifying the primary effect of the mutation directly in the enzyme
function, without the interference of other factors which could mask the phenotype. The enzymatic
activities of wild type and mutated proteins analysis lead to a further confirmation of the results
obtained above. These experiments, performed at 28 and 37°C, confirm the dominance of all
mutations, except R485G. At 37 °C the simultaneous presence of the thermosensitive R312Q or
Y650S mutations in combination with the wild type ACO2 allele lead to a minor aconitase activity

compared to the hemiallelic strain, associating the dominance seen in patients with a dominance
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negative mechanism. However, these mutations at 28 °C show a mild mild defect, probably masked
by the temperature. The other mutations, except E485G, in combination with the wild type allele,
lead to a defect in enzyme activity similar to that of the hemiallelic strain at both 28 and 37 °C,
associating the presence of these mutations in patients, with a mechanism of haploinsufficiency.
The mutation E485G shows recessive heredity in the yeast model, behaving like the homoallelic
strain, contrasting the patient outcome. The discrepancy observed between human and yeast data,
as described for the L367P mutation in SDH1, could be caused by the presence of another
undetected mutation. However, the intrinsic factor of the ACO2 yeast model, must be also
considered. In fact, the heteroallelic strains were engineered to simultaneously overexpress the wild
type and mutated ACO2 copy, a condition that could mask the effect of mild mutations, such as
E485G. On the other hand, since there is no concordance between the dominance in the patient
and the yeast phenotype, this substitution may not be the direct cause of the disease in human.
Except for the discrepancy identified for the E485G variant, yeast once again proved to be an
excellent model for the validation of mutations associated with OXPHOS defects, and for the

identification of genetic-molecular mechanisms underlying the disease in patients.
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4.5 DISCUSSION

This part of the thesis concerns the study of seven mutations identified in the ACO2 gene, encoding
the mitochondrial aconitase, using the S. cerevisiae model. Adopting a heterologous
complementation approach, due to the ability of the human ACO2 gene to complement the absence
of the ACO1 ortholog, the yeast models were constructed by inserting the pathological allele
identified in the patients in a ACO1 deleted strain. This allowed the evaluation of several defects
associated with mitochondrial activity, as shown in figure 4.12, which could lead to the pathological

phenotype in patients.

MUTATION OXIDATIVE RESPIRATION ACO2 ACO2 INHERITANCE | INHERITANCE
GROWTH STABILITY ACTIVITY MECCHANISM

R312Q DECREASED DECREASED INCREASED DECREASED DOMINANT NEGATIVE DOMINANCE
R474G STRONG DECREASE STRONG DECREASE STRONG DECREASE STRONG DECREASE DOMINANT HAPLOINSUFFICIENCY
N480D STRONG DECREASE STRONG DECREASE DECREASED STRONG DECREASE DOMINANT HAPLOINSUFFICIENCY
E485G DECRESEAD NO DEFECT NO DEFECT NO DEFECT RECESSIVE?
Y6508 DECRESEAD DECREASED DECREASED DECREASED DOMINANT NEGATIVE DOMINANCE
R671W STRONG DECREASE STRONG DECREASE STRONG DECREASE STRONG DECREASE DOMINANT HAPLOINSUFFICIENCY
R67 1Q STRONG DECREASE STRONG DECREASE STRONG DECREASE STRONG DECREASE DOMINANT HAPLOINSUFFICIENCY

4.12: Schematic representation of the results obtained in ACO2 mutant strains

To validate the pathological effect of the mutations, defects associated with OXPHOS metabolism
were evaluated, analyzing oxidative growth on non-fermentable carbon sources and respiratory
activities. The analysis carried out shows perfect parallelism in the behavior of the mutants in the
two different processes evaluated. In fact, the analyses allow dividing the mutations into two
subclasses, based on the observed phenotype. Of the seven mutations studied, four are associated
with a severe phenotype (R474G, N480D, R671W and R671Q), since a total inability to use non-
fermentable carbon sources and consistent respiratory defects are observed, and three mutations
(R312Q, E485G and Y650S), associated with a thermosensitive moderate mitochondrial deficit.
Aconitase is a key enzyme of the Krebs cycle, a process underlying the mitochondrial energy
mechanisms. Therefore, the impairment of this enzyme could lead to the block of the cycle, reducing

both the intermediates and the molecules used as substrates for oxidative phosphorylation,
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explaining the negative effect also on respiration. Subsequent molecular analyzes, using enzymatic
assays designed to specifically evaluate the aconitic activity, clarified that the various phenotypes
observed among the seven mutations in analyses are due to a different catalytic capacity of the
mutated enzyme. The severe mutations show an almost total loss of function of the aconitase
enzyme, while mild mutations are associated with thermosensitive moderate enzymatic defects.
For all mutations, it is possible to observe a cause-effect relationship between a respiratory defect
and enzymatic deficit, except for the E485G mutation that presented a behavior similar to the
control. Modeling analysis highlights that the mutations characterized by a severe phenotype lie in
the enzymatic pocket of the enzyme and some of these (arginine 474 and 671) interact directly with
the citrate, the substrate of the aconitase reaction, explaining the drastic reduction of the enzymatic
activity. On the contrary, the mild mutations all clustered in surface residues, with probable
structural function, compatible with the observed thermosensitive phenotype. Since aconitase also
is pivotal for the maintenance of mtDNA, the quantity of mtDNA in the various strains containing
the mutations was evaluated through real-time PCR. This analysis demonstrated that total loss of
mtDNA is observed in all severe mutations, except N480D. In the presence of the N480D mutation,
a residual mtDNA stability is maintained, assuming a stabilization mechanism independent of the
enzymatic capacity. In fact, the severe mutations with a high degree of mtDNA instability also
presented an almost total reduction of the Aco2 protein levels present in the mitochondrion, while
the partial maintenance of mtDNA in the strain carrying the N480D mutation is associated with a
non-total loss of the mutant protein, which although catalytically inactive leads to a partial
stabilizing effect. Furthermore, this analysis allows correlating the slight defect in the oxidative
growth of the strain bearing the E485G mutation with a small but significant reduction in the mtDNA
stability. The mutations under analysis were detected in patients in a heterozygous, therefore
dominant, condition. Yeast allowed the investigation of the mechanisms associated with the
inheritance of these mutations, through the evaluation of defects in oxidative phosphorylation and
enzymatic assays in heteroallelic strains, carrying the wild type ACO2 allele in compound with the
mutated allele. These analyses confirmed the dominance of all mutations except E485G, which is
associated with a recessive inheritance in yeast. In particular, the R312Q and Y650S mutations
showed a negative dominance, in which the mutated allele negatively affected the wild type allele
function. The underlying mechanism of inheritance in the other dominant mutations is
haploinsufficiency. Regarding the E485G mutation, no concordance between yeast and humans is

observed, since the mutation is dominant in humans and seems to be recessive in yeast. This
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difference could be explained by the presence of a second undetected mutation that could
contribute to the patient pathological phenotype. However, it could also be due to the simultaneous
overexpression of the wild type and mutated alleles which could mask the effect of a mild mutation
such as E485G. Despite this, the constructed models allowed obtaining useful information on the
dominance mechanisms associated with all the other mutations, proving to be a powerful tool not
only for the validation of mutations but also for the identification of the pathogenetic mechanisms

associated with them.
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CHAPTER 5:

CONCLUSIONS




This thesis concerned the study of new variants identified in patients with HON diseases, exploiting
the model organism S. cerevisiae. The results obtained allow associating, to each mutation
identified, a series of phenotypic defects that could be the cause of the disease in humans. All
variants in the SDHA, MECR, MTFMT and ACO2 genes modeled in yeast are associated with defects
in  OXPHOS metabolism, thus confirming mitochondrial dysfunctionality. Furthermore, the
molecular analysis highlighted the mechanisms underlying the pathology. Using in vitro enzymatic
assays, the pathological phenotype observed in SDHA and ACO2 patients, is clearly associated with
the protein enzyme deficiency for most mutations. For the mutations identified in the MECR and
MTFMT genes, on the other hand, yeast was used to evaluate secondary defects due to alterations
in these proteins. Specifically, the main effect associated with the MECR mutation was due to the
defective production of lipoic acid with a consequent negative effect on the lipoylated enzymes that
take part in the Krebs cycle. As concern MTFMT, this thesis set up the conditions for the validation
of the pathological effect of mutations in this gene. From the analysis carried out, it was possible to
associate the patient phenotype with a defect in the mitochondrial protein synthesis. The
dominance of the mutations in the SDHA and ACO2 genes, in most cases, was in agreement with
the yeast models results (except for the L367P and E485G mutations), confirming the great ability
of this organism to mimic the patient pathological context. It was possible to establish the
mechanism underlying the inheritance of the disease, that yeast has demonstrated to be associated
with negative dominance or haploinsufficiency. Considering these results, most mutations are
validated as the specific cause of the disease in patients. Another relevant result described in this
thesis was the possible therapeutic approach proposed for the patient with the recessive mutation
in MECR gene through the administration of lipoic acid, in order to decrease the higth oxidative

stress level associated to the R258W mutation.
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CHAPTER 6:
MATERIAL AND METHODS




6.1 STRAINS USED

All S. cerevisiae strains used in this work are listed below:

STRAIN GENOTYPE REFERENCE
W303-1B Mata, ade2-1, leu2-3, ura3-1, (Thomas and Rothstein 1989)
trpl1-1, his3-11,
canl-100
BY4741 sdhi1A Mata his3A1 leu2A0 met15A0 Euroscarf collection;
ura3A0 (Brachmann et al. 1998)

sdh1::kanMX4

BY4741 etriA Mata his3A1 leu2A0 met15A0 Euroscarf collection;
ura3A0 (Brachmann et al. 1998)
sdh1::kanMX4

BY4741 fmt1A Mata his3A1 leu2A0 met15A0 Euroscarf collection;
ura3A0 (Brachmann et al. 1998)
sdh1::kanMXx4

BY4741 acolA Mata his3A1 leu2A0 met15A0 Euroscarf collection;
ura3A0 (Brachmann et al. 1998)
acol::kanMXx4

W303-1B sdhi1A Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMX4

W303-1B sdh1A pFL38 SDH1367P Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMXx4

W303-1B sdh1A pFL38 SDH1R#44¢ Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMX4

W303-1B sdh1A pFL38 SDH1">%3Q Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMX4

W303-1B fmtiA Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
fmt1::kanMX4

W303-1B fmti1A pFL38 FMT1 Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
fmt1::kanMX4

W303-1B fmt1A pFI39TEToff Mata, ade2-1, leu2-3, ura3-1, This work
MTFMT trp1-1, his3-11,
fmt1::kanMX4
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W303-1B fmt1A pFI39TEToff Mata, ade2-1, leu2-3, ura3-1, This work
MTFMTTY3! trpl1-1, his3-11,
fmtl1::kanMX4

W303-1B fmtiA Mata, ade2-1, leu2-3, ura3-1, This work
Yeplacl12TEToff MTFMT trpl1-1, his3-11,
fmtl1::kanMX4

W303-1B etriA Mata, ade2-1, leu2-3, ura3-1, This work
trpl1-1, his3-11,
etrl::kanMX4

W303-1B etr1A pFL38 ETR1 Mata, ade2-1, leu2-3, ura3-1, This work
trpl1-1, his3-11,
etrl::kanMX4

W303-1B etr14 pFL39TEToff Mata, ade2-1, leu2-3, ura3-1, This work
MECR trpl1-1, his3-11,
etrl::kanMX4

W303-1B etr1A YeplLacl12TEToff Mata, ade2-1, leu2-3, ura3-1, This work
MECR trp1-1, his3-11,
etrl::kanMX4

W303-1B etr1A YeplLacl12TEToff Mata, ade2-1, leu2-3, ura3-1, This work
MECRR?>8W trpl-1, his3-11,
etrl::kanMX4

W303-1B acolA pFL38 ACO1 Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
acol::kanMXx4

W303-1B acolA Mata, ade2-1, leu2-3, ura3-1, This work
YeplLacl12TEToff ACO2 trp1-1, his3-11,
acol::kanMXx4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 trp1-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2F312a trpi-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2F4746 trpi-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2N480D trpi-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2E4856 trpl-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacll2PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2Y6505 trpl-1, his3-11,
acol::kanMX4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2R67IW trpl-1, his3-11,
acol::kanMXx4

W303-1B acolA Yeplacl12PGK Mata, ade2-1, leu2-3, ura3-1, This work

AcozRGHQ

trp1-1, his3-11,
acol::kanMX4
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W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 trpl1-1, his3-11,
acol::kanMX4
W303-1B YeplLacl195 SDH1 Mata, ade2-1, leu2-3, ura3-1, This work
trpl1-1, his3-11,
canl-100
W303-1B Yeplac195 SDH1367P Mata, ade2-1, leu2-3, ura3-1, This work
trpl1-1, his3-11,
canl-100
W303-1B Yeplac195 SDH1R444¢ Mata, ade2-1, leu2-3, ura3-1, This work
trpl1-1, his3-11,
canl-100
W303-1B Yeplac195 SDH1R>93N Mata, ade2-1, leu2-3, ura3-1, This work

trpl1-1, his3-11,

canl-100
W303-14A Mata ade2-1 leu2-3 ura3-1 trp1- Our laboratory
1 his3-11
canl-100
W303-14A sdh1A Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMX4
W303-14A sdh1A4 pFL39SDH1 Mata, ade2-1, leu2-3, ura3-1, This work
trp1-1, his3-11,
sdh1::kanMX4
W303-1B acolA YeplLacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplacl12PGK ACO2 trp1-1, his3-11,
acol::kanMXx4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplacl12PGK trpl-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 / Yeplacl12PGK ACO2R312@ trp1-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplacl12PGK ACO2R4746 trp1-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplac112PGK ACO2"4800 trp1-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplac112PGK ACO2t48>¢ trp1-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplacl12PGK ACO2Y65% trpl-1, his3-11,
acol::kanMX4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work
ACO2 /Yeplacl12PGK ACO2R671W trpl-1, his3-11,
acol::kanMXx4
W303-1B acolA Yeplacl81PGK Mata, ade2-1, leu2-3, ura3-1, This work

ACO2 /Yeplacl12PGK ACO2R¢71@

trp1-1, his3-11,
acol::kanMX4
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W303-14B sdh1A pFL39 SDH1 x
W303-1B sdh1A pFL38 SDH1 (2n)

Mata/Mata, ade2-1/ade2-1,
leu2- 3/leu2-3, ura3-1/ura3-1,
trpl- 1/trpl-1, his3-11/his3-11,

canl- 100/canl-100
sdhl1::KanMX4/sdh1::KanMX4

This work

W303-14B sdh1A pFL39 SDH1 x
W303-1B sdh1A pFL38 (2n)

Mata/Mata, ade2-1/ade2-1,
leu2- 3/leu2-3, ura3-1/ura3-1,
trpl- 1/trpl-1, his3-11/his3-11,

canl- 100/canl-100
sdhl1::KanMX4/sdh1::KanMX4

This work

W303-14B sdh1A pFL39 SDH1 x
W303-1B sdh1A pFL38
SDH1L3¢7"(2n)

Mata/Mata, ade2-1/ade2-1,
leu2- 3/leu2-3, ura3-1/ura3-1,
trpl- 1/trpl-1, his3-11/his3-11,

canl- 100/can1-100
sdhi1::KanMX4/sdh1::KanMX4

This work

W303-14B sdh1A pFL39 SDH1 x
W303-1B sdh14 pFL38
SDH1R*4¢(2n)

Mata/Mata, ade2-1/ade2-1,
leu2- 3/leu2-3, ura3-1/ura3-1,
trp1- 1/trp1-1, his3-11/his3-11

,canl- 100/can1-100
sdh1::KanMX4/sdh1::KanMX4

This work

W303-14B sdh1A pFL39 SDH1 x
W303-1B sdh1A pFL38 SDH1R%N
(2n)

Mata/Mata, ade2-1/ade2-1,
leu2- 3/leu2-3, ura3-1/ura3-1,
trpl- 1/trpi-1, his3-11/his3-11,

canl- 100/can1-100
sdhi1::KanMX4/sdh1::KanMX4

This work

The bacteria strain used in this work is listed below:

STRAIN GENOTYPE
DH10B F-mcrA A(mrr-hsdRMS-mcrBC) @80d DlacZ AM15 AlacX74 deoR
recAl endA1 araD139 A(ara, leu)7697 galU galKA-rpsL hupG
6.2 Plasmids
PLASMID MARKER TYPE REFERENCE FIGURE
pFL39 TRP1 CENTROMERIC (Bonneaud et al. 6.1(A)
1991)
pFL39TEToff TRP1 CENTROMERIC (Nolli et al. 2015) 6.1(A) *
pFL38 URA3 CENTROMERIC (Bonneaud et al. 6.1(B)
1991)
Yeplacl112PGK TRP1 EPISOMAL (Cappuccio et al. 6.1(C) *
2021)

Yeplacl12TEToff TRP1 EPISOMAL (Nolli et al. 2015) 6.1(C) *
Yeplacl81PGK LEU3 EPISOMAL Our laboratory 6.1(D) *
YeplLacl195PGK URA3 EPISOMAL (Gietz and Sugino 6.1(E) *

1988)
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* no maps are available for these plasmids, the figure shows the vector backbone used for the

insertion of the PGK or TEToff promoter.

The plasmids containing the PGK and TEToff promoters were previously prepared in our laboratory,
subcloning the promoters from the pFL61 and PCM 189 plasmids respectively plasmids. Specifically,
PGK promote subcloning was performed by digestion with Bgl/ll and BamHI, while the TEToff

promoter was subcloned exploiting the Hindlll and EcoRl restriction sites.

PGEX_3_primer

Narl (236) pGEX_3_primer

Puull (308) Ndel (189)
M13_pUC_fwd_primer Narl (236)
M13_forward20_primer Pyull (308)
EcoRl (396) M13_pUC_fwd_primer
Sacl (406) M13_forward20_primer
A Kprl (412) B ) Ecofl (395)
Xmal (412) Sacl (406)
Smal (414) Kpnl (412)
)B(;ﬂ;r—(l‘\‘gh Xmal (412)
al Smal (414)
Sall (429) BamH| cM)?)
Pstl (439) Sall (429)
Hindlll (447) Pstl (439)
Aatl (4545) M13_reverse_primer Hindill (447)
AmpR_promoter M13_pUC_rev_primer Aatll (4289) M13_reverse_primer

lac_promoter

AmpR_promoter M13_pUC_rev_primer

lac_promoter

Stul (1073)
ORF frame 3 ORF frame 2 -
Ampiciln ORF frame 3 ™mel
Apal (1135) Ampicill ORi_frame 2
EcoRV (1074)
4610 bp 4354 bp
ORF frame 3
BstB (1242)
Neol (1300)
EcoRV (1321)
Pmil (2142) Nl (2002)
Nrul (2258)
lac_promoter
W13 pUG,_rou_primer T3 UG o primer
M13_reverse_primer M13_reverse_primer
Hindlll (233) Hindlll (233)
Pstl (249) Pstl (249)
Sall (251) Sall (251)
Xbal (257) D Xbal (257)
BamH (263) BamHI (263)
Xmal (268) Xmal (268)
Smal (270) Smal (270)
Kpnl (276) Konl (276)
Sacl (282) Sacl (282)
EcoRl (284) EcoRl (264)
M13_forward20_primer M13_forward20_primer
M13_pUC_fwd_primer M13_pUC_fwd_primer
PBR322_origin 1acz_a PBR322_origin 1acZ_a
/ Nari (446) ( Narl (446)
ORF frame 1
Ampicilin Hpal (742)
Hpal (742) 2micron2_origin
4989 bp
ORF frame 2 AmpR_promoter
Ampicilin 2micron2_origin Aatll (3808)
AmpR_promoter
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Figure 6.1: A) pFL38; B) pFL39; The plasmids (C)YeplLac112; D) YepLac181; E) YepLac195)
were used as templates for subcloning the PGK and TEToff promoters

6.3 MEDIUM AND GROWTH CONDITION

List and composition of media used for yeast growth:
- YP (1% peptone, 0.5% yeast extract)
- YPA (2% peptone, 1% yeast extract, 75mg/ml adenine)
-SD (1.9 g/l YNB w/o aminoacids w/o NH4SO4ForMedium™, 5 g/l NH4S04).

Minimum media was enriched with drop-out powder (Kaiser et al. 1994) to obtain
SC medium.

- 5-FOA SD: YNB with 1 g/l 5-Fluoroorotic Acid (ForMedium™), 50 mg/I
uracil with amino acids necessary to complement the auxotrophies

(Boeke, LaCroute, and Fink 1984)).

Singles amino acids, if it is necessary, could be omitted from complete drop-out to maintain the
plasmids selective pressure. For the solidification 2% agar (ForMedium™) was added. Fermentable
or non-fermentable carbon sources were added at a final concentration of 2%, if not specified

differently. The sources used were Glucose (D), Galactose (Gal) Ethanol (E), Glycerol (G), Lactate (L).
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S. cerevisiae was cultured at 28°C and 120 rpm constant shaking in liquid media. To induce heat

stress, cultures were incubated at 37°C in thermostat.

E. coli LB media used :1% bacto tryptone , 0.5% yeast extract Formedium™, 0.5% NaCl, pH 7.2-7.5.
2% Agar and 100 pg/ml ampicillin (Formedium™) were added if necessary. To allow a-
complementation selection, 80ul 2% of 5-bromo-4-chloro-3-indolyl-b-Dgalactopyranoside (Xgal)
(dissolved in dimethilformamide) and 40ul 23.8 mg/ml isopropyl-betaD-thiogalactopyranoside

(IPTG) were added. Cultures were incubated at 37°C under shaking.

6.4 POLYMERASE CHAIN REACTION (PCR)

Manufacturer indications were followed to perform PCR reactions. Two types of DNA polymerase
were utilized, GoTaqg® DNA polymerase (Promega) for analytical purposes, and KOD Hot Start HiFi
DNA polymerase (Novagen®) for preparative PCR, a more accurate enzyme used to introduce site-
specific mutations or for the gene amplification in the cloning process. All the reactions were

performed using “Applied Biosystem 2720 Thermal Cycler”.

6.4.1 Overlap PCR

The overlap PCR technique was used to construct the SDHI mutant strains (Ho et al., 1989). The first
part of the protocol consists in amplifying two contiguous portions of the SDH1 gene, with an
overlap zone, in which the mutation to introduce lies. The reactions were performed using the

plasmid pFL38SDH1 as a template, with the following pairs of primer:

1) — 2) —_
SDH1L367P Rv SDH1L367P Fw
SDH1R444C Rv SDH1R444C Fw
SDHIFw == SDH1Rv ==
SDH1IR593N Rv SDH1R593N Fw
SDHI1T602N Rv SDH1T602N Fw
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The subsequent reaction leads to the formation of the complete fragment bearing the mutation of
interest. In fact, a mixture of the amplicons produced during the first two reactions, corresponding
to the specific mutations, was used as a template. The first 10 reaction cycles were performed
without primers, to allow the 3'0OH ends recognition by polymerase, synthesizing the missing part
of the SDH1 gene. At the end of the 10th cycle, the external primers SDH1Fw and SDH1Rv were
added to each reaction to amplify the SDH1 fragment carrying the mutation. The amplification
conditions of the extension phase (10 cycles without primers) and of the subsequent elongation

phase (after adding the external primers) were reported below.

Extension phase Elongation phase
25 cycles:
- 2 at95°C - 20" at95°C
10 cycles: - 18" at 54°C
- 20" at95°C - 1'10”/Kb at 70°C
- 30”7 ate0°C - 3 at70°C

- 1'10”/Kb at 70°C - o0at10°C

6.4.2 Quick change PCR

This site-specific mutagenesis technique was used for the introduction of mutations in the ACO2,
MTFMT and MECR genes. DNA used as a template normally was a vector containing the gene of
interest, isolated from a methylating microorganism (dam+); the two primers utilized in this reaction
are oligonucleotides, containing the substitution to introduce in the wild type gene, complementary
to the vector region: these primers, once annealed to the template, were extended by KOD DNA
polymerase, until the amplification of the entire plasmid was done. Annealing and extension of the
mutagenic primers lead to the obtaining of a large amount of mutant plasmid. The PCR reaction

details are reported below:
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- 2"at95°C

- 18 cycles:
- 30" at 95°C
- 50” at annealing temperature
-45"” /Kb at 68°C

- 5 ate8°C

- e at10°C

At the end of the reaction, three types of plasmids were present:

e Parental plasmids: containing both parental strands (without mutation)
e Mixed plasmids: consisting of a newly synthesized strand (containing the mutation)
and a wild type parental strand

e Mutated plasmids: containing the mutation on both strands.

In order to obtain only the latter, it was necessary to carry out digestion using the enzyme Dpnl. This
enzyme recognized the 5'-Gm®ATC-3' sequence and was able to digest methylated and hemi-
methylated DNA. Since the template of the reaction was derived from a methylating E. coli (dam+)
and the amplification reaction was carried out in vitro, without enzymes able to methylate the DNA,
after the Dpnl treatment only the mutated plasmid should be obtained. After digestion, the mix
containing the plasmid of interest was precipitated overnight through sodium acetate and ethanol
at -20 °C. Subsequently the mix, after wash steps with ethanol, was utilized to transform E. coli,

which allows amplifying the mutant plasmid of interest.

6.4.3 Real-time PCR

The real time PCR protocol was used for mtDNA quantification in ACO2 mutant strains. The template
of the reaction was the total DNA, extracted through a commercial high-efficiency kit (VWR
International) of the wild type and mutant strains standardized at the concentration of 5ng/pl. This
method involved the specific amplification of the nuclear gene ACT1 and the mitochondrial COX1

gene using the primers reported in table 5.1. The volumes used for each reaction were shown below:
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REAGENT VOLUME
Platinum® SYBR® Green 7,5 ul
Primer forward 3 uM 0,6 ul
Primer revers 3uM 0,6 ul
Template 5ng/ul 3ul
H20 3,3 ul

The Real Time instrument used was the QuantStudio 3 with its QuantStudio 3 Design and Analysis

Software 1.0.1. The amplification phases were shown below

1 cycle:
- 2" at 50°C
-6"at 95°C

40 cycles:

- 15" at 95°C

-1’ at 60°C

1 cycle:
-15” at 95°C
- 15" at 60°C

For each strain the mtDNA content was calculated using the comparative quantification method -
AACt. After the amplification reaction, the Ct value corresponding to the number of cycles needed
to reach a fluorescence threshold was recorded, which was used for the subsequent comparison

between the various samples. To determine the difference in mtDNA content the following method

was used:
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ACt:
- ACt (wild type) = Ct(COX1) — Ct(ACT1)
- ACt (mutant) = Ct (COX1)- Ct(ACT1)

AACt = ACt (mutant) — ACt (wild type)

—AACt

Fold change= 2

6.5 PRIMERS
PRIMER NAME SEQUENCE 5’-3’ USE
SDH1DFW CAGGCATCCTCGACTCTAAC SDH1 DELETION
SDH1DRV GCCATATGACTTTCTCCTGC SDH1 DELETION
SDH1FW CCGGAGCTCCCAACCCTTTTACTATCTCTCG SDH1 CLONING
SDH1RV CCCGTCGACGCACCCTTGTACAGCAATTCG SDH1 CLONING
SDH1L367PFW CCATCTACCTCCGGAAGTTCCTAAGGAAAGATTGCCAGGTATC SDH1 MUTAGENESIS
SDH1L367PRV GATACCTGGCAATCTTTCCTTAGGAACTTCCGGAGGTAGATGG SDH1 MUTAGENESIS
SDH1R444CFW | GTTTCTGTCCATGGTGCCAACTGCCTAGGTGCCAATTCCTTGTTG SDH1 MUTAGENESIS
SDH1R444CRV | CAACAAGGAATTGGCACCTAGGCAGTTGGCACCATGGACAGAAAC | SDHI MUTAGENESIS
SDH1R593QFW | CAAGAGAGGATTATCCAAATCAAGATGACGAACATTGGATGAAGC | SDH1 MUTAGENESIS
SDH1R593QRV GCTTCATCCAATGTTCGTCATCTTGATTTGGATAATCCTCTCTTG SDH1 MUTAGENESIS
SDH1T602NFW CGAACATTGGATGAAGCATAACTTATCCTGGCAAAAGGACG SDH1 MUTAGENESIS
SDH1T602NRV CGTCCTTTTGCCAGGATAAGTTATGCTTCATCCAATGTTCG SDH1 MUTAGENESIS
ETR1DFw CCTTAAAAGAGTGGTTCTCC ETR1 DELETION
ETR1DRv CTCCTACAAAGATAGCACTGG ETR1 DELETION
FMT1DFw CCTGCTATTATGGAGAGGAG FMT1 DELETION
FMT1DRv CACTCTGTTATGAACTACAAGC FMT1 DELETION
ETR1CBamFw GGCCGGGATCCGATAGATTAAGAGAGAAGGCTCG ETR1 CLONING
ETR1CPstRv GCGCACTGCAGCCATTCTCAGGAAAAATTGC ETR1 CLONING
FMT1CBamFw GGCCCGGATCCCATGCTCAGCCCATAGAACG FMT1 CLONING
FMT1CPstRv GCGCCCTGCAGCACTCTGTTATGAACTACAAGC FMT1 CLONING
MTFMTCNOTFW CATGTAGCGGCCGCATGAGGGTGTTGGTGCG MTFMT CLONING
MTFMTCNOTRV CATCAAGCGGCCGCCTTCTTCCTAACTACTCAATGC MTFMT CLONING
MECRCNOTFW CATGTAGCGGCCGCACACAATGTGGGTCTGCAGTACCCTG MECR CLONING
MECRCNOTRV CATGAAGCGGCCGCGGATGATCACATGGTGAGAATCTGC MECR CLONING
MECRR258WFw GGACATGCCCCAGCCATGGCTTGCTCTCAACTGTGTTGGTG MECR MUTAGENESIS
MECRR258WRv CACCAACACAGTTGAGAGCAAGCCATGGCTGGGGCATGTCC MECR MUTAGENESIS

MTFMTT173IFw

GGAGACACAGTTACTGGAGTGATCATTATGCAAATTAGACC

MTFMT MUTAGENESIS

MTFMTT173IRv

GGTCTAATTTGCATAATGATCACTCCAGTAACTGTGTCTCC

MTFMT MUTAGENESIS

ACO1FwBamHI

GCGCGGATCCGAAATCGGCAAAGGTCCTGAC

ACO1 CLONING
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ACO1RvHindllI

GCGCAAGCTTTTGACTTCTCCAGCCGAACG

ACO1 CLONING

hACO2NotIFw

CCTGTTAACATCGATAGCGGCCGCAC

ACOZ2 CLONING

hACO2NotIRv

GCCCTAGCGGCCGCGAATTCACTAGTGATTG

ACOZ2 CLONING

hACO2R312QFw | GTACCTGAGCAAGACCGGGCAGGAAGACATTGCCAATCTAGCTG | ACO2 MUTAGENESIS
hACO2R312QRv CAGCTAGATTGGCAATGTCTTCCTGCCCGGTCTTGCTCAGGTAC | ACO2 MUTAGENESIS
hACO2N480DFw CAACAGGAACTTCACGGGTCGCGACGACGCAAACCCCGAG ACO2 MUTAGENESIS
hACO2N480DRv CTCGGGGTTTGCGTCGTCGCGACCCGTGAAGTTCCTGTTG ACO2 MUTAGENESIS
hACO2E485GFw GCAACGACGCAAACCCCGGGACCCATGCCTTTGTCACGTCC ACO2 MUTAGENESIS
hACO2E485GRv GGACGTGACAAAGGCATGGGTCCCGGGGTTTGCGTCGTTGC ACO2 MUTAGENESIS
hACO2R474GFw CAATCGTCACCTCGTACAACGGGAACTTCACGGGCCGCAAC ACO2 MUTAGENESIS
hACO2R474GRv GTTGCGGCCCGTGAAGTTCCCGTTGTACGAGGTGACGATTG ACO2 MUTAGENESIS
hACO2Y650SFw CCTGACACTGCCCGGTACTCCAAGAAACATGGCATCAGGTGG ACO2 MUTAGENESIS
hACO2Y650SRv CCACCTGATGCCATGTTTCTTGGAGTACCGGGCAGTGTCAGG ACO2 MUTAGENESIS
hACO2R671WFw GAACTACGGCGAGGGCTCAAGCTGGGAGCATGCAGCTCTGG ACO2 MUTAGENESIS
hACO2R671WRv CCAGAGCTGCATGCTCCCAGCTTGAGCCCTCGCCGTAGTTC ACO2 MUTAGENESIS
hACO2R671QFw GAACTACGGCGAGGGCTCAAGCCAGGAGCATGCAGCTCTGG ACO2 MUTAGENESIS
hACO2R671QRv CCAGAGCTGCATGCTCCTGGCTTGAGCCCTCGCCGTAGTTC ACO2 MUTAGENESIS
qCOX1-Fw CTACAGATACAGCATTTCCAAGA mtDNA CONTENT
gqCOX1-Rw GTGCCTGAATAGATGATAATGGT mtDNA CONTENT
gACT1-Fw GTATGTGTAAAGCCGGTTTTG mtDNA CONTENT
gACT1-Rw CATGATACCTTGGTGTCTTGG mtDNA CONTENT

6.6 S. cerevisiae TRANSFORMATION

Yeast transformation was performed following the short protocol t described in (Daniel Gietz and

Woods 2002). To reach greater efficiency, the long LiAc/SS carrier DNA/PEG method was used This

protocol was exploited for gene disruption, regenerating the cells in two ml of YPAD for 2h, before

plating them on medium added with 200 pug/ml G418-sulphate.

6.7 ANALYSES IN WHOLE CELL

6.7.1 Spot assay

Spot assay is a classical comparative phenotypic analysis used to test the oxidative growth of

different strains in different conditions. 10-fold serial dilutions were prepared starting from 1x10’

cells/ml culture, performed three times to the final 1x10* cells/ml suspsension. From each dilution,
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5 ul were spotted on agar plates and then incubated for several days at 28°C, the yeast growth

physiological temperature, or 37°C to induce a heat-stress.

6.7.2. Oxygen consumption rate

To measure the respiratory activity, strains were pre-grown in a medium supplemented with 2%
glucose. Cells were inoculated at the optimized concentration, depending on the strains type, in a
medium supplemented with 0.5% glucose to induce oxidative metabolism after fermentation and
grown for 18 h. The evaluation of oxygen consumption rate was performed on whole cells at 30°C
using a Clark-type oxygen electrode (Oxygraph System Hansatech Instruments England) after the
total exhaustion of glucose by adding in the oxigraph chamber 50 pul of concentrated cells, 850 ul of
air-saturated respiration buffer (0,1M phthalate-KOH, pH 5,0) and 100 pl 5% glucose.
Oxygen consumption rate was expressed as nmol O, consumed in one minute for mg of dry cells

(nmolO2/min mg).

6.7.3 Plasmid shuffling

The plasmid shuffling technique was exploited to construct the strains for the validation of ACO2
gene, to avoid irreversible loss of mitochondrial DNA. Plasmid shuffling was used to promote the
loss of plasmids pFL38, containing the URA3 selection marker. In fact, in the presence of the gene
product of the URA3 gene, 5-FOA was converted into a toxic product that do not permit growth,
allowing to counter-select all the cells that possessed a plasmid with URA3 marker. Experimentally,
the cells were cultured in a uracil-supplemented medium, to allow the loss plasmid harboring URA3
gene. Subsequently, the cells were replica-plated twice on medium containing 5-FOA, allowing the
growth only of cells that lost the plasmid (URA3 marker). After this counterselection phase, cells
were recovered in a selective medium for the maintenance of the plasmid of interest, thus ensuring

that the strains were unable to grow on medium without uracil.
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6.7.4 H20; sensitivity

Assessment of oxidative stress through H,0, treatment was performed on MECR yeast strains. The
cells were pre-inoculated in a medium supplemented with 2% glucose for 24h, subsequently were
exposed to different concentrations of H,0; for different times (1, 2 and 3 hours). At the end of the
treatment, the cells were washed to avoid residual effects of H,0,. Different amounts of cells were
plated depending on the stimulus administered (1000, 500, 100 cells) and after incubation at 28°C
for several days, the unit forming colonies (CFU) were counted to calculate the survival rate. The
same protocol was slightly modified for the evaluation of the effects of lipoic acid on oxidative
stress. In this case, the cells were pre-cultured for 24h in medium added with 2% glucose and
subsequently inoculated in the same medium supplemented with lipoic acid at the different
concentrations tested (40 / 4 / 0.4 ug/ml) and incubated at 28°C for 18h. The cells were washed
twice with sterile water, to avoid contamination of lipoic acid. Once collected, 107cells/ml| were
inoculated in a medium supplemented with 2% glucose and H,0; at different concentrations and

different time intervals. The survival rate was assessed as previously described.

6.8 QUANTIFICATION OF PROTEINS WITH BRADFORD METHOD

Protein concentration was determined with the colorimetric Bradford assay (Bradford 1976). The
“BioRad Protein Assay” commercial kit was utilized following the manufacturer’s instructions. For
each quantification, 200 pl of Bradford reagent (an acidified solution of Coomassie G-250 dye) were
added to 800 ul of protein solution (or water as reference). After 15’ of incubation at room

temperature the absorbance was measured at Cary spectrophotometer with A = 595nm

6.9 ANALYSIS IN MITOCHONDRIA
6.9.1 Preparation of a mitochondrial enriched fraction (Soto et al. 2009)

Cells were pre-inoculated on a medium supplemented with 2% glucose for 24h, then they were
inoculated in the same medium containing 0.5% glucose and grown until an OD/ml = 1.5-2 was

reached. The following protocol was used:
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. Harvest 100 OD of cells
. Centrifuge at 4000-5000 rpm for 5 min
. Wash the pellet in 25 ml of H,0 and centrifugate at 4000-5000 rpm for 3 min

A W e

. Resuspend pellet in 1 ml of H,0 and transfer cells in eppendorf tubes. Spin at 7000 rpm
for 30 sec and discard the supernatant.
. Resuspend pellet in 400ul of sorbitol 0.6M and DTT 5mM and incubate the samples at RT for 10’
. Centrifuge at 7000 rpm for 30 sec and discard the supernatant
. Resuspend pellet in 400 pl of sorbitol 1.2M and Tris-HCl 10mM pH 7.5 and zymolyase 6 mg/ml

. Incubate at 29°C for 10-40 min, until 80-90% of the cells have been converted to spheroplasts.

O 00 N O U

. Work on ice. Centrifuge at 5400 g for 8 min at 4°C and discard 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. Resuspend the pellet in 100-200 pl STE solution

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 5.8

6.9.2 Succinate Dehydrogenase (SQDR) activity

This assay was used to measure the rate of reduction of an artificial electron acceptor the
dichlorophenolindophenol (DCPIP), by succinate dehydrogenase complex (Kim and Beattie 1973).

Mitochondria were prepared as described in section 5.9.1.

The following reagents are needed:
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REAGENT VOLUME
KH2PO4 10mm 780ul
EDTA 0,5M
MITOCHONDRIAL 10ul
EXTRACT
KCN 80 mM 4,8ul
ATP 50 mM 6,4ul
SUCCINATE 1M 16ul
DCPIP 20 mM 12,8ul
duQa 3,2ul

The specificity of the SDH reaction was evaluated by inserting 10 pl of malonate, the specific
inhibitor of the reaction. The extracts were standardized at the final concentration of 4 mg/ml and
SDH activity was recorded at 600 nm. SQDR activity was calculated with € of 22 and the following

formula (AOD*€/min mg).

6.9.3 Cytochrome c oxidase (COX) activity (Wharton and Tzagoloff 1967)

Using this assay, the rate of cytochrome c oxidation by complex IV was measured in the MTFMT
yeast model. Mitochondria were prepared as described in section 5.9.1.

Solutions needed:

- 20mM K-phosphate pH 7.5

- 1% cytochrome cin 20mM K-phosphate pH 7.5

- KFeCN3

Before initiating the reaction, cytochrome C must be reduced using DTT (Dithiothreitol). The color
of the solution change when the cytochrome is reduced. Mitochondrial extracts were aliquoted at
the final concentration of 2 mg/ml, COX activity was recorded at 550 nm. Specific Activity: COX
activity was calculated with € of 18.5 and the following formula [2.3log

(A1/A2)/(g*min*mg)]*AOD.
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6.9.4 Aconitase activity (Brown et al. 1998)

Cells were pre-inoculated on medium supplemented with 2% glucose, and after 24h of growth cells
were inoculated in the same medium supplemented with 0.5% glucose until an OD/ml = 1-2 was
reached. Cell extracts were prepared by resuspending cells in Cell lysis buffer (50 mM Tris HCl pH 8,
50mM KCl, 2mM Sodium Citrate, 10% glycerol, 7mM R-mercaptoethanol and 1mM PMSF) using the
proportion of 1 gr of cells in 2.5 ml of cell lysis buffer, and subsequently subjected to mechanical
breakage with glass beads. Cell debris and unbroken cells were separated using low speed
centrifugation (2000 x g for 5 min at 4°C), and supernatant was retained. Total protein concentration
was determined as described in paragraph 5.8. Aconitase activity was evaluated by the aconitase-
isocitrate dehydrogenase coupled assay, in which the NADPH production was monitored at 340 nm,

where the oxidized form presented a characteristic peak. Solutions used:

- 240 REACTION MIX ( 1M Tris HCl pH 8, 10mM MgCl,, 10mM NADP+ and 0.32U ICDH)
- 16l of 50mM Sodium citrate

- 48ul whole-cell extract

- H20 to 800l

The aconitase activity was recorded on standardized 3 mg/ml whole-cell extract and the specific

activity was calculated with € of 6.22 and the following formula (AOD*g/min mg).

6.10 Western blot
6.10.1 TCA protein extraction

Cells were pre-inoculated for 24h on medium supplemented with 2% glucose and then were
inoculated in medium added with 0.5% glucose for 18h. The TCA extraction protocol is reported

below:
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1. centrifugate the culture 5’ 5000 rpm
2. Harvest the equivalent of 10 OD of cells through centrifugation 1’ 6000-8000 rpm.

3. Wash the pellet with water and resuspend the cells with 75 ul of Rodel mix (NaOH 1.85 M, -
mercaptoethanol 7.5%, PMSF 0.1 M)

4. Add 500 pl of water
5. Add 575 pl of TCA 50%
6. Incubate on ice for 30 minutes. Centrifuge 10’ at 15000 rpm 4°C.

7. Wash the pellet with 1 ml of 0.5M Tris-base without resuspending, spin the tube and remove the

supernatant

8. Wash pellet with 1 ml of water without resuspending, spin the tube and remove the supernatant9.
9.Resuspend in 1X Lammli Buffer (Tris-HCl pH 6.8 33.5 mM, 5% glycerol, 5% B-mercaptoethanol, 2%
SDS, Bromophenol blue) (150 pl for 10 OD)

10. Add 1-5 pl of Tris-base 0.5M if the color is yellow, until become blu

6.10.2 Protein separation with SDS-page

Protein separation with SDS-page was performed following the Laemmli protocol (Laemmli 1970).
Running gels were prepared at 12% polyacrylamide, stacking gels at 6%. Gels were prepared using

the following reagents

SOLUTION RUNNING GEL 12% STACKING GEL 6%
(TWO GELS) (TWO GELS)
Tris HCL 1M pH 8.8 1.876 ml -
Tris HCL 1M pH 6.8 - 750 ul
Poliacrilamide-bis 4.5 ml 900
(37.5-1)
SDS 20% 150 pl 60 ul
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APS 10% 50 pl 30 ul

TEMED 12,5 pl 9 pl

H20 8,4 ml 4,26 ml

Running Buffer 5X (1L): 15 g Tris-Base, 72 g glycine, H20 to final volume. Running buffer was used
at the final concentration 1X and added with 0.5% SDS. Running was performed for 1h 30’-2h at
100 Volts.

6.10.3 Western Blotting and Ig-detection

The gels containing the separated proteins were transferred to nitrocellulose membranes through
electro-blot for 1hr 40’ at 2.5-3mA/cm2 in PerfectBlue™ Semi-Dry ElectroBlotter (PeqLab). Transfer
buffer, containing 200mM glycine, 25 mM Tris, 20% methanol, was used. After semi-dry protein
transfer, membranes were incubated 1hr at room temperature with 5% non-fat dry milk prepared
in washing buffer, containing TBS (TBS 10X: TRI-HCL 0,2 M, NaCl 1,37 M pH 7,6) 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. After the incubation with the antibody, the membranes were
washed with 10’ 3 times with washing buffer (TBS 1%, tween 0.1%,). The secondary antibodies were
prepared in 5% non-fat dry milk dissolved in washing buffer (containing only TBS 1X, without tween).
The membranes were incubated 2h at room temperature in dark boxes. To remove the excess of
antibody, the membranes were washed three times with washing buffer containing TBS 1x tween
0,05%. Detection of the protein of interest was performed by ChemiDoc MP Imaging, able to detect
the fluorophore conjugated with the secondary antibody, using the specific channel of fluorescence.

List of primary and secondary antibodies used was reported below.

PRIMARY ANTIBODIES SECONDARY ANTIBODIES
ANTI-MECR 1: 2000 ANTI-RABBIT 1:7500
ANTI-MTFMT 1:2000 ANTI-RABBIT 1:7500
ANTI-Cox2 1:3000 ANTI-MOUSE 1:5000
ANTI-Lipoic Acid 1:2000 ANTI-RABBIT 1: 7500
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ANTI-SDHA 1:1000 ANTI-RABBIT 1:7500
ANTI-Por1 1:10000 ANTI MOUSE 1:10000
ANTI-SDHB 1:2000 ANTI-RABBIT 1:7500
ANTI-ACO2 1:2000 ANTI-RABBIT 1:7500

The bands quantification was performed using the ImageLab software (BioRad).

6.11 MITOCHONDRIAL PROTEIN SYNTHESIS

The ability to synthesize mitochondrial proteins in MTFMT strains was evaluated using the following
protocol. Strains were pre-inoculated in SC-TRP medium supplemented with 2% glucose for 24h,

and subsequently the strains were inoculated in the same medium supplemented with 2% galactose

and 0.2%glucose. The cells were grown until ODgoo=0,6-2.

1. Harvest the cell cultures, centrifuge 1’ at RT 5000 rpm and discard the supernatant

2. Wash the pellet twice with 1ml of phosphate buffer (400 mM phosphate, 2% galactose), to

completely remove the methionine.

3. Resuspend the cells in 1 ml of phosphate buffer and transfer the equivalent of 1.2 OD in a new

eppendorf, adding 500 pl water
4. Incubate 3’ the cells at 28°C with 10 pl of cycloheximide (8 mg/ml in water)

5. Add 2-5 pl of mix 3S-L-methionine and 3°S-L-cysteine purchased by Perkin Elmer (EasyTagTM
EXPRE3°S3S Protein. Mix Stabilized aqueous solution Shipped ambient. >1000Ci(37.0TBg)/mmo))
and incubate 10’ at 28°C

6. Centrifuge 1’ 13000 rpm end discard the supernatant
7. Resuspend pellet with 75 pl of Rodel mix (NaOH 1.85 M, B-mercaptoethanol 7.5%, PMSF 0.1 M)

8. Add 500 pul of water and then 575 ul of TCA 50%
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9. Chill on ice 30’

10. Centrifuge 10’ 13000 rpm 4°C and discard the supernatant

11. Add 1 ml of Tris-base 0.5 M without resuspending and centrifuge 5’ 13000 rpm 4°C
12. Wash the pellet with 1 ml of water without resuspending, centrifuge 2’ 13000 rpm 4°C

13. Resuspend the pellet in 23 pl of loading buffer (2% SDS; 10%Glycerol; 60 mM Tris-HCl pH 6,8;

2,5% B-mercaptoethanol; bromophenol blue)

The samples were loaded on the polyacrylamide gels (Paragraph 5.9.2). Run was performed at a
maximum of 40 mA until the blue reach the bottom. Semidry transfer into nitrocellulose
membrane for 90’ at 200mA was then performed. The membranes containing the radioactive

mitochondrial proteins were used to impress the autoradiography films.
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