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 I 

SUMMARY  

 
The yeast Saccharomyces cerevisiae is a cheap, time-saving, and versatile tool to study human 

genetic diseases, since a great number of genes and biological processes are evolutionarily 

conserved. Moreover, residues where mutations occur in human are often conserved in yeast. Not 

least, yeast can grow either by mitochondrial-dependent respiration or by ethanol fermentation, thus 

permitting to study mitochondrial diseases. We utilized this model organism to assess the functional 

impact of mutations in STRADA, SGPL1, and COQ genes, which are linked to primary CoQ10 

deficiency, and where our goal was also to explore and enhance our understanding of their 

involvement in CoQ biosynthesis. 

Loss of function in the STRADA gene leads to PMSE syndrome (MIM #611087), a rare 

neurodevelopmental disorder characterized by drug-resistant epilepsy and severe developmental 

delays. Treatment with sirolimus has been effective. We employed a yeast model to evaluate the 

missense variants Ser264Arg in STRADA and its complete deletion, underscore the significance of 

timely molecular diagnosis for these patients and highlight the utility of yeast as a straightforward yet 

effective tool for validating the pathogenicity of missense variants. 

The SGPL1 gene encodes an enzyme involved in sphingolipid metabolism. Yeast's similarity to the 

human pathway makes it suitable for studying diseases like SPLIS (MIM # 617575), an autosomal 

recessive syndrome characterized by steroid-resistant nephrotic syndrome and multisystemic 

manifestations, resembling CoQ deficiency. Vitamin B6 shows promise in mitigating these diseases. 

Our study focused on the Gly210Glu mutation, which is situated at the pyridoxal 5'-phosphate (PLP) 

binding site (active form of vitamin B6) and revealed a potential role for the yeast gene GAD1. 

Coenzyme Q (CoQ) biosynthesis involves multiple genes. We investigated PDSS1, PDSS2, COQ4, 

and COQ5 in yeast.  

In yeast, the COQ1 gene controls the length of the polyprenyl chain and the number of isoprene 

units in CoQ synthesis. In contrast, humans and mice rely on PDSS1 and PDSS2 subunits to form 

heterotetramers for CoQ biosynthesis. This study aimed to clarify the roles of polyprenyl diphosphate 

genes and explore hybridization between human and murine sequences in determining isoprene 

chain length in S.cerevisiae, where the orthologous protein typically forms homodimeric or 
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homotetrameric structures. We used a yeast model and revealed that both murine Pdss1 and Pdss2 

effectively complemented the absence of the coq1 gene in S.cerevisiae. Thus, we also validated the 

pathogenicity of 12 human missense mutations, 7 in PDSS1 (His78Asn, Glu123Gly, Val239Gly, 

Gln245His, Gly296Arg, Asp308Glu, Ser370Arg) and 5 in PDSS2 (Val116Met, His162Arg, 

Ser382Leu, Ala384Asp, Ile391Thr) genes. Additionally, we investigated mitochondrial import 

capabilities of murine PDSS1 vs. human PDSS1, revealing the crucial role of the mPDSS1 N-

terminal in mitochondrial import in S.cerevisiae. Finally, we quantified CoQ levels in hybrid strains 

using HPLC, confirming that PDSS1 subunit 1 primarily determines the number of isoprene units in 

the Q-aromatic ring. 

COQ4's role in CoQ synthesis remains unclear. We created a yeast model with coq4 deletion and 

identified the importance of its metal-binding site, through the mutant Asp164Ala, and its catalytic 

activity. We expressed wild-type and mutant COQ4 proteins in bacteria for future enzymatic assays. 

COQ5 is crucial for CoQ synthesis and interacts with the CoQ-synthome. We confirmed genotype-

phenotype correlations using yeast and studied severe and milder patient mutations, as Gly118Ser 

and Arg123Trp. 

Saccharomyces cerevisiae, a simple eukaryotic model, offers a well-annotated genome, rapid 

generation times, and a versatile toolkit. These attributes position yeast as an optimal model for 

understanding genes and mutations associated with human diseases. 
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1 General Introduction 

 
1.1 Saccharomyces cerevisiae 

 

The yeast Saccharomyces cerevisiae (S.cerevisiae) is a eukaryotic, single-celled microorganism 

belonging to the kingdom Fungi and phylum Ascomycota. Saccharomyces derives from Latinized 

Greek and means “sugar fungus”, while cerevisiae has its origins in many ancient languages (Latin, 

Gaelic) and means beer. 

Humans have cultivated yeast since the dawn of agriculture to make beer, bread, and wine. 

Nowadays, it is one of the most studied organisms for molecular and cell biology, emerging as a 

versatile and robust model system for eukaryotic genetics. 

In fact, the yeast shows many advantages as a model organism because it is easy and rapid to grow 

(short generation time of about ninety minutes); it is cheap and simple to manipulate as well, 

displaying a flexible and rapid DNA transformation system: yeast has a high endogenous rate of 

homologous recombination, and a variety of extrachromosomal DNA elements can stably transform 

yeast cells (Burgess et al., 2017). Yeast genes have few introns, intergenic regions are very short, 

and genetic redundancy in the yeast genome is low: this facilitates the analysis of gene function. 

Moreover, the genome of S.cerevisiae has been completely sequenced (Smith & Snyder, 

2006),making it the first eukaryotic organism whose DNA is completely known. 

Conversely, the use of S.cerevisiae as a model organism has some limitations. Firstly, because of it 

is unicellular, it lacks some important features such as the immune system, tissues and organs: 

yeast cells cannot specialize in different cells (e.g., eyes, muscles, central nervous system), so they 

are not very suitable for studies related to the differentiation of cells in different organs and tissues. 

Additionally, while the human genome contains approximately 20,000 protein-coding genes, the 

yeast genome consists of around 6,000 genes (Laurent et al., 2016) in 12 megabase pairs of DNA 

on 16 linear chromosomes in the nucleus. The genome is very compact for a eukaryote: the number 

and size of genes are relatively small, and the density of genes is relatively high.  
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S.cerevisiae is also known as the budding yeast, because it divides asymmetrically, and possesses 

a cell wall in addition to the plasma membrane. The genes and mechanisms involved in many cellular 

processes are highly conserved across eukaryotic taxa, so studying the yeast teaches us about the 

fundamental biology of all eukaryotes. Much of what we have learned about cell and molecular 

biology has come from research on yeast and it remains one of the best eukaryotic models to 

understand the molecular basis of human diseases. 

 

1.2 The life cycle of Saccharomyces cerevisiae and its vegetative cell cycle 

 

The life cycle of the budding yeast alternates between haploid and diploid states. A mother cell buds 

to produce a genetically identical daughter cell (where copies of each chromosome are separated 

by mitosis): followed by nuclear cell division, cell wall formation, and finally cell separation. A haploid 

contains one of each chromosome, whereas when two haploid cells mate and fuse, they yield a 

diploid cell (containing two of each chromosome). A diploid can grow by budding or, under conditions 

of nutrient starvation, it can undergo meiosis, where two rounds of cell division generates four haploid 

spores in a structure called ascus or tetrad. The spores can be isolated and propagated or mated to 

another one to form a diploid (Fig.1.1).  

The cell cycle is composed of 4 distinct phases: G1, S, G2, and M. The morphology of the budding 

yeast changes through the cell cycle: it is a round, unbudded cell when it is in the G1 phase of the 

cell cycle. During G1 phase, the cell grows and synthesizes mRNA and protein that are required for 

DNA synthesis. A small bud emerges from one end of the cell when the cells are in S phase: this is 

when the chromosomes are duplicated (sister chromatids). The bud grows in the G2 phase, and the 

nucleus is close to the bud: this is the phase in which the cells are ready to divide. Finally, during 

mitosis (M phase), chromosomes condense, and sister chromatids separate between the mother 

cell and the bud, dividing the original cell into two cells. At the end, two G1 cells (mother and 

daughter) are left with genetically identical nuclei. Yeast cell division lacks the nuclear envelope 

breakdown and metaphase plate. 
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Figure 1.1. The life cycle of Saccharomyces cerevisiae. Cells can be grown vegetatively as haploids or diploids. 

Sporulation is a cellular pathway that is induced by limited nutrients. The output of sporulation is four haploid spores (tetrad) 
encased in an ascus coat.(Burgess et al., 2017) 

 

1.3 Mating and homothallism 

 

S.cerevisiae has two mating types, termed a and α. A yeast cell of one mating type produces a 

pheromone that is detected by a cell of the opposite mating type, stimulating fertilization.  

The cells first grow protrusions towards each other in a process called shmooing, then they fuse to 

form a diploid cell, which is a/α and cannot mate. The newly formed zygote can divide mitotically to 

generate diploid colonies or cultures. When a diploid undergoes meiosis to generate four haploid 

progenies, two will be a and two will be α (2:2 segregation) 

A peculiarity of yeast genetics is the homothallism when a haploid cell switches its mating type 

between a and α in alternating mitotic divisions. This allows the yeast to mate with its clonal progeny 

to form diploids. During G1 (after budding) the mother cell switches, so it and its following daughter 
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have the opposite mating type to the previous daughter and its budding progeny. The mating type of 

a haploid cell is determined by whether a or α information is expressed at the MAT locus on 

chromosome III. The cell has got the information for both a and α at two transcriptionally silent loci 

(HML and HMR) at opposite ends of the chromosome. When a cell switches, DNA encoding the 

opposite type is copied from the silent locus by homologous recombination, and the old mating type 

information at MAT is degraded. A DNA double-strand break made by the HO endonuclease at the 

MAT locus induces this specific recombination event during G1 in mother cells (Fig.1.2). Most 

laboratory yeast strains are heterothallic, carrying a mutation in the HO endonuclease: this allows 

researchers to maintain stable haploid cell cultures. 

 

 
 

Figure 1.2 In S. cerevisiae, the expressed MAT locus switches between MATα and MATa due to conversions by HMLα 

and HMRa. Silent heterochromatic regions are indicated by thick black lines. Gene conversions are initiated in both cases 
by a DNA break at the expressed locus followed by strand invasion at one of the silent cassettes (Thon et al., 2019). 
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1.4 Yeast genome and genetic engineering 

 

The Saccharomyces cerevisiae genome, consisting of approximately 12 million base pairs, is 

remarkably compact and organized into a haploid set of 16 chromosomes. Its most recent annotation 

in SGD predicts the presence of 6,611 open reading frames (ORFs). In comparison, the human 

genome is substantially larger, with around 3,054,815,472 base pairs (Nurk et al., 2022), making it 

more than 200 times larger than the yeast genome. However, the human genome contains only 

20,000-25,000 protein-coding genes (Pray, 2008), which is only about three to four times the number 

of genes found in yeast. This significant difference in gene count can be attributed to the compact 

nature of the yeast genome, which has few and short introns and rare repetitive sequences, while 

the human genome comprises numerous non-coding regions. 

Interestingly, despite the huge disparity in gene number, about one-third of yeast genes have 

counterparts in the human genome. Furthermore, the amino acid sequences of comparable proteins 

in both yeast and humans show an average overlap of 32% (Leslie, 2015). This similarity between 

yeast and human genes provides a unique opportunity for functional complementation studies. Given 

the efficiency of homologous recombination in yeast, it is relatively easy to target specific genes for 

further investigation. 

The collaborative effort that led to the complete sequencing of the Saccharomyces cerevisiae 

genome was a remarkable milestone in modern molecular biology. More than 600 scientists from 

over 100 laboratories around the world participated in this decentralized experiment. Their collective 

work resulted in the first comprehensive set of genes from a eukaryotic organism. The project 

involved laboratories from Europe, the United States, Canada, and Japan, making it a truly 

international effort. 

Since its initial release in 1996, the S. cerevisiae genome has been regularly updated in the 

Saccharomyces Genome Database, serving as a valuable and continually evolving data resource. 

This genome sequence has paved the way for ground-breaking research, enabling the study of 

human genes and mutations in conserved genes associated with inherited diseases through 

functional complementation studies. 
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1.5 Yeast metabolism and associated mitochondrial morphology 

 

S. cerevisiae, a facultative anaerobic microorganism, has a remarkable ability to generate ATP 

through two distinct pathways: oxidative phosphorylation (OXPHOS) and fermentation. The choice 

between fermentation and respiration is primarily influenced by the types and concentrations of 

carbon sources available during growth. Glucose, the preferred sugar for yeast in its natural 

environment, plays a central role in this regulatory process. Under aerobic conditions, even when 

respiration is possible, S. cerevisiae exhibits alcoholic fermentation until the glucose is depleted, a 

phenomenon known as the Crabtree effect or glucose repression (Pfeiffer & Morley, 2014).  

This regulatory mechanism is achieved primarily through transcriptional control, although mRNA 

stability, translation, and proteolysis also contribute (Carlson, 1998). Abundant glucose induces the 

expression of genes encoding glycolytic enzymes, glucose transporters, ribosomal proteins, and 

other proteins, while repressing many genes involved in the use of alternative carbon sources, 

gluconeogenesis, the tricarboxylic acid cycle, respiration, and other processes: this is surprising 

because fermentation has a much lower ATP yield than respiration (2 ATP versus approximately 18 

ATP per glucose). The advantage of the Crabtree effect is its impact on competition through heat 

production and other factors such as higher growth rates at high glucose availability and the 

minimization of the proteome costs as protein translation parameters, including ribosomal content 

and efficiency, that are lower (Malina et al., 2021). However, by maintaining a very low glucose 

concentration in the medium or using non-fermentable carbon sources such as glycerol, ethanol, or 

acetate, yeast can achieve pure respiratory growth under aerobic conditions. 

Metabolic conditions have a profound impact on the morphology of yeast mitochondria. Respiratory 

growth leads to an abundance of small mitochondria, while fermentative metabolism results in fewer, 

larger, and more branched mitochondria (Visser et al., 1995). Throughout the cell growth process, 

S. cerevisiae finely regulates the shape, size, and number of its mitochondria (Hermann & Shaw, 

1998; Yaffe, 1999).During mid-log phase, yeast cells exhibit "promitochondria," which lack 

respiratory chain enzyme activity and have limited cytochrome levels. As the cells progress to the 

late log phase and enter the diauxic shift, mitochondria continue to develop, acquiring the typical 
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cristae conformation and organizing into a reticulum. When glucose becomes limiting, in the diauxic 

phase, yeast cells switch metabolism from glycolysis to OXPHOS. The cells then continue to grow 

in the post-diauxic phase where the mitochondrial reticulum fragments, and the mitochondria 

become small organelles at the periphery of the cell. Finally, growth stops, and unbudded cells 

accumulate, indicating entry into the stationary phase (Fig. 1.3).  

In summary, S. cerevisiae exhibits a remarkable metabolic flexibility and morphological plasticity in 

response to carbon source availability, with glucose playing a central role in controlling these 

dynamic processes. Understanding the intricacies of glucose regulation in yeast opens exciting 

avenues for exploring cellular metabolism and its implications in various biological contexts. 

 

 

Figure 1.3 Growth phases in the budding yeast, S. Cerevisiae. Yeast growth on fermentable carbon sources (such as 

glucose) is divided into four phases. When cells are inoculated into a fresh medium, they initially undergo a growth delay 
known as the lag phase. After the lag phase, the yeast cells start a logarithmic growth phase in which the cells use glucose 
as a carbon source to produce ethanol. This is the phase of fermentation, also known as the prediauxic phase. When 
glucose becomes rare in the media, the cells begin to use the ethanol available in the media (produced during the 
fermentative growth) to produce carbon dioxide; this is respiration. This second phase of growth is commonly known as 
the post-diauxic phase. A stationary phase follows the post-diauxic phase; during which the yeast cells do not divide and 

growth reaches a plateau.(Matmati & Hannun, 2008) 
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1.6 Petite mutants  

 

Petite yeasts are unable to grow on media containing non-fermentable media (such as glycerol or 

ethanol), due to the defect in the respiratory chain, but they are viable and able to form small colonies 

when grown on fermentable carbon sources (e.g.: glucose) (Fig.1.4). The petite phenotype can be 

caused by the absence of mitochondria or mutations in mitochondrial DNA (cytoplasmic petite 

mutants) or by mutations in nuclear genes involved in OXPHOS (nuclear petite or pet mutants): the 

colonies appear smaller (petite in French, in fact they were first discovered in France more than 50 

years ago) because of the inability of such strains to metabolize ethanol produced from glucose. The 

growth of mutant, but not of wild-type cells, is therefore arrested when the glucose in the medium is 

exhausted (Tzagoloff & Dieckmann, 1990). The ability of S.cerevisiae to be a facultative aerobe 

allows this organism to be used to study and characterize nuclear genes involved in mitochondrial 

functions. 

 

 

Figure 1.4 The petite phenotype on the right, derived from respiratory deficient S.cerevisiae yeasts, appears smaller 

than the normal phenotype of the colonies wild type on the left, when cultured on fermentable carbon sources (such as 
glucose).  
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1.7 Yeast as a model for mitochondrial diseases 

 

Yeast is a robust model to analyze the genetic defects causing diseases, as a significant proportion 

of human enzymes have orthologs in yeast (Dolinski & Botstein, 2007). Basically, human 

mitochondria are more complex than yeast mitochondria, but the degree of functional similarity 

between them is high. 

Mitochondria, the powerhouses of cells, produce energy in the form of adenosine triphosphate (ATP) 

through oxidative phosphorylation (OXPHOS), and perform essential functions such as lipid and 

steroid synthesis (Horvath & Daum, 2013),iron-sulfur cluster and heme biosynthesis (Lill et al., 2012), 

as well as the involvement in intracellular calcium signalling and apoptotic cell death (Vafai & Mootha, 

2013; Galluzzi et al., 2012). They have a double-membrane structure and undergo continuous 

remodelling through fusion and fission (Chen & Chan, 2009; Westermann, 2010). 

The first step of the oxidative phosphorylation involves the oxidation of nutrients (Saraste, 1999). 

Energy is transferred from fuel molecules (such as monosaccharides and fatty acids) to NAD and 

FAD nucleotides through glycolysis, the Krebs cycle, and β-oxidation. The energized molecules then 

pass through the electron transport chain (ETC) in the mitochondrial inner membrane (IM) until they 

reach oxygen. Through the ETC, electrons flow through specific protein complexes (CI, CIII, and 

CIV), releasing free energy that establishes an electrochemical potential (ΔµH) across the IM, 

consisting of an electrical gradient (ΔΨ) and a pH gradient. This potential drives ATP synthesis by 

the F1FO-ATP synthase enzyme (CV) using ADP and Pi. The majority of ATP produced is 

transported out of mitochondria to supply energy to the rest of the cell (Boekema & Braun, 2007; 

Dudkina et al., 2011;Winge, 2012; Wittig & Schägger, 2009). 

Mitochondrial genomes are remnants of the ancestral prokaryotic genomes, with most genes (>99%) 

moved in the cell's nucleus during the evolution of eukaryotes (Gray, 2014). Nuclear DNA-encoded 

mitochondrial proteins are synthesized by cytoplasmic ribosomes and imported into mitochondria 

(Dolezal et al., 2006; Harbauer et al., 2014; Neupert & Herrmann, 2007); however, maintaining a 

distinct genetic system in mitochondria is costly, because it requires numerous proteins for several 

processes (Fox, 2012). The mitochondrial DNA (mtDNA) and its mutations are exclusively inherited 
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through the maternal lineage, in contrast to the typical mendelian segregation followed by nuclear 

genes, leading to complicated genomic duplicity (DiMauro, 2004)  

Mitochondria contain a 16.5 kb molecule of double-stranded DNA (mtDNA); this encodes 13 core 

peptide subunits of the OXPHOS system and 24 RNAs that are essential for intra-mitochondrial 

protein synthesis. (Bandelt et al., 2014). 

The total number of mitochondrial proteins, which is currently estimated to be 1,500 (Calvo & 

Mootha, 2010), are transcribed from genes present in the nucleus, and are translated in the cytosol 

before being delivered across the mitochondrial membrane. Both these two distinct genetic systems 

are essential for the functioning of the human mitochondrion.  

Throughout evolution, differences have emerged between mtDNA and nuclear DNA. For instance, 

mtDNA maintains a circular and condensed coding system, and instead of paired chromosomes, 

there are many independently replicating copies of mtDNA in each cell. 

For example, in human cells, the number of mtDNA copies ranges from 100 copies in sperm to 

hundreds of thousands in an unfertilized oocyte. Mitochondrial DNA repair mechanisms are less 

efficient than that of nuclear DNA repair due to the high copy number of mtDNA, which buffers 

against the deleterious effects of stochastic mutation events. 

Mutations in mtDNA can affect either all or a fraction of the molecules, leading to either homoplasmy 

or heteroplasmy. The level of heteroplasmy can vary among cells in the same tissue or organ, from 

organ to organ, within the same person, or between individuals in the same family. A pathogenic 

mutation can usually be tolerated at high percentage levels by the cell before it exceeds the 

biochemical threshold (typically >80%), and a defect in respiratory chain is detected (Fig.1.5).  

Heteroplasmy can significantly affect different aspects of genetics related to mitochondrial diseases, 

since the existence of mutated mtDNA in certain cells or tissues can influence the severity and 

expression of specific genetic conditions. This phenomenon is particularly relevant in research on 

mitochondrial diseases and in the field of genetic medicine. 
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Figure 1.5 Mitochondrial DNA (mtDNA) mutations that have occurred within approximately three human generations 

are usually heteroplasmic, and the same cell can contain varying proportions of mutated and wild type mtDNA. In case a 
mutation is pathogenic, the cell can usually tolerate a high proportion this variant before the biochemical threshold is 
exceeded and a defect in the respiratory chain is detected. Typically, this threshold level is above 80%, suggesting that 

most mtDNA mutations are either haploinsufficient or recessive (Stewart & Chinnery, 2015) 
 

Mitochondrial dysfunction is associated with various human diseases, which affect at least 1 in 5,000 

live human births (Skladal et al., 2003) and with over 150 genetic mitochondrial dysfunction 

syndromes have been identified (Ernster et al., 1959; Skladal et al., 2003). Mitochondrial pathologies 

mainly affect high energy-demanding tissues, such as the brain, skeletal muscle, and heart, and 

appear at various stages of life. These conditions may result in visual and hearing impairment, 

diabetes, obesity, neurodegenerative and cardiovascular diseases, as well as aging due to the 

decline in mitochondrial function over time, diabetes, and more (DiMauro & Schon, 2003; Koopman 

et al., 2013; Vafai & Mootha, 2012; Wallace, 2012; Zeviani & Carelli, 2007) 

Despite progress in understanding mitochondrial disorders, effective therapies are lacking (Andreux 

et al., 2013; Wallace, 2010).While gene therapy may be an option, it is more feasible to consider 

metabolic or pharmacological treatments (Kerr, 2010, 2013).Various pharmacological agents have 

been tested, but none have shown conclusive therapeutic benefits. ( 

Yeast is a valuable model for studying mitochondrial disorders and identifying potential therapies, as 

recent research has demonstrated. A common strategy for validating the pathogenicity of novel 

genetic variants is the functional complementation of yeast deletion mutants. Additionally, it is useful 

to establish correlations between the patient’s genotype and the clinical phenotype (Trevisson et al., 

2009).Expressing the human gene (whether the wild type or various mutant alleles) in strains deleted 

for the orthologous gene is an effective approach for observing the consequences on cell growth or 

other biochemical parameters. The yeast mutants must have a simple assessable phenotype, with 

an ideal growth defect in selective media, and the heterologous expression of the human gene must 
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efficiently rescue the growth phenotype. Potentially, it is possible to model the human mutations, 

particularly those that affect conserved residues, in the yeast gene. The particular life cycle of the 

S.cerevisiae allows also to study potential lethal mutations by using heterozygous diploid cells, 

inducing sporulation, and selecting the haploid mutant for further analysis. 

In summary, mitochondria play a vital role in cellular energy production and various other functions. 

Mitochondrial dysfunction is associated with a wide range of human diseases. While treatments are 

currently lacking, research in yeast allows to characterize the molecular basis and the pathogenic 

mechanisms of several human mitochondrial disorders, offering promising paths to identify potential 

therapeutic compounds for these mitochondrial disorders.  

 

1.8 Heterologous genes expression vectors 

 

Yeast vectors are indispensable tools in yeast research: they can be used to introduce heterologous 

genes into S.cerevisiae with a defined copy number. These plasmids, called “shuttle vectors”, can 

be constructed, manipulated and analysed in both E.coli and S.cerevisiae. They contain a series of 

recognition sites for restriction enzymes, known as polylinker or multiple cloning site (MCS).  

They have an origin of replication (ori) and a selectable marker gene (antibiotic resistance) for their 

maintenance in bacteria. High or low-copy ori sequences are utilized when either high yields are 

desired or low-copy is beneficial in case the gene products have a bulky effect on the host cell.  

In S.cerevisiae, plasmids are usually maintained either extrachromosally or by integration into the 

genome; for selection, they have auxotrophic markers encoding for a metabolic enzyme that 

complements a corresponding mutation in the host yeast strain: in this way only plasmid-carrying 

yeast cells can grow in media where the end product of the respective biosynthetic pathway is absent 

(Gnügge & Rudolf, 2017).  

There are also other types of selection markers, defined dominant selectable markers that allow the 

yeast cells to grow in specific chemical environments. Commonly, these genes encode enzymes 

that inactivate toxic compounds, such as antibiotics. The most used gene is the KANMX4, which 

confers resistance to geneticin (Romanos et al., 1992) 
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There are three types of commonly used yeast shuttle vectors: centromeric, episomal and integrating 

plasmids. 

Episomal vectors contain the 2μ origin of replication, which allows the vector to replicate 

independently of cell cycle replication. The vector is therefore present in cells in multiple copies 

(approximately 100 copies per haploid genome) (Murray, 1987), allowing the hyperexpression of the 

gene of interest. However, the number of copies within different cells is variable, and so is the level 

of expression of the heterologous gene. 

Centromeric vectors contain the yeast ARS (autonomous replication sequences) together with the 

CEN (centromeric sequences) replication origins. The CEN sequence allows the vector to exist in 

the cell like an “autonomous chromosome” and to be maintained and passed on to daughter cells 

during cell division, just as it was part of the yeast genome. This allows the vector to be present in 

the cell in the same number of copies (1-2 per cell) (Clarke & Carbon, 1980), to achieve a uniform 

level of expression of the genes.  

Integrative vectors allow heterologous genes to be expressed and replicated together with the yeast 

genome. They take advantage of the ability of yeast to readily undergo homologous recombination. 

They are also used to replace genes to create deleted strains. 

 

1.9 Promoters for heterologous gene expression 

 

Expression of heterologous genes in Saccharomyces cerevisiae is usually achieved using native 

yeast promoters, as foreign promoters often have limited activity or lead to the production of aberrant 

mRNA products, unless co-expressed with a compatible RNA polymerase. The most commonly used 

heterologous promoters include the glycolytic, GAL, and glucose-repressible promoters (Romanos 

et al., 1992). 

Glycolytic promoters, such as ADH1 (alcohol dehydrogenase 1), respond to the presence of glucose 

in the growth medium, resulting in the induction of gene expression. On the other hand, GAL 

promoters are strictly regulated by the carbon source provided to the yeast during growth. Galactose 

induces hyper-expression of the target gene, while glucose completely inhibits gene expression. In 
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the presence of other carbon sources, such as raffinose, a basal level of gene expression can be 

achieved. Another well-known glucose-repressible promoter is the promoter of cytochrome c1 

(CYC1). 

In addition to nutrient-dependent promoters, researchers have also explored the use of promoters 

that are independent of the nutrients provided. For instance, temperature-sensitive promoters allow 

gene expression only when yeast cells are grown at a certain temperature. 

Regulation of gene expression can also be achieved by the incorporation of tetR activator or 

repressor sequences that act on tetO promoters. These specific sequences, positioned downstream 

of the promoter, control gene expression by either inducing or repressing it in the presence of 

tetracycline (Bellí et al., 1998) 

Alternatively, to achieve expression levels comparable to endogenous genes, researchers may 

choose to use the specific promoter of the yeast gene that needs to be expressed. This approach 

ensures tight regulation and proper expression of the heterologous gene within the yeast system. 

In summary, the choice of a suitable promoter is a critical consideration when expressing 

heterologous genes in S. cerevisiae. The choice of promoter will determine the level of gene 

expression, regulation, and overall success of the heterologous gene expression system. 

Researchers must carefully evaluate the available options and their specific requirements to achieve 

optimal results in their experiments. 
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PART II  

 

Development of a Functional Yeast Assay for the 

Validation of Missense STRADA Mutations  
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2.1 Introduction 

 

2.1.1 STRADA gene and mTOR pathway 

 
The STRADA gene on chromosome 17q23.encodes the STE20-related kinase adaptor protein, an 

upstream inhibitor of the mammalian target of rapamycin complex I (mTORC1) and pivotal regulator 

of neuronal proliferation, pathfinding, and migration.  

The protein has a STE20-like kinase domain but lacks crucial residues necessary for catalytic 

activity. As a result, it is referred to as a 'pseudokinase' (Baas et al., 2003). Although it shares 

similarities with other protein kinases and can bind with ATP, it is incapable of phosphorylating 

substrates. 

The protein forms a heterotrimeric complex with serine/threonine kinase 11 (STK11, also known as 

LKB1) and the scaffolding protein calcium binding protein 39 (CAB39, also known as MO25) 

(Fig.2.1).  

This pseudokinase, in complex with CAB39/MO25, binds to and activates STK11/LKB1: it adopts a 

closed conformation that is typically observed in active protein kinases and binds STK11//LKB1 as 

a pseudosubstrate and promoting its conformational change into an active conformation (Zeqiraj et 

al., 2009).  

 

Figure 2.1 Structure of the heterotrimeric LKB1-STRADalpha-MO25alpha complex: LKB1 magenta, STRADA green 

and MO25 indigo (Zeqiraj et al., 2009) 
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 As a result, STK11 is localized in the cytoplasm rather than the nucleus, where it performs its 

function: here it is necessary for STK11-induced G1 cell cycle arrest (Tiainen et al., 2002) 

When bound to LKB1, STRADA increases its kinase activity. In absence of STRADA, LKB1 has 

minimal kinase activity, and it cannot phosphorylate AMPK, one of its primary substrates. 

The AMP-activated protein kinase (AMPK) cascade is a crucial mechanism for monitoring and 

adapting cellular energy resources in response to different physiological conditions and metabolic 

stresses. 

This primary signalling pathway converges to regulate the mechanistic target of rapamycin (mTOR). 

The energy-sensing arm of the pathway responds to low or insufficient ambient cellular ATP levels. 

The serine/threonine protein kinase STK11 (also known as liver kinase B1, LKB1) phosphorylates 

AMPK, resulting in TSC2‑mediated mTOR inhibition. When ATP levels are repleted, the inhibition of 

mTOR is relieved due to diminished LKB1 complex activity (Fig.2.2). 

mTOR is evolutionarily conserved protein that modulates protein synthesis, cell growth, and cellular 

autophagy in response to specific intracellular and extracellular signals. Due to its role as a critical 

signalling node, changes in mTOR activty have been associated with various neurological conditions 

with diverse phenotypes: including epilepsy, autism, intellectual disability, neurodegenerative 

disorders, CNS tumours, and hypoxic–ischaemic brain injury. 
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Figure 2.2 The mTOR signalling pathway: the three different primary signalling pathways converge to regulate 

mechanistic target of rapamycin (mTOR). The growth factor pathway (1), the amino acid sensor (3) and the energy‑sensing 
arm of the pathway (2) responds to low or insufficient ambient cellular ATP. The serine/threonine protein kinase STK11 
(also known as liver kinase B1, LKB1) phosphorylates AMPK, which results in TSC2‑mediated mTOR inhibition. When 
ATP levels are repleted, diminished LKB1 complex activity releases inhibition of mTOR. The downstream substrates of 
mTOR include S6K1, ribosomal S6 (S6), and 4E‑BP1, which modulate translation of mRNAs (Crino, 2016). 
 

The MTOR gene (chromosome 1p36) encodes the mTOR protein, which is predicted to have a 

molecular weight of 280 kDa. It can combine with protein binding partners to form two functionally 

distinct mTOR complexes: mTORC1 and mTORC2 (Baretić & Williams, 2014). In the brain, 

mTORC1 and mTORC2 regulate different cellular processes in different distinct cell lineages, such 

as neurons, astrocytes, and neuroglial progenitor cells. mTORC1 specifically functions in relation to 

neuronal excitability, memory formation, and learning. It has a dynamic subcellular localization and 

can be found in the cytoplasm, endoplasmic reticulum, and nucleus. An increasing amount of 

literature indicates that mTORC2 plays a role in maintaining cytoskeletal integrity and regulating cell 

migration. Up to now, most neurological disorders associated with mTOR signalling have been linked 
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to mTORC1. STRADA inactivation results in reduced TSC1/TSC2 activity and hyperactivation of the 

mTOR pathway. 

 

2.1.2 Polyhydramnios, megaencephaly and symptomatic epilepsy (PMSE) 

 

Pretzel syndrome (PMSE) (OMIM #611087) is a complex condition characterized by 

polyhydramnios, megalencephaly, and symptomatic epilepsy that is associated with loss-of-function 

mutations in STRADA. 

In 2007, Puffenberger and colleagues studied 16 Old Order Mennonite children with PMSE and 

found that all affected pregnancies experienced complications with polyhydramnios. The majority of 

pregnancies resulted in premature labor, occurring between 25- and 36-weeks’ gestation. Nearly all 

affected children had macrocephaly, and experienced seizures started between 3 and 7 months of 

age. The affected children had significant motor and mental development delays. Also, some 

patients showed additional health issues, including atrial septal defects, congestive heart failure, 

diabetes insipidus, osmoregulatory defects, and nephrocalcinosis. Tragically, six of the children died 

between the ages of 7 months and 6 years due to various causes, including status epilepticus, 

diabetes insipidus-induced hypovolemic shock, and leukemia. The transmission pattern of PMSE in 

the families described followed the pattern typical for autosomal recessive inheritance (Table 2.1). 

Bi et al. (2016) reported a case of a 5-year-old boy from consanguineous Indian parents, sharing 

similar characteristics of PMSE. During pregnancy, an ultrasound identified excessive amniotic fluid 

at 12 weeks, and the child was born with difficulty feeding and poor weight gain. The child developed 

seizures, which began at 3 months of age and were difficult to control. The boy exhibited global 

developmental delay, severe psychomotor retardation, muscle weakness, low muscle tone and joint 

laxity. At 5 years old, he continued to be unable to speak, with specific facial features and 

nephrocalcinosis evident in imaging. Brain scans showed periventricular white matter signal 

abnormalities, and EEG displayed multifocal epileptiform discharges and generalized background 

slowing (Table 2.1). 
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Aerden et al. (2021) reported on a 7-year-old girl with PMSE clinical features. The girl was born 

prematurely at 36 weeks and 6 days, with polyhydramnios, intrauterine growth retardation, fetal 

distress, and breech position complications. Seizures began at 5 months of age, leading to a 

diagnosis of West syndrome with infantile spasms and hypsarrhythmia on EEG at 8 months. Brain 

imaging revealed hypotrophy of the supratentorial brain, enlargement of the arachnoid space, 

ventriculomegaly, corpus callosum hypoplasia, and periventricular leukomalacia. At age 7, she 

suffered from severe developmental delay and psychomotor retardation, with an inability to speak or 

walk independently. Additional physical manifestations included hypotonia, dyskinesia, hypermobility 

of lower limb joints, facial abnormalities, and an irregular area of skin resembling cutis verticis gyrata 

on her cheek. She also had dextrocardia as detected by echocardiogram (Table 2.1). 

The studies mentioned above, together with others (Alfares et al., 2017; Alsaif et al., 2020;.; Evers 

et al., 2017; Nelson et al., 2018; Parker et al., 2013;) provide valuable insights into the clinical 

presentation and features of PMSE in various populations and contribute to the understanding of 

this rare and complex syndrome: patients display distinctive craniofacial dysmorphisms, severe 

developmental delay and infantile-onset drug resistant epilepsy (Table 2.1) and show the constitutive 

activation of the mammalian target of rapamycin (mTOR) signalling pathway in the brain. 

Parker(Parker et al., 2013) and colleague reported in 2013 that the drug sirolimus (also known as 

rapamycin), which inhibits mTOR, was effective in controlling seizures and improving receptive 

language in five young individuals with PMSE syndromeFare clic o toccare qui per immettere il 

testo.without complication. This was based on preclinical studies conducted on mouse progenitor 

and human fibroblast cells. 

The findings demonstrate a mechanistic link between STRADA loss and mTOR hyperactivity in 

PMSE and suggest that mTOR inhibition may be a potential treatment for PMSE as well as other 

mTOR-associated neurodevelopmental disorders. 
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Table 2.1 Clinical, EEG and genetic features of probands and published patients affected by STRADA mutations. 
 
Legend:  
ARM: anorectal malformation; ASD: autism spectrum disorder; ASM: anti-seizure medication; avg: average; bl: bilateral; 
BLTC: bilateral tonic clonic; BRV: brivaracetam; CBZ: carbamazepine; CC: corpus callosum; cbl: cerebellar; CLB: 
clobazam; CPP: central precocious puberty; CZP: clonazepam; C-P: centro-parietal; del: deletion; DI: diabetes insipidus; 
dup: duplication; EEG: electroencephalogram; ES: epileptic spasm; F: female; FBTCS: focal to bilateral tonic-clonic 
seizure; FD: fetal distress; FIAM: focal impaired awareness motor seizure; FIAS: focal impaired awareness seizure; Fr: 
frontal; fs: frameshift; FTT: failure to thrive; FU: follow-up; Hy: hippocampi; GA: gestational age; GBS: generalized 
background slowing; GERD: gastroesophageal reflux disease; GI: gastrointestinal; GVG: vigabatrin; IED: interictal 
epileptiform discharge; int: internal;  IUGR: intrauterine growth restriction; L: left; LCS: lacosamide; LEV: levetiracetam; 
LTG: lamotrigine; LV: lateral ventricle; M: male; MAS: meconium aspiration syndrome; max: maximum; mo: month; MRI: 
magnetic resonance imaging; NA: not available; NC: nephrocalcinosis; NDD: neurodevelopmental disorder; NL: 
nephrolithiasis; NV: non-verbal; Oc: occipital; OSAS: obstructive sleep apnea syndrome; OXC: oxcarbazepine; P: parietal; 
PB: phenobarbital; PDA: patent ductus arteriosus; PER: perampanel; PFO: patent foramen ovale; PHT: phenytoin; PNMD: 
pneumomediastinum; PVLM: periventricular leukomalacia; R: right; RDS: respiratory distress syndrome; RUF: rufinamide; 
SE: status epilepticus; SGA: small for gestational age; SVT: supraventricular tachycardia; ShW: sharp wave; SW: slow 
wave; Sz: seizure; T: temporal; TPM: topiramate; VABAM: vigabatrin-associated brain abnormalities on magnetic 
resonance imaging; VPA: valproic acid; WM: white matter; WS: West syndrome; y: year. 
   
* = the paper reports an older brother of the patient, who died at 10 years of age during SE. This individual’s DNA was not 
available for sequencing.  
° = the paper reports an additional individual affected by PMSE syndrome (no further information available). 
^ = a deficiency in complex 1 identified by muscle biopsy was also reported, leading to an initial diagnosis of possible 
mitochondrial cytopathy. 

 

2.1.3 SPS1 gene: the yeast homolog for validating missense STRADA mutations  

 

The primary sequence of STRADA protein contains the kinase domain (pfam: PF00069) within the 

69-379 region, which is structurally conserved in all members of the STE20-related kinase subfamily, 

including fungi. A BLAST search for sequence similarity in the Saccharomyces cerevisiae proteome 

unveiled the best score (27% identity, 43% similarity) for the protein encoded by yeast SPS1 gene 

(Fig.2.3).  

The SPS1 gene encodes for a GCKIII protein kinase (STE20 subfamily), whose functions are 

required to yeast cells to complete the sporulation process, as reported by several studies (Friesen 

et al., 1994; Slubowski et al., 2014; Iwamoto et al., 2005). 

Additional experimental evidence actually demonstrated that yeast cells carrying either SPS1 

deletion and/or its inactivation were not affected in vegetative growth, but were completely unable to 
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undergo sporulation: in fact, defects in this gene affect the cell wall biogenesis, which surrounds 

each of the haploid nuclei generated by the meiotic divisions, resulting in the absence of visible 

spores (Paulissen et al., 2016; Paulissen & Huang, 2016) 

In conclusion, the yeast S. cerevisiae was selected as an evaluative model to confirm the 

pathogenicity of clinical missense STRADA mutations: reproducing them in the SPS1 gene and 

observing the impact on sporulation capability. 

 

Figure 2.3 Multiple sequence alignment of human STRADA (NP_001003787.1) and yeast Sps1 (QHB07976.1) proteins 

(Corpet, 1988). Human STRADA and yeast Sps1 protein show 27% identity and 43% similarity.  

 

2.1.4 CRISPR/Cas9 gene editing 

 

Saccharomyces cerevisiae has been widely used as a model organism and metabolic engineering 

platform in research. Optimizing heterologous product pathways in S. cerevisiae requires multiple 

genetic modifications, which have been found to be time-consuming and labor-intensive.  

To overcome this limitation, researchers have looked for novel genetic markers for S. cerevisiae and 

developed recycling strategies for these markers. Recombinase-based methods have been used 

but can lead to genome instability. Recently, the "delitto perfetto" (Storici & Resnick, 2003) and I-

SceI-induced double-stranded breaks (Katz et al., 2014) methods have allowed scarless removal of 

counter-selectable markers. Nevertheless, replacing target genes with marker cassettes remained 

a time-consuming process. Alternative methods like meganucleases (Epinat et al., 2003), zinc finger 

nucleases (ZFNs) (Urnov et al., 2010), and transcription activator-like effector nucleases (TALENs) 
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(Joung & Sander, 2013)) have been investigated as options for marker-free modifications, but 

designing and generating new proteins for each genetic modification can be challenging. 

Bacteria, throughout their evolution, have developed several systems to degrade foreign DNA such 

as phages and plasmid DNA. The prokaryotic immune mechanism, known as Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) systems, was 

discovered in 2007 (Barrangou et al., 2007) 

From the 3 types of CRISPR/Cas systems identified so far, the type-II bacterial CRISPR system of 

Streptococcus pyogenes has been the most extensively studied in vivo. During this immune 

response, the invading DNA is initially cleaved into small fragments and then integrated into the 

CRISPR locus.  

Subsequently, this locus is transcribed into a singular noncoding precursor CRISPR RNA (pre-

crRNA), which undergoes additional processing to produce condensed crRNA segments. These 

crRNA fragments, together with the trans-activating CRISPR RNA (tracrRNA), form a 

ribonucleoprotein complex with the Cas9 endonuclease. This complex then identifies and cleaves 

the foreign DNA (Doudna & Charpentier, 2014) 

In 2012, Emmanuelle Charpentier and Jennifer Doudna's research team harnessed the 

Streptococcus pyogenes type II CRISPR system for genome editing. This was achieved by fusing 

crRNA with tracrRNA, creating a single guide RNA (sgRNA) (Jinek et al., 2012). This sgRNA guides 

the Cas9 nuclease to specific genomic sites through conventional Watson-Crick base pairing. When 

a suitable protospacer adjacent motif (PAM), such as NGG, follows the target sequence, Cas9 

engages with the target DNA sequence as shown in Fig.2.4 (Deltcheva et al., 2011). 

The CRISPR/Cas9 complex induces site-specific double-strand breaks (DSBs), initiating genome 

editing through two distinct mechanisms. In the absence of a matching DNA template, DSBs are 

repaired via nonhomologous end joining (NHEJ), an error-prone process that leads to minor 

insertions or deletions. Conversely, in the presence of an artificial repair template, DSBs undergo 

homology-directed repair (HDR), enabling the introduction of desired base-pair alterations. 

The Cas9-based system uniquely relies on RNA for targeting the Cas9 nuclease, allowing for 

selective targeting of any genomic locus and the introduction of double-stranded breaks (DSBs). 
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Since its discovery, Cas9 has been widely used for developing genetic modifications in various 

organisms, including human pluripotent stem cells (González-Ramos et al., 2013), zebrafish (Hwang 

et al., 2013), plants (Feng et al., 2013), flies (Gratz et al., 2013), and mice (Hsu et al., 2014) 

The CRISPR/Cas9 system was first employed in S. cerevisiae in 2013. This was achieved by 

introducing a plasmid-borne cas9 gene from S. pyogenes along with a plasmid containing a guide-

RNA (gRNA) targeting the CAN1 gene, which encodes an arginine amino acid transporter localized 

to the yeast plasma membrane) (Dicarlo et al., 2013). The gRNA guided the Cas9 enzyme to induce 

a double-strand break at the CAN1 locus, which was repaired using a co-transformed repair fragment 

with a premature stop codon. As a result of this repair, canavanine-resistant colonies were formed. 

Recently, it has been demonstrated that the CRISPR/Cas9 system can enable up to three 

simultaneous gene deletions in yeast (Bao et al., 2015) 

 

 

Figure 2.4 Genome editing is achieved through the CRISPR/Cas9 system. The Cas9 recruitment to the target DNA is 

mediated by a chimeric single-guide RNA (sgRNA). It contains a protospacer recognizing the target sequence followed by 
protospacer adjacent motif (PAM). Cas9-induced DSBs are repaired either by NHEJ giving rise to insertions or deletions 
(indel) or by HDR using a synthetic donor DNA template, which enables the introduction of desired sequence changes 

(Savić & Schwank, 2016). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/non-homologous-end-joining
https://www.sciencedirect.com/topics/medicine-and-dentistry/indel-mutation
https://www.sciencedirect.com/topics/medicine-and-dentistry/indel-mutation
https://www.sciencedirect.com/topics/medicine-and-dentistry/homology-directed-repair
https://www.sciencedirect.com/topics/medicine-and-dentistry/donor
https://www.sciencedirect.com/topics/medicine-and-dentistry/dna-template
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2.2 Materials and Methods 

 

2.2.1 Patients 

Two new patients with PMSE syndrome, affected by missense STRADA mutations, are described: 

characterizing in detail their electro-clinical phenotype together with genetic features (Table 2.2). 

 

Patient #1 is a 12-year-old Moroccan boy, first child of consanguineous parents with unremarkable 

family history. He was born at term after a regular pregnancy. Perinatal history and auxological 

parameters were reported normal. Parents described regular psychomotor development until age 5 

months, when he presented with tonic-clonic seizures and psychomotor regression. Initially, he 

received treatment with valproate and carbamazepine which reduced his seizure frequency and 

duration. He was evaluated for the first time at age 3.5 years at our center, Clinical Genetics and 

Epidemiology Unit of the Department of Women’s and Children's Health at the University of Padua 

(Padua, Italy). His physical attributes included macrocephaly and mild dysmorphisms, presenting 

with a coarse face with a wide forehead, broad nasal root and hypertelorism. Additionally, he had 

severe developmental delay, absence of speech and eye contact, ataxic-dyskinetic tetraparesis, and 

oculomotor apraxia. Parents reported episodes of psychomotor agitation and self-aggression and a 

severe sleep disorder, characterized by awakenings every 1-2 hours with screaming and agitation, 

which did not respond to chronic treatment with benzodiazepines and antihistamines. He had 

infrequent (1-2 times per year) focal motor tonic asymmetric seizures and focal-to-bilateral seizures. 

EEG conducted while the patient was awake revealed diffuse high voltage (up to 220 μV) fast activity 

(20 Hz), predominantly in the bilateral fronto-central regions and theta-delta (3-5 Hz) activity at the 

vertex (Fz-Cz) (Fig.2.5, E). Sleep EEGs recorded abundant diffuse fast activity and high-voltage (up 

to 360 μV) epileptiform discharges appeared over both centro-parietal regions and the vertex 

(Fig.2.5, F-G). A 24-hour video-EEG confirmed that the sleep disorder was not of epileptic origin. 
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Brain magnetic resonance imaging (MRI) revealed mild ventriculomegaly characterized by 

dysmorphic lateral ventricles, diffuse white matter abnormalities, and enlarged perivascular spaces 

and mild pontine hypoplasia. The patient also exhibited incomplete hippocampi rotation, tortuous 

internal carotid arteries and frontal bone thickening (Fig.2.5, A-D). 

At last follow-up, facial features have become more pronounced and sleep problems were still 

persistent. Seizures are well controlled with valproate and carbamazepine (Table 2.2).  

 

Patient #2 is a 22-month-old girl, first child of consanguineous parents of Syrian descent. Family 

history was unremarkable, except for a paternal aunt with epilepsy and migraine. Pregnancy was 

characterized by gestational diabetes and polyhydramnios. She was born at 36+4 gestational age 

by vaginal delivery. Birth weight was 2560 g (33rdcentile), length 47 cm (44thcentile) and head 

circumference 32 cm (28thcentile). She had mild dysmorphic features but no major neurological 

dysfunction. 

At the age of 3 months, she had accelerated growth in head circumference and plagiocephaly. Brain 

ultrasound was unremarkable. 

At the age of 5 months, she presented at our center, Clinical Genetics and Epidemiology Unit of the 

Department of Women’s and Children's Health at the University of Padua (Padua, Italy). with 

macrocephaly, occipital plagiocephaly and frontal bossing, facial dysmorphisms characterized by a 

coarse face with broad nasal root, low-set cupped ears with folded helices, epicanthus, 

hypertelorism, and sparse hair. She had severe global developmental delay with limited eye contact 

and interaction, axial hypotonia, diffuse muscle hypotrophy, and a movement disorder characterized 

by dyskinetic limb jerks. In addition, she had a patent foramen ovale, nephrocalcinosis, vascular 

anomalies (lumbar angioma, radial artery aneurysm with vascular tortuosity), diffuse joint laxity with 

overlapping toes, and an anteriorly placed anus with chronic constipation. 

Epilepsy started at 5 months of age, with focal motor tonic seizures, focal to bilateral seizures and 

status epilepticus. Seizures, often organized in clusters, were triggered by fever, vaccines, infections, 

intense crying, and pain. 
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EEGs revealed poorly organized background activity in wake and sleep, with multifocal epileptic 

anomalies, predominantly in the temporal regions (Fig.2.5, L-N). Frequent subclinical electrical 

patterns characterized by sequences of rapid activity of variable duration were also notable (Fig.2.5, 

M). During sleep, rapid (approximately 10 Hz) bilateral activity of moderate to high voltage (150 mV) 

was observed, predominantly in the temporal regions. 

Brain MRI showed mild ventricular dilatation, significant enlargement of the subarachnoid spaces, 

moderate frontal lobe hypoplasia and a reduction in the width of the occipital foramen (Fig.2.5, H-J). 

Multiple antiepileptic drugs were used throughout the clinical course, including levetiracetam, 

phenytoin, vigabatrin and clobazam, resulting in incomplete seizure control despite polytherapy. 

Intravenous phenytoin was effective as a rescue treatment in several episodes of status epilepticus. 

Vigabatrin had to be discontinued due to the appearance of vigabatrin-associated MRI brain 

abnormalities in the thalami and basal ganglia (Fig.2.5, K). In view of the favourable response to 

sodium channel blockers, lacosamide was added with good efficacy (Table 2.2). 
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Figure 2.5 Brain MRI of patient 1 at 3 years 7 months of age. A) axial T2W, B) coronal T2W, C) sagittal T1W and D) 

axial FLAIR sequences showing mild ventriculomegaly, with dysmorphic lateral ventricles and white matter abnormalities 
(A, B, D), mild pontine hypoplasia (C, arrow) incomplete hippocampal rotation (B, arrow) and calvarial thickening (A, C, 
star).  
EEG of patient #1 at age 10 years during wakefulness (E) showing poor organization of background activity, diffuse high 
voltage fast activity (20 Hz) and abundant epileptiform discharges, mainly in the vertex region. During an early stage of 
somnolence (F) high voltage fast activity persists with increase of epileptiform discharges in the frontal regions. During N2 
N-REM sleep (G) fast activity recedes, with diffuse epileptic discharges, mainly in the bilateral fronto-central-parietal 
regions.  
Brain MRI of patient 2 at 9 months of age. Axial T2W (H), coronal T2W (I) , sagittal T2W (J) and axial DWI (K) sequences, 
showing cerebral atrophy, with enlarged periencephalic CSF spaces, mild ventriculomegaly, slight perivascular spaces 
enlargement (H, I), cervical spine canal stenosis at C1 level (J, star), and Vigabatrin-associated cytotoxic edema of the 
globus pallidus (K, arrow). 
EEG of patient #2 at 5 months of age during wakefulness showing frequent multifocal epileptiform discharges, mainly in 
the temporal regions (L) and focal patterns of fast activity without clinical correlation (M). During N-REM sleep (N) EEG 
shows multifocal epileptiform discharges and sequences of beta activity. 

 
Legend:  
EEG: electroencephalogram; N-REM: non-rapid eye movement sleep; Pt.: patient; Wkf: wakefulness. 
CSF: cerebrospinal fluid; DWI: diffusion weighted; FLAIR: Fluid attenuated inversion recovery; MRI: magnetic resonance 
imaging; T1W: T1-weighted; T2W: T2-weighted. 
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Table 2.2 Clinical, EEG and genetic features of probands and published patients affected by STRADA mutations. 

 
Legend: 
ARM: anorectal malformation; ASM: anti-seizure medication; bl: bilateral; BLTC: bilateral tonic clonic; CBZ: 
carbamazepine; CLB: clobazam; C-P: centro-parietal; F: female; FBTCS: focal to bilateral tonic-clonic seizure; FD: fetal 
distress; Fr: frontal; FTT: failure to thrive; Hy: hippocampi; GA: gestational age;; GERD: gastroesophageal reflux disease; 
GVG: vigabatrin; IED: interictal epileptiform discharge;; L: left; LCS: lacosamide; LEV: levetiracetam; LV: lateral ventricle; 
M: male;; mo: month; NA: not available; NC: nephrocalcinosis;; NV: non-verbal; Oc: occipital; PFO: patent foramen ovale; 
PHT: phenytoin; R: rightSE: status epilepticus; ShW: sharp wave; T: temporal; VABAM: vigabatrin-associated brain 
abnormalities on magnetic resonance imaging; VPA: valproic acid; WM: white mattery: year. 
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2.2.2 Genetic analyses  

 
All diagnostic procedures were performed after obtaining informed consent from the patients' parents 

and involved using Array Comparative Genome Hybridization (Array-CGH) and Next-Generation 

Sequencing (NGS) technologies (specifically, the Illumina TruSight One Sequencing Panel kit and 

Agilent SureSelect targeted NGS panel). Genomic DNA was extracted from peripheral blood 

leukocytes. 

Array-CGH is a potent molecular technique used to detect and examine genomic copy number 

variations (CNVs) in high resolution. This methodology enables researchers to identify 

comprehensively the changes in DNA copy numbers across the genome, thus facilitating the 

comprehension of genetic alterations associated with different diseases. The basic principle that 

underlies Array-CGH involves co-hybridization of labelled test DNA and reference DNA onto an 

array, which contains immobilized DNA fragments that represent the entire genome. Researchers 

can precisely map CNVs by quantifying the relative fluorescence intensities and pinpointing 

amplifications or deletions in test DNA compared to the reference (Lucito et al., 2003). 

NGS is a breakthrough technology enabling rapid and parallel sequencing of DNA fragments. This 

technique includes making DNA libraries with unique markers, followed by simultaneous sequencing 

on solid surfaces. NGS has many advantages, including the ability to process large amounts of data, 

adaptability to multiple applications, and has improved research in many disciplines, including 

medicine (Metzker, 2010). NGS advantages include increased productivity, faster analysis, and 

flexibility for applications such as whole-genome sequencing and variant detection. In precision 

medicine, NGS swiftly identifies genetic mutations for early disease diagnosis and personalized 

therapies (Mardis, 2013)  

Bioinformatic tools, such as Sift and PolyPhen, were also used to predict whether an amino acid 

substitution can affect the protein function and structure, based on physical and comparative 

considerations. Segregation analysis is an important genetic method for tracing the transmission of 

traits in families. This method examines patterns of inheritance and their compatibility with theoretical 
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models using genotyping data and family pedigrees. This process helps in providing accurate 

diagnosis, genetic counseling, and managing diseases. 

 

2.2.3 Sirolimus treatment 

 

Sirolimus represents a precision medicine approach for controlling seizures. A trial was initiated for 

patient #2 who was 7 months old based on molecular analysis findings, administering sirolimus at 

1.2 mg/m²/day. The patient has continued with a consistent treatment regimen (sirolimus, 

levetiracetam, lacosamide) for 22 months now. The use of sirolimus treatment was not pursued for 

patient #1. 

 

2.2.4 Strains and media 

 

Bacterial E.coli StellaR (HST08) strain (Clontech, genotype: [(F-, endA1, supE44, thi-1, recA1, relA1, 

gyrA96, phoA, Φ80d lacZΔ M15, Δ(lacZYA-argF) U169, Δ(mrr-hsdRMS-mcrBC), ΔmcrA, λ-] was 

used as the host for cloning procedures and plasmid propagation. E. coli cells were grown at 37°C 

in liquid or solid (by adding agar 2% (w/v)) Luria-Bertani (LB) medium (Tryptone 1% (w/v), Yeast 

extract 0.5% (w/v), NaCl 1% (w/v)), containing ampicillin (100 µg/ml) (Sigma-Aldrich) for the selection 

of transformants. Haploid and diploid Saccharomyces cerevisiae W303 strains (genotype: 

MATa/MATα {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15}) were used as genetic 

background to the experiments described. Yeast growth and manipulation were performed as 

described in Amberg et al., 2005. Yeast strains were transformed using the high-efficiency protocol 

(PEG/lithium acetate method) according to Gietz & Woods, 2006). Transformed cells were selected 

on solid YPD medium (20 g·L−1 Bacto peptone, 10 g·L−1 Bacto yeast extract, 20 g·L−1 Glucose, 2% 

w/v Agar), supplemented with 200 mg·L−1 G418 (Geneticin, Sigma-Aldrich) or in Synthetic Minimal 

media (1.7 g·L−1 Yeast nitrogen base without amino acids, 5 g·L−1 Ammonium sulfate) containing 20 

g·L−1 Glucose, without the specific nutrients for selection of transformed yeasts. Yeast plates were 

finally incubated for 2-3 days at 30°C.  
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2.2.5 SPS1 gene mutagenesis in yeast cells 

 

Yeast genetic modifications have been performed by Crispr/Cas9 strategy as described in Mans et 

al., 2015 with some modifications. Firstly, a DNA cassette for the constitutive expression of Cas9 

was introduced into the SalI site of the original pMEL13 plasmid. The cassette was amplified by 

pMEL15 backbone using the primers indicated in Table 2.3, originating the pMEL13-Cas9 plasmid. 

Thereafter, it was inserted the specific sequence targeting SPS1 (i.e., guide), finally generating the 

gSPS1-pMEL13-Cas9 plasmid. Among the possible targets indicated by the Yeastriction database 

(Mans et al., 2015: https://github.com/hillstub/Yeastriction), we selected the 616-635 sequence of 

SPS1, because of its proximity to nucleotides 604-606, which corresponds to the Ser202 residue 

that needs to be replaced. All plasmids were constructed using the In-Fusion HD Cloning Kit (Takara-

bio). Briefly, PCR products and digested (or PCR-amplified) vectors were spin-column purified using 

the GenElute™ PCR Clean-Up Kit (Sigma-Aldrich) and subjected to In-Fusion Cloning Procedure 

following the manufacturer’s instruction. All cloning primers (Table 2.3) were designed as suggested 

by the manufacture’s online tool (www.takarabio.com). Plasmids were verified by both restriction 

digestion and sequencing. Mutant SPS1 yeast strains were generated by co-transforming W303 

cells (haploid and diploid) with 1 mg of gSPS1-pMEL13-Cas9 plasmid together with an excess 

amount (3-5 mg) of donor dsDNA, necessary to repair the DSB at SPS1 locus, and restore cell 

viability. The dsDNAs were generated by annealing two complementary single-stranded 

oligonucleotides (Table 2.3), by mixing them (1:1), heating to 95°C for 5 min, and cooling down to 

room temperature. Two dsDNA molecules were used to generate either SPS1 deletion, or the 

missense mutation S202R in SPS1 sequence. Yeast transformants were selected by their ability to 

grow on YPD+G418 plates after being incubated at 30°C for 2-3 days. Heterozygous diploid W303 

strains either for SPS1 deletion or S202 missense mutation were further generated, by crossing the 

haploid mutant yeast strains with isogenic wild-type cells of the opposite mating type. In all cases, 

gene deletion and mutations were confirmed by PCR using specific diagnostic primers (Table 2.3), 

and finally verified by sequencing of the SPS1 locus.  
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2.2.6 Sporulation media and assay 

 

Yeast strains were firstly grown in Glycerol medium (YPG, 20 g·L−1 Bacto peptone, 10 g·L−1 Bacto 

yeast extract, 30 ml·L−1 Glycerol and 2% w/v Agar) to avoid possible defects in mitochondrial 

respiration, which is necessary to sporulation process. Cells were induced to sporulate according to 

the protocols of Paulissen et al. (2016) and Slubowski et al. (2014). Briefly, yeast cells were 

incubated at 30°C in YPD medium until stationary phase, and after washing, strains were diluted to 

OD600 = 0.1 in a pre-sporulation medium (YPA, 20 g·L−1 Bacto peptone, 10 g·L−1 Bacto yeast extract, 

20 g·L−1 Potassium acetate). Then, cells were grown for 16-18 h at 30°C until OD600 reached 1.3-

1.5, when yeasts were collected, washed, and finally resuspended at OD600 = 2.0 in liquid sporulation 

medium (containing 10 g·L−1 Potassium acetate). Cultures were incubated at 30°C and the 

sporulation efficiency of yeast strains was evaluated after 24, 48 and 72 h, by analyzing (at least) 

600 cells for each sample and performing three independent experiments. Samples were counted 

for refractile spores or refractile spore-like structures using a bright-field microscope, as reported in 

Paulissen and Huang (2016). 

 

2.2.7 Statistical analysis  

 

Data are reported as mean ± standard error of the mean (SEM), with the number of experimental 

replicates (n) indicated in the legend. 
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Primer Name Sequence 5’-3’ Purpose 

Cas9-pMEL For ATTAAGGGTTGTCGACAGCTCATAG
CTTCAAAATGTTTCTACTCC 

Cloning Cas9 in pMEL13 

Cas9-pMEL Rev TACGCTGCAGGTCGACCAAATTAAA
GCCTTCGAGCGTCCC 

6006 For GTTTTAGAGCTAGAAATAGCAAGTT
AAAATAAGGCTAGTC 

Cloning gSPS1 in pMEL13-Cas9 

gSPS1-target Rev TTCTAGCTCTAAAACTTGAGTAACTC
ATAGGTGGTGATCATTTATCTTTCAC

TGCGGAGA 

SPS1-S202R For TATAATGAGAAAGCAGATATATGGC
GATTGGGTATCACAACATATGAATT
ACTCAAGGGCTTACCCCCATTATCT
AAATATGATCCTATGAAAGTTATG 

dsDNA repair SPS1 mutation 

SPS1-S202R Rev CATAACTTTCATAGGATCATATTTAG
ATAATGGGGGTAAGCCCTTGAGTAA
TTCATATGTTGTGATACCCAATCGC

CATATATCTGCTTTCTCATTATA 

SPS1-Delta For TTTTTTACTAGCTAATTCATTTACTA
AACAACAAAAGAAAATAGCACAAAA
AAAATAGATATATATATATAATGTGT

GTATATGCATGAGTTTTTGTTTT 

dsDNA repair SPS1 deletion 

SPS1-Delta Rev AAAACAAAAACTCATGCATATACAC
ACATTATATATATATATCTATTTTTTT
TGTGCTATTTTCTTTTGTTGTTTAGT

AAATGAATTAGCTAGTAAAAAA 

dgSPS1 For GTTCGGAACAATGCGGCATC SPS1 locus diagnosis 

dgSPS1 Rev TGAGACGCATCAATGACGGG 

 

Table 2.3 Sequences of the oligonucleotides used in this study. 
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2.3 Results 

 

2.3.1 Genetic studies 

Array comparative genomic hybridization (Array-CGH) analysis showed normal results in both 

patients. Patient #1 was studied using the Illumina TruSight One kit. The analysis focused on 

homozygous variants with a minor allele frequency (MAF) inferior to 1%. Only three variants were 

identified (Table 2.4), along with homozygous missense variant of the STRADA gene 

NM_001003787.2:c.792T>A p.(Ser264Arg) (Fig.2.7).The variant has a MAF of 1:113,732 in 

Europeans and affects a highly conserved residue. Sift and PolyPhen predicted a possible 

deleterious role for this substitution (Adzhubei et al., 2013; Ng & Henikoff, 2003). Furthermore, 

segregation analysis showed that both parents were heterozygous carriers. In support of its 

pathogenicity, the variant was initially identified in a 7-year-old girl exhibiting a phenotype consistent 

with PMSE (Aerden et al., 2021).  

Patient #2 was analyzed using an Agilent SureSelect targeted NGS panel including 275 genes. We 

detected a previously reported homozygous truncating mutation NM_001003787.2:c.891dupC 

p.(Cys298Leufs*11)(Evers et al., 2017) (Fig.2.6).  

 

Gene Mutation Conditions Associated 

STRADA NM_001003787.2:c.792T>A p.(Ser264Arg) PMSE 
WNK4 NM_032387.4:c.2023C>T p.(Arg675Trp) Pseudohypoaldosteronism 
SCN4A NM_000334.4:c.908A>G p.(Asn303Ser) Periodic paralysis and myopathies 

 

Table 2.4 Homozygous variants with MAF<1% identified in patient #1 using the Illumina TruSight One Kit. 

 

 

 

 

 

Figure 2.6 Electropherograms of the homozygous mutations found in the patients. Arrowheads indicate the mutant 

bases.  
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2.3.2 Validation of the missense mutation 

 
Although the pathogenicity of the truncating mutation found in patient #2 was evident, establishing 

the role of the missense variant found in patient #1 was more challenging, due to some peculiarities 

in the patient’s phenotype compared to other individuals affected by STRADA mutations. Therefore, 

we used a yeast model to investigate the functional consequences of the p.Ser264Arg variant. The 

human gene shares significant similarity with the yeast homolog, SPS1. More specifically, amino 

acid residues 255-282 of STRADA that flank Serine 264 exhibit high similarity to the Sps1p 

sequence: 11/18 amino acids are identical, including the corresponding Serine at position 202 of 

Sps1p, as shown in Fig.2.7.  

 

 

Figure 2.7 Sequence alignment between residues 255-282 of the human STRADA protein and the corresponding 

residues of yeast Sps1p. Identical residues are shown in bold, human Ser264 and yeast Ser202 are underlined. 

 

                              A                                                                             B 

 

 

 

 

 

 

 

Figure 2.8 A) Representative images of refractile spores (marked with black arrows) visualized using an Olympus 

Microscope CX41and a 60x-magnification objective (bright-field) in yeast strains carrying wild type (WT) or deleted 
(ΔSPS1) SPS1. Scale bar: 5 µm. B) Sporulation efficiency assay. 72 h after induction of sporulation, we assessed refractile 
spore formation for yeast diploid cells carrying different SPS1 allele combinations (del = SPS1 deletion; S202R: 
p.Ser202Arg mutation). Data are reported as the mean value ± SEM, n=3 (600 cells were counted in each experiment, see 
supplementary material). 
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The SPS1 gene encodes for a STE20-related protein kinase required to complete the sporulation 

process (Slubowski et al., 2014). In yeast, sporulation is like meiosis and is the process by which a 

diploid cell produces 4 haploid daughter cells. Yeast cells lacking SPS1 do not show any 

abnormalities in vegetative growth but are unable to undergo sporulation (Fig.2.8 A). Using 

CRISPR/Cas9 technology we introduced in the genomic DNA of the SPS1 gene of a haploid W303 

yeast strain either the p.Ser202Arg substitution, or the deletion of the entire SPS1 gene, which 

mimics the truncating mutations. By mating different mutant strains, we generated diploid yeast 

strains carrying the different mutations in either homozygous or heterozygous state. Sporulation was 

normal in the wild type and in the heterozygous strains but was completely abolished in both 

homozygous mutants (Fig.2.8 B), confirming the pathogenicity of the missense variant.  

 

2.3.3 Sirolimus treatment 

 
Because of the results of the molecular analyses, we started a trial with sirolimus at a dose of 1.2 

mg/m2/day in patient #2 at 7 months of age. The drug was effective and well-tolerated, resulting in 

prolonged periods of seizure freedom and decreased seizure cluster frequency induced by febrile 

illnesses. Physical therapists and parents noted improvements in interaction and communication. 

When the patient was 12 months old, EEGs showed improved organization of background activity 

during both wakefulness and sleep. However, multifocal epileptic discharges persisted during sleep, 

and bilateral temporal fast sequences were observed.  

At 22 months, the patient’s treatment is unchanged (sirolimus, levetiracetam, lacosamide) with 

overall good seizure control, and sporadic seizure clusters prompted by febrile infections and 

medication non-adherence. The EEG reveals diffuse and fast sub-continuous activity, predominantly 

in the posterior regions, accompanied by sporadic multifocal epileptic anomalies. Advances in motor 

development include independent maintenance of the sitting position, rolling over, reaching for 

objects, and starting to crawl. Although the patient remains non-verbal, interaction and 

communication through vocalizations and facial expressions appear slightly improved. 
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We did not consider employing sirolimus treatment in patient #1 because seizures were well 

controlled with standard antiseizure therapy. 

 

2.4 Discussion 

 
Yeast has been extensively used as a simple model to validate novel mutations and to establish 

genotype-phenotype correlations. In this paper, we selected this method because the yeast SPS1 

gene bears significant homology with the human STRADA gene, the mutated residue is conserved 

in the yeast protein, and its inactivation produces a phenotype which is relatively easy to evaluate. 

Compared to traditional approaches, CRISPR-Cas9 allows to directly mutagenize the yeast genome, 

avoiding all potential plasmids-related artifacts. 

The results were clear: the p.Ser202Arg mutation completely abolished SPS1 function, suggesting 

the p.Ser246Arg variant found in patient #1 is indeed pathogenetic. Interestingly, patient #1 

presented an uncommon electroclinical phenotype, different from other PMSE patients, with diffuse 

high amplitude 20 Hz beta activity, affecting predominantly the fronto-central regions. Moreover, he 

had focal monomorphic seizures, and his epilepsy was well controlled by just two medications, 

whereas multidrug resistance is a constant feature in other STRADA cases. There is currently no 

clear explanation for the presence of 20 Hz beta activity. We hypothesized that an alteration of the 

cortex pattern, undetectable by the employed MRI techniques, could be present. Analysis of clinical 

exome data ruled out mutations in other genes associated with cortical malformations. 

On the other hand, the relatively mild epileptic phenotype could be due to the presence of some 

residual activity of the mutant protein, undetected by our yeast assay. However, the other reported 

individual carrying the same p.Ser246Arg mutation in the homozygous state (Aerden et al., 2021) 

displayed a more "classical" PMSE phenotype, suggesting that other factors, probably both genetic 

and environmental, are involved in modulating the phenotype of STRADA patients. 

Finally, the favourable response of patient #2 to sirolimus highlights the importance of an early 

molecular diagnosis, towards a better treatment and quality of life. 
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The results underlie the importance of a timely molecular diagnosis in these patients and show that 

yeast is a simple yet effective model to validate the pathogenicity of missense variants. 
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PART III  

 

Developing a Yeast Model to Validate a Novel 

SGPL1 Gene Missense Mutation and Investigate 

Potential Rescue with B6 Supplementation 
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3.1 Introduction 

 

3.1.1 Sphingolipids 

 

Sphingolipids are a ubiquitous and diverse category of lipids that were discovered by Thudichum in 

1884. He named them after the functional puzzles they presented (McIlwain, 1964). In the 1960s, 

sphingolipids were acknowledged as standard parts of the plasma membrane, myelin sheath, and 

plasma and were found to accumulate in patients with sphingolipidoses, storage conditions triggered 

by innate sphingolipid metabolism problems (Saba, 2019). 

Currently, sphingolipids are regarded as crucial and widespread structural elements of cell 

membranes. Moreover, their metabolites act as signalling molecules in eukaryotic cells. (Hannun & 

Obeid, 2008). Ongoing discoveries indicate that this trend will continue to rise as our understanding 

of sphingolipid biology in whole organisms progresses (Gault et al., 2010). 

The structure of sphingolipids is based on a long-chain base (LCB) backbone. Sphingosine is the 

most common LCB found in mammalian cells. Sphingolipids undergo modifications in the LCB 

anchor through the addition of polar headgroups at C1 position and acylation of the free amino group, 

which leads to the formation of a wide range of sphingolipid species (Saba, 2019).  

Sphingolipids synthesis involves a precisely regulated sequence of enzymatic steps, beginning in 

the endoplasmic reticulum from non-sphingolipid precursors and ending with the formation of 

complex higher-order glycosphingolipids within the Golgi apparatus. Although sphingolipid synthesis 

is a complex process, it can be traced back to a common starting point and ultimately results in a 

single degradative pathway. 

 

3.1.2 The enzyme SGPL1  

 

The SGPL1 (also referred to as SPL: frequently employed throughout the text to enhance the fluidity, 

refrain from repetitively using the same term and strive to harmonize images from different sources) 

gene encodes for a sphingosine-1-phosphate lyase 1 (S1P lyase) of 568 amino acids in length, an 
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endoplasmic reticulum (ER) enzyme (Fig.3.1) that is ubiquitously expressed in tissues and is 

essential for the catabolic pathway of sphingolipids in humans.  

 

 

Fig. 3.1 Image showing the cellular localization of the human SGPL1 enzyme in the endoplasmic reticulum (Human 

Protein Atlas). 

 

Specifically, it binds sphingosine 1-phosphate (S1P) and catalyzes the final and irreversible 

degradation step in sphingolipid metabolism, forming phosphoethanolamine and the long-chain 

aldehyde hexadecanal (Fig. 3.2). Both products are further metabolized to carbon dioxide or re-

utilized in the synthesis of phospholipids. (Stoffel et al., 1969) 

Intracellular levels of S1P are tightly controlled by two other enzymes, the first, sphingosine kinase 

(SphK), which catalyzes S1P synthesis, and the second, sphingosine-1-phosphate phosphatase 

(S1Pase), which catabolizes it. Up to this point in the pathway, the enzymatic reactions are 

reversible. The SPL enzyme is therefore an important regulator of cellular sphingolipid intermediates 

and sphingosine-1-phosphate (S1P)-mediated signalling. S1P, a bioactive lipid with multiple 

functions, acts as an intracellular second messenger and as a ligand for a specific group of five G-

protein-coupled receptors (S1PR1–5), with crucial roles in development, physiology, and 

immunology. S1P operates at multiple levels within the steroidogenic pathway, enhancing cortisol 

biosynthesis (Ozbay et al., 2006). These signalling pathways are involved in several physiological 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sphingosine
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processes, including angiogenesis, immune cell migration, stem cell specialization, and programmed 

cell death (Maceyka et al., 2012). 

 

 

 

 

 

Fig. 3.2 Schematic diagram showing that sphingosine 1-phosphate lyase (SPL) controls sphingosine-1-phosphate (S1P) 
pools available for both intracellular and extracellular signalling. The S1P can be synthesized in the endoplasmic reticulum 
(ER, de novo synthesis pathway) and at the plasma membrane (salvage synthesis pathway). Intracellular or plasma 
membrane ceramide can be subsequently metabolized by ceramidase to generate sphingosine which in turn produces 
S1P. The level of endogenous S1P is kept under control through equilibrium between its synthesis governed by 
sphingosine kinases 1 and 2 (SphK1/SphK2), and its degradation by SPL. SPL catalyzes the cleavage of S1P, resulting 
in the formation of hexadecenal and ethanolamine phosphate, which can subsequently enter the glycerolysophospholipids 
(glyceroLPLs) synthetic pathway. S1P can also be reverted to sphingosine by sphingosine-1-phosphate phosphatase 
(S1Pase). Figure prepared in Biorender.com with publication license and shown in “Sphingosine 1-Phosphate Lyase in the 
Developing and Injured Nervous System: a Dichotomy?” by Xiao (2023). 

 

 

Typically, S1P is pro-proliferative during normal physiological conditions, and it suppresses the pro-

apoptotic actions of ceramide. However, loss of function mutations in SGPL1 lead to a pathological 

accumulation of S1P, which scientific studies have associated with the induction of apoptosis. 

(Gennero et al., 2002). Its inactivation causes product depletion and accumulation of upstream 

sphingolipid intermediates (Fig. 3.3).  
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Stoffel et al., (1969). demonstrated that the enzyme responsible for the last cleavage reaction of the 

sphingosine-1-phosphate is highly concentrated in the endoplasmic reticulum (ER) and this finding 

marks an important milestone in the comprehension of this enzyme: this is currently known to be 

located in the ER, with a luminal domain at N-terminus, a transmembrane domain and a PLP binding 

domain that is responsible for catalytic activity (Bourquin et al., 2010).  

 

 

Fig.3.3 Schematic showing the possible consequences of sphingosine-1-phosphate lyase 1 inhibition. The loss of SPL 
expression or activity results in not only an overall increase in S1P levels but also a potential change in other sphingolipids 
as well as glycerolysophospholipids (glyceroLPLs). 1. SPL irreversibly degrades S1P hence the loss of SPL typically leads 
to an increase in S1P levels. 2. The loss of SPL could reduce de novo biosynthesis of sphingolipids via increasing the 
recycling of sphingoid bases. 3. SPL facilitates hexadecenal and phosphoethanolamine to enter the glyceroLPLs synthetic 
pathway. Hence, the loss of SPL could indirectly reduce glyceroLPLs. Production. Figure prepared in Biorender.com with 
publication license and shown in “Sphingosine 1-Phosphate Lyase in the Developing and Injured Nervous System: a 
Dichotomy?” by Xiao (2023). 

 

 

SGLP1 belongs to the superfamily of pyridoxal phosphate (PLP)-dependent enzymes, which is one 

of the active forms of vitamin B6. PLP-dependent enzymes catalyze a wide variety of reaction types 

and usually have a conserved lysine residue in the active site for PLP binding. In addition to the 

diversity of reaction specificity, PLP-dependent enzymes are involved in many key cellular processes 

and metabolism (J. Liang et al., 2019) 

The enzyme was crystallized a few years ago and shown to function as a homodimer (Bourquin et 

al., 2010). The crystal structure of the SGPL1 protein (Fig.3.4) reveals 2 subunits forming a tightly 

intertwined dimer, with both chains contributing to the catalytic cavity defined by the covalently bound 

cofactor pyridoxal phosphate (PLP) (Weiler et al., 2014). 
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Fig. 3.4 Cartoon representation of SGPL1 crystal with chain A in. green and chain B in blue. The cofactor (PLP) in both 

chains, together with the covalently bound side chain of K353, is in stick representation (magenta). In this figure, it is also 
shown a potent and effective inhibitor (31), in stick representation (orange): this class of compounds was found to inhibit 
the catalytic activity of SPL enzyme by binding to its active site commonly occupied by the cofactor pyridoxal phosphate 
(Weiler et al., 2014) 

 

3.1.3 Sphingolipid Pathway Evolution: Insights from Yeast Gene DPL1 

 

Yeast is an excellent model system for investigating the role of sphingolipids, due to their high 

similarities to the human sphingolipid pathway (as shown in Fig.3.5) . LCB4 and its counterpart LCB5 

(Nagiec et al. 1998) encode kinases, which are responsible for the synthesis of two long-chain base 

phosphates, namely dihydrosphingosine 1-phosphate (DHS1-P) and phytosphingosine 1-phosphate 

(PS1-P) (Nagiec et al., 1998).  

Yeast has two distinct catabolic pathways for LCBPs. The first pathway involves the 

dephosphorylation of LCBPs back into LCBs, a process carried out by LCBP phosphatases Ysr2p 
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and Ysr3p (Mao et al., 1997; Qie et al., 1997; Mandala et al., 1998).Alternatively, LCBPs can undergo 

internal cleavage at the C2-3 bond, initiated by LCBP lyase Dpl1p. This cleavage yields long-chain 

aldehyde and ethanolamine phosphate (Saba et al., 1997). The hydroxylation of dihydrosphingosine 

at C4, which generates phytosphingosine, is dependent on the presence of Sur2p (Haak et al., 

1997). 

 

 

Fig.3.5 The sphingolipid metabolic pathway proposed in S. cerevisiae. DPL1, also known as BST1, encodes an LCBP 

lyase, as reported by Saba et al. (1997). YSR2, also known as LCB3 and LBP1, has been found to encode an LCBP 
phosphatase according to Mao et al. (1997), Qie et al. (1997), and Mandala et al. (1998). Ysr3/Lbp2/Ykr053c shares 53% 
amino acid identity with Ysr2/Lcb3/Lbp1. LCB4 encodes the predominant Lcbp kinase and bears 53% amino acid similarity 
to Lcb5 (Nagiec et al., 1998). SUR2, which was also independently identified as SYR2, encodes Lcb hydroxylase (Haak 
et al. 1997). Yeast contains three different but related sphingolipids: Inositol-phosphorylceramide (IPC), mannoseinositol-
P-ceramide (MIPC), and mannose-(inositol-P)2-ceramide [M(IP)2C]. 

 

Sphingolipids and their metabolic derivatives elicit a wide variety of eukaryotic cellular responses. 

Although the stimuli and biological end points differ in each cell type, the role of sphingolipid by-

products as second messengers in specific, growth regulatory signal transduction pathways appear 

to be a universal theme among eukaryotic cells  (Saba et al., 1997) 

The conservation of sphingolipids throughout evolution allowed the isolation and cloning of the first 

SPL gene, DPL1, from Saccharomyces cerevisiae (Fig.3.6). Enhanced DPL1 expression in yeast 

resulted in resistance to sphingosine, while DPL1 deletion increased sensitivity to Long Chain Bases 

(LCBs), including exogenous D-erythro-sphingosine and phytosphingosine. Additionally, deletion led 



 

55 
 

to the intracellular accumulation of sphingosine 1-phosphate when exposed to external sphingosine 

(Saba et al., 1997). These findings strongly confirm the common sphingoid base metabolism shared 

by eukaryotes (Fig. 3.7), suggesting the utility of yeast genetics in discovering new genes involved 

in sphingolipid signalling and metabolism. The genetic techniques used in yeast accelerated the 

quick identification of genes related to pathways and their related counterparts in diverse species. 

Employing genetic manipulation of genes encoding SPL in model organisms unveiled the substantial 

impact of sphingolipid metabolism on developmental processes, physiological functions, and 

intricate host-pathogen interactions. 

 

Fig. 3.6 The key milestones associated with the sphingosine-1-phosphate lyase 1 are presented: Stoffel et al. were the 
first to provide a detailed description of the main features of the SPL enzyme activity in 1969. The initial gene encoding 
SPL was cloned from budding yeast in 1997. The manipulation of SPL-encoding genes in model organisms, such as SPL1 
knock-out mouse models, has demonstrated how sphingolipid metabolism contributes towards the development, 
physiology and interactions between hosts and pathogens. In 2010, the functional and structural characteristics of the 
yeast sphingosine-1-phosphate lyase 1 (Dpl1) and its first prokaryotic homolog from Symbiobacterium thermophilum were 
determined. The Dpl1 structure provided a reliable model for H. sapiens SPL. Diagnostic genome sequencing identified a 
novel human syndrome associated with inactivating SGPL1 mutations in 2017-2018. (Saba, 2019) 

 

Furthermore, Saccharomyces cerevisiae Δdpl1 strain not only exhibited an increase in sensitivity 

both to Long Chain Bases (LCBs) and calcium, as well as an accumulation of Long Chain Base 
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Phosphates (LCBPs). Interestingly, this strain demonstrated resilience when experiencing heat 

shock and nutrient deprivation: this observation suggested that LCBPs may play a protective role 

(Birchwood et al., 2001; Gottlieb et al., 1999). Therefore, it may be advantageous to aim for the 

accumulation of LCBPs and the targeting of SPL, because it could lead to favourable results. 

Nonetheless, a delicate equilibrium exists, beyond which adverse effects manifest. This 

phenomenon could arise due to the toxicity associated with excessively elevated LCBP levels or 

precursors in the sphingolipid pathway. Otherwise, this lethality could be a consequence of indirect 

disruptions in the global regulatory networks that sustain sphingolipid homeostasis.(Saba, 2019). 

The orchestration of sphingolipid biosynthesis is meticulously overseen by ORM proteins. These 

proteins exert control by inhibiting the rate-limiting enzyme of sphingolipid biosynthesis, serine 

palmitoyltransferase (SPT) (Breslow et al., 2010). Intriguingly, a complete halt in sphingolipid 

degradation might trigger feedback signals that impede the de novo synthesis of pivotal sphingolipids 

essential for membrane integrity and organization. The concept of SPL inhibition being a double-

edged sword frequently arises in various evolutionary contexts, ranging from yeast to humans. 
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Fig.3.7 Sequence alignment of SPL homologs. Clustal Omega alignment of SPL amino acid sequences of 

Saccharomyces cerevisiae (QHB07755.1), Caenorhabditis elegans (NP_505372), Drosophila melanogaster 
(NP_652032.1), Danio rerio (NP_001082938), Homo sapiens (NP_003892.2) and Mus musculus (NP_033189.2).  
 
Legend 

 

 

Past research shows that restoring growth in SGPL1-deficient Δdpl1yeast strains by introducing 

SGPL1 gene coding for the wild-type (WT) human protein effectively complements the yeast deletion 

phenotype (Lovric et al., 2017). Furthermore, previous studies have shown that sphingolipid-induced 

growth arrest remains consistent in both S. cerevisiae and mammalian cells (Fishbein et al., 1993; 

Saba et al., 1997). 

 

3.1.4 NPHS14: clinical features and molecular genetics 

 

The NPHS14 (OMIM #617575) condition, also known as SPLIS, is an autosomal recessive 

syndromic form of steroid-resistant nephrotic syndrome with multisystemic features and closely 

resembling that caused by CoQ deficiency. Most affected individuals present in infancy or early 

childhood with progressive renal dysfunction associated with focal segmental glomerulosclerosis 

(FSGS), resulting in end-stage renal disease within a few years. Some infants may also present with 

primary adrenal insufficiency. In some cases, patients may present in utero with fetal hydrops, which 

can lead to fetal demise. Additional features of the disorder can include ichthyosis, acanthosis, 

adrenal insufficiency, immunodeficiency, and neurologic defects (Lovric et al., 2017; Prasad et al., 

2017). 

SPLIS mutations were varied and included nonsense mutations, splicing defects, and missense 

mutations. All were associated with low to undetectable levels of Sphingosine-1-phosphate lyase 1 
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(SPL) abundance and activity. Mutations were distributed throughout the polypeptide sequence. 

Cellular findings suggested that many SPLIS missense mutations induce protein instability and rapid 

clearance due to misfolding, a common defect of inborn errors of metabolism (Bross et al., 1999). 

Prasad et al. (2017) identified homozygous loss-of-function mutations in the SGPL1 gene in 8 

patients from 5 distinct families with nephrotic syndrome type 14. These mutations were discovered 

through whole-exome or Sanger sequencing and were consistently found in families with 

consanguinity. Cellular expression assays were conducted to investigate two mutations, 

NM_003901.4:c.664C>T (p.Arg222Trp) and NM_003901.4:c.1633T>C (p.Phe545Leu), which 

demonstrated decreased protein stability and almost complete absence of enzyme activity, 

indicating a loss of function. 

Similarly, Lovric et al. (2017) identified homozygous or compound heterozygous mutations in the 

SGPL1 gene in patients from 7 distinct families with NPHS14, most of which had consanguineous 

backgrounds. Various mutation types (frameshift, splice site, missense) were detected, all leading 

to reduced or absent SGPL1 protein and/or enzyme activity. Functional analysis of specific missense 

mutations, NM_003901.4:c.664C>T (p.Arg222Trp) and NM_003901.4(SGPL1):c.1037G>T 

(p.Ser346Ile), showed diminished protein levels, enzyme activity, impaired degradation of long-chain 

sphingoid bases, and altered subcellular localization. Disease-associated variants failed to correct 

growth defects in yeast or abnormalities in Drosophila, Sply mutants, which lack SGPL1.  Knockdown 

of Sgpl1 in rat mesangial cells hindered cell migration, and patient fibroblasts displayed reduced 

migration compared to controls. 

In 2 unrelated male patients with NPHS14, both born to consanguineous parents, Janecke et al. 

(2017) identified homozygous truncating mutations in the SGPL1 gene. These mutations, confirmed 

through whole-exome and Sanger sequencing, co-segregated with the disorder in the respective 

families. One patient exhibited significantly elevated levels of SGPL1 substrates, S1P, and 

sphingosine in blood and fibroblasts: suggesting that the underlying pathology in these patients may 

be due to accumulation of specific sphingolipid intermediates. 

Some patients with SPL deficiency (SPLIS) exhibited elevated levels of cholesterol and triglycerides. 

These increases might result from nephrotic syndrome or directly from the deficiency itself. The 
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influence of SPL insufficiency was starkly evident in model organisms with SPL knockout, revealing 

the profound consequences of inadequate SPL function in humans. 

Elevated ceramide levels in mitochondria disrupt the inner mitochondrial membrane, and as the initial 

and final steps of cortisol production occur there, mitochondrial dysfunction resulting from SPL 

deficiency could be a significant contributor to disease pathogenesis. (Maharaj et al., 2020) 

The fetal and perinatal fatalities among the most gravely afflicted SPLIS patients, coupled with 

pleiotropic disease symptoms, clearly affirmed the vital role SPL performs in human metabolism.  

 

3.1.5 Strategies for SPLIS treatment and the vitamin B6 supplementation 

 

There are several possible strategies to help SPLIS patients. One approach involves correcting the 

disease symptoms stemming from abnormal S1P receptor (S1PR) signalling, which may require 

intervening with S1PRs themselves. An S1PR antagonist approved by the FDA (fingolimod) is 

available, along with other options that are still under development(Chew et al., 2016).  

Another approach might involve substrate reduction in sphingolipidosis treatment (Arenz, 2017). 

Although the use of sphingosine kinase inhibitors could alleviate S1P-dependent toxicities, it may 

potentially worsen LCB and ceramide accumulation. Other options that are worth exploring are SPL 

enzyme replacement through gene therapy, bone marrow transplantation, or enzyme 

supplementation. It is pertinent to note the considerably favourable impacts that introducing soluble 

SPL produced in a preclinical model (Huwiler et al., 2011). The correction of mutations in the SGPL1 

gene may require gene editing, while misfolded SPL proteins could be revitalised with the assistance 

of chaperones. It is important to note that vitamin B6 could assist specific PLP-dependent enzymes, 

which has significant implications in the scientific context (Lorenz et al., 2014). 

Vitamin B6, a group of essential vitamers, is crucial for metabolism and bodily function. Its active 

form, PLP, participates in over 150 enzymatic reactions, impacting metabolism and immune 

processes. It maintains normal metabolic and immune functions, especially anti-inflammatory 

response. Beyond these functions, PLP also acts as a chaperone, helping in the folding of recently 

formed polypeptides to enhance their enzymatic activity. This property has therapeutic implications 
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in metabolic diseases like primary hyperoxaluria. At present, there is a deficiency of focused 

therapies for SPLIS patients. Supplementation of cofactors for B6-responsive SGPL1 alleles can 

potentially prevent manifestations of SPLIS, according to Zhao et al. (2020). Vitamin B6 has the 

potential for mitigating S1P excess and SPL deficiency-driven inflammation leading to potential 

clinical applications (Du et al., 2020). . Chaperone-type drugs could also hold promise. Comparing 

mouse models demonstrates that even a small amount of SPL activity could prevent severe SPL 

insufficiency consequences. Hence, modest SPL activity increases via B6 supplementation could 

have clinical significance. Lymphocyte trafficking sensitivity to S1P gradients indicates potential 

responsiveness to cofactor supplementation, as observed in lymphocyte count increases (Zhao et 

al., 2020). The responsiveness of yeast cells in vivo indicates their usefulness in establishing 

genotype-specific responses to B6.  

The overall structure, cofactor binding mode, and the active site in general are well conserved 

between human SGPL1 and Dpl1p (yeast SGPL1 lyase) The use of human SGPL1 is very important 

as it serves a dual purpose. Firstly, it is crucial in assessing the sphingosine toxicity phenotype, and 

secondly it is essential for investigating possible responses to vitamin B6 treatment, being a PLP-

dependent enzyme. 

 

3.1.6 Exploring GAD1 gene: an intriguing alternative sphinsogine-1-phosphate lyase? 

 

When George Beadle and Edward Tatum introduced the concept of one gene–one enzyme back in  

1941, enzymes were explained using the key and lock model for substrate recognition. In the early 

stages of molecular biology, proteins and enzymes were viewed as unique, specialised entities with 

only one specific function. This viewpoint influenced how the functions of biological systems were 

annotated, resulting in the tendency to ignore any additional roles a protein may have after being 

assigned a specific function. However, different mechanisms for multifunctionality have been 

discovered since the 1940s. 

Proteins that have multiple functions may affect the development of organisms by enhancing 

complexity and robustness. Such proteins can broaden the functional range of a limited set of genes 
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in early life forms and organisms with a reduced genome. Furthermore, multifunctional proteins can 

promote communication among various biological processes, primarily in organisms with complex 

metabolic and regulatory networks. The multifunctionality that is hardly noticeable presents a 

challenge in performing the practical association studies that depend on guilt-by-association, 

genotype-phenotype mapping, and homology anticipation and notation (Espinosa-Cantú et al., 2020) 

The DPL1 gene codes for a protein of 589 amino acids in length, which has 23% similarity to gadA 

and gadB, two nearly identical E. coli genes that encode glutamate decarboxylase. This is a 

pyridoxal-5’-phosphate-dependent enzyme that catalyzes the conversion of glutamate into the 

neurotransmitter gamma-amino butyric acid (GABA) (Saba et al., 1997) 

Despite weak nucleotide sequence homology between DPL1 and gadA/gadB, analysis of glutamate 

decarboxylase activity in cytosolic extracts from wild type, DPL1 overexpression and Δdpl1 strains 

refuted the hypothesis that Dpl1 protein could be the S. cerevisiae orthologue of glutamate 

decarboxylase. (Saba et al., 1997). However, Coleman et al. (2001) proved that GAD1 (585 aa) was 

the gene responsible for coding the S.cerevisiae glutamate decarboxylase.  

Interestingly, querying BLAST with the SGPL1 amino acid sequence reveals, beyond the canonical 

orthologue Dpl1 (40%) as first result in S.cerevisiae organism, also the sequence of the Gad1 (23% 

identity) was identified: another proof of the strong correlation between these two genes. 

SGPL1, Dpl1 and Gad1 are all PLP-dependent enzyme. The crystal structures of the first two 

enzymes, which are homodimers constituted by two distinct monomers, one of which is 

predominantly alpha helix, are available. On the other hand, the predicted structure of Gad1 in 

S.cerevisiae shows a monomer constituted by alpha-helix, suggesting a possible conformation in 

homodimer. In fact, mammalian isoforms of GAD (i.e., GAD67 e GAD65 in humans) have 

homodimeric structures. 

It is worth noting that SGPL1 (H.sapiens) and Gad1 (S.cerevisiae) enzymes belong to the same 

superfamily, which suggests a potential correlation between them. Their superfamily is Aspartate 

aminotransferase (AAT) superfamily (fold type I) of pyridoxal phosphate (PLP)-dependent 

enzymes. When an alpha-amino acid combines with PLP, it forms a compound called a Schiff base 

or aldimine intermediate that act as the substrate in four types of reactions, namely (1) 
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transamination (movement of amino groups), (2) racemization (redistribution of enantiomers), (3) 

decarboxylation (removing COOH groups), and (4) various side-chain reactions that are dependent 

on the enzyme involved. 

Researchers were able to examine the evolution of pyridoxal phosphate (PLP) dependent enzymes 

over time in depth. This was possible due to the availability of multiple molecular structures. The 

structural study helped researchers understand the evolutionary relationships among these 

enzymes. Contrary to expectation, the enzymes' functions-based classification didn't always align 

with the evolutionary relationships. In other words, the function of these enzymes in living organisms 

didn't always signify their evolution throughout history. This discovery highlighted that although these 

enzymes may share similar functions today, their evolutionary paths were often complex and did not 

always conform to a simple pattern based solely on their functions. 

It is possible that the DPL1 gene has a glutamate decarboxylase function, as Saba et al. (1997) 

previously performed an experiment with the Δdpl1 yeast strain, utilizing the orthologous glutamate 

decarboxylase within the yeast model. Therefore, it is not so speculative to suggest that a 

sphingosine-1-phosphate lyase 1 and a glutamate decarboxylase might be linked and replaceable.  

It is worth considering the possibility that another enzyme could substitute for a sphingosine-1-

phosphate lyase 1 in the Δdpl1 yeast strain, particularly if it is demonstrated that the excessive 

accumulation of intracellular sphingosine-1-phosphate could impair yeast growth (Kim et al., 2000) 

To conclude, the transition from a restricted outlook on protein functionality to multifunctionality has 

completely transformed our comprehension. This expanded perspective enhances our 

understanding of the roles and interactions of proteins. As research progresses, it is essential to 

embrace this complexity and the hidden dynamics that control the intricate movements of proteins 

within cellular system. 
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3.2 Materials and Methods 

 
3.2.1 Patient and genetic studies 

 
The patient was referred to our center, Clinical Genetics and Epidemiology Unit of the Department 

of Women’s and Children's Health at the University of Padua (Padua, Italy), for molecular analysis. 

The diagnostic procedures were performed after obtaining informed consent from the patient' 

parents and involved the use of the Next-Generation Sequencing (NGS) technologies.  

The Clinical Exome Sequencing with screening a selection of 6,700 genes, employing the TruSight 

One Expanded Illumina assay, and a Next-Generation Sequencing panel designed to investigate 

glomerulopathies.  

 

3.2.2 Molecular Biology  

 
The DNA coding for human sphingosine-1-phosphate lyase 1 (NM_003901) was initially obtained 

from Origene (RC208705), and it was already included into a mammalian vector (pCMV6-Entry) with 

C-terminal Myc-DDK Tag (Fig.3.8) 

 

Fig.3.8 The map of the plasmid acquired from Origene with cDNA SGPL1. 
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We amplified the human SGPL1 gene using coding DNA from Origene and then cloned it 

downstream of the CYC1 constitutive promoter into the centromeric pCM189 yeast expression vector 

(Addgene). The cloning strategy was based on the In-Fusion® HD Cloning (Takara Bio) technique. 

The amplification of the insert and linearization of the vector through PCR were both carried out 

using the Phusion® High-Fidelity DNA Polymerase (NEB), following the guidelines provided by the 

manufacturer. The primers were designed using Takara Bio’s specific tool 

(https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools): the first set of 

primers, with 15 bp extensions complementary to the vector ends, was used to amplify the SGPL1 

cDNA, and the second pair was employed to linearize the pCM189 backbone. Thus, the In-Fusion 

cloning reaction, based on the homologous recombination, was set up. The correctness and the 

reading frame of the plasmid were confirmed by direct sequencing. 

The plasmid encoding the mutant protein was generated through site-directed mutagenesis by PCR-

amplification of the pCM189 SGPL1 construct with primers carrying the desired mutation, using the 

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) and primers designed using their 

specific tool (https://www.agilent.com/store/primerDesignProgram.jsp). Mutation was confirmed by 

Sanger sequencing. 

 

Primer name Sequence 5’->3’ Purpose 

pCM189 Forward GAGGGCCGCATCATGTAATTAG Linearization of the destination 
vector 

pCM189 Reverse CCCCGAATTGATCCGGTAATTTAG Linearization of the destination 
vector 

SGPL1 Forward CGGATCAATTCGGGGATGCCTAGCACAGACCTTCTGATG Amplification of SGPL1 cDNA 
SGPL1 Reverse CATGATGCGGCCCTCTTAAACCTTATCGTCGTCATCCTT Amplification of SGPL1 cDNA 

 
Table 3.1 Oligonucleotides used for the cloning of SGPL1 cDNA into the yeast expression vector pCM189, as 
recommended by the In-Fusion® HD Cloning kit. 

 

3.2.3 Yeast strains, media and plasmid transformation  

 

The BY4741 Δdpl1 strain (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YDR294c::kanMX4) was 

purchased from Euroscarf (Y03653). The BY4741 Δdpl1/Δgad1 double mutant strain (MATa; his3Δ1; 

leu2Δ0; met15Δ0; ura3Δ0; YDR294c::kanMX4; YMR250W:: natMX6) was generated by disrupting 

https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-tools
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the endogenous GAD1 gene by homologous recombination with a nourseothricin (NAT) resistance 

cassette amplified via PCR from the plasmid pMEL15 (Addgene, #107921), and the inactivation 

procedure has been described elsewhere (Baudin et al., 1993; M. C. Lorenz et al., 1995). In detail, 

primers were designed to amplify the NAT cassette from the pMEL15 plasmid, including its promotor 

and terminator (Table 3.2). These primers contain 45 bp extensions homologous to the upstream 

and downstream regions of the GAD1 ORF (locus: YMR250W), indicated in capital letters in the 

table 3.2. 

Disruption was confirmed by polymerase chain reaction amplification of genomic DNA from 

KAN/G418- and NAT-resistant clones, using primers to the yeast genomic sequence a few bases 

upstream and downstream of the region replaced by the selectable marker (Table 3.2).  

Primer name Sequence 5’->3’ Purpose 

NAT Forward TTACACGTCGCTCTTAACAATCCAGGCTGAACAAAACAAGGAATAGACATGGAGGCCCAGAATAC Amplification of NAT 

cassette 

NAT Reverse AGGTACATACATATAGGGGGCGGTATATTGGATGACCTTTTCAACCCGGTAGAGGTGTGGTCAAT Amplification of NAT 

cassette 

 

Check Forward AAGAGTTGCATAAGAGCAG Confirm the GAD1 

gene replacement 

with the NAT 

cassette  

Check Reverse GTCCAGGCTGAATCCT Confirm the GAD1 

gene replacement 

with the NAT 

cassette 

 

Table 3.2 Oligonucleotides used for the amplification of the NAT cassette from the plasmid pMEL15 and the confirmation 

of the substitution of the GAD1 gene in S.cerevisiae with the selectable marker. 

 

Yeast mutants (single and double deleted) were confirmed using rich medium YPD (1% yeast 

extract, 2% peptone, 2% dextrose) in combination with selectable markers such as nourseothricin 

(NAT) and kanamycin (KAN or G418). Yeast were cultured at 30°C in synthetic minimal medium 

(SM: 0.17% yeast nitrogen base without amino acids, ammonium sulfate and pyridoxine 
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hydrochloride, 0.5% ammonium sulfate, 2% dextrose, with the addition of 2,3% agar in the solid 

medium). To select the transformant strains, a synthetic minimal medium with amino acids was used 

to cover the yeast auxotrophies, excluding uracil (which is carried by the pCM189 vector).  

 

3.2.4 Identification of the toxic PHS concentration 

 
Phytosphingosine (PHS: 4-OH sphinganine) was initially obtained from Sigma (P2795). To 

investigate its toxicity, it was added to the minimal medium in various concentrations to establish its 

lethal dose for the yeast strain used in our study. Ethanol was added to the synthetic minimal medium 

as a carrier vehicle, and it was used as a control. The tested PHS concentrations were: 20, 30, 40, 

50, and 60 µM. Ethanol and PHS were added to their respective medium with 0.05% Tergitol 

(Nonidet P-40, Sigma), to help even distribution of lipids in solid agar. The use of Tergitol did not 

affect the biological activities of sphingolipid derivatives in liquid culture (Chung et al., 2001). 

 

3.2.5 Testing the effect of B6 supplementation 

 
To test the effect of B6 supplementation, Yeast Nitrogen Base (without amino acids and ammonium 

sulfate) was acquired from Micropoli (CYN4401). without vitamin B6 specifically for the experiment. 

The vitamin B6 (pyridoxine hydrochloride) from Sigma (P9755) was used to recover yeast strains 

exposed to toxic PHS concentration, and it was added directly to the synthetic minimal medium in 

various concentrations: 20,70,150 µM. 

 

3.5.6 Spot test assay 

 

To analyze growth on solid media, yeast strains were inoculated in glucose-containing selective 

liquid medium and grown overnight at 30° C. The following day, the culture’s concentration was 

adjusted to OD600 = 1 (approximately 107 cells/mL) in sterile water, after washings it two times to 

remove glucose medium, and four serial 10-fold dilutions were performed. For each dilution, 5 μL of 

the culture was spotted onto two different agar media: one containing PHS (at different 
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concentrations) and the other containing ethanol. Once the toxic concentration of PHS became 

evident, the same procedure was carried out on solid media with different B6 supplements. Plates 

were incubated at 30°C and images were taken 48h, 72h, 96h and 120h after the incubation. 

 

3.5.7 BLAST Analysis 

 
We conducted a BLAST (Basic Local Alignment Search Tool) analysis to evaluate alternative 

homology and establish the phylogenetic relationships between the human sphingosine-1-

phosphate lyase 1 sequence and potential targeted sequences in S. cerevisiae. BLAST is a 

commonly used tool for comparing biological sequences against reference databases to discover 

important similarities. 
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3.3 Results 

 
3.3.1 Patient and genetic studies 

 

In the initial phase, Clinical Exome Sequencing was conducted, screening a selected set of 6,700 

genes employing the TruSight One Expanded Illumina assay, yielding outcomes that did not exhibit 

any aberrations. Following this, the implementation of a Next-Generation Sequencing panel, 

designed specifically for glomerulopathies, led to the identification of two compound heterozygous 

mutations: NM_003901.4:c.262-24A>G  and NM_003901.4:c.629G>A p.(Gly210Glu). 

The intronic variant that was identified has already been analyzed in our laboratory, part of the 

Clinical Genetics and Epidemiology Unit of the Department of Women’s and Children's Health at the 

University of Padua (Padua, Italy). The variant was found to be pathogenic due to its splicing 

variation (data not published). This was confirmed using the hybrid minigene assay (Forzan et al., 

2010), which is a fast and reliable technique for investigating the effects of genetic variations on 

splicing. The assay has been widely used to functionally characterize variants in numerous genes in 

literature.  

The mutation NM_003901.3:c.629G>A p.(Gly210Glu), which is the primary focus of our 

investigation, is located at the pyridoxal 5'-phosphate (PLP) binding site. Glycine at position 210 

(Fig.3.9), along with 7 other residues within each chain of the homodimer complex, represents the 

binding site of PLP (Fig.3.10). Currently, there was no evidence in the literature concerning these 

two mutations, which were not found in the GnomAD database, (consulted on 29th August 2023). 
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Fig. 3.9 PDB 3D Protein Feature View 4Q6R displays the residue G210 highlighted in bright green and its interactions 

with the surrounding amino acids within the secondary structure, emphasizing how a single modification can disrupt the 
overall structure. 
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Fig.3.10. Multiple sequence alignment of Homo sapiens (NP_003892.2), Mus musculus (NP_033189.2), Danio rerio 

(NP_001082938). Drosophila melanogaster (NP_652032.1), Saccharomyces cerevisiae (QHB07755.1) and 
Caenorhabditis elegans (NP_505372). Identical residues are highlighted in red, while similar ones are shown in blue. The 
green triangle indicates the high rate of conservation among different species for the amino acid glycine at position 210 of 
the human protein SGPL1 (NP_003892.2). The glycine located at position 210 together with the other 7 residues, identified 
by violet triangles, constitute the PLP binding site (Corpet, 1988). 

 

3.3.2 Identification of the toxic PHS concentration 

 

Initially, our aim was to find the lethal concentration of PHS for the BY4741 Δdpl1 yeast model used 

in our study. This was necessary to carry out further investigations. Both the wild type yeast and the 

Δdpl1 strain were genetically transformed with an empty yeast expression vector, pCM189, capable 

of providing them the necessary autotrophy to grow in a selected synthetic minimal medium. Thus, 

both strains were spotted on solid plates containing synthetic minimal medium with different 

concentrations of PHS (20,30,40,50 and 60 µM) and the yeast growth was evaluated (data not 

shown). The control plates contained equal volumes of ethanol, instead of PHS. Our findings indicate 

that the optimal toxic PHS concentration for Δdpl1, which has no effect on the wild type strain, is 50 

µM, and this data agrees with the previous investigation by Mukhopadhyay et al., (2008) 

After this initial PHS toxicity test to validate the lethal concentration for the yeast null mutant 

compared to the wild type yeast strain, we also investigated the effect of PHS accumulation on the 
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Δdpl1 yeast transformed with the expression vector pCM189 carrying either the human SGPL1 gene 

encoding the wild-type protein or the p.Gly210Glu mutant by spot test analysis. 

These results showed the growth inhibition induced by the 50 µM PHS on the Δdpl1 yeast expressing 

the mutated hSGPL1 protein, suggesting its pathogenicity, as a similar effect was observed with the 

complete deletion of the yeast sphingosine-1-phosphate lyase. The results are already evident after 

2 and 3 days at 30°C, compared to the control strains which grow without any inhibition, represented 

by the wild type strain (BY4741 MATa) and the yeast null mutant strain expressing the human 

sphingosine-1-phosphate lyase 1 wild type (Fig. 3.11). 

 

 

 

Fig.3.11 Effect of PHS accumulation on the yeast growth on solid synthetic minimal medium by spot test assay at 30°C. 
The growth of control and mutant yeast strains on solid medium lacking uracil was compared with 50 µM PHS (A, C) or 
without (B,D), respectively, after 2 and 3 days. The toxic PHS concentration of 50 µM is evident for the yeast null mutant 



 

72 
 

strain transformed with either empty vector pCM189 or the pCM189 carrying the mutated human SGPL1 gene. It is 
important to note that the yeast nitrogen base used for the medium preparation did not already include PLP. Cell cultures 
were serially diluted and spotted onto the different agar media. Each spot test experiment was conducted in triplicate. 
Legend: #, followed by an arabic number indicates number of the clone; WT = BY4741 MATa transformed with empty 
yeast expression vector pCM189; Δdpl1 = BY4741 Δdpl1 transformed with empty yeast expression vector pCM189; 

hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 bearing the hSGPL1 wild type-coding 
sequence; hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 hSGPL1 p.Gly210Glu mutant. 

 

3.3.3 Testing the effect of B6 supplementation 

 

Once we had established the lethal concentration of PHS and observed growth inhibition in the yeast 

dpl1 null mutant strain, we investigated the effect of vitamin B6 supplementation on the Δdpl1 yeast 

strain transformed with the expression vector pCM189 carrying the SGPL1 p.Gly210Glu mutant 

coding sequence. Our aim was to determine whether a specific concentration of pyridoxine would 

promote growth despite the toxic concentration of PHS. In this test we also included the wild type 

strain (BY4741 MATa), characterized by its own sphingosine-1-phosphate lyase 1 gene (DPL1), and 

the yeast dpl1 null mutant, with and without the heterologous hSGPL1 protein. 

The various concentrations of vitamin B6 were added directly during the preparation of the synthetic 

medium. No previous studies were available on the correlation between B6 supplementation and a 

yeast model lacking its sphingosine-1-phosphate lyase 1 gene. Earlier investigations conducted on 

human fibroblasts found that a B6 concentration of 50 µM was effective (Zhao et al., 2020). It is 

important to note that all chemical forms of vitamin B6 can easily diffuse through the membranes of 

most cells. Additionally, it must be taken into consideration that single eukaryotic yeast cells differ 

from human cells as they have a cell wall surrounding the cell membrane. Therefore, different 

concentrations of B6 were investigated, building on previous studies that have helped to establish 

the appropriate order of magnitude for the concentration required. 

Our results showed that the B6 concentration required to promote the growth of the Δdpl1 yeast 

strain expressing the hSGPL1 p.Gly210Glu mutant was approximately 20 µM (Fig.3.12) and we 

identified it as the required therapeutic concentration to counteract the toxic PHS concentration . It 

is worth noting, however, that this concentration also encouraged the growth of the yeast dpl1 null 

mutant. 
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Fig.3.12 Effect of vitamin B6 supplementation on control and mutant yeast strains. The therapeutic effect appears to be 
set at 20 µM, in fact we observed growth both for the yeast null strain and for the same genetic background expressing the 
human SGPL1 p.Gly210Glu mutant protein. The analysis was conducted via spot test analysis, where cell cultures were 
serially diluted and spotted onto the different agar media and incubated at 30°C: solid synthetic minimal medium 
supplemented with 20 µM B6 and with PHS, after 2 (A) and 3 (B) days. The control medium was the same synthetic minimal 
medium without PHS and any B6 supplementation, and the growth on the control medium is not shown. Each spot test 
analysis was conducted in triplicate. Legend: #, followed by an arabic number indicates number of the clone; WT = BY4741 
MATa transformed with empty yeast expression vector pCM189; Δdpl1 = BY4741 Δdpl1 transformed with empty yeast 
expression vector pCM189; hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 carrying the 
hSGPL1 wild type coding sequence; hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 hSGPL1 
p.Gly210Glu mutant. 

 

Higher B6 concentrations, after 2 and 3 days at 30°C, did not have any improving effect on yeast 

growth when compared to 20 µM (Fig. 3.13). A concentration of 70 µM generally enhances the 

growth of the null strain yeast expressing the mutated human enzyme and even that of the simple 

knockout yeast model (as demonstrated for the B6 concentration of 20 µM). Nevertheless, the results 

obtained are slightly worse than those obtained with the therapeutic concentration at the same time 

points. The situation dramatically changes at the highest concentration of 150 µM, where we 

observed a growth inhibition also in the control strains, represented by the wild type strain (BY4741 

MATa) and the Δdpl1 yeast expressing the wild type hSGPL1 protein, due to the probably toxic effect 

of the higher B6 concentration: after 2 days no yeast strain is able to grow and after 3 days only the 

control strains partially start to grow. 
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Fig.3.13 Effect of various vitamin B6 concentrations on control and mutant yeast strains. Unlikely from the therapeutic 
effect of the 20 µM, we observed a different effect on yeast growth. Specifically, an improvement in yeast growth for both 
the mutant and the null yeast strain was observed at 70 µM: however, this improvement appears to be less effective 
compared to that found at 20 µM. Conversely, at the highest concentration of 150 µM, our results showed that we have a 
growth inhibition for all strains: only after 3 days, the control strains (the wild type and the null yeast strain expressing the 
human SGPL1 wild type protein) partially start to grow. Serial dilutions of cell cultures were performed and then spotted 
onto distinct solid synthetic minimal media with 50 µM PHS, supplemented with either 70 µM (A, B) or 150 µM (C,D) B6 
together, after 2 and 3 days. The control medium was without PHS and any B6 supplementation, and the growth on the 
control medium is not shown. The study utilized a spot test analysis approach. Each spot test analysis was carried out in 
triplicate. Legend: #, followed by an arabic number indicates number of the clone; WT = BY4741 MATa transformed with 
empty yeast expression vector pCM189; Δdpl1 = BY4741 Δdpl1 transformed with empty yeast expression vector pCM189; 

hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 expressing the hSGPL1 wild type protein; 

hSGPL1 = BY4741 Δdpl1 transformed with yeast expression vector pCM189 hSGPL1 p.Gly210Glu mutant. 
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3.3.4 BLAST Analysis and the Gad1 protein 

 

Our results showed that the B6 concentration required to promote the growth of the Δdpl1 yeast 

strain transformed with the expression vector pCM189 carrying the hSGPL1 p.Gly210Glu mutant 

protein was approximately 20µM. It is worth noting, however, that this concentration also encouraged 

the growth of the yeast dpl1 null mutant. This data suggested the possible existence of an alternative 

mechanism for regulating sphingosine-1-phosphate accumulation in the absence of the orthologous 

protein responsible for its usual processing. This alternate pathway may also involve a PLP-

dependent enzyme, which could explain why vitamin B6 supplementation could also improve the 

growth of the yeast dpl1 null mutant. 

Thus, we used the human sphingosine-1-phosphate lyase 1 sequence to query BLAST against 

UniProtKB/Swiss-Prot as the database and Saccharomyces (taxid:4930) as the reference organism.  

Our findings indicated that, besides the orthologous protein Dpl1, which shares around 40% identity 

with human SGPL1, there also exists another protein (Gad1). Gad1 displays approximately 23% 

similarity with human sphingosine-1-phosphate lyase 1 and has a conserved domain that is involved 

in PLP-catalyzed decarboxylation (Fig. 3.14). Additionally, it belongs to the same superfamily as 

sphingosine-1-phosphate lyase. 

 

 

Fig.3.14 Protein BLAST. Querying the hSGPL1 (NP_003892.2) sequence through UniProtKB/Swiss-Prot shows only 

two results in S.cerevisiae: The orthologous Dpl1 (QHB07755.1) and the yeast glutamate decarboxylase (Gad1). The 
former shares about 40% similarity with human sphingosine-1-phosphate lyase, while the ladder shares about 23%. It is 
noteworthy that the graphical query cover representation for Dpl1 is 85%, while for Gad1 it is 45%, in comparison to 
hSGPL1. Additionally, there is conservation of the domain responsible for PLP-dependent decarboxylation. 
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Gad1 is a PLP-dependent enzyme and belongs to the same superfamily of the sphingosine-1-

phosphate lyase 1. Decarboxylases, formally known as carboxy-lyases, are carbon–carbon lyases 

that remove a carboxyl group from organic compounds. The sphingosine-1-phosphate lyase 1 simply 

breaks a carbon-carbon single bond in the sphingosine-1-phosphate to obtain hexadecanal and 

phosphoethanolamine, while the glutamate decarboxylase breaks a carbon-carbon single bond in L-

glutamate to remove a carboxyl group and yield GABA and a CO2. Thus, considering the similarity 

of the chemical reactions they are involved in, it is reasonable to assume that the yeast Gad1 protein 

plays a role in the processing of sphingosine-1-phosphate to prevent toxic accumulation and ensure 

yeast survival. For this reason, we generated a double knockout yeast model, which we discovered 

was still viable, and conducted further tests with B6 supplementation. 

 

3.3.5 PHS toxicity test and B6 supplementation in double knockout yeast  

 

At this point, we conducted a spot test analysis at the toxic concentration of 50 µM PHS. Results 

showed that this concentration was equally lethal for the Δdpl1 Δgad1 yeast (Fig.3.15), as it was for 

the Δdpl1 yeast, and this effect was particularly evident after 2 days at 30°C. This data would confirm 

the pathogenicity of the p.Gly210Glu mutation since the growth inhibition in Δdpl1 Δgad1 yeast 

expressing the mutant protein is comparable to that of the double knockout yeast. 
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Fig.3.15 Effect of toxic PHS concentration on growth, using the double knockout yeast model, through spot test analysis 
on solid synthetic minimal medium at 30°C. The growth of control (WT; hSGPL1 wild type) and mutant yeast strains (Δdpl1 

Δgad1; hSGPL1 Gly210Glu) was compared on solid medium lacking uracil with 50 µM PHS, after 2 (A) and 4 (B) days. 
The toxic PHS concentration, already validated in the Δdpl1 yeast, also seems to have an antiproliferative effect on the 
growth of the Δdpl1 Δgad1 yeast and on the same genetic background expressing the mutated protein hSGPL1 
p.Gly210Glu, evident mainly after 2 days (A). It is important to note that the yeast nitrogen base used for the medium 
preparation did not already include PLP. Cell cultures were serially diluted and spotted onto the different agar media. Each 
spot test experiment was conducted in triplicate. Legend: #, followed by an arabic number indicates number of the clone; 
WT = BY4741 MATa transformed with empty yeast expression vector pCM189; Δdpl1 Δgad1 = BY4741 Δdpl1 Δgad1 

transformed with empty yeast expression vector pCM189; hSGPL1 = BY4741 Δdpl1 Δgad1 transformed with yeast vector 
pCM189 expressing the hSGPL1 wild type; hSGPL1 p.Gly210Glu = BY4741 Δdpl1 Δgad1 transformed with yeast vector 
pCM189 expressing the hSGPL1 p.Gly210Glu mutant. 
 

Considering these results, we retested the B6 supplementation under the same conditions of the 

yeast dpl1 null mutant and it would seem that the double knockout model outperforms the previous 

one since we did not detect any growth in the yeast with dual gene deletion, unlike the single null 

mutant strain previously observed.  

Among the PLP concentrations tested, we included the B6 concentration (20 µM) that was found to 

be therapeutic in Δdpl1 yeast. Additionally, we tested two other concentrations; one was lower (10 

µM) and the other higher (70 µM). Both concentrations were, however, lower than those used in the 

B6 supplementation of our single knockout yeast model, based on the previous results obtained 

there (Fig.3.16). 
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Fig.3.16 Effect of various vitamin B6 concentrations on control and mutant yeast strains, using the double knockout yeast 
model. Serial dilutions of cell cultures were performed and then spotted onto distinct solid synthetic minimal media, 
supplemented with 10 µM (A, B), 20 µM (C,D) or 70 µM (E,F) B6 with PHS, respectively after 2 and 4 days.  
A, B: The double knockout yeast strain and Δdpl1 Δgad1 yeast expressing the hSGPL1 p.Gly210Glu mutant showed no 
growth improvement when exposed to the lowest B6 concentration (10 µM). This was observed after 4 days at 30°C and 
growth was like that presented in Fig.3.14, in the presence of only 50 µM PHS. C, D: Concentration of 20 µM (B6) did not 
demonstrate any favourable impact on the growth of the double knockout yeast model expressing the human SGPL1 
p.Gly210Glu, nor on the basic Δdpl1 Δgad1 yeast model. Moreover, the situation is worse than with 10 µM B6. E,F: 
Paradoxically, increasing the B6 concentration to 70 µM seems to inhibit the growth of the mutant strains compared to the 
control strains, represented by the wild type yeast strain and the double knockout yeast strain expressing the human 
SGPL1 wild type. It is important to note that all the experiments were conducted using a medium without pre-existing 
pyridoxal-5'-phosphate in the yeast nitrogen base. The control medium did not contain PHS or any B6 supplementation; 
the growth on the control medium is not shown. The study utilized a spot test analysis approach and each test was carried 
out in triplicate. . Legend: #, followed by an arabic number indicates number of the clone; WT = BY4741 MATa transformed 
with empty yeast expression vector pCM189; Δdpl1 Δgad1 = BY4741 Δdpl1 Δgad1 transformed with empty yeast 
expression vector pCM189; hSGPL1 = BY4741 Δdpl1 Δgad1 transformed with yeast expression vector pCM189 hSGPL1 
wild type; hSGPL1 Gly210Glu = BY4741 Δdpl1 Δgad1 transformed with yeast expression vector pCM189 hSGPL1 
Gly210Glu mutant. 

 
The results displayed that the concentration of 20 µM, which we defined therapeutic based on the 

proliferative results of B6 supplementation on the growth of the Δdpl1 yeast expressing the human 

SGPL1 p.Gly210Glu, did not show any positive effect on the double knockout yeast model 

expressing the same human mutant protein. Conversely, it seems to inhibit the growth of both the 

Δdpl1 Δgad1 yeast and the same genetic background expressing the mutant protein, compared to 

the control strains as the wild type and the double knock-out yeast strain expressing the wild type 

human sphingosine-1-phosphate lyase 1: this inhibitory effect on growth is much more evident with 

70 µM.  
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3.4 Discussion  

 

Yeast showed to be a very effective model to validate the pathogenicity of mutations found in the 

SGPL1 gene, due to the conservation of the sphingolipid pathway among eukaryotic organisms. This 

makes yeast a good model for studying the effects of mutations in the SGPL1 gene, as the same 

mutations are likely to have similar effects in yeast and humans. The p.Gly210Glu human mutation 

found in our patient affects a conserved residue and can be considered a new discovery since it has 

not yet been recorded in the GnomAD database, consulted on August 30th. 

Thus, we decided to express the human sphingosine-1-phosphate aldolase in the yeast null mutant 

for the orthologous protein (Dpl1). Previous studies have confirmed that the human protein rescued 

the yeast null mutant in the presence of toxic concentrations of phytosphingosine-1-phosphate 

(PHS), a sphingosine-1-phosphate (S1P) analogue (Lovric et al., 2017). We chose to evaluate, as 

phenotype, the growth inhibition in Δdpl1 yeast expressing the mutant SGPL1 exposed to toxic 

concentration of PHS (Kim et al., 2000). While the exact mechanisms behind the antiproliferative 

effect triggered by intracellular accumulation of sphingolipids remain unclear, it is evident that the 

inability to degrade toxic long chain bases (LCBs) led to reduced viability and slowed growth. 

Since the enzyme is PLP-dependent and the mutation studied is in the PLP binding site, it is 

expected that the mutation reduces the binding affinity for PLP, with further consequences for its 

functionality. It is important to note that this deficiency could be compensated by increasing the PLP 

concentration and, in practice, it is possible to evaluate the rescue of yeast growth by B6 

supplementation (Zhao et al., 2020). Recent investigations also suggest an additional role for PLP 

as a molecular chaperone, improving the folding efficiency of misfolded enzymes (Cellini et al., 

2014). It was important to use medium without supplemental vitamin B6 to ensure that the only PLP 

supplementation could come from our specific enrichment. Vitamins are defined as essential organic 

molecules that organisms cannot synthesize. In yeast physiology, the use of the term "vitamin" 

primarily depends on essentiality for humans. However, the genome of Saccharomyces cerevisiae 

contains most of the structural genes that are necessary for synthesizing vitamins, including vitamin 

B6 (Perli et al., 2020). 
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First, a titration was conducted which revealed that the Δdpl1 yeast exhibited growth inhibition in 

response to 50 µM concentration of toxic PHS, as compared to the wild type strain (BY4741 MATa). 

Consequently, through spot test analysis, we show that this toxic concentration of PHS (50 µM) was 

able to inhibit the growth of both the null mutant yeast strain expressing the empty vector or the 

human SGPL1 p.Gly210Glu. Conversely, the growth remained normal in the wild type strain and the 

Δdpl1 yeast expressing the wild type human SGPL1. These differences became evident after only 2 

days of incubation at 30°C in synthetic minimal medium (without vitamin B6) with 50 µM PHS. In the 

control medium without PHS, we observed growth for all the strains studied. These results, through 

PHS toxicity test, can confirm the pathogenicity of the p.Gly210Glu mutation, which is comparable 

to the complete deletion of the gene and suggests a loss-of-function effect. After five days at 30°C 

(data not shown), also the Δdpl1 yeast expressing the mutant SGPL1 and the null mutant yeast 

started partially to grow: probably the amount of PHS still present in the medium starts to decrease 

due to its processing by the yeast expressing a functional sphingosine-1-phosphate lyase 1 and due 

to the porosity of the agar, which allows the molecules to have a certain diffusion rate. 

Afterwards, we decided to evaluate the B6 supplementation to assess its potential therapeutic impact 

on SGPL1 mutation. The mutation on the cofactor binding site involves a residue conserved among 

eukaryotic species. We expected a reduction in the binding affinity for the active form of vitamin B6, 

due to a change in the protein structure from a non-polar glycine with an aliphatic group to a polar 

glutamate with an anion group. Our hypothesis is that supplementing with external PLP might 

improve the possibilities of retaining it, potentially compensating for the assumed reduced binding 

capacity.  

Interestingly, by testing various B6 concentration, the situation appears to be better as we observed 

the growth of the yeast null mutant expressing the mutant hSGPL1 after 2 days at 30°C. 

Higher B6 concentrations seem to be toxic to all the tested strains, including the wild type and the 

yeast null mutant expressing the human SGPL1 wild type, particularly at a concentration of 150 µM. 

This data confirms the importance of finding the right therapeutic concentration of B6. It seems that 

20 µM is the most effective B6 concentration to rescue the yeast lacking a functional sphingosine-1-

phosphate lyase 1 in the presence of toxic PHS intracellular accumulation.  
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Curiously, we observed that this proliferative effect of the vitamin B6 is also present in the null mutant 

yeast strain. This suggest that this beneficial effect could act in a dpl1-independent way, inducing us 

to speculate that there may be an alternative PLP-dependent enzyme able to compensate for the 

sphingosine-1-phosphate lyase 1 deletion. This alternative mechanism can ensure yeast survival by 

processing the accumulation of sphingosine-1-phosphate or its analogues. It should not be forgotten 

that the vitamin B6 may also have a general beneficial effect on yeast growth, due to the many PLP-

dependent enzymes present and the several metabolic processes in which it is involved.  

Through protein BLAST analysis, our research prioritizes the investigation of the yeast glutamate 

decarboxylase enzyme (Gad1). This is a PLP-dependent enzyme belonging to the same superfamily 

as the sphingosine-1-phosphate lyase, sharing 23% similarity with the human SGPL1. 

Scientific evidence in literature demonstrates that proteins in biological organisms may have 

functions beyond their traditional roles. There, it is plausible to consider that a protein that is similar 

in structure and function, part of the lyase family, and utilizes the same co-factor, could potentially 

perform the same function as the missing protein, thus preventing yeast growth inhibition. 

Based on these observations, we decided to generate a yeast strain with a double deletion of dpl1 

and gad1, which was confirmed to be still viable, and repeated the PHS toxicity test and B6 

supplementation assay. 

After 2 days at 30°C, in presence of 50 µM PHS, we noted growth inhibition for the double null mutant 

yeast expressing the empty vector as well as the Δdpl1 Δgad1 expressing the mutant SGPL1 

p.Gly210Glu compared to the same strains grown in synthetic minimal medium without PHS (yeast 

growth on the control medium is not shown). This data is similar to what we already found with single 

knockout yeast strain.  

At this point, we decided to evaluate the B6 supplementation and we tested various PLP 

concentrations (10,20 and 70 µM). Since previous B6 supplementation showed therapeutic effect 

with approximately 20 µM, we used concentrations close to this value and maintained as the highest 

value of the concentration used that of 70µM (that was a middle value in our first B6 supplementation 

conducted on the single knockout yeast strain).  
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Generally, it seems that vitamin B6 has not any beneficial effect on double knockout yeast strain and 

on the same background expressing the mutant SGPL1. Conversely, it appears that for these strains 

the therapeutic B6 concentration (20 µM) causes a growth inhibition and this effect become more 

evident with a the highest B6 concentration used (70µM). The double deleted yeast expressing the 

mutant human protein and the Δdpl1 Δgad1 yeast showed to be B6 sensitive, compared to the wild 

type and the double null mutant yeast expressing the wild type human protein. This data aligns with 

the fact the new model used should not possess any PLP-dependent enzymes able to process the 

excessive accumulation of sphingosine-1-phosphate (or analogues). Therefore, vitamin B6 cannot 

improve yeast growth (as it could have on the single knockout yeast) and for this reason could cause 

a reverse effect. 

These final results confirm the pathogenicity of the p.Gly210Glu mutation, because its behaviour 

mirrors that of the double null mutant yeast strain. Moreover, being the mutation on the PLP binding 

site and probably causing a significant change in the protein’s structure, explains why PLP 

supplementation has no therapeutic effect, even with increased cofactor concentrations. The double 

knockout yeast model may be a more reliable model to validate novel mutations pathogenicity, since 

the B6 supplementation does not have a proliferative effect on the double knockout yeast strain, as 

it did in the Δdpl1 yeast. 

Further investigations should be carried out to verify whether a micromolar B6 concentration (less 

than 10 µM) is able to exert a therapeutic effect on the double knockout yeast model expressing the 

hSGPL1 p.Gly210Glu. For instance, a cheap and fast disk diffusion analysis could be used to 

determine a precise B6 concentration able to induce a proliferative effect on the strains under 

investigation.  

Most importantly, it should be assessed whether yeast glutamate decarboxylase can act as 

sphigosine-1- phosphate lyase 1. This can be accomplished using a simple, fast and cost-effective 

nonradioactive assay, without relying on expansive mass spectrometric detectors or radioactive 

substrate To measure SGPL1 activity in yeast cell lysate, alternative substrates can be used, which 

produce a fluorescent aldehyde that can be analysed by RP-HPLC (Mezzar et al., 2014) 
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Our double null mutant yeast strain has displayed greater efficacy as a model for investigating novel 

missense mutations in the SGPL1 gene. This presents an interesting avenue for further study. 

While SGPL1 is widespread across all human tissues, data from the Protein Human Atlas show that 

glutamate decarboxylases are mainly found in the brain. This implies that our discoveries may have 

been simpler to accomplish in a single eukaryotic yeast model instead of the human body or specific 

human cell lines.  

Discovering that a protein in yeast has additional functions beyond its known role may offer 

significant benefits. If this multifunctionality can likewise be found in the human orthologues, it could 

open up new avenues for disease treatment by identifying fresh targets for therapeutic interventions. 

Furthermore, this insight increases our understanding of diseases by revealing underlying 

mechanisms, thus paving the way for more precise treatments. Innovative therapies may arise, 

taking advantage of proteins' double capacity for both regular and disease-associated functions. 

Personalised medicine could derive benefits from the comprehension of variant proteins, which in 

turn enables drug customisation. Additionally, the identification of proteins with dual function may 

lead to quantifiable biomarkers for early disease diagnosis and monitoring. This discovery may 

advance fundamental research in molecular biology and genetics, not only in terms of health 

implications. However, rigorous scientific assessment is crucial to authenticate and efficiently utilise 

these discoveries. 
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PART IV  

 

Understanding Coenzyme Q and the COQ Genes: 

Insights into Cellular Energy and Genetic 

Regulation  
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4.1 General introduction 

 
4.1.1 CoQ: the known cellular roles 

 
Coenzyme Q (CoQ), also known as ubiquinone, is a critical lipid with significant biochemical 

properties. Although its discovery was made 65 years ago in Madison, WI, USA (Crane et al., 1957) 

and Liverpool, UK (Morton, 1958), CoQ continues to intrigue researchers because of its multiple 

involvement in various cellular processes, human diseases, and therapeutic approaches. Recent 

studies are uncovering unexpected new roles for CoQ. Nonetheless, there are still uncertainties 

surrounding CoQ, including its biosynthesis, non-canonical functions and transport mechanisms, 

which hinder our ability to effectively address human diseases caused by CoQ deficiency. 

Coenzyme Q (CoQ) has a significant role within the mitochondrial Electron Transport Chain (ETC). 

It transfers electrons from Oxidative Phosphorylation (OxPhos) complexes I and II to complex III, 

assisting in the production of the proton motive force which fuels ATP synthesis (Stefely & 

Pagliarini, 2017). Beyond this central role, CoQ is often unrecognized for its contribution as a co-

factor in various enzymatic pathways, such as pyrimidine biosynthesis, proline catabolism, 

glycolysis, fatty acid oxidation, and sulfide detoxification (Figure 4.1 A). This versatile function 

provides multiple pathways for electron transport to complex III (Baschiera et al., 2021). 

In specific contexts, CoQ's role as a cofactor takes priority. In fact, we know, that mitochondrial 

complexes I and II donate electrons to ubiquinone (UQ), resulting in the generation of ubiquinol 

(UQH2) and the regeneration of the NAD+ and FAD cofactors, and complex III oxidizes ubiquinol 

back to ubiquinone, which also serves as an electron acceptor for dihydroorotate dehydrogenase 

(DHODH)—an enzyme necessary for de novo pyrimidine synthesis. In this context, for example, 

particular cancer cells heavily depend on complex III for CoQ regeneration to support the activity of 

dihydroorotate dehydrogenase (DHODH) and the tricarboxylic acid (TCA) cycle, rather than simply 

aiding NAD+ regeneration or ATP production (Martínez-Reyes et al., 2020). Moreover, there is an 

ongoing debate concerning the partitioning of CoQ in mitochondria, as there are two suggested pools 

with separate functions: one associated with respiratory supercomplexes that receives electrons 
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from NADH through complex I, and another which diffuses freely within the inner mitochondrial 

membrane (IMM) and obtains electrons from FAD-dependent enzymes (Lapuente-Brun et al., 2013). 

Extramitochondrial Coenzyme Q (CoQ) has been associated with the attenuation of ferroptosis, a 

type of non-apoptotic cell death triggered by iron-driven phospholipid peroxidation (Dixon et al., 

2012). This process catalyzes the production of harmful phospholipid hydroperoxides (PLOOHs) 

from polyunsaturated fatty acids when exposed to oxidative stress from various environmental and 

metabolic factors. Consequently, this results in the loss of membrane integrity, the occurrence of 

oxidative damage to large molecules, and ultimately cell death (Jiang et al., 2021). In mammals, the 

primary defense against ferroptosis is GPX4, a phospholipid hydroperoxide glutathione peroxidase, 

which counteracts PLOOHs (Yang et al., 2014). Recent research has discovered an alternative 

mechanism, independent of GPX4, for protecting against ferroptosis, through the involvement of 

FSP1, an oxidoreductase that reduces extracellular CoQ to its hydroquinone form (CoQH2) on the 

plasma membrane (PM), which subsequently inhibits the formation of PLOOHs (Bersuker et al., 

2019; Doll et al., 2019). 

Before the discovery of FSP1, Coenzyme Q (CoQ) was widely accepted as a vital lipophilic 

antioxidant at the plasma membrane (PM) in both yeast and mammalian systems. The primary 

oxidoreductases responsible for sustaining a reduced pool of CoQ on the PM are NAD(P)H:quinone 

oxidoreductase 1 (NQO1) and NADH-cytochrome b5 reductase (Cyb5Red) (Navas et al., 2007)(Fig. 

4.1 B). NQO1 functions not only as a catalyst for the two-electron reduction of CoQ, which is an 

essential part of the PM's redox system, but also acts as a superoxide reductase, producing NAD+ 

and influencing various signalling enzymes, including HIF1-α, p53, and sirtuins (Ross & Siegel, 

2017). Cyb5Red, which exists on both the PM and endoplasmic reticulum (ER), is induced during 

stressful conditions and facilitates electron transfer from NADH to CoQ, thereby enhancing the 

protective CoQ antioxidant pool (Bello et al., 2003). While research has primarily explored the 

antioxidant role of Cyb5Red in the plasma membrane (Villalba et al., 1997), its occurrence in ER 

membranes suggests its possible involvement in maintaining the CoQ/CoQH2 equilibrium within this 

organelle. Currently, there is limited knowledge of how CoQ redox state is controlled in organelle 
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membranes other than the mitochondria and PM, or the consequences of preserving a specific 

CoQ/CoQH2 proportion in these settings. 

CoQ is present in lysosomal membranes and can be reduced through a lysosomal Electron 

Transport Chain (ETC) (Gille & Nohl, 2000), but the exact proteins involved are still unknown. CoQ 

deficiency has been linked to abnormal lysosomal acidification (Heaton et al., 2020), although the 

connection between this phenomenon and the lysosomal ETC is not yet clear. 

In addition to its roles in the Electron Transport Chain (ETC), as a cofactor and an antioxidant, 

Coenzyme Q (CoQ) has been linked with mammalian energy regulation pathways, even though the 

nature of these connections is frequently not entirely clear. Brown adipose tissue (BAT) can 

participate in facultative thermogenesis by employing uncoupling proteins (UCPs), which disperse 

the mitochondrial proton gradient to create heat (Argyropoulos & Harper, 2002). Early studies 

indicated that CoQ is important for activating proton transport by UCP1 (Echtay et al., 2000) and 

UCP2/UCP3 (Echtay et al., 2001) in reconstituted liposomes, although these findings have been 

challenged (Esteves et al., 2004). Recent research on brown adipose tissue (BAT) has demonstrated 

that the scavenger receptor protein CD36 is vital for CoQ absorption and normal BAT performance. 

Cd36-deficient mice display decreased CoQ levels, impaired nonshivering thermogenesis, and 

intolerance to cold (Anderson et al., 2015), yet the molecular mechanisms underlying these effects 

remain unclear. 

A rising topic in maintaining CoQ balance is the importance of the proportion between oxidised CoQ 

and reduced CoQH2 in detecting and demonstrating various metabolic conditions in cells (Murphy 

& Chouchani, 2022). This proportion has been associated with acute oxygen sensing in mouse 

chemoreceptor cells, downstream of complex I-derived NADH and ROS (Arias-Mayenco et al., 

2018). Similarly, in conditions of hypoxia or impaired ETC in mice, a high CoQH2/CoQ ratio could 

potentially induce the reversal of complex II, leading to the reduction of fumarate as an alternate 

electron acceptor (Spinelli et al., 2021). Additional studies are required to examine whether these 

mechanisms may be connected to the regulation of nucleotide pools or downstream gene 

expression. 

 



 

91 
 

 
 

Fig.4.1 Cellular Functions of Coenzyme Q. (A) While Coenzyme Q (CoQ) is primarily recognized for its central role in the 

mitochondrial electron transport chain and oxidative phosphorylation (OxPhos), it also serves as a cofactor for several 
mitochondrial enzymes. In the core of energy metabolism, the tricarboxylic acid (TCA) cycle provides reducing equivalents 
that facilitate the reduction of CoQ at OxPhos complexes I and II. Various enzymes involved in processes such as uridine 
biosynthesis, fatty acid oxidation, and sulfide detoxification, among others, contribute additional pathways for electron entry 
into complex III of the ETC, ultimately driving ATP synthesis. (B) An overview of the diverse cellular functions of CoQ. CoQ 
is distributed across nearly all cellular membranes. Some extramitochondrial roles of CoQ are highlighted, including its 
involvement in modulating membrane dynamics and regulating uncoupling proteins, although many of these roles remain 
incompletely understood. On the plasma membrane (PM), reduced CoQH2 functions as a lipophilic antioxidant, where it 
can be oxidized by various oxidoreductases to combat lipid peroxidation and oxidative damage. Abbreviations: DHODH, 
dihydroorotate dehydrogenase; IMM, inner mitochondrial membrane; IMS, intermembrane space; OMM, outer 

mitochondrial membrane(Guerra & Pagliarini, 2023) 
 

4.1.2 Coenzyme Q biosynthesis and regulation 

 

CoQ is one of the most hydrophobic molecules in nature, with a long polyisoprenoid lipid tail 

protected by a redox-active cap. The biosynthesis of CoQ in cells represents a major challenge in 

cells. Nevertheless, almost all organisms in various domains of life produce CoQ endogenously 

(Lester & Crane, 1959), with eukaryotes primarily synthesizing it at the IMM (Momose & Rudney, 

1972). 

Coenzyme Q (CoQ) biosynthesis is a fascinating journey that unfolds in four distinct steps (Fig.4.2). 

CoQ is synthesized in mitochondria by a set of at least 15 genes (collectively known as COQ genes), 



 

92 
 

originally discovered in yeast and subsequently identified in humans (Doimo et al., 2014; Guerra & 

Pagliarini, 2023). 

In yeast, Coq proteins assemble into a multi-subunit complex called the CoQ-synthome. This 

complex appears to exist in mammalian cells as well, although the exact composition and structure 

remain unclear (Desbats, Lunardi, Doimo, Trevisson, & Salviati, 2015). 

 

 

 

Fig.4-2 The diagram illustrates the principal eukaryotic CoQ biosynthesis pathway, conserved across organisms from 

Saccharomyces cerevisiae to humans. CoQ production starts with the head group precursor 4-HB, derived from tyrosine, 
and the tail subunit IPP, derived from the mevalonate pathway, both of which are transported into the mitochondrial matrix 
by unknown mechanisms. Once the tail subunit undergoes polymerization and the head group attaches, CoQ intermediates 
are subject to successive head group adjustments resulting in the mature CoQ. Biosynthetic enzymes are denoted by the 
circled number above each arrow. Enzymes and transporters that are unidentified are indicated by circled question marks. 
Auxiliary proteins with some unclear involvement in CoQ biosynthesis are depicted in red circles. ‘+’ symbol near dashed 
arrows designates a hypothesized supportive role for the indicated reaction. Abbreviations: 4-HBz, 4-
hydroxybenzaldehyde; 4-HMA, 4-hydroxymandelate; 4-HPP, 4-hydroxyphenylpyruvate; AADAT, mitochondrial alpha-
aminoadipate aminotransferase; ALDH3A1, aldehyde dehydrogenase 3A1; DDMQ, demethoxy-demethyl-coenzyme Q; 
DMQ, demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q; DMAPP, dimethylallyl pyrophosphate; FDX2 (FDX1L), 
mitochondrial ferredoxin 2 (ferredoxin 1-like); FDXR, ferredoxin reductase; FPP, farnesyl pyrophosphate; GPP, geranyl 
pyrophosphate; HPLD, hydroxyphenylpyruvate dioxygenase-like protein; IDI1, isopentenyl-diphosphate delta isomerase 
1; IPP, isopentenyl pyrophosphate; PDSS1, prenyl (decaprenyl) diphosphate synthase subunit 1; PPDHB, polyprenyl-
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dihydroxybenzoate; PPHB, polyprenyl-hydroxybenzoate; PPVA, polyprenyl-vanillic acid; TAT, tyrosine aminotransferase 

(Guerra & Pagliarini, 2023). 

First, a critical precursor, 4-hydroxybenzoate (4-HB), is formed from tyrosine in mammals, while 

yeast and bacteria can produce it via the shikimate pathway (Stefely & Pagliarini, 2017). However, 

the precise stages involved in the tyrosine-to-4-HB pathway have yet to be fully understood, as 

multiple enzymes may be involved. Recent research has revealed an intermediate, 4-

hydroxymandelate (4-HMA), produced from 4-HPP by hydroxyphenylpyruvate dioxygenase-like 

protein (HPLD), as an intermediate in this pathway (Banh et al., 2021): adding details to the intriguing 

puzzle pieces of this pathway. 

The isoprenoid tail originates from a non-sterol branch of the mevalonate pathway, and it is 

constructed from isoprene repeats, drawing its building blocks from isopentenyl pyrophosphate (IPP) 

or dimethylallyl pyrophosphate (DMAPP) subunits (Stefely & Pagliarini, 2017). However, the 

transportation of 4-HB and isoprene precursors from the cytosol to the mitochondrial matrix remains 

an unsolved question. Once inside the matrix, the yeast Coq1p, or alternatively, the corresponding 

human orthologues PDSS1 and PDSS2, are responsible for the assembly of isoprenes into the lipid 

tail. Its length varies across species and is indicated by a subscripted number that specifies the 

number of isoprene units in the tail: 10 units in humans (CoQ10), 9 in mice (CoQ9), 8 in E.coli (CoQ8), 

and 6 in S.cerevisiae (CoQ6) (Wang & Hekimi, 2016). The Coq1 polypeptide is peripherally 

associated with the matrix side of the inner mitochondrial membrane; it is not associated with the 

CoQ-synthome, 

Then, Coq2p/COQ2 is required for the attachment of the polyisoprenyl ‘tail’ to the 4-hydroxybenzoate 

(4HB), which results in the formation of polyprenyl-hydroxybenzoate (PPHB) (Stefely & Pagliarini, 

2017). Initially, it was hypothesised that Coq2 might act as an anchor for the CoQ-synthome to the 

inner mitochondrial membrane; however, there is no evidence linking Coq2 to the other Coq 

polypeptides that combine to form the complex. 

The final steps of CoQ biosynthesis consist of a series of modifications to the PPHB head group. 

These alterations are carried out by yeast proteins Coq3, Coq5, Coq6, and Coq7, as well as their 

human counterparts (COQ3, COQ5, COQ6 and COQ7), which are involved in methylation, 

decarboxylation, hydroxylation of the ubiquinone ring (Stefely & Pagliarini, 2017)(Fig. 4.2). The 
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specific sequence of reactions that execute the modifications of CoQ's aromatic ring remains 

uncertain in eukaryotes. Generally accepted models, based on yeast data, suggested that COQ6 

catalyzes C5 hydroxylation as the first reaction after the condensation of 4-HB with the polyisoprene 

tail, followed by the subsequent methylation catalyzed by COQ3 and by the C1 decarboxylation and 

hydroxylation steps (Ozeir et al., 2011; Stefely & Pagliarini, 2017). However, COQ6 knockout cells, 

in both human and yeast, accumulate 4-HP, a compound that is decarboxylated and hydroxylated 

in position C1 of the ring. This suggests that these reactions occur before or independently of C5 

hydroxylation, carried out by enzymes that remain unidentified (Acosta Lopez et al., 2019).  

Numerous mysteries surround this intricate pathway. One pressing question concerns the identity of 

the eukaryotic enzyme(s) responsible for catalyzing the decarboxylation and hydroxylation steps of 

the carbon in position 1 of the aromatic ring of the Q precursor. Additionally, researchers are actively 

exploring the role of proteins considered to be auxiliary, such as Coq4p/COQ4, 

Coq8p/COQ8A/COQ8B, Coq9p/COQ9, and Coq10/COQ10A/COQ10B. COQ8, part of the UbiB 

family of kinase-like proteins, has raised questions about its function. It is necessary for 

phosphorylating polypeptides Coq3, Coq5, and Coq7. Further, overexpression of Coq8 in certain of 

the coq null strains restores steady-state levels of Coq4, Coq5, Coq7, and Coq9 and stabilizes the 

formation of the CoQ-synthome. Its human orthologue, ADCK3 (COQ8A), exhibits ATPase activity 

and possesses a protein-kinase like fold structure as well as adenine nucleotide binding motifs. In 

contrast, human ADCK4 (COQ8B) functions as an atypical kinase involved in the biosynthesis of 

coenzyme Q, although its substrate specificity is unclear. Thus, the precise role of Coq8 in supporting 

CoQ biosynthesis as either a kinase or ATPase remains uncertain.  

Similarly, little is known about the function of Coq4 (known as COQ4 in humans), although it appears 

to play a significant role in complex formation and stability; while Coq9 (COQ9 in humans) 

polypeptide is essential in both the hydroxylation steps of Coq6 and Coq7, through indirect or 

supporting roles. 

Additionally, while the lipid-binding protein Coq10p is not essential for CoQ biosynthesis, it plays a 

crucial role in facilitating efficient CoQ synthesis and its utilization in oxidative phosphorylation (Tsui 

et al., 2019). Human orthologues COQ10A and COQ10B may be interesting targets for studying the 
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movement of CoQ between the mitochondrial membranes and respiratory complexes due to their 

hypothesised lipid chaperone function. Coq10 has been proved to be an isolated polypeptide that 

does not associate with the complex. 

Lastly, Coq11 appears to be necessary for de novo CoQ synthesis in yeast, but it has no clear human 

orthologue. Protein similarity has been found between yeast Coq11 and human NDUFA9, an 

auxiliary subunit of Complex I in humans important for complex stability. Further studies on their 

homology are needed to define their functional relationship (Acosta et al., 2016; Awad et al., 2018). 

Further investigation is needed to illuminate how these proteins considered to be auxiliary contribute 

to CoQ biosynthesis in yeast and mammalian systems. The journey to understand CoQ biosynthesis 

continues, with each discovery revealing more layers of this captivating biochemical puzzle. 

 

4.1.3 CoQ biosynthetic complex 

 

The CoQ biosynthetic complex, known as ‘complex Q’, is a dynamic group of enzymes located on 

the matrix side of the IMM (Allan et al., 2015; Floyd et al., 2016; He et al., 2014; Hsieh et al., 2007) 

(Fig.4.3). It works as a ‘metabolon’ (Srere, 1985), guiding CoQ through sequential metabolic stages 

via cluster channeling (Pareek et al., 2021). This increases enzyme proximity, optimizes substrate 

channeling, and prevents the accumulation of toxic CoQ intermediates (Fernández-del-Río et al., 

2020). Although essential components such as Coq3-9p/COQ3-9 are known, the complete 

composition and proportions of enzymes and auxiliary proteins within complex Q are still a mystery. 

The involvement of both protein and non-protein components such as COQ8A and COQ9 further 

complicates the picture. CoQ proteins in yeast have shown to depend on each other for stability 

(Hsieh et al., 2007), suggesting a possible role for CoQ or its intermediates in complex Q formation. 

Despite recent structural advances obtained from a cryo-electron microscopy study of a human 

COQ7 and COQ9 complex, the architecture and assembly of complex Q remain enigmatic (Manicki 

et al., 2022). COQ9, a protein that binds isoprenoid lipids, may act as a lipid presenter, and this 

complex structure supports the idea of a COQ7:COQ9 tetramer that remodels membranes to extract 

CoQ lipid intermediates (Manicki et al., 2022). In summary, although progress has been made, many 
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questions still surround the CoQ biosynthetic complex, making it a fascinating area for future 

research. 

 

4.1.4 CoQ Uptake, Distribution, and Transport 

 

Coenzyme Q (CoQ) is found in various cellular membranes, but the mechanisms governing its 

distribution within cells are not yet fully understood. Recent yeast research has unveiled specialized 

regions called 'CoQ domains,' where enzymes involved in CoQ modification are concentrated 

(Subramanian et al., 2019). These domains, reliant on essential COQ proteins, can form and break 

down based on lipid availability(Subramanian et al., 2019). They are closely linked to contact sites 

between the endoplasmic reticulum (ER) and mitochondria (ERMES). Disruptions in these contact 

sites can impact CoQ domain formation and result in the accumulation of CoQ intermediates 

(Subramanian et al., 2019). The proximity of CoQ domains to these contact sites suggests a potential 

role in coordinating metabolic pathways and distributing mature CoQ within the cell (Fig.4.3). 

 

Fig.4.3 Key questions remain about complex Q composition, assembly, and mechanisms governing CoQ transport and 

distribution. While evidence supports complex Q's existence, its full composition, stoichiometry, and assembly regulation 
remain unclear. COQ genes are nuclear-encoded, but factors governing their expression and protein processing for 
mitochondrial import via TIM (translocase of the inner mitochondrial membrane) and TOM (translocase of the outer 
mitochondrial membrane) complexes pose many queries. Complex Q's proximity to MICOS (mitochondrial contact site and 
cristae organization system) and ERMES (ER-mitochondria encounter structure) suggests potential roles in CoQ precursor 
import or mature CoQ export. Studies with exogenous CoQ imply clathrin-mediated endocytosis machinery involvement in 

CoQ assimilation (Guerra & Pagliarini, 2023). 



 

97 
 

CoQ is highly hydrophobic and embedded in lipid bilayers, making it unlikely to move freely through 

the aqueous cellular environment without specific protein machinery. Studies suggest that newly 

synthesized CoQ is first localized to mitochondria, then to mitochondria-associated membranes, the 

ER, and finally to the plasma membrane (Fernández-Ayala et al., 2005). The endomembrane 

system, including the ER-Golgi transport, may be involved in this distribution process (Fig.4.4). 

However, the specific proteins responsible for bidirectional CoQ trafficking remain unknown. 

Mitochondrial contact sites between organelles, known for their role in phospholipid trafficking, might 

also contribute to CoQ distribution (Dimmer & Rapaport, 2017; Rampelt et al., 2017). 

 

Fig.4.4 Representation of a hypothetical CoQ transport route within the cell. After being synthesized at the inner 

mitochondrial membrane (IMM), CoQ travels through mitochondria-associated membranes (MAMs) en route to the 
endoplasmic reticulum (ER). At the ER, CoQ interfaces with the endomembrane system and undergoes packaging within 

the Golgi apparatus for broad distribution to various organelles and cellular membranes (Guerra & Pagliarini, 2023). 

Insights from Exogenous CoQ Uptake Studies: 

 

Understanding how cells assimilate exogenous CoQ is crucial, especially for addressing 

mitochondrial dysfunction caused by CoQ deficiencies. Yeast studies have identified factors within 

the endocytic pathway and clathrin-mediated endocytosis that participate in CoQ uptake 

(Fernández-del-Río et al., 2020). Human clinical trials have also associated specific gene 

polymorphisms with increased serum CoQ levels in response to CoQ supplementation (Takahashi 
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et al., 2021, 2022). Further research is necessary to explore the roles of these genes and 

mechanisms in facilitating CoQ uptake. 

A genetic screen in yeast has identified two inner mitochondrial membrane (IMM) proteins, Cqd1p 

and Cqd2p, as key players in CoQ distribution (Kemmerer et al., 2021). These proteins seem to work 

reciprocally, with Cqd1p promoting CoQ accumulation in mitochondria and Cqd2p favoring its 

presence at the plasma membrane. Both proteins belong to the UbiB family and require ATPase 

activity for CoQ distribution (Kemmerer et al., 2021). This suggests that their ATPase activity may 

be involved in extracting CoQ from the IMM for transport. Notably, CoQ transport out of mitochondria 

can occur independently of Cqd1/2p and remains unaffected by the deletion of genes related to 

various cellular processes, indicating potential redundancy, or overlapping functions in CoQ 

distribution (Kemmerer et al., 2021). 

 

4.1.5 Primary CoQ10 deficiency and treatments 

 

Primary CoQ10 deficiency is an inherited disease affecting the mitochondrial respiratory chain 

(DiMauro et al., 2013). It results from low levels of CoQ10 in cells or tissues due to pathogenic biallelic 

variants (homozygous or compound heterozygous) in one of the ten genes involved in its 

biosynthesis: PDSS1, PDSS2, COQ2, COQ4, COQ5, COQ6, COQ7, COQ8A, COQ8B, and COQ9. 

This condition can cause a wide range of symptoms (Table 4.1), with onset occurring from birth to 

adulthood (Berardo & Quinzii, 2020).: from fatal multisystem disease to isolated steroid-resistant 

nephrotic syndrome or isolated central nervous system disease (Desbats et al., 2015). Genotype-

phenotype correlations illustrates how mutations in different COQ genes can impact various organs. 

The reasons for these diverse effects remain unclear but may involve differences in tissue-specific 

gene expression levels and mitochondrial DNA pools. In contrast, secondary CoQ10 deficiencies are 

caused by pathogenic variants in genes not directly related to CoQ10 biosynthesis (Trevisson et al., 

2011). These variants affect other mitochondrial or non-mitochondrial processes that reduce CoQ10 

levels in tissues, possibly by adaptive mechanisms(Alcázar-Fabra et al., 2021). Some causes of 
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secondary CoQ10 deficiency are defects in the respiratory chain. Molecular genetic testing is the only 

way to distinguish primary CoQ10 deficiency from secondary CoQ10 deficiency. 

 

 

Table 4.1 Primary coenzyme Q10 deficiency: genes and associated clinical features. 
HCM = hypertrophic cardiomyopathy; ID = intellectual disability; SNHL = sensorineural hearing loss; SRNS = steroid-
resistant nephrotic syndrome; 1. Genes are listed in alphanumeric order 2. Encephalopathy comprises a wide spectrum of 
brain involvement with different clinical and neuroradiologic features, often not further explained by the reporting authors; 
3. Adult-onset multisystem atrophy-like phenotype (Desbats et al., 2016); 4. Severe hypotonia, respiratory insufficiency, 
cerebellar hypoplasia, slowly progressive neurologic deterioration, spasticity, and intellectual disability; 5. The link between 
COQ5 pathogenic variants and ataxia still needs confirmation.; 6. Because individuals with COQ6- and COQ8B-related 
CoQ10 deficiency were ascertained by the presence of SRNS, the authors cannot exclude the possibility that biallelic 
pathogenic variants in these two genes could also cause a broader phenotype. 7. COQ8A-related CoQ10 deficiency is 
also referred to as autosomal recessive spinocerebellar ataxia 9 or SCAR9 (OMIM 612016). From “Primary Coenzyme 
Q19 Deficiency Overview” in GeneReviews, Salviati et al., last update on: June 8, 2023 
 

Primary CoQ10 deficiency is a rare condition, affecting fewer than 1 in 2,000 individuals according to 

European criteria. However, it is likely underdiagnosed. Traditionally, diagnosing CoQ10 deficiency 

relied on biochemical tests and later genetic analysis in consanguineous families. Nowadays, Next 

Generation Sequencing (NGS) is the preferred method for genetic screening and diagnosis of this 

diverse disorder (Alcázar-Fabra et al., 2021). 

Prognostic information for primary CoQ10 deficiency is limited due to the rarity of cases. It is a 

progressive disorder, and the prognosis varies depending on the specific gene involved and the 

severity of the deficiency. Severe multisystem cases often lead to early mortality, while individuals 

with later-onset disease may respond better to treatment and experience improved outcomes (Ashraf 

et al., 2013; Heeringa et al., 2011; Montini et al., 2008)  

Kidneys Heart Eyes Hearing Neurologic Muscles

COQ2 SRNS HCM Retinopathy, optic atrophy SNHL Encephalopathy2 , seizures, other3 Myopathy

COQ4
Heart failure, 

HCM
Retinopathy Encephalopathy, seizures, other4 Myopathy

COQ55 Retinopathy

COQ6 SRNS6 SNHL Encephalopathy, seizures

COQ7
Encephalopathy, ID, peripheral 

neuropathy
Muscle 

weakness

COQ8A

Encephalopathy, cerebellar ataxia 

(SCAR9)7, dystonia, spasticity, 
seizures

Exercise 
intolerance

COQ8B SRNS6 ID, seizures

COQ9 Tubulopathy HCM Encephalopathy Myopathy

PDSS1 SRNS Retinopathy, optic atrophy
Encephalopathy, peripheral 

neuropathy, ataxia

PDSS2 SRNS Retinopathy SNHL Leigh syndrome, ataxia

Clinical Features
Gene1
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The pathogenesis of CoQ10 deficiencies is not well understood but is believed to result from oxidative 

stress, mitochondrial dysfunction, and defects in energy production. Other factors such as genetics, 

epigenetics, compensation mechanisms, maternal effects, and environmental factors may also 

contribute (Alcázar-Fabra et al., 2021). 

Since CoQ10 deficiency often leads to irreversible tissue damage, prompt treatment is crucial. The 

primary treatment for CoQ10 deficiency is high-dose oral CoQ10 supplementation, which has shown 

some success in patients with mutations in PDSS2 (Desbats et al., 2015), COQ2 (Montini et al., 

2008), COQ4 (Salviati et al., 2012), COQ6 (Heeringa et al., 2011), and COQ8B (Ashraf et al., 2013). 

However, the response varies considerably according to the genetic defect and disease severity, 

and treatment failure is common because of the limited CoQ10 bioavailability.  

To improve CoQ therapies, innovative tools such as novel delivery methods and water-soluble CoQ 

precursors are being explored. In the first case, scientists are investigating various strategies to 

enhance CoQ uptake. These approaches include mitochondria-targeting compounds like 

triphenylphosphonium (TPP) and the encapsulation of CoQ in liposomes, nanoparticles, micelles, 

and nanoemulsions. While TPP-based compounds like MitoQ exhibit antioxidant properties with 

clinical applications, they may not fully restore CoQ's electron transport chain (ETC) function due to 

impaired membrane integration. Emerging methods involve encapsulating CoQ in mitochondria-

targeted liposomes, designed to fuse directly with mitochondrial membranes. Another promising 

approach involves micellization with caspofungin (CF), enhancing CoQ's water solubility and cellular 

uptake. 

In the second case, water-soluble CoQ precursors like 2,4-dihydroxybenzoate (DHB) and vanillic 

acid have also been explored as potential treatments to overcome bioavailability issues (Acosta 

Lopez et al., 2019; Freyer et al., 2015; Luna‑Sánchez et al., 2015). These analogs can bypass 

specific enzymatic defects in the CoQ biosynthetic pathway and promote proper cellular distribution 

of CoQ. They have shown promise in restoring CoQ levels in human cell cultures and extending 

lifespan in mouse models. 

Beyond supplementation, researchers are developing small-molecule modulators to influence the 

CoQ pathway. Various inhibitors, such as 4-nitrobenzoate, clioquinol, and zoledronic acid, have been 
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developed to study CoQ's role in aging-related disorders. Coq8p and COQ8A are key targets for 

chemical modulation, with recent selective inhibitors. CoQ limitation can increase lifespan in some 

organisms (C.elegans and M.musculus), while inhibiting CoQ biosynthesis may have anticancer 

applications. Additionally, 2-propylphenol activates COQ8A's ATPase activity. These probes expand 

our toolkit for CoQ pathway modulation and offer insights into auxiliary protein functions, aiding future 

therapeutic development (Guerra & Pagliarini, 2023).  

These innovative tools offer new avenues for understanding and potentially treating CoQ-related 

disorders by enhancing bioavailability and manipulating CoQ's biological pathways. 

In brief, primary CoQ10 deficiency is a rare and complex disorder with a wide range of symptoms 

and genetic causes. Early diagnosis and treatment with high-dose oral CoQ10 supplementation offer 

the best chance for improved outcomes, but responses can vary significantly among individuals. 

Further research is needed to better understand and treat this condition. 

The extraordinary biochemical properties of CoQ are at the core of cellular bioenergetics, 

biosynthesis and homeostasis. Recent studies suggest even more roles for this versatile cofactor. It 

is vital to fully understand the intricacies of CoQ synthesis and transport, despite the challenges that 

have hindered progress for over six decades. Overcoming impediments such as hydrophobicity 

barriers and enzyme redundancy requires innovative tools and approaches. It is necessary to 

highlight the diverse and often unrecognised cellular functions of CoQ, while emphasising the urgent 

need to fill existing knowledge gaps. Our intention is to catalyse renewed efforts in CoQ biology and 

therapeutic progress. 
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PART IV.A 

 

Unravelling the Role of Human COQ4 gene in  

CoQ Biosynthesis 
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4.A.1 Introduction 

 

4.A.1.1 COQ4 function and mitochondrial disorders associated with COQ4 

mutations 

 

Among the genes implicated in primary CoQ10 deficiency, COQ4 (MIM 612898) emerges as a 

relatively recently identified player whose precise function remains largely elusive. Located on 

chromosome 9q34.11, COQ4 encodes a ubiquitously expressed 265-amino acid (aa) COQ4 protein 

(isoform 1), primarily localized within the matrix side of the mitochondrial inner membrane (Casarin 

et al., 2008). Based on evidence from a yeast model, it was initially hypothesised that COQ4 plays 

a critical role in stabilising a multi-heteromeric complex containing several CoQ10 biosynthetic 

enzymes, rather than acting as a catalytic enzyme (Marbois et al., 2009). 

The human COQ4 protein was proved to be ubiquitously expressed, but at high levels in liver, lung 

and pancreas. A second group of transcripts, located within intron 1 of the gene, encodes a 241 aa 

protein lacking the mitochondrial targeting sequence (isoform 2). The functional significance of this 

second isoform is unknown. Human COQ4 isoform 1 efficiently restores both glycerol growth and 

CoQ content in a COQ4 null yeast strain, whereas isoform 2 cannot (Casarin et al., 2008). 

The COQ4 gene was first identified and characterized in S.cerevisiae in 2001, where it was shown 

to encode a protein of 335 amino acids that associates with the matrix face of the inner mitochondrial 

membrane (Belogrudov et al., 2001). The yeast protein shares 39% identity and 55% similarity with 

the human protein. 

COQ4 is one of the most common causes of CoQ deficiency in humans (Hughes et al., 2017) and 

mutations in this gene are associated with a variety of clinical pictures ranging from fatal neonatal 

multisystem disorders to childhood-onset cerebellar ataxia, or isolated retinitis pigmentosa. The first 

documented case of a patient with a COQ4 variant associated with primary CoQ10 deficiency was 

reported in the literature by Salviati et al (2012). In their study, they described the case of a young 

boy suffering from a severe encephalomyopathic disorder. This boy carried a de novo heterozygous 
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3.9 Mb deletion affecting at least 80 genes, including COQ4. Consequently, haploinsufficiency of 

COQ4 was identified as the underlying cause of CoQ10 deficiency in this patient (Salviati et al., 2012).  

The CoQ10 supplementation led to a stable improvement in the clinical picture, suggesting that the 

deficiency played a role in the clinical phenotype. It is worth noting that although this patient had a 

milder CoQ10 deficiency compared to other patients carrying recessive mutations in COQ genes, the 

presence of one functional COQ4 allele was still observed. COQ4 represents an exception because 

heterozygosity for mutations in other COQ genes does not affect CoQ10 levels (Salviati, et al., 2012). 

Taken together, these data provide further support to the notion that COQ4 has a critical function 

within the CoQ10 biosynthetic complex. 

In 2015, Brea-Calvo et al. and Chung et al. both confirmed the association between COQ4 variants 

and primary CoQ10 deficiency. Their research unveiled that COQ4 variants are inherited in an 

autosomal recessive manner (Brea-Calvo et al., 2015; W. K. Chung et al., 2015). This discovery led 

to the classification of primary CoQ10 deficiency caused by COQ4 variants as "primary CoQ10 

deficiency-7" or COQ10D7. As clinical whole exome sequencing (WES) increasingly gained 

popularity, more COQ10D7 patients emerged worldwide, displaying diverse phenotypes, and 

carrying causative variants, either in homozygosity or compound-heterozygosity. 

For instance, Brea-Calvo et al. (2015) identified two siblings with had a homozygous p.Arg145Gly 

mutation. They exhibited symptoms such as hypotonia, bradycardia, and respiratory insufficiency, 

and unfortunately, both siblings passed away shortly after birth. Another patient with the p.Arg141* 

and p.Arg240Cys mutations also faced a severe fate, passing away due to respiratory and heart 

failure within a day of birth. In separate cases, W. K. Chung et al. (2015) found two unrelated 

Ashkenazi Jewish girls with COQ10D7 who were homozygous for the c.718C-T transition in the 

COQ4 gene, resulting in an Arg240Cys substitution. Tragically, both patients also died during early 

infancy. 

In another case, two sisters with mutations p. Leu52Ser and p. Thr174del were diagnosed with 

cerebellar hypoplasia but did not exhibit any cardiac abnormalities. Unfortunately, they passed away 

shortly after birth due to epileptic encephalopathy and multiorgan failure. Finally, a patient who was 

homozygous for the p. Pro64Ser mutation experienced a gradually worsening motor condition and 
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cerebellar atrophy at the age of 18. All available specimens from the affected individuals exhibited 

lower levels of Coenzyme Q and frequently demonstrated diminished activities in electron transport 

chain (ETC) complexes. Therefore, COQ4 mutations were discovered to be responsible for early-

onset mitochondrial diseases, which are marked by different clinical manifestations and linked to 

CoQ10 deficiency (Brea-Calvo et al., 2015). 

As the use of next-generation sequencing expanded, numerous other COQ4 recessive mutations 

causing CoQ10 deficiency were discovered, leading to conditions such as severe neonatal 

encephalomyopathy (Chung et al., 2015), infantile cardiomyopathy and encephalopathy 

(Sondheimer et al., 2017), or childhood-onset spinocerebellar ataxia and stroke-like episodes (Bosch 

et al., 2018). Subsequently, additional COQ4 homozygous mutant patients were reported; some of 

these patients presented with classical neonatal-onset encephalo-cardiomyopathy, while others 

exhibited infantile-onset illnesses with a broader range of clinical manifestations (Yu et al., 2019). 

More recently, in collaboration with Santorelli's group (IRCCS Stella Maris Foundation, Calambrone, 

PI), Mero et al. (2021) expanded our understanding of COQ4-related diseases. They identified a 

total of nine COQ4 biallelic missense mutations, some in homozygosity and others in compound 

heterozygosity. Notably, some of these mutations had never been reported before, such as 

p.Gly95Asp, p.Arg102His, p.Arg141Gln, p.Ala153Val, and p.Pro193Ser, while others had been 

previously described (p.Pro64Ser, p.Arg145Gly, p.Trp184Arg, p.Arg240Cys) (Brea-Calvo et al., 

2015; W. K. Chung et al., 2015; Yu et al., 2019). 

 

4.A.1.2 Unlocking the enigma of COQ4 

 

As previously stated, COQ4 has been proposed to be involved in Coenzyme Q (CoQ) synthesis in 

yeast and human cells (Casarin et al., 2008; Salviati et al., 2012) through the stabilization of the 

COQ synthome (Marbois et al., 2009). However, the specific function of COQ4 in the CoQ synthesis 

process remains a challenge. 

Marbois et al. (2009) conducted research indicating that the amino acid sequence of Coq4p defines 

a unique polypeptide family (COG 5031.1- pfam05019) with very limited secondary sequence 



 

108 
 

homology to other protein families. It is interesting to note that a homologue of Coq4p is present in 

the genomes of various eukaryotic organisms, as well as in specific species of alpha, beta, delta, 

and gamma proteobacteria, as well as cyanobacteria. Some of these prokaryotic species, however, 

are not known to contain CoQ (Collins & Jones, 1981). 

Upon aligning the amino acid sequence of yeast Coq4p with prokaryotic homologues, researchers 

identified a highly conserved putative zinc ligand motif HDxxH-(x)11-E (Fig. 4.5). This motif is similar 

to those found in catalytic zinc ligand domains (Auld, 2001; Vallee & Auld, 1989, 1993) and shares 

structural similarities with the thermolysin family of proteases (Marbois et al., 2009). 

 

Fig. 4.5 The Coq4p sequence displays a conserved catalytic zinc ligand motif, which is also present in prokaryotic 
species. A search of current prokaryotic databases reveals Coq4p homologs in various bacterial classes, such as alpha, 
beta, delta, and gamma proteobacteria, as well as representatives in cyanobacteria. These homologs are classified as 
members of COG 5031.1 (pfam05019).The protein sequences, shown from top to bottom, are associated with the following 
gene bank identifiers: AAZ64280 (C.pinatubonensis), WP_011415896 (E.litoralis), EAW40764 (marine gamma), O13525 
(S.cerevisiae), ABA20718 (T.variabilis) and WP_011551234 (M.xanthus). The potential location for a catalytic zinc ligand 
motif is indicated by the boxed residues. The alignment was based on Marbois et al.'s publication (2009) and performed 
using Clustal O. The alignment has been updated during the writing of this work in September 2023. 
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Legend 

 

 

Furthermore, it should be noted that the structure of hCOQ4 remains elusive, although a homologous 

protein from Nostoc sp. PCC 7120 (a cyanobacteria species), denoted as Alr8543, had its structure 

deposited in the PDB a few years ago. When aligning hCOQ4 with Alr8543 and analyzing the hCOQ4 

model structure (Fig. 4.6 A, B) based on the cyanobacterial homologue (PDB ID: 6E12), it becomes 

clear that these two proteins share a 20% homology (Kawamukai, 2016). While this homology is not 

particularly high, it is significant because certain key residues are conserved (Fig. 4.6 C). In addition, 

prior investigations in our laboratory have shown that the far UV CD spectrum of recombinant 

hCOQ4 exhibits a comparable alpha helix content of approximately 60%. 

Apart from the metal coordinating pocket, the COQ4 structure, based on its homologue in Nostoc 

(6E12), contains a tunnel surrounded by hydrophobic residues. This tunnel appears to be well-suited 

for accommodating the isoprene side-chain of the coenzyme Q precursor, enabling the aromatic ring 

to fit tightly into the active site pocket (Fig. 4.6 A, B). 

 

A 

 

B 
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C Q8YJY7_NOSS1 -------------------------------------MIETITQS-QETAIL--

ESFLEL 20 

COQ4_HUMAN   

MATLLRPVLRRLCGLPGLQRPAAEMPLRARSDGAGPLYSHHLPTSPLQKGLLAAGSAAMA 60 

                                                    . :  *  :..:*   

*     

 

Q8YJY7_NOSS1 VKSPYGN--FASIGKLSHVLNDPDTLQKVVAVLSLTPQGKQAFEDRPMLG--

KIDLEQLH 76 

COQ4_HUMAN   LYNPYRHDMVAVLGE----

TTGHRTLKVLRDQMRRDPEGAQILQERPRISTSTLDLGKLQ 116 

              : .** :  .* :*:     ..  **: :   :   *:* * :::** :.  

.:** :*: 

 

Q8YJY7_NOSS1 QLPNYTLGYMYADHMIRNQLTPPPV---

NENVNHPFMFLAAHLGETHDIWHVVTGCDTDK 133 

COQ4_HUMAN   

SLPEGSLGREYLRFLDVNRVSPDTRAPTRFVDDEELAYVIQRYREVHDMLHTLLGMPTNI 176 

             .**: :**  *  .:  *:::*      .   :. : ::  :  *.**: *.: 

*  *:  

 

Q8YJY7_NOSS1 PGEVKLEAFYTAQLI-PDRLFLALLAKNLLKTAMYEVELCEQILDGLTQGW--

MMGKRAK 190 

COQ4_HUMAN   LGEIVVKWFEAVQTGLPMCILGAFFGPIRLGAQSL------

QVLVSELIPWAVQNGRRAP 230 

              **: :: * :.*   *  :: *::.   * :         *:* .    *    

*:**  

 

Q8YJY7_NOSS1 PLFGIEWNKLWETPLEELQTSLNIVPI-------- 217 

COQ4_HUMAN   CVLNLYYERRWEQSLRALREELGITAPPMHVQGLA 265 

              ::.: ::: **  *. *: .*.*.     
 

Figure 4.6 A) This model depicts the structure of human CoQ4, derived from the PDB coordinates of Nostoc sp. Q8YJY7 
(PDB ID: 6E12), with the potential substrate displayed in orange. The red spheres represent the presence of divalent metal 
ions. B) This close-up view shows the coordination site (HDxxHx(11)E) where two divalent metal ions are located. C) The 
multiple sequence alignment of human CoQ4 and Nostoc sp. Q8YJY7 is shown here using CLUSTAL O (1.2.4). The green 
background highlights the regions of the Q8YJY7 sequence characterized by alpha-helical secondary structure. 

 

Our previous investigations, conducted consistently in our laboratory (data not published), have 

revealed that when recombinant hCOQ4 is treated with a zinc chloride solution, it can effectively 

retain two zinc ions within its protein structure. In contrast, hCOQ4 mutants at the HDxxH site, 

namely Asp164Ala and His163Ala-His167Ala, lose both zinc ions. Importantly, despite this loss of 

zinc ions, these mutants maintain their structural integrity as evidenced by a comparison of their CD 
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spectra (data not published). This observation strongly suggests that the two zinc ions bind to the 

same site within the protein, which may play a critical role in its enzymatic activity. 

In summary, considering that COQ4 proteins possess a conserved H-D-x(2)-H-(x)11-E motif 

(Marbois et al., 2009), which is likely involved in the binding and coordination of two metal ions, and 

based on our structural modelling of hCOQ4 using the Nostoc punctiforme Q8YJY7 structure, it is 

plausible to classify COQ4 as a member of the 'Binuclear Metallo Hydroxylases' group (Mitić et al., 

2006; Schenk et al., 2012). This classification leads us to hypothesize that COQ4 may indeed 

possess enzymatic activity involved in CoQ synthesis, opening the door to comprehensive 

investigations aimed at characterizing its function. 

We chose to validate the effect of the metal-binding active site mutation p.Asp164Ala in S. cerevisiae 

using a functional complementation strategy. Yeast has demonstrated its effectiveness as a valuable 

model system for assessing the impact of proteins resulting from various mutated COQ genes. As 

previously mentioned, many human COQ genes have yeast counterparts, and S. cerevisiae has 

proven to be a simple and powerful model for studying CoQ biosynthesis in human cells. 
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4.A.2 Materials and Methods 

 

4.A.2.1 Molecular biology 

 

S. cerevisiae COQ4 gene was amplified from genomic DNA of a W303 MATa strain, using Phusion® 

High-Fidelity DNA Polymerase (NEB). The coding sequence of human COQ4 was also amplified 

using the same enzyme from human cDNA. Additionally, the yMTShCOQ4 hybrid gene was created 

through sequential PCR as previously described(Nguyen et al., 2014). The PCR products were 

cloned into the pCR8/GW/TOPO® TA entry vector (Invitrogen), using the manufacturer’s protocol. 

The products were moved to the pCM189 yeast expression vector through site-specific 

recombination, employing the Gateway® LR Clonase® II enzyme mix (Invitrogen). pCM189-RfA was 

cloned from the Ready Frame A (RfA) cassette into the Multiple Cloning Site of the pCM189 yeast 

expression vector (Invitrogen), using The Gateway® Vector Conversion System manual (Invitrogen). 

The plasmid encoding the mutated protein p.Asp164Ala was created by site-directed mutagenesis 

via PCR-amplification of the pCM189-yMTShCOQ4 construct utilizing primers containing the desired 

mutation. The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) was used for this 

purpose. Prof. Fabien Pierrel (Université Grenoble Alpes) kindly provided the pRS423-yCOQ8 

plasmid. 

For the expression of the human COQ4 protein in E.coli, we started from the human COQ4 cDNA 

previously cloned into the expression vector pET21a (ThermoFisher Scientific). The vector contained 

a N-terminal polyhistidine sequence (His tag) and an enterokinase recognition site (EK site) instead 

of the mitochondrial targeting sequence of the hCOQ4. The plasmid pET30a GBFusion1 was 

purchased from Addgene (# 133438) with the aim of introducing GB1 tag (instead of the His tag) into 

our protein to enhance its expression by improving protein solubility. Based on the In-Fusion® HD 

Cloning Kit and following the manufacturer’s instructions, we amplified the GB1 tag using specific 

primers from the plasmid pET30a GBFusion1. Then, we cloned it at the N-terminal of the hCOQ4 

coding sequence after linearizing the plasmid pET21a hCOQ4 using another set of specific primers.  
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The plasmid encoding the mutant protein p.Asp164Ala was generated by site-directed mutagenesis. 

This involved PCR-amplification of the pET21a GB1 hCOQ4 construct, using a set of primers that 

carry the desired mutation and the QuikChange Lightning Site-Directed Mutagenesis Kit. 

The correctness of all constructs was confirmed by direct sequencing. The oligonucleotides 

sequences used in this study are listed in Table 4.2. 

 

Primer name Sequence 5’->3’ Purpose 

yCOQ4_inatt_ Kana_F ATGTTGAGGTTATCTTTACTGAGATCAACAGCTACTTTGCCAGTGCAGCTGAAGCTTCGTACGC KO of yeast coq4 with a 

kanamycin‑resistance cassette 

yCOQ4_inatt_Kana_R TCATGCTGGAGTCGTGGCTCGTTTCTGTGAGTTGTATTTTGCGTCGCATAGGCCACTAGTGGATCTG KO of yeast coq4 with a 

kanamycin‑resistance cassette 

yCOQ4_F AGTTGCGGTTTGTGGAAAAG Amplification of COQ4 gene 

from yeast genomic DNA 

yCOQ4_R TCTAACTTCATGGGCGAGAGA Amplification of COQ4 gene 

from yeast genomic DNA 

hCOQ4_F ATGGCGACTCTGCTGCGC Amplification of COQ4 gene 

from human cDNA 

hCOQ4_R TCAGGCCAAGCCCTGGAC Amplification of COQ4 gene 

from human cDNA 

yCOQ4_R_hybrid TTCTGCAGCGGGGAGGTGGGGAGGCCGTTGTACCGAGGTTCCA Amplification of yCOQ4 MTS 

(together with yCOQ4_F) to 

clone it in the hybrid gene 

hCOQ4_F_hybrid TGGAACCTCGGTACAACGGCCTCCCCACCTCCCCGCTGCAGAA Amplification of functional 

domain of hCOQ4 (together 

with hCOQ4_R) to clone it in 

the hybrid gene 

hCOQ4_D164A_F CGGGAGGTGCACGCCATGCTTCACACC 

 

Mutagenesis 

hCOQ4_D164A_R GGTGTGAAGCATGGCGTGCACCTCCCG 

 

Mutagenesis 
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GB1_F ACTTTAAGAAGGAGATATACATATGCAGTACAAAC Amplification of the GB1 tag to 

clone it in the pET21a hCOQ4 

GB1_R GTCGTCGTCATCAATGGATCCTTCGGTAACGGTG Amplification of the GB1 tag to 

clone it in the pET21a hCOQ4 

pET21a hCOQ4_F ATTGATGACGACGACAAGGCG Linearization of the plasmid 

pET21a hCOQ4 for the cloning 

with the GB1 tag 

pET21a hCOQ4_R ATGTATATCTCCTTCTTAAAGTTAAAC Linearization of the plasmid 

pET21a hCOQ4 for the cloning 

with the GB1 tag 

Table 4.2 Sequences of all oligonucleotides used in this study. 

 

4.A.2.2 Yeast strains, media and plasmid transformation 

 

The W303 Δcoq4 strain (MATa; ade2‑1; his3‑1_15; leu2‑3_112; trp1‑1; ura3‑1 YDR204W::kanMX4) 

was created through the homologous recombination-mediated disruption of the endogenous gene 

using a kanamycin-resistance cassette. The procedure for inactivation has been described in detail 

elsewhere (Vetro, et al., 2017). Yeast strains were grown in rich medium (YPD) or synthetic minimal 

(SM) medium at 30 °C. YPD (1% yeast extract, 2% peptone, 2% dextrose) was used for routine 

maintenance of the wild type strain. Synthetic minimal medium (0.17% yeast nitrogen base without 

amino acids, 0.5% ammonium sulfate, 2% carbon source), supplemented with amino acids to cover 

yeast auxotrophies except uracil (and histidine when yCOQ8 was overexpressed) was used to select 

transformant strains (Fig. 4.7). YPGly medium (1% yeast extract, 2% peptone and 3% glycerol) was 

used to perform functional complementation assays. Growth media components were purchased 

from Difco. Yeast DNA transformations were performed using the polyethylene glycol-lithium acetate 

method as previously described (Gietz & Woods, 2006). 
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Fig.4.7 Representation of the working model used in this study to obtain a functional yeast-based assay to validate 

putative hCOQ4 mutations. Image sourced from the PhD Thesis of Cristina Calderan and generated using BioRender 
(BioRender.com) 
 

4.A.2.3 Functional complementation spot test assay 

 

For testing the ability of the different wt and mutant COQ4 proteins to rescue respiratory growth in 

coq4-deleted yeast, the different yeast strains were inoculated in glucose-containing selective liquid 

medium and grown for 2 days and 2 nights at 30°C.  

The concentration of each culture was then adjusted to OD600 = 1 (approximately 107 cells/mL) in 

sterile water, after two washes in water to remove glucose medium, and four serial 10-fold dilutions 

were performed. For each of these dilutions, 5μL were spotted onto YPD, SM Glu (with proper amino 

acid selection), and YPGly, plate media. Plates were incubated at 30°C and images were taken 5 

days after incubation. 

 

4.A.2.4 Expression and purification of WT and mutant of human CoQ4 

 

The human WT COQ4 and its mutant form expressions are induced by the addition of 1mM 

isopropyl-1-thio-β-D-galactopyranoside to E. coli BL21 (DE3) cell cultures. The cells are then 

incubated for 4 hours at 30 °C, following by harvesting through centrifugation (20 minutes at 4000 
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rpm, at 4 °C). The collected cells are suspended in a lysis buffer containing Na2PO4 (20 mM), NaCl 

(50 mM), and DTT (1 mM) with a pH of 7.8. Subsequently, the cells are lysed through sonication. 

The following centrifugation (30 min at 18000 rpm, 4°C) enables the separation of the soluble 

(supernatant) from the insoluble fraction (pellet). Due to the low solubility of the hCOQ4 protein, the 

inclusion bodies in the insoluble fraction are solubilized O/N at room temperature in the lysis buffer 

(Tris 20 mM, NaCl 50mM, DTT 1mM, pH 8.0) with the addition of 1% sarcosyl. After centrifugation, 

the solubilized protein is isolated on a Q (quaternary ammonium) Sepharose High Performance 

strong anion exchange chromatography column (Hi-Trap Q HP, 1 ml, Sigma Aldrich) using an AKTA-

FPLC, loading buffer (Tris 20 mM, NaCl 50mM, DTT 1mM and 0.1% sarcosyl) and elution buffer 

(Tris 20 mM, NaCl 1M, DTT 1mM and 0.1% sarcosyl). The purity and molecular weight of the eluate 

fractions (resolved by SDS-PAGE) are checked by Western blot and Coomassie staining. 

 

4.A.2.5 SDS-PAGE sample preparation 

 
The eluate fractions are denatured by resuspending them in Laemmli loading buffer (Laemmli, 1970) 

and reducing them with dithiothreitol (DTT) before being loading them onto a Sodium Dodecyl 

Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE). This process enables the proteins to be 

separate according to their molecular weight. Afterward, the samples are heated at 95°C for 5 

minutes and then centrifuged at 12,000 rpm for 7 minutes. 

 

4.A.2.6 Analysis of protein expression  

 

Each protein fraction is separated using the Mini-PROTEAN® Tetra Handcast System (BioRad) with 

10% Tris-Glycine SDS-PAGE. The Prestained Protein SHARPMASS™ VI (Euroclone) is used for 

the protein ladder. The Western blot is performed using the polyclonal rabbit anti-COQ4 primary 

antibody (ab126295, Abcam) diluted 1:500 (incubated overnight at 4°C), and the Horseradish 

Peroxidase-conjugated goat anti-rabbit secondary antibody diluted 1:6,000. The enhanced 

chemiluminescence technique, following the guidelines provided by Amersham (GE Healthcare 

Biosciences), is used to visualize the specific band for the protein of interest. 
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4.A.2.7 Coomassie Blue staining  

 

Proteins resolved by SDS-PAGE are also stained with Coomassie Blue. Following sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), the gel is placed in a loosely covered 

container with 100 mL of ultrapure water. It is microwaved at high power (950 to 1,100 watts) for 1 

minute or until the solution is almost boiling.  The gel is shaken on an orbital shaker for 1 minute, 

and the water is discarded. This procedure is repeated two more times. After the final washing step, 

20 mL of SimplyBlue SafeStain (Thermo Fisher Scientific) was added to the gel and microwaved on 

high power for approximately one minute or until the solution was on the point of boiling. The gel 

was subsequently agitated on an orbital shaker for five minutes. Following this, it was rinsed in 100 

mL ultrapure water for ten minutes while being shaken. Finally, it underwent incubation in 20 mL 

20% NaCl for a minimum of five minute. 
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4.A.3 Results 

 

4.A.3.1 Effects of the p.Asp164Ala mutation on the metal-binding site of human 

COQ4 protein through a yeast model 

 

Previous experiments (data not shown), conducted in our laboratory, found that the human COQ4 

protein could not rescue the respiratory defect of the yeast Δcoq4-null strain, nor could it restore its 

CoQ biosynthesis or respiration. It is evident that only the yeast Coq4 protein can successfully 

complement our yeast model. We suspected that the human protein was not imported into the yeast 

mitochondria. To test this, we created a hybrid gene, yMTShCOQ4, that combines the mitochondrial 

targeting sequence of the yeast Coq4 protein (amino acids 1–86) with the conserved C-terminal 

domain of the human COQ4 protein (amino acids 42–265). We cloned this gene into the yeast 

expression vector pCM189 and co-transformed it into the Δcoq4-null strain, along with a plasmid that 

overexpresses the yeast Coq8 protein from the high-copy pRS423 vector. The yeast Coq8 protein 

is a putative regulatory kinase that enhances the levels and assembly of several Coq proteins and 

complex (He et al., 2014; Awad et al., 2018). We found that overexpression of Coq8 enabled the 

hybrid yMTShCOQ4 gene to partially restore the growth of the Δcoq4-null strain on respiratory 

medium.  

To study the effect of the hCOQ4 p.Asp164Ala mutation, which affects the metal-binding active site 

of the human COQ4 protein, we used the yeast model described above. We evaluated the 

functionality of the mutant protein by analyzing the mitochondrial respiration of the yeast cells on 

non-fermentable medium. We hypothesized that this mutation would impair the protein function and 

affect the CoQ biosynthesis pathway. The results confirmed our hypothesis: the Coq4 null mutant 

yeast expressing the mutant hCOQ4 protein showed no growth on non-fermentable medium (Fig. 

4.8), unlike the control strains. The control strains were the Δcoq4-null strain expressing the hybrid 

yMTShCOQ4 gene, which could grow on non-fermentable carbon source, and the Δcoq4-null strain 

transformed with empty vectors, which could not rescue the respiratory phenotype. These findings 
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indicate that the hCOQ4 p.Asp164Ala mutation is a severe missense mutation that disrupts the 

metal-binding site of the human COQ4 protein, which is essential for its function. 

 

Figure 4.8 Functional complementation assay of yMTShCOQ4 wt or mutant protein p.Asp164Ala co-expressed with 

yCoq8 in Δcoq4 yeast strain. The hCOQ4 mutation in the metal-binding active site totally impaired the ability of the wt 
yMTShCOQ4 hybrid protein to compensate for the absence of endogenous yCoq4. The analysis was conducted via spot 
test, where cell cultures were serially diluted and spotted onto the different agar media and incubated at 30°C. After 5 days, 
we observed the following, from left to right: rich medium (YPD) for the growth of all strains, synthetic minimal medium 
(except uracil and histidine, which were supplied by the plasmids used for co-transformation) for the growth of 
transformants, and YPGly medium to test yeast respiration. Each spot test analysis was repeated three times. 

 

Yeast strains were grown in rich medium (YPD) or synthetic minimal (SM) medium at 30 °C. YPD 

(1% yeast extract, 2% peptone, 2% dextrose) was used for routine maintenance of the wild type 

strain. Synthetic minimal medium (0.17% yeast nitrogen base without amino acids, 0.5% ammonium 

sulfate, 2% carbon source), supplemented with amino acids to cover yeast auxotrophies except 

uracil (and histidine when yCOQ8 was overexpressed) was used to select transformant strains (Fig. 

4.7). YPGly medium. 
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4.A.3.2 Expression and purification of human COQ4 wild type and p.Asp164Ala 

mutant protein  

 

To further investigate the function and activity of the human COQ4 protein, we decided to express 

and purify both the wild type and mutant p.Asp164Ala forms in bacteria. First, the human COQ4 

coding sequence was cloned into a specific bacterial expression vector (pET21a) having an N-

terminal immunoglobulin binding domain of protein G (GB1), a tag that enhances protein solubility. 

The cloning process followed the In-Fusion kit (Takara) instructions. Sequence was confirmed by 

Sanger. The mutagenesis of the human construct, thus obtained, allowed the generation of the 

vector bearing the sequence coding for the hCOQ4 metal-binding active site p.Asp164ala mutant. 

The transformation was performed using a specific type of chemically competent bacterial cells, 

known as BL21, commonly used in research to produce recombinant proteins. 

In our first approach, we tried to induce protein expression by growing bacteria at low temperature 

(16°C). This was performed with the aim to improve the solubility of the expressed proteins, thereby 

enhancing the efficiency of subsequent protein purification efforts. The results indicated that our 

protocol yielded relatively low concentrations of our protein in the soluble fraction (Fig. 4.9 A), hence 

suggesting low efficacy of our protocol. The attached tag on our protein, GB1, is a domain derived 

from protein G, known for its ability to bind to the Fc domain (constant region) of IgG. Using this 

domain, we developed a series of various strategies to purify our protein (data not shown). 

Unfortunately, none of the tested methods were effective because the hCOQ4 expressed in the total 

soluble fraction (with a low-temperature protein expression protocol) was not so particularly high. 

Considering this, we decided to change our strategy to a classical approach based on protein 

expression at a high temperature of 30°C. As a result, a higher proportion of the desired proteins 
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ended up in inclusion bodies, which were then further solubilized in the presence of a specific anionic 

detergent, sarcosyl. Communication with Fiorella Tonello (CNR, Italy) revealed that hCOQ4 may be 

solubilized using this specific detergent at a concentration of 1%. Inclusion bodies are protein 

aggregates that bacteria can produce during the process of expressing recombinant proteins. These 

bodies form when recombinant proteins are overexpressed or accumulated excessively within host 

cells and this can occur for various reasons, including rapid protein production at favourable 

temperatures such as 30°C. Typically, inclusion bodies are insoluble and inactive, and they can 

interfere with the production of recombinant proteins. They are often found in the cytoplasm of E.coli 

and require isolation, solubilization and purification to recover the functional protein from these 

aggregates. 

 

 

Fig.4.9 Differences in COQ4 protein expression levels resulting from two different methods of growing BL21 cells were 

analyzed via Western blot. A) Method involved the growth of cells at a low temperature (16°C) , while B) required a high 
temperature (30°C). After growth, cells were collected by centrifugation, sonicated, and then centrifuged again to separate 
the insoluble pellet from the soluble fraction (supernatant). Samples were analyzed using SDS-PAGE followed by 
Coomassie staining (data not shown) and Western blotting, whose results are provided here. Our protocol (A) revealed 
that the COQ4 protein expression in growing bacteria cells at low temperature was not particularly high in the soluble 
fraction.  
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We purified the human COQ4 wild type and mutant protein by AKTA-FPLC (Fast Protein Liquid 

Chromatography), a technique that separates proteins based on their physicochemical properties, 

specifically employing ion exchange chromatography. In our procedure, we utilized a Q Sepharose 

column, which is a type of anion exchange column capable of binding negatively charged proteins 

under low pH conditions and eluting them at high pH.  

To begin, the solubilized protein was loaded onto the Q Sepharose column using a buffer with low 

pH and a low salt concentration. Subsequently, the column was washed with the same buffer to 

remove any unbound or weakly bound proteins. The bound protein was then eluted using a buffer 

with a high pH and salt concentration, disrupting the electrostatic interactions between the protein 

and the column. The eluted protein was collected in multiple fractions, which were subsequently 

analyzed using SDS-PAGE and immunoblotting to identify and quantify the COQ4 protein.  

The chromatograms presented in Figure 4.10 illustrate the outcome of chromatography runs for both 

the wild-type protein (A) and the metal-binding active site mutant p.Asp164Ala (D). We assessed the 

purity and determined the molecular weight of the hCOQ4 wild-type and mutant proteins in the eluate 

fractions. This assessment involved resolving the proteins on SDS-PAGE, followed by Coomassie 

staining (B for the wild type hCOQ4 and E for the p.Asp164Ala mutation) and Western blotting (C for 

the wild type and F for the mutant protein). 

Our next steps involve the development of an enzymatic assay to evaluate the in vitro functionality 

of the hCOQ4 protein.  
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Fig. 4.10 Chromatograms obtained by AKTA-FPLC and further analysis through Coomassie and Western 

blotting of both the human COQ4 wild-type and mutant p.Asp164Ala proteins. The chromatogram plots the detector 
signal, indicating component concentration relative to eluent volume. Specifically, we presented the chromatograms 
obtained for the hCOQ4 wild-type (A) and the mutant protein (D). To assess the presence and purity of the hCOQ4 wild 
type protein, we employed Western blot analysis (B) and Coomassie staining (C) on the eluted fractions. The results 
confirmed that the fractions 6, 7, 8, and 9 contained the highest amounts of the protein, which had a molecular weight of 
approximately 35kDa, along with a GB1 N-terminal tag. Similarly, we conducted the same analyses for the hCOQ4 
p.Asp164Ala mutant protein. Our findings indicated that fractions 12 and 13 contained the highest protein concentrations, 
as illustrated by Coomassie staining (E) and Western blotting (F). 
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4.A.4. Discussion 

 

Nowadays, various aspects of the Q biosynthesis pathway remain incomplete, particularly the 

complexities of decarboxylation and methylation of the carbon at position 1 within the benzoquinone 

group of the Q precursor. Initially, it was postulated that Coq4 might serve a structural role in 

stabilizing the multimeric complex of the CoQ synthome. However, subsequent evidence emerged, 

suggesting that COQ4 actively participates in Q biosynthesis. This supposition gained strength due 

to the alignment of Coq4 proteins found in both prokaryotic and eukaryotic species, leading to the 

identification of a shared catalytic metal-binding site domain. Moreover, these earlier findings were 

substantiated by the crystal structure analysis of a homologous protein discovered in Nostoc 

Punctiforme. Additionally, recent investigations highlighted the significance of the H-D-x(2)-H-(x)11-

E domain, responsible for binding and coordinating two metal ions. The absence of these ions results 

in the protein maintaining its structure, revealing a potential catalytic role of this domain. 

The conservation of the Q biosynthetic pathway between yeast and humans allows us to study the 

p.Asp164Ala mutation in the metal-binding domain by evaluating the respiratory phenotype of our 

null-strain yeast model expressing the mutant protein through a classical spot test analysis. The 

crucial role of this amino acid in protein functionality is evident from the complete growth inhibition 

of our mutant on a glycerol medium, mirroring the findings in the Δcoq4 yeast model. This provides 

proof that the loss of the capability to bind and coordinate metal ions, essential for protein 

functionality, most likely results in a non-functional protein that impairs Q production, subsequently 

affecting mitochondrial respiration and causing growth inhibition on non-fermentable carbon sources. 

It should be noted that demonstrating the in vitro activity of hCOQ4 can further substantiate our 

hypothesis, although the expression and purification of the protein are not always straightforward 

and can often be challenging. Indeed, our efforts to obtain human COQ4 wild type and mutant 

p.Asp164Ala proteins have been intensive. Initially, we aimed to reduce the probability of our protein 

ending up in inclusion bodies, leading us to employ a protocol inducing expression at a low 

temperature (16°C). While this temperature helped minimize the protein's presence in inclusion 

bodies, the quantity of solubilized protein obtained was insufficient for purification. 
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Inclusion bodies are insoluble protein aggregates formed inside host cells, such as bacteria, during 

the expression of recombinant proteins. These aggregates are often inactive and challenging to 

purify, making their minimization crucial during protein expression. Thus, we initially worked at 16°C 

and incorporated a N-terminal tag (GB1 tag) to enhance protein solubility. Typically, higher 

temperatures during protein expression increase the likelihood of proteins entering inclusion bodies, 

as rapid bacterial growth can lead to protein overexpression without proper solubilization factors or 

correct protein folding. 

After discovering that low-temperature expression failed to solubilize enough protein for further 

study, we switched to a standard protocol with expression at 30°C. To address our protein's 

insolubility, we used sarcosyl, a specific anionic detergent that had previously been demonstrated to 

keep hCOQ4 in solution (Fiorella Tonello, personal communication). 

Ultimately, through Ion Exchange FPLC, we efficiently purified both hCOQ4 wild type and mutant 

p.Asp164Ala proteins. However, the presence of the N-terminal GB1 tag, as well as the inclusion of 

1% sarcosyl, may potentially interfere with attempts to demonstrate in vitro activity. The GB1 tag 

may be removed, as it was placed in proximity to an enterokinase recognition site, which could affect 

protein function and folding. Furthermore, prior successful redox reactions have been conducted in 

the presence of low-concentration detergents (Kido et al., 2010), instilling confidence in the use of 

solubilized protein obtained from inclusion bodies with the addition of 1% sarcosyl in the elution 

buffer for this purpose. 

Starting for the purified protein, demonstrating in vitro activity can be time-consuming, as the specific 

reaction type, metal ions required for binding and coordination, potential co-factors (NADH, NADPH, 

FADH2… etc.), and substrate (Q precursors) need to be identified and tested at appropriate 

concentrations. Currently, commercially available molecules closely resembling the Q precursor are 

limited to 4-hydroxybenzoate (4-HB) and vanillic acid, although they lack the lipid tail that could 

enhance in vitro reaction efficiency (Lu et al., 2013). Collaborations with the Pharmacy Department 

at our University may facilitate the synthesis of a compound similar to 4-HB or vanillic acid with a 

minimal isoprene chain of either 3 or 4units, similar to the synthesis of CoQ10 described by (Mu et 

al., 2011). This could help to demonstrate a potential catalytic activity due to the presence of a 
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hydrophobic tunnel next to the putative active site. However, the hydrophobicity of polyprenylated 

substrates complicates their use in in vitro assays with aqueous buffers.  

Several techniques, such as atomic absorption studies to determine the most effective metal for 

protein binding, cryo-electron microscopy for visualizing protein structure, and crystallization to 

obtain the crystal structure of the protein, could offer beneficial insights. Various methods exist for 

measuring in vitro activity in chemical reactions, including spectrophotometry that monitors 

absorbance or light transmission at specific wavelengths, colourimetric sensors that react to product 

formation or pH changes, and alternative techniques. 

Another possibility to consider is that conducting the in vitro reaction may not be straightforward, 

especially for COQ proteins. It might be necessary to co-express our COQ4 with other COQ proteins 

and attempt to recreate a mitochondrial-like environment, similar to the approach undertaken by 

Reidenbach et al. in 2018, who utilized lysosomes for this purpose. Moreover, since COQ4 is 

associated with the inner mitochondrial membrane (Marbois et al., 2005), the presence of lipids could 

also be critical for enzymatic activity. 

In conclusion, demonstrating a protein's activity in vitro is often a complex task due to the various 

factors that can affect the process. Achieving optimal conditions may require a significant amount of 

time and effort. Therefore, it is essential not to disregard the possibility of employing alternative 

organisms for conducting in vivo functional assays, such as human or bacterial cells. 

Future research is essential for the development of innovative therapeutic strategies, particularly for 

patients who typically have a limited response to oral CoQ supplementation. This is particularly 

important as COQ4 mutations are one of the most common causes of primary coenzyme Q 

deficiency. Understanding the exact function of COQ4 is therefore of critical importance. 
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PART IV.B 

 

Unlocking the Role of Polyprenyl Diphosphate 

Synthase in Coenzyme Q Biosynthesis 
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4.B.1 Introduction 

 

4.B.1.1 Polyprenyl diphosphate synthase 

 

Ubiquinone, a vital compound, exhibits a distinct structural feature consisting of a benzoquinone core 

fused with an isoprenoid side-chain. The length of this isoprenoid side-chain is remarkably species-

specific, serving as a unique identifier for each species. To illustrate this variation, S. cerevisiae 

boasts a six-unit isoprene side-chain, Candida utilis extends to seven units, while E.coli possesses 

eight units. In contrast, mice and Arabidopsis thaliana exhibit nine units, and Schizosaccharomyces 

pombe and humans impressively have ten units (Kawamukai, 2009; Okada et al., 2004; Saiki et al., 

2005; Zhu et al., 1997).  

In the biological realm, each organism predominantly synthesizes a specific type of ubiquinone. 

However, it's worth noting that minor variations are occasionally observed (Saiki et al., 2005). The 

precise length of the CoQ side chain is governed with exquisite precision by the trans-polyprenyl 

diphosphate synthase enzymes (Okada et al., 1996, 1998).  

Interestingly, previous research has demonstrated that the lengths of UQ side-chains can be 

manipulated through genetic engineering. For instance, E.coli, which typically produces UQ-8, can 

be induced to generate UQ-7, UQ-9, or UQ-10 by introducing heptaprenyl, solanesyl, or 

decaprenyldiphosphate synthase genes from Haemophilus influenzae, Rhodobacter capsulatus, or 

Gluconobacter suboxydans, respectively (Okada et al., 1998; Okada, Kamiya, et al., 1997; Okada, 

Minehira, et al., 1997; Park et al., 2005). 

Similarly, in the case of S.cerevisiae COQ1 disruptants, expressing various poly-PDS genes from 

different organisms can yield provider-type UQs, spanning from UQ-5 to UQ-10 (Okada et al., 1998). 

These discoveries underscore the intriguing potential for modifying ubiquinone characteristics by 

introducing trans-polyprenyl diphosphate synthase genes from different organisms. Remarkably, this 

genetic manipulation results in the production of the same type of ubiquinone observed in the source 

organisms. Moreover, these experiments suggest that harboring a distinct ubiquinone type, ranging 

from Q6 to Q10, does not exert a significant impact on the viability of S.cerevisiae or E.coli. 
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However, recent research has revealed that various ubiquinones indeed exhibit type-specific 

biological effects. For instance, when exogenous Q7 was introduced, it was not as effective as Q9 

in restoring the growth of the C.elegans clk-1 mutant (Jonassen et al., 2003). 

Long-chain trans-poly-PDSs can be categorized into two distinct groups based on their ability to 

generate isoprenoid chains: short-chain (C10–C25) and long-chain (C30–C50) variants. Short-chain 

poly-PDSs, represented by enzymes such as farnesyl diphosphate (FPP) synthase and 

geranylgeranyl diphosphate (GGPP) synthase, initiate the condensation process by combining 

isopentenyl diphosphate (IPP) molecules (C5) to form dimethylallyl diphosphate (DMAPP) (C5). This 

DMAPP compound serves as the initial building block for further condensation of multiple IPP units, 

resulting in the synthesis of isoprenoids containing up to C25 units. In contrast, long-chain poly-

PDSs facilitate the ongoing condensation of IPP, leading to the production of compounds with 

isoprenoid chain lengths exceeding hexaprenyl diphosphate (C30)(P. H. Liang et al., 2002) (Fig. 

4.11). 

 

 

Fig. 4.11 The isoprenoid side-chain of ubiquinone (UQ) is synthesized through a multi-step process. It begins with 

dimethylallyl diphosphate (DMAPP), a C5 unit compound, which acts as the initial precursor for the condensation of several 
units of isopentenyldiphosphate (IPP). Isoprenoids containing more than C25 units are typically utilized in the synthesis of 
the side-chain of UQ. Several enzymes, namely Coq1, IspB, SPS1 (or SPS2), and the Dps1–Dlp1 complex, function as 
hexaprenyl (HexPP), octaprenyl (OPP), nonaprenyl, and decaprenyl (DPP) diphosphate synthases, respectively. These 
enzymes are responsible for producing the isoprenoid side-chains of UQ-6, UQ-8, UQ-9, and UQ-10, respectively. 
Additionally, PHB-polyprenyldiphosphate synthase is involved in the condensation of PHB and prenyl diphosphate in this 
process. Key precursors include methylerythritolphosphate (MEP) and mevalonic acid (MVA) (Zhang et al., 2008). 
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4.B.1.2 Structural Insights into PDS Proteins 

 

Sequence analyses have unveiled the existence of seven conserved regions, denoted as domains I 

through VII, as well as two aspartate-rich motifs, DDXXD, within all-trans-type poly-PDSs (Koyama, 

1999) (Fig. 4.12). These motifs function as binding sites for substrates and are dependent on the 

essential cofactor Mg2+ for enzyme activity (Koyama, 1999). Notably, the first DDXXD motif is 

responsible for binding with FPP, while the second motif is dedicated to binding the individual IPP 

block unit (Marrero et al., 1992; Song & Poulter, 1994).  

However, in poly-PDSs characterized as heteromeric protein complexes, subunit 2 lacks the 

characteristic aspartate-rich motifs in domains II and VI (Saiki et al., 2003; Saiki et al., 2005). The 

first reported crystal structure of a trans-prenyltransferase belongs to avian farnesyl diphosphate 

synthase (FPPS), existing as a homodimer (Tarshis et al., 1994). As illustrated in Fig. 4.13, this 2.6-

Å-resolution structure encompasses 13 α-helices, with ten of them surrounding the central cavity. 

Within this deep cleft, forming the substrate-binding pocket, lie two conserved DDxxD sequences. 

Short-chain poly-PDS proteins have been extensively studied, and their three-dimensional crystal 

structures have been elucidated (Tarshis et al., 1994). However, despite ongoing investigations into 

long-chain synthases and the resolution of their three-dimensional crystal structures (Guo et al., 

2004; Sun et al., 2005), the analysis of heteromeric forms of these long-chain enzymes remains 

limited. To date, long-chain PDSs have been characterized in several organisms, including E.coli 

(Kainou et al., 2001), R.capsulatus (Okada, Minehira, et al., 1997), Bacillus subtilis (Koike-Takeshita 

et al., 1995), S.cerevisiae (Ashby & Edwards, 1990), S.pombe (Saiki et al., 2003), A.thaliana (Suzuki 

& Rothstein, 1997), Mus musculus, and Homo sapiens (Saiki et al., 2005). 

Long-chain PDSs can be classified into homodimeric (e.g., octa-PDS IspB in E.coli), heterodimeric 

(e.g., GerC1 and GerC3 in B.subtilis), and heterotetrameric types [e.g., deca-PDSs Dps1 and D-less 

polyprenyl diphosphate synthase (Dlp1) in S.pombe] based on their component patterns. 
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Fig. 4.12 (A) The alignment displays the amino acid sequences of known long-chain-producing trans-prenyl diphosphate 

synthases. (B) The alignment showcases the amino acid sequences of a partner protein present in the long-chain trans-
prenyl diphosphate synthases of certain organisms. Residues that are conserved in more than three sequences are 
enclosed within boxes. Conserved regions (I–VII) are indicated with underlines. While the characteristic aspartate rich 
DDXXD motifs in regions II and VI were present in (A), they were absent in (B). Amino acid residue positions are indicated 
on the right. The numbered entries correspond to the following components: (1) One of the two components of solanesyl 
diphosphate synthase in the mouse, encoded by mSps1 (NCBI Accession no. AB210841). (2) One of the two components 
of decaprenyl diphosphate synthase in humans, encoded by hDPS1 (accession no. AB210838). (3) One of the two 
components of decaprenyl diphosphate synthase in S.pombe, encoded by SpDps1 (accession no. D84311). (4) The 
octaprenyl diphosphate synthase in E.coli encoded by ispB (accession no. U18997). (5) The solanesyl diphosphate 
synthase in A.thaliana encoded by AtSPS1 (accession no. AB188497). (6) The other component of solanesyl diphosphate 
synthase in the mouse, the SpDlp1 homolog mDLP1 (accession no. AB210840). (7) The other component of decaprenyl 
diphosphate synthase in humans, the SpDlp1 homolog hDLP1 (accession no. AB210839). (8) A splicing variant of hDLP1, 
hDLP2 (accession no. AI742294). (9) The Xenopus SpDlp1 homolog xDLP1 (Accession no. BC082488). (10) The 
Drosophila SpDlp1 homolog dDLP1 (accession no. AY05159). (11) The S.pombe SpDlp1 gene (accession no. AB118853) 
(Saiki et al., 2005). 

 

 

 

 

Fig.4.13 A) The crystal structure of trans-type FPPS is depicted in a ribbon diagram format. A dimeric arrangement is 

formed by two identical subunits, creating a four-layer helix bundle. The N-terminal α helical hairpins within the outer layers 
are color-coded in blue and red to represent the two individual subunits, while the eight helices in the inner layers are 
depicted in cyan and magenta. Two smaller peripheral domains are highlighted in green and yellow. Active sites are marked 
with red arrows, where the aspartate side chains of the two DDxxD motifs within each subunit are also shown in red. The 
phenylalanine side chains of F112 and F113, crucial for regulating product length, are displayed in green. B) The 5th amino 
acid (depicted as a filled black circle) before the first DDxxD motif in the sequence is situated adjacent to the tail of FPP. 
A bulky amino acid at this position has the capacity to obstruct further elongation of the product chain, serving as a 
mechanism for controlling the length of the product chain (P. H. Liang et al., 2002). 
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4.B.1.3 Solanesyl and decaprenyl diphosphate synthases in mice and humans 

 

Solanesyl and deca-PDSs from mice and humans were identified as heterotetrameric types (Saiki 

et al., 2005). Similarly, in S.pombe, the decaprenyl diphosphate synthase exhibits a heterotetrameric 

structure comprising two proteins, SpDps1 (S.pombe decaprenyl diphosphate synthase) and SpDlp1 

(S.pombe D-less polyprenyl diphosphate synthase) (Saiki et al., 2003).  

In the case of murine enzymes, a solanesyl diphosphate synthase consists of two essential 

components: mouse solanesyl diphosphate synthase (mSPS1 or mPDSS1) and mouse D-less 

polyprenyl pyrophosphate synthase (mDLP1 or mPDSS2). Conversely, the human enzyme is a 

decaprenyl diphosphate synthase composed of human decaprenyl diphosphate synthase (hDPS1 

or hPDSS1) and human D-less polyprenyl diphosphate synthase (hDLP1 or hPDSS2). It's 

noteworthy that mSPS1 and hDPS1 retain all the conserved regions observed in homodimeric prenyl 

diphosphate synthases and SpDps1, while mDLP1 and hDLP1 are homologous to SpDlp1.  

Saiki et al. (2005) stated that the hPDSS1 gene maps to chromosome 10p12.1, and the hPDSS2 to 

chromosome 6q21. The predicted 415-amino acid hPDSS1 shares 82% identity with its mouse 

orthologous, mPDSS1, and contains the 7 conserved domains and DDxxD motifs typical of trans-

prenyl diphosphate synthases. The predicted 399-amino acid hPDSS2 shares 88% identity with its 

mouse homolog, mPDSS2, and contains the 7 conserved domains typically found in trans-prenyl 

diphosphate synthases, but it lacks DDxxD motifs. 

While mSPS1 and hDPS1 have demonstrated the capability to establish functional complexes with 

SpDlp1 in S.pombe, it is noteworthy that mDLP1 and hDLP1 exhibit an inability to form functional 

complexes with SpDps1, as observed in a study by Saiki et al. (2005). 

In a separate investigation conducted by Mollet et al. (2007), the growth of a mutant strain on 

glycerol-rich medium was successfully restored through the introduction of the yeast COQ1 gene. 

However, it is essential to highlight that neither wild-type nor mutant human PDSS1 cDNAs could 

achieve the same complementation, thereby underscoring the inability of human prenyl diphosphate 

synthase to complement the yeast Δcoq1-null mutation (Mollet et al., 2007). 
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Furthermore, in budding yeast, it was found that SpDps1 failed to function effectively as a component 

alongside Coq1 (Zhang et al., 2008). 

Notably, there is emerging evidence suggesting that both mSPS1 and hDPS1 may have a stronger 

role in influencing the isoprenoid chain length of ubiquinone in E.coli (Saiki et al., 2005). However, it 

is imperative to replicate these observations within eukaryotic systems to ascertain their broader 

applicability.  

 

4.B.1.4 Characterizing COQ1: Hexaprenyl Diphosphate Synthase in Yeast 

 

The polyprenyl diphosphate synthase in S.cerevisiae is represented by Coq1, hexaprenyl 

diphosphate synthase (HPS), an enzyme responsible for the producing of the isoprenoid tail 

(Kawamukai, 2009). 

The COQ1 gene encoding a hexa-PDS consists of 473 amino acids. Similar to several other long-

chain PDSs, it is possible to describe seven highly conserved regions including the first aspartate-

rich motif (FARM) in domains II and the second aspartate-rich motif (SARM) in domain VI, that are 

considered to be the binding site for the substrate (M. Zhang et al., 2008).  

The protein Coq1 was observed to be associated with the matrix side of the inner mitochondrial 

membrane (Gin & Clarke, 2005). This localization aligns with various pieces of evidence pointing to 

the existence of a specific sequence termed the mitochondrial targeting sequence (MTS). The MTS 

plays a crucial role in directing the translated protein to this subcellular compartment (Ashby & 

Edwards, 1990). Importantly, this signal is not essential for the protein's functionality; typically, it is 

removed after the protein's entry into the organelle, allowing the enzyme to undergo proper folding 

(Yen et al., 2020). 

The mitochondrial targeting signal of Coq1 was empirically delineated for the purpose of rescuing a 

Coq1-deficient yeast strain. The objective was to substitute the missing gene with the E.coli homolog, 

IspB. However, the sole utilization of the bacterial sequence proved ineffective in this regard. 

Notably, the only construct that successfully reinstated respiration in the Δcoq1 yeast encompassed 

a specific segment from the N-terminal region of Coq1, encompassing 53 amino acids. This segment 
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was fused with the IspB gene and placed under the control of the coq1 gene's promoter (Okada et 

al., 1996). This fragment from the coq1 gene appeared to be indispensable for facilitating the 

translocation of the IspB enzyme into the mitochondria, as evidenced by the production of CoQ8 in 

addition to the native CoQ6 (Okada et al., 1996). It is worth noting that the same genetically modified 

yeast strain, when grown on fermentable carbon sources, did not generate CoQ8. Collectively, these 

outcomes underscore the potential for functional complementation of yeast deficiencies with proteins 

from diverse species and underscore the species-specific nature of the polyprenyl synthase product 

(Okada et al., 1996). 

In previous studies, it was demonstrated that Coq1 in E.coli functions as a hexa-PDS, similar to its 

role in S.cerevisiae. However, a surprising revelation came from S.pombe, where Coq1 cannot 

operate independently but forms a heteromer with S.pombe Dps1, resulting in deca-PDS activity. 

This heterotetrameric enzyme arises from the interaction between Coq1 and Dps1 originating from 

different species or origins within S.pombe. This unexpected discovery sheds light on the 

evolutionary transition of long-chain trans-PDSs from homomeric to heteromeric forms (M. Zhang et 

al., 2008). 

It is plausible that a heteromeric version of PDS first emerged in S.pombe or in ancestral organisms, 

eventually evolving into the form observed in humans. The functional artificial heteromeric PDSs, 

comprising Coq1 and Dps1 or IspB and Dps1 (Cui et al., 2010; Zhang et al., 2008), lend support to 

the hypothesis that the heteromeric form originated from the homomeric version. Notably, the 

primary structures of the core components of heteromer-type enzymes closely resemble those of 

their homomeric counterparts. These findings raise intriguing questions regarding the evolutionary 

reasons behind the development of heteromer-type enzymes in specific species, including mice and 

humans. 
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4.B.1.5 CoQ10 deficiency arising from PDSS1 and PDSS2 mutations 

 

CoQ10 deficiency results in a syndrome characterized by neurological symptoms, including 

impairments in vision and hearing, sometimes accompanied by cardiac and kidney issues (Quinzii 

et al., 2008). Among these symptoms, the visual system appears to be particularly affected in cases 

involving the early stages of CoQ10 synthesis, such as in PDSS1, PDSS2, or COQ2 deficiency  

(Mollet et al., 2007; Salviati et al., 2012). 

PDSS1 deficiency is a rare, clinically diverse disorder that should be considered when diagnosing 

individuals with optic atrophy and sensorineural deafness. Sensorineural deafness typically 

precedes optic atrophy in PDSS1 deficiency. It's worth noting that CoQ10 synthesis defects are 

treatable conditions and should be included in the list of potential diagnoses for optic atrophy and 

sensorineural deafness, despite their rarity (Nardecchia et al., 2021). 

Rötig et al. (2000) identified patients with a coenzyme Q10 deficiency affecting multiple tissues. 

These patients exhibited significantly low levels of decaprenyl-diphosphate within cell extracts, 

indicating a deficiency in trans-prenyltransferase (TPT) activity. However, no mutations were found 

in the TPT cDNA. Messenger RNA levels were also notably low in normal fibroblasts and 

lymphoblastoid cell lines, making it challenging to compare them with CoQ10-deficient cells. Rotig et 

al. (2000) proposed that the disease-causing mutation might exist either in a different region of the 

TPT gene or in another gene responsible for regulating TPT activity. 

Mollet et al. (2007) reported a consanguineous Moroccan family in which two siblings exhibited 

COQ10 deficiency-2 (COQ10D2; # 614651). This condition presented as a multisystem disorder 

characterized by early-onset deafness, optic atrophy, mild mental retardation, peripheral neuropathy, 

obesity, livedo reticularis, and cardiac valvulopathy. Enzyme analysis revealed reduced quinone-

dependent oxidative phosphorylation activity, and COQ10 deficiency was confirmed by the restoration 

of oxidative phosphorylation activity upon quinone addition. Through homozygosity mapping and 

candidate gene analysis, a homozygous mutation in the PDSS1 gene, 

NM_014317.5(PDSS1):c.924T>G (p.Asp308Glu), was identified. Introduction of a corresponding 

mutation into yeast Coq1 resulted in impaired growth on respiratory medium. In the case of a female 
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infant with COQ10D2, Vasta et al. (2012) identified compound heterozygous missense mutations in 

the PDSS1 gene, NM_014317.5(PDSS1):c.661C>T (p.Arg221Ter) and 

NM_014317.5(PDSS1):c.1108A>C (p.Ser370Arg), through sequencing a panel of genes associated 

with mitochondrial function. 

Two Egyptian sisters, born to consanguineous parents, presented with COQ10D2, and Nardecchia 

et al. (2021) identified a homozygous missense mutation in the PDSS1 gene, 

NM_014317.5(PDSS1):c.735G>T (p.Gln245His), using whole-exome sequencing. This mutation 

segregated with the disorder within the family. 

In a case of COQ10D2 in a boy, (Bellusci et al., 2021) detected compound heterozygosity involving 

a missense, NM_014317.5(PDSS1):c.716T>G (p.Val239Gly), and a nonsense, 

NM_014317.5(PDSS1):c.1183C>T (p.Arg395Ter), mutation in the PDSS1 gene. 

In an infant with primary coenzyme Q10 deficiency-3 (COQ10D3; # 614652) leading to fatal 

encephalomyopathy and nephrotic syndrome, López et al. (2006) identified compound 

heterozygosity for two mutations in the PDSS2 gene. One mutation was a c.964C>T transition, 

resulting in NP_065114.3(PDSS2):p.Gln322Ter substitution, and it was inherited from the unaffected 

father. The second mutation was a c.1145C>T transition, resulting in a 

NP_065114.3(PDSS2):p.Ser382Leu with the substitution in the seventh conserved domain, and it 

was inherited from the unaffected mother.  

Biochemical assays using radiolabeled substrates indicated a severe defect in decaprenyl 

diphosphate synthase in the patient's fibroblasts. Coenzyme Q10 (CoQ10) is a crucial lipophilic 

molecule responsible for transferring electrons from mitochondrial respiratory chain complexes I and 

II to complex III, and the PDSS2 gene encodes a subunit of the initial enzyme in the coenzyme Q10 

biosynthetic pathway. 

Furthermore, Peng et al. (2008) discovered that Pdss2 knockout in mice led to embryonic lethality, 

with no homozygous embryos surviving beyond embryonic day 10.5. When Pdss2 knockout was 

specifically targeted to renal glomerular podocytes, it resulted in nephrotic syndrome but did not 

affect coenzyme Q levels in whole kidney homogenates, likely due to the limited number of kidney 

cells affected. However, when Pdss2 knockout was directed at hepatocytes, it caused coenzyme Q 
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depletion in whole liver homogenates, impaired mitochondrial respiratory chain function, and 

disrupted fundamental metabolic processes. 

 

4.B.1.6 Exploring PDS Enzyme Subunits in Coenzyme Q Biosynthesis 

 

The roles of the human and murine polyprenyl diphosphate synthases subunits remain relatively 

undefined, posing unresolved questions regarding CoQ biosynthesis and species-specific 

mechanisms. While it is widely accepted that the PDS enzyme plays a role in determining the 

ubiquinone's side chain length, it remains unclear if there is functional differentiation between the 

two subunits in species where the enzyme comprises distinct subunits. Specifically, which of the two 

proteins is responsible for determining the number of isoprenoid units remains an open question.  

Yeast serves as an ideal model organism for this purpose, allowing us to express heterologous 

polyprenyl diphosphate synthase subunits and define their specific functions. Moreover, previous 

experiments have shown that another type of CoQ is sufficient to restore growth on glycerol plates, 

indicating the significance of the quinone ring over the side chain for ubiquinone's function (Okada 

et al., 1998). Furthermore, experiments in E.coli have revealed that heterologous combinations of 

full-length mPdss1-hPDSS2 and hPDSS1-mPdss2 can collaborate to produce ubiquinone (Saiki et 

al., 2005). 

In our investigation, we utilize a yeast model system to elucidate which subunit, among the solanesyl 

and decaprenyl diphosphate synthases found in mice and humans, predominantly influences the 

elongation of the side chain of the ubiquinone precursor. Functional complementation tests are the 

initial experiments to investigate these interactions between enzyme subunits and explore the 

mechanism of chain length determination. 
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4.B.2 Materials and Methods 

 

4.B.2.1 Molecular Cloning 

 

4.B.2.1.1 Cloning into yeast expression vector: hPDSS1, hPDSS2, mPdss1 and 

mPdss2 

 

The mPdss1 (NM_019501.4) coding sequence, derived from Mouse Embryonic Fibroblasts (MEFs), 

was amplified using High-Fidelity Phusion DNA polymerase (NEB) and specific primers, mPdss1-

24F and mPdss1+1257R, following the manufacturer’s instructions. The resulting sample was then 

extracted and purified using the Qiagen Extraction Gel Kit. Subsequently, we performed the TOPO-

TA cloning reaction according to the manufacturer's protocol, which involved adding A overhangs to 

the product obtained from the mPdss1 PCR gel extraction and then cloning it into pCRIITOPO 

(Invitrogen). The sequence was confirmed through Sanger sequencing. 

For hPDSS2, NM_020381.4 (already contained in a pAAV2 CMV lentiviral vector in our laboratory) 

and mPdss1, amplification was carried out using AmpliTaq Gold DNA polymerase (Thermo Fisher) 

with specific primers that included the BamHI and NotI restriction sites: mPdss1/hPDSS2_BamHI 

FOR, mPdss1_HA_NotI REV, or hPDSS2_NotI REV, which also contained the HA tag sequence at 

the 3' end in the case of mPdss1. Subsequently, the PCR product and the pCM184 and pCM189 

vectors underwent double digestion with the BamHI and NotI restriction enzymes. Following the 

manufacturer's instructions, after ligation and bacterial transformation, positive colonies were 

selected, and Sanger sequencing confirmed the correctness of the sequence.  

For the hPDSS1 (NM_014317.5) coding sequence, cloning was performed in pCM189 using the In-

Fusion® HD Kit (Takara). First, the gene was amplified from a human cDNA clone obtained from 

Origene, using a specific set of primers designed with the manufacturer's online tool, including 

BamHI and NotI restriction sites. The reverse primer also included the HA sequence at the 3' end: 

hPDSS1 FOR and hPDSS1 REV. The PCR product was purified and gel-extracted using the Qiagen 

Extraction Gel Kit. The destination vector, pCM189, was linearized through double enzyme 

https://en.wikipedia.org/wiki/Mouse_embryonic_fibroblast
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restriction with BamHI and NotI and then extracted using the Qiagen Extraction Gel Kit. The In-

Fusion reaction was performed, and the resulting product was used to transform chemical bacterial 

cells, followed by the selection of positive colonies. Sanger sequencing was conducted to verify the 

correct sequence of the insert in the vector. 

The coding sequence of mPdss2 (NM_027772.2) was cloned into the pCM184 yeast expression 

vector using the In-Fusion kit (Takara) and following the manufacturer's instructions. The mPdss2 

cDNA was amplified using Phusion polymerase (NEB), starting from the pAAV2 CMV lentiviral vector 

already present in our laboratory, with the primers mPdss2 FOR and REV, following the 

manufacturer's instructions. The destination vector, pCM184, was linearized through PCR using the 

primers pCM184 FOR and pCM184 REV. The two products were then cloned together using the In-

Fusion reaction. Positive colonies were selected, and the sequence was confirmed through Sanger 

sequencing. All the sequences used in this study are listed in Table 4.3, while primers used for 

cloning hPDSS1, hPDSS2, mPdss1, and mPdss2 into yeast expression vectors pCM189 and 

pCM184 are listed in Table 4.4. 

 

Gene name Reference nucleotide sequence Reference protein sequence 

yCOQ1 Z35872.1 CAA84939.1 

hPDSS1 NM_014317.5 NP_055132.2 

hPDSS2 NM_020381.4 NP_065114.3 

mPdss1 NM_019501.4 NP_062374.2 

mPdss2 NM_027772.2 NP_082048.2 

Table 4.3 List of reference sequences used in our study. 

 

 

Primer name Sequence 5’->3’ Purpose 

mPdss1+1257R  

 

AGCTGCCAGAAAGAAGAGGA  
 

Amplification of mPdss1 from cDNA for 

cloning in pCRIITOPO 

mPdss1-24F  

 

CGCCGCGACTTTCAGACTT  
 

Amplification of mPdss1 from cDNA for 

cloning in pRIITOPO 
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hPDSS2_BamHI 

FOR  

CTCTCGGATCCACCCTTCCAGACTCAAACCA Amplification of hPDSS2 with BamHI 

restriction site for cloning in pCM184 

hPDSS2_NotI REV  CTCTGCGGCCGCCGCTCCCAATCAACCTCATT Amplification of hPDSS2 with NotI from for 

cloning in pCM184 

mPdss1_BamHI 

FOR  

CTCTCGGATCCCGCCGCGACTTTCAGACTTG Amplification of mPdss1 with BamHI 

restriction site from pCRIITOPO for cloning 

in pCM189 

mPdss1_HA_NotI 

REV  

CTCTGCGGCCGCTCAAGCGTAATCTGGAACATC 

GTATGGGTATTTATCTCTGGTGA  

Amplification of mPdss1 with NotI from 

pCRIITOPO for cloning in pCM189 

hPDSS1 FOR TCAATTCGGGGGATCAGACTCCGACCATGGCCTC Amplification of hPDSS1 with BamHI from 

cDNA for cloning in pCM189 

hPDSS1 REV CCTGCAGGGCCCTAGCGGCCTCAAGCGTAATCT 

GGAACATCGTATGGGTATTTATCTCTTGTGAGTACAATTTCT 

Amplification of hPDSS1 with NotI from 

cDNA for cloning in pCM189 

pCM184 FOR CGCTAGGGCCCTGCAGGAG Linearization of the pCM184 vector for 

cloning mPdss2. 

pCM184 REV GGCCTGTTTAAACGGATCCCCC Linearization of the pCM184 vector for 

cloning mPdss2. 

mPdss2 FOR CCGTTTAAACAGGCCATGAGCCTCCGGCAGCTG Amplification of mPdss2 from pAAV2 CMV 

for cloning in pCM184 

mPdss2 REV TGCAGGGCCCTAGCGTCAAGAAAATCTGGTCACAGCAAAC Amplification of mPdss2 from pAAV2 CMV 

for cloning in pCM184 

Table 4.4 Oligonucleotides used in this study to clone human/murine PDS subunit 1 genes into pCM189 and 

human/murine PDS subunit 2 genes into pCM184, respectively. 
 

4.B.2.1.2 Design of Hybrid PDS Subunit 1 Genes  
 

Hybrid PDS subunit 1 genes (hybrids 1, 2, 3, 4, and 5) were constructed by combining N-terminal 

mPDSS1 regions of varying lengths with their corresponding C-terminal hPDSS1 regions. A different 

approach was taken for Hybrid 6, which was designed by merging the yMTS (53aa) segment, 

previously identified by Okada et al. (1996), with the complete hPDSS1 protein without any removal 

of segments. The strategy adopted for the design of the hybrid PDS subunit 1 protein is detailed in 

Figure 4.14 and Table 4.5. 

Conversely, for Hybrid 7, we employed a reverse strategy by combining a specific N-terminal 

hPDSS1 amino acid region with the corresponding C-terminal mPDSS1 protein region. All cloning 

procedures were carried out using the In-Fusion® HD Cloning Kit (Takara) in accordance with the 
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manufacturer's instructions, along with specific primers designed using the company's online tool, 

which are listed in Table 4.6. 

 

Figure 4.14. Multiple sequence alignment of human PDSS1 (NP_055132.2) and murine PDSS1 (NP_062374.2) 

proteins (Corpet, 1988), illustrating the strategy employed for the design of hybrid PDS subunit 1 proteins. 
 

Hybrid name N-terminal PDS subunit 1 

sequence 

C-terminal PDS subunit 1 

sequence 

Hybrid 1 mPDSS1 1-44 aa hPDSS1 55-415 aa 

Hybrid 2 mPDSS1 1-82 aa hPDSS1 89-415 aa 

Hybrid 3 mPDSS1 1-118 aa hPDSS1 125-415aa 

Hybrid 4 mPDSS1 1-40 hPDSS1 40-415 aa 

Hybrid 5 mPDSS1 1-171 hPDSS1 178-415 aa 

Hybrid 6 yCoq1: 1-53 aa hPDSS1 1-415 aa 

Hybrid 7 hPDSS1 1-54 aa mPDSS1 45-409 aa 

Table 4.5 Design of the hybrid PDS subunit 1 proteins. 

 

Primer name Sequence 5’->3’ Purpose 

hPDSS1 Hybrid 1 

FOR 

ATACCCTATATTAATCTTGTGAAGC Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 1 design. 
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hPDSS1 Hybrid 2 

FOR 

GGTGAAAAATACACCGATCCTTTC Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 2 design. 

hPDSS1 Hybrid 

1,2,3,4,5,6 REV 

GGTCGGAGTCTGATCCCCC Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 1, 2,3,4,5,6 design 

mPdss1 Hybrid 

1,2,3,4,5 FOR 

GATCAGACTCCGACCATGGCTATGCGCTGGTCGT Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 1,2,3,4,5 design. 

mPdss1 Hybrid 1 

REV 

ATTAATATAGGGTATCTGCGCGCGGGTGTCCGA Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 1 design. 

mPdss1 Hybrid 2 

REV 

GGTGTATTTTTCACCACTCTGAGTTTGACGACAACTGC Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 2 design. 

hPDSS1 Hybrid 3 

FOR 

TCTGAGTACTACTTTGATGGGAAAG Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 3 design. 

mPdss1 Hybrid 3 

REV 

AAAGTAGTACTCAGACATGTCCTTTAGTTCTCTGGTGG Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 3 design. 

hPDSS1 Hybrid 4 

FOR 

GTCCGCGCGCAGGTTCATAG Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 4 design. 

mPdss1 Hybrid 4 

REV 

AACCTGCGCGCGGACGTCCGAGGCGGCACGTGT Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 4 design. 

hPDSS1 Hybrid 5 

FOR 

GTTCACGATGACGTTATTGACG Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 5 design. 

mPdss1 Hybrid 5 

REV 

AACGTCATCGTGAACCAGAGTAGCAGTGTGGATCATTTC Amplification from the pCM189-mPdss1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 5 design. 

hPDSS1 Hybrid 6 

FOR 

ATGGCCTCGCGCTGGTGG Linearization of the pCM189-hPDSS1 vector 

at a specific hPDSS1 C-terminal region for 

Hybrid 6 design. 
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yCOQ1 Hybrid 6 

FOR 

GATCAGACTCCGACCATGTTTCAAAGGTCTGGCGCTG Amplification from the pCM188-yCOQ1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 6 design. 

yCOQ1 Hybrid 6 

REV 

CCAGCGCGAGGCCATCATCTCCTTCGAGACTAATGATATG Amplification from the pCM188-yCOQ1 vector 

of a specific mPDSS1 N-terminal region for 

Hybrid 6 design. 

mPdss1 Hybrid 7 

FOR 

ATACCCTATTTTAGTCTTATGAAG Linearization of the pCM189-mPdss1 vector at 

a specific mPDSS1 C-terminal region for 

Hybrid 7 design. 

mPdss1 Hybrid 7 

REV 

GGTTCAAGTCTGAAAGTCG Linearization of the pCM189-mPdss1 vector at 

a specific mPDSS1 C-terminal region for 

Hybrid 7 design. 

hPDSS1 Hybrid 7 

FOR 

TTTCAGACTTGAACCATGGCCTCGCGCTGGTGG Amplification from the pCM189-hPDSS1 

vector of a specific hPDSS1 N-terminal region 

for Hybrid 7 design 

hPDSS1 Hybrid 7 

REV 

ACTAAAATAGGGTATCTGAGACAAGTCAAGTCCCTTCCG Amplification from the pCM189-hPDSS1 

vector of a specific hPDSS1 N-terminal region 

for Hybrid 7 design 

Table 4.6. Oligonucleotides used in this study for the cloning of hybrid PDS subunit 1 genes. 

 

4.B.2.1.3 Mutagenesis of Murine Pds Subunits 1 and 2 Genes 
 

All mutations within the coding sequences of mPdss1 and mPdss2 were introduced via site-directed 

mutagenesis utilizing the QuikChange Lightning kit (Agilent), with specific primers designed using 

the company's online tool. The accuracy of all constructs was verified through direct sequencing. 

The sequences of the oligonucleotides used in this study are provided in Table 4.7. 

 

Primer name Sequence 5’->3’ Purpose 

His68Asn FOR 

 

CTATGCATAGTATATCACAGTTTAATCAAAGGACACCAGCAATGTG His68Asn mutagenesis 

in pCM189 mPdss1 

His68Asn REV 

 

CACATTGCTGGTGTCCTTTGATTAAACTGTGATATACTATGCATAG His68Asn mutagenesis 

in pCM189 mPdss1 



 

150 
 

Asp117Gly FOR CCACCAGAGAACTAAAGGGCATGTCCGAATACTACTT Asp117Gly 

mutagenesis in 

pCM189 mPdss1 

Asp117Gly REV AAGTAGTATTCGGACATGCCCTTTAGTTCTCTGGTGG Asp117Gly 

mutagenesis in 

pCM189 mPdss1 

Lys191Glu FOR CAAGTTCTCGAAGAGGAAAACATACAGTTAATGAGATCTGGGGTGAGAAAAA Lys191Glu 

mutagenesis in 

pCM189 mPdss1 

Lys191Glu REV TTTTTCTCACCCCAGATCTCATTAACTGTATGTTTTCCTCTTCGAGAACTTG Lys191Glu 

mutagenesis in 

pCM189 mPdss1 

Val233Gly FOR CCAAGTTATTGAAGATTTGGGGCGTGGTGAATTTCTTCAGC Val233Gly 

mutagenesis in 

pCM189 mPdss1 

Val233Gly REV GCTGAAGAAATTCACCACGCCCCAAATCTTCAATAACTTGG Val233Gly 

mutagenesis in 

pCM189 mPdss1 

Gln239His FOR GTGCGTGGTGAATTTCTTCATCTAGGGTCAAAAGAAAATG Gln239His 

mutagenesis in 

pCM189 mPdss1 

Gln239His REV CATTTTCTTTTGACCCTAGATGAAGAAATTCACCACGCAC Gln239His 

mutagenesis in 

pCM189 mPdss1 

Gly290Arg FOR GGTGCATGAGATAGCCTATCAGTATAGGAAAAATGTTGG Gly290Arg 

mutagenesis in 

pCM189 mPdss1 

Gly290Arg REV CCAACATTTTTCCTATACTGATAGGCTATCTCATGCACC Gly290Arg 

mutagenesis in 

pCM189 mPdss1 

Asp302Glu FOR GCTTTTCAGCTCATAGATGAGGTATTGGATTTCACCTCATG Asp302Glu 

mutagenesis in 

pCM189 mPdss1 

Asp302Glu REV CATGAGGTGAAATCCAATACCTCATCTATGAGCTGAAAAGC Asp302Glu 

mutagenesis in 

pCM189 mPdss1 
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Ser364Arg FOR CGACAGTATGTATTACAGAGGGATGGCGTGCAGCAAA Ser364Arg 

mutagenesis in 

pCM189 mPdss1 

Ser364Arg REV TTTGCTGCACGCCATCCCTCTGTAATACATACTGTCG Ser364Arg 

mutagenesis in 

pCM189 mPdss1 

Val117Met FOR GATATGAGGAGCATGACCAGGCCCCGC Val117Met 

mutagenesis in 

pCM184 mPdss2 

Val117Met REV GCGGGGCCTGGTCATGCTCCTCATATC Val117Met 

mutagenesis in 

pCM184 mPdss2 

His163Arg FOR ACTGCTCTCCTGGTGCGTCGTGGGATAGTAAAC His163Arg 

mutagenesis in 

pCM184 mPdss2 

His163Arg REV GTTTACTATCCCACGACGCACCAGGAGAGCAGT His163Arg 

mutagenesis in 

pCM184 mPdss2 

Ser384Leu FOR TGGAGAGCTTCCCTCCCTTAGAGGCCAGA Ser384Leu 

mutagenesis in 

pCM184 mPdss2 

Ser384Leu REV TCTGGCCTCTAAGGGAGGGAAGCTCTCCA Ser384Leu 

mutagenesis in 

pCM184 mPdss2 

Ala386Asp FOR CCCTCCCTCAGAGGACAGATCGGCTTTAG Ala386Asp 

mutagenesis in 

pCM184 mPdss2 

Ala386Asp REV CTAAAGCCGATCTGTCCTCTGAGGGAGGG Ala386Asp 

mutagenesis in 

pCM184 mPdss2 

Ile393Thr FOR GGCCAGATCGGCTTTAGAAAACACTGTGTTTGCTGT Ile393Thr mutagenesis 

in pCM184 mPdss2 

Ile393Thr REV ACAGCAAACACAGTGTTTTCTAAAGCCGATCTGGCC Ile393Thr mutagenesis 

in pCM184 mPdss2 

Table 4.7 List of the oligonucleotides used for the site-direct mutagenesis of mPdss1 and mPdss2 genes. 
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4.B.2.2 Yeast strains, media, and plasmid transformation 

 

The W303 Δcoq1 strain (MATa; ade2‑1; his3‑1_15; leu2‑3_112; trp1‑1; ura3‑1 YBR003W::kanMX4) 

was derived from a yeast strain originally obtained from Euroscarf (BY4741 Δcoq1) (MATa; his3Δ1; 

leu2Δ0; met15Δ0; ura3Δ0 YBR003w::kanMX4) and further modified in Prof. Leonardo Salviati's 

laboratory. The KanMX4 cassette, required for coq1 locus inactivation, was amplified from the 

genomic DNA of the BY4741 Δcoq1 strain. The amplification was performed using standard rapid 

glass-bead lysis and phenol-chloroform extraction methods as previously described (Trevisson et 

al., 2009). PCR amplification of the KanMX4 cassette was carried out with the Kan Amp FOR and 

REV primers. Subsequently, the resulting amplicon was used to transform the W303 yeast strain, 

achieving coq1 locus inactivation through homologous recombination (HR). The inactivation 

procedure has been extensively documented elsewhere (Vetro et al., 2017). 

Confirmation of coq1 inactivation in the W303 yeast strain was achieved through genomic DNA 

extraction, PCR, and electrophoresis on agarose gel using a different set of primers, Kan Check 

FOR and REV, designed further upstream and downstream from those used for the KanMX4 

cassette amplification. A graphical representation of the coq1 inactivation process is provided in 

Figure 4.15, and the list of oligonucleotides used for KanMX4 cassette amplification and verification 

is presented in Table 4.8. 

Yeast strains were cultured in either rich medium (YPD) or synthetic minimal medium (SM) at 30 °C. 

YPD (1% yeast extract, 2% peptone, 2% dextrose) was utilized for routine maintenance of the wild-

type strain. Synthetic minimal medium (0.17% yeast nitrogen base without amino acids, 0.5% 

ammonium sulfate, 2% carbon source), supplemented with amino acids to compensate for yeast 

auxotrophies, except for uracil (pCM188 and pCM189 plasmid complementing yeast uracil 

autotrophy) and tryptophan (pCM184 plasmid complementing yeast tryptophan autotrophy), was 

employed for selecting transformant strains. YPGly medium (1% yeast extract, 2% peptone, and 3% 

glycerol) was used for functional complementation assays. All growth media components were 

sourced from Difco. Yeast DNA transformations were carried out using the polyethylene glycol-

lithium acetate method, as previously described (Gietz & Woods, 2006). 
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Fig.4.15 Representation of the working model used in this study to obtain a functional yeast-with the inactivation of coq1 

gene by the insertion of the KanMX4 Cassette. This image was created using BioRender (BioRender.com). 
 

Primer name Sequence 5’->3’ Purpose 

Kan Amp FOR TGACCAGGTATACCACTATC Amplification of KanMX4 cassette from 
pFA6 with complementary regions for 
homologous recombination with Coq1 
locus and its inactivation 

Kan Amp REV CCACCAGCCTGATCCTTAATG Amplification of KanMX4 cassette from 
pFA6 with complementary regions for 
homologous recombination with Coq1 
locus and its inactivation 

Kan Check FOR TCTAGCGAATCTCCTGTTCC  
 

Amplification of Coq1 locus for checking 
for KanMX4 module 

Kan Check REV TACAGACTATCCTATTTGC Amplification of Coq1 locus for checking 
for KanMX4 module 

Table 4.8 List of oligonucleotides used for the amplification of the KanMX4 Cassette e and its control. 

 

4.B.2.3 Functional complementation spot test assay 

 

To assess the functional capacity of heterologous combinations of polyprenyl diphosphate 

synthases, we employed wild-type murine, human, and hybrid sequences, as well as mutant murine 

sequences, in rescuing respiratory growth in yeast strains lacking the coq1 gene. The yeast strains 

were initially inoculated into selective liquid medium containing glucose and cultivated at 30°C for 48 

hours. The concentration of each culture was then adjusted to OD600 = 1 (approximately 107 cells/mL) 

in sterile water, after two washes in water to remove glucose medium, and four serial 10-fold dilutions 

were performed. For each of these dilutions, 5μL were spotted onto YPD, SM Glu (with proper amino 
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acid selection), and YPGly, plate media. Plates were incubated at 30°C and images were taken up 

to 8 days after incubation. 

 

4.B.2.4 ΗPLC and Analysis of the Quinone Content 

 

This analysis was performed in the laboratory of Fabien Pierrel, in collaboration with the University 

of Grenoble Alpes and the CNRS (Grenoble, France) and following what it is reported by (Ozeir et 

al., 2015). 

Cultures were grown in synthetic minimal medium, supplemented with the necessary amino acids to 

cover yeast auxotrophies, except for uracil and tryptophan. They were cultivated until reaching an 

OD600 of 1 and then chilled on ice for 30 minutes. Subsequently, cells were harvested via 

centrifugation, washed once with ice-cold water, and their wet weight was determined in pre-weighed 

Eppendorf tubes before being frozen at -20°C. For lipid extraction, glass beads (100 μl), 50 μl of KCl 

(0.15 m), a Q4 solution (4 μm in methanol, 2 μl/mg of wet weight), and 0.6 ml of methanol were 

added to cell pellets (10–30 mg wet weight) and the tubes were vortexed for 10 min. The cultures 

were cultivated in synthetic minimal medium, supplemented with amino acids to cover yeast 

auxotrophies, excluding uracil and tryptophan, until they reached OD600=1 and then were placed on 

ice for 30 min, then the cells were collected by centrifugation, washed once with ice-cold water, and 

their wet weight was determined in pre-weighted Eppendorf tubes before freezing at −20 °C. For 

lipid extraction, glass beads (100 μl), 50 μl of KCl (0.15 m), a Q4 solution (4 μm in methanol, 2 μl/mg 

of wet weight), and 0.6 ml of methanol were added to cell pellets (10–30 mg wet weight) and the 

tubes were vortexed for 10 min. Neutral lipids were extracted by adding 0.4 ml of petroleum ether 

(40–60 °C boiling range) and by vortexing for 3 min. The phases were separated by centrifugation 

(3 min, 1000 × g at room temperature). The upper petroleum ether layer was transferred to a fresh 

tube. Petroleum ether (0.4 ml) was added to the glass beads and methanol-containing tube, and the 

extraction was repeated once more. The petroleum ether layers were combined and dried under 

argon. The lipids were resuspended in 100 μl of methanol, and aliquots were analyzed by reversed-

phase high-pressure liquid chromatography (HPLC) on a Dionex U3000 system equipped with a C18 
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column (Betabasic-18, 5 μm, 4.6 × 150 mm, Thermo Scientific) at a flow rate of 1 ml/min with a 

mobile phase composed of 75% (98% (v/v) methanol, 2% (v/v) 1 m ammonium acetate), 5% 

isopropyl alcohol, and 20% acetonitrile. Hydroquinones present in injected samples were oxidized 

with a precolumn 5020 guard cell set in oxidizing mode (E, +600 mV). Electrochemical detection 

(ECD) was performed with a Coulochem III (ESA) equipped with a 5011A analytical cell (E1, −550 

mV; E2, 550 mV). The standard Q4 solution was injected in the same conditions to generate a 

standard curve that was used to correct for sample loss during the organic extraction (on the basis 

of the recovery of the Q4 internal standard) and to quantify Q6. When mass spectrometry (MS) 

detection was needed, the flow was split after the diode array detector with an adjustable split valve 

(Analytical Scientific Instruments) to allow simultaneous EC (60% of the flow) and MS (40% of the 

flow) detections. MS detection was achieved with an MSQ Plus spectrometer (Thermo) used in 

positive mode with electrospray ionization. The probe temperature was 450 °C and the cone voltage 

was 80 V. Because of the precolumn guard cell, the following compounds were detected by single 

ion monitoring in their oxidized state: 4-AP6 (M + H+), m/z 515.9–516.9, 7–9 min, scan time 0.2 s; 

13C6-4-AP6 (M + H+), m/z 521.9–522.9, 7–9 min, scan time 0.2 s; IDMQ6 (M + H+), m/z 559.9–

560.9, 9.5–14 min, scan time 0.2 s; 13C6-IDMQ6 (M + H+), m/z 565.9–566.9, 9.5–14 min, scan time 

0.2 s; DMQ6 (M + NH4+), m/z 577.9–578.9, 7–12 min, scan time 0.6 s; 13C6-DMQ6 (M + NH4+), 

m/z 583.9–584.9, 7–12 min, scan time 0.6 s; Q6 (M + NH4+), m/z 607.9–608.9, 9–11.5 min, scan 

time 0.2 s. MS spectra were also recorded between m/z 500 and 700 or 450 and 650 with a scan 

time of 0.4 s. 
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4.B.3 Results 

 

4.B.3.1 Functional Complementation of Murine-Human PDS Genes 

 

We conducted a spot test analysis using our Δcoq1 yeast model strain to assess the potential of 

heterologous combinations of human and murine PDS genes to rescue the respiratory phenotype in 

our null-yeast strain when grown on non-fermentable medium. Our control groups included co-

transformations of Δcoq1 with pCM188 yCOQ1 and pCM184 empty, which clearly complemented 

the inactivation of the Coq1 locus. Additionally, we co-transformed our yeast model with pCM189 

and pCM184, both of which were empty and, as a result, incapable of growth on glycerol medium 

Our findings revealed that only two combinations demonstrated the capacity to enable yeast growth 

on respiratory medium: mPdss1 paired with mPdss2, and mPdss1 paired with hPDSS2 (Fig.4.16). 

This indicates that only the mPDSS1 protein effectively enters the mitochondria. Consequently, this 

discovery paved the way to further investigations aimed at identifying the N-terminal murine 

sequence responsible for mitochondrial import and conducting potential complementation studies 

using murine sequences to examine human mutations pathogenicity. 
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Figure 4.16 Functional complementation assays were performed by pairing heterologous combinations of human and 

murine PDS genes. Only combinations that were able to completely rescue the respiratory phenotype in our yeast model 
included the murine solanesyl diphosphate synthase and the combination of mouse PDS subunit 1 with human PDS 
subunit 2. The analysis was conducted using a spot test, where cell cultures were serially diluted and spotted onto various 
agar media, followed by incubation at 30°C. After 6 days, we specifically examined the results on YPGly medium to assess 
yeast respiration. Additionally, tests were conducted on rich medium (YPD) to evaluate the growth of all strains and on 
synthetic minimal medium (excluding uracil and tryptophan, which were provided by the plasmids used for co-
transformation) to assess the growth of transformants. Images from these two tests were captured after 4 days. Each spot 
test analysis was replicated three times. 

 

4.B.3.2 Functional Complementation of Murine-Human PDS Hybrid Genes 

 

To uncover the murine targeting sequence responsible for yeast mitochondrial import, we decided 

to design a series of hybrid constructs. These hybrids combined varying lengths of the N-terminal 

regions of murine PDS subunit 1 with their corresponding C-terminal regions from human PDS 

subunit 1. This approach was employed for hybrids numbered 1 through 5. 

Hybrid 6, designed as a control, featured the yeast mitochondrial targeting sequence (MTS) 

previously identified by Okada et al., (1996). This MTS comprised the initial 53 amino acids of the 

yCOQ1 gene and was seamlessly integrated at the N-terminus of the hPDSS1 coding sequence, 

without any excision.  

Additionally, we conceived hybrid 7 with the hypothesis that the murine MTS might not be located in 

the N-terminal region but potentially within the C-terminal region of the mPDSS1 protein. 

Consequently, hybrid 7 was generated by merging the N-terminal portion of human PDS subunit 1 

(1-54 aa) with the C-terminal segment of murine PDS subunit 1 (45-509 aa). 

All of these hybrid proteins were co-expressed with the human PDS subunit 2 in order to assess 

whether the hypothetical murine mitochondrial targeting sequence (MTS) could restore decaprenyl 

diphosphate synthase functionality within the mitochondria of the yeast null-strain model, allowing it 

to thrive on non-fermentable medium. 

Notably, we made a significant discovery: Hybrid 5 was the only hybrid capable of rescuing the 

respiratory deficiency observed in the Δcoq1 yeast strain (Fig. 4.17, 1). This hybrid was carefully 

constructed by combining the N-terminal portion of the mPDSS1 protein, comprising the initial 171 

amino acids, with the corresponding C-terminal segment of the hPDSS1 protein (amino acids 178-
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415), as visually depicted in Figure 4.14. This compelling finding strongly suggests that the key 

component of the murine MTS likely resides within the N-terminal domain of the mPDSS1 protein, 

specifically within the span of amino acids 119 to 171. 

Supporting this hypothesis, Hybrid 3, featuring only the N-terminal region of mPDSS1 spanning 

amino acids 1-118, displayed no growth on respiratory medium (Fig. 4.17). Additionally, Hybrid 7, 

which also exhibited no growth on a non-fermentable carbon source, provided evidence that the 

putative MTS could not be confined solely to the region of amino acids ranging from 45 to 409 within 

the mPDSS1 protein. 

Collectively, these results confirm that the presumed murine MTS may require the entire N-terminal 

region of mPDSS1, spanning from amino acids 1 to 171, but it could potentially be shorter possibly 

extending from the first amino acid of the mPDSS1 protein to the second one within the 119-171 

region. This indicates that the N-terminal region spanning amino acids 1 to 171 represents the 

maximum potential length of the putative mitochondrial targeting sequence. Furthermore, Hybrid 6 

facilitated the entry of the hPDSS1 protein into yeast mitochondria, as evidenced by the growth of 

the null-strain model expressing decaprenyl diphosphate synthase with the yeast MTS fused to 

human PDS subunit 1, as depicted in Figure 4.17 (2). 

Lastly, we assessed Hybrids 5 and 6 in conjunction with murine PDS subunit 2 and observed their 

ability to complement the Δcoq1 yeast model, shown in Fig.4.17 (3), albeit with slightly weaker 

growth compared to their human counterparts. This aligns with the notion that subunits of the same 

species tend to exhibit more robust compatibility than heterologous subunits. 
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Fig.4.17 Functional complementation assays by pairing various combinations of hybrid PDS subunit 1 genes with human 
or murine PDS subunit 2 genes. Here are the key findings:1) Hybrid 5 demonstrated the ability to fully rescue the respiratory 
deficiency in our Δcoq1 yeast model, allowing for the mitochondrial import of the human decaprenyl diphosphate synthase. 
This suggests that the primary component of the murine MTS likely resides within the amino acid range of 119 to 171. 
However, it appears that the N-terminal region of mPDSS1, extending from amino acid 1 to one within the 119-171 region, 
may also be required. 2) Hybrid 6, in combination with the human PDSS2 protein, effectively complemented the null-strain 
yeast model, providing further confirmation that the yeast MTS functioned properly in a heterotetrametric enzyme as well. 
Hybrid 5 and Hybrid 6 successfully rescued the respiratory phenotype even in the presence of murine PDSS2 protein. 
However, their yeast growth appeared weaker compared to those with their human subunit 2 counterparts. The analysis 
was conducted using a spot test, involving serial dilution of cell cultures spotted onto various agar media and incubated at 
30°C. After 7 days, we specifically assessed the results on YPGly medium to evaluate yeast respiration. Additionally, tests 
were performed on rich medium (YPD) to assess the growth of all strains and on synthetic minimal medium (excluding 
uracil and tryptophan, which were provided by the plasmids used for co-transformation) to evaluate the growth of 
transformants. Images from these two tests are not provided. Each spot test analysis was replicated three times. 

 

4.B.3.3 HPLC and Analysis Q Content 

 

Q content analysis was conducted in collaboration with Fabien Pierrel from the University of 

Grenoble Alpes and CNRS (Grenoble, France). The Q was extracted and measured from strains 

expressing various combinations of murine and human PDS genes, as well as hybrid PDS subunit 

1 proteins paired with either human or murine PDS subunit 2 proteins. These combinations 

successfully rescued the respiratory phenotype of the Δcoq1 yeast model. The aim was to identify 

the type of ubiquinone (Q) produced in each case. 
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Surprisingly, as illustrated in Figure 4.18, it appears that the type of Q produced may be influenced 

by the specific PDS subunit 1 expressed. This observation underscores the significant role of the 

primary subunit of polyprenyl diphosphate synthase in determining the length of the isoprene chain 

in the ubiquinone molecule. 

The results revealed that the null-strain yeast model successfully restored Q6 synthesis, while it 

remained entirely absent in the Δcoq1 yeast strain. Notably, the wild-type strain (W303 MATa) 

exhibited the highest recorded Q6 value (72.88 pmoles/mg cells; data not shown). 

Interestingly, the expression of murine solanesyl diphosphate synthase in our yeast model led to the 

production of Q9, the same type of Q typically found in mice (Fig. 4.18). Remarkably, even when 

murine PDS subunit 1 was co-expressed with human PDS subunit 1, Q9 was predominant, further 

emphasizing the pivotal role of PDS subunit 1 in determining the length of the ubiquinone side chain. 

Hybrid 5, when paired with human PDS subunit 2, exhibited a combination of Q9 and Q10, with Q10 

levels nearly double those of Q9. Conversely, when paired with murine PDS subunit 2, Hybrid 5 

produced only Q9. This variation may be attributed to the design of Hybrid 5, which combines an 

extended N-terminal mPDSS1 region with the C-terminal hPDSS2 region, as well as the presence 

of mPDSS2, potentially favoring Q9 production. 

Hybrid 6 facilitated the entry of human PDS subunit 1 into yeast mitochondria, enabling the assembly 

of human decaprenyl diphosphate synthase. This predominantly resulted in Q10 production, with a 

minor quantity of Q9. When combined with murine PDS subunit 2, Hybrid 6 also primarily produced 

Q10, albeit in slightly lower quantities compared to its combination with human PDS subunit 2. In this 

case as well, a small quantity of Q9 was produced. 
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Fig.4.18 Analysis of Q content was conducted on respiring strains co-expressing various combinations of murine and 
human PDS genes, as well as hybrid PDS subunit 1 genes in conjunction with either human or murine PDS subunit 2 
genes. Surprisingly, it became evident that the type of Q produced may be influenced by the specific PDS subunit 1 that 
is expressed. This observation underscores the significant role of the primary subunit of polyprenyl diphosphate synthase 
in determining the length of the isoprene chain within the ubiquinone molecule. Each value was determined based on the 
assessment of four independent colonies for every strain. 

 

4.B.3.4 Patients  

 

The previous study involving the complementation of Δcoq1 using heterologous combinations of 

human and murine PDS genes demonstrated the potential utility of murine sequences as a model 

for studying human mutations affecting conserved residues and assessing their pathogenicity based 

on growth on respiratory medium. 

yCoq1 ΔCoq1 mPdss1+mPdss2 mPdss1+hPDSS2 Hybrid 5+hPDSS2 Hybrid 5+mPdss2 Hybrid 6+hPDSS2 Hybrid 6+mPdss2

UQ6 9.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00

UQ9 0.00 0.00 0.55 0.32 0.10 0.19 0.38 0.16

UQ10 0.00 0.00 0.00 0.00 0.21 0.03 8.68 1.23
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This approach represents the simplest and most elegant method for investigating human mutations, 

especially considering that human PDS genes alone cannot rescue the respiratory phenotype of the 

yeast strain lacking the Coq1 gene. The use of hybrid PDS subunit 1 proteins (Hybrid 5 and 6) in 

combination with human PDS subunit 2 may not be as advantageous in this context. This is because 

it introduces a mixture of sequences from different species (yeast model with a combination of mouse 

and human genes) in a single experiment, potentially introducing artifacts. Additionally, mutations 

located in the N-terminal region of the human PDS subunit 1 protein may be affected by the presence 

of the additional yeast MTS, which could potentially alter their true effects. 

Considering this, we examined a total of 8 mutations identified in the hPDSS1 gene and 5 mutations 

in the hPDSS2 gene (Table 4.9). Among these mutations, ten have been previously documented in 

published references. Additionally, one mutation, denoted as the murine protein alteration 

p.(Val117Met), is unique to the kd mouse model. The second mutation, p.(Ile393Thr), was 

discovered in combination with a nonsense mutation in a pediatric patient who underwent molecular 

analysis at a facility collaborating with our institution, the Clinical and Epidemiological Genetics Unit 

at the University Hospital of Padua. 
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Human Gene 
name 

Protein Human 
Change 

Protein 
Mouse 
Change 

Phenotype Zigosity Reference 

hPDSS1 p.(His78Asn) p.(His68Asn) Late onset retinitis 
pigmentosa, hearing 
impairment. 
 

Compound 
heterozygous with 
missense 
p.(Gly296Arg) 

Jurkute et al., 
2022 

hPDSS1 p.(Glu123Gly) p.(Asp117Gly) Late onset retinitis 
pigmentosa, hearing 
impairment. 
 

Compound 
heterozygous with 
a nonsense 
mutation 

Jurkute et al., 
2022 

hPDSS1 p.(Val239Gly) p.(Val233Gly) 5 months old, 
mitochondrial 
encephalopathy, 
pulmonary hypertension, 
livedo reticularis, chronic 
distal phalangeal 
involvement, 3-methyl-
glutaconic aciduria, and 
tricarboxylic aciduria. 
Child passed away at the 
age of 3 years 

Compound 
heterozygous with 
a nonsense 
mutation 

Bellusci et al., 
2021 

hPDSS1 p.(Gln245His) p.(Gln239His) 2 siblings. 14 years old: 
deafness, optic atrophy, 
mild intellectual 
disability, muscular 
weakness, valvulopathy. 
6 years old: optic 
atrophy. 
 

Homozygous Nardecchia et al., 
2020 

hPDSS1 p.(Gly296Arg) p.(Gly290Arg) Late onset retinitis 
pigmentosa, hearing 
impairment. 
 

Compound 
heterozygous with 
missense 
p.(His78Asn) 

Jurkute et al., 
2022 

hPDSS1 p.(Asp308Glu) p.(Asp302Glu) Early-onset deafness, 
encephalo-neuropathy, 
obesity, livedo 
reticularis, valvulopathy. 
 

Homozigous Mollet et al., 2007 

hPDSS1 p.(Ser370Arg) p.(Ser364Arg) Died 16 months old. 
Developmental delay, 
nephrotic syndrome, 
perventricular and 
brainstem white matter 
lesions.  
 

Compound 
heterozygous with 
a nonsense 
mutation 

Vasta el al., 2012 

hPDSS2 p.(Val116Met) p.(Val117Met) Present in kd mouse 
model: resulting in 
isolated steroid-resistant 
nephrotic syndrome. 

Homozygous This work 

hPDSS2 p.(His162Arg) p.(His163Arg) Neonatal-onset 
nephrotic syndrome, 
encephalomyopathy, 
deafness, retinitis 
pigmentosa, and 
hypertrophic 
cardiomyopathy. Died at 
8 months of age. 

Compound 
Heterozygous with 
a large deletion 

Iványi et al., 2018 

hPDSS2 p.(Ser382Leu) p.(Ser384Leu) Neonatal-onset 
phenotype in compound 
heterozygosity with a 
nonsense mutation: 
encephalopathy, 
nephrotic syndrome 
Died at 8 months of age.  
Pediatric-onset 
phenotype in 
homozygosity: steroid-
resistant nephrotic 
syndrome 

Compound 
heterozygous with 
a nonsense 
mutation or in 
homozygous 

Lopez et al., 
2006; Sadowski 
et al., 2015 

hPDSS2 p.(Ala384Asp) p.(Ala386Asp) Variant of Uncertain 
Significance (VUS): 
Mutation not yet 

Homozygous Sadowski et al., 
2015 
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characterized in the 
literature. 

hPDSS2 p.(Ile391Thr) p.(Ile393Thr) Patient displays a mild 
pediatric-onset 
phenotype that emerges 
at around one year of 
age: nephrotic 
syndrome and mild 
encephalopathy 

Compound 
heterozygous with 
a nonsense 
mutation 

This work 

 
Table 4.9 Patients mutations along with a mutation, p.(Val117Met) in mPdss2 which was exclusively identified in a 
mouse model. 
 

4.B.3.5 Analyzing Human Mutations Through Murine Sequences 

 

Analyzing yeast strains expressing mPDSS1 mutants in combination with wild type mPDSS2 protein 

reveals that the respiratory phenotype reliably characterizes the pathogenicity of the examined 

human mutations. It's important to note that this method may not be sensitive enough to detect minor 

growth reductions. The murine p.(His68Asn) mutation exhibited robust growth on a non-fermentable 

carbon source, resembling the mild human phenotype, as shown in Table 4.8. This similarity can be 

explained by the fact that in humans, this mutation is compound heterozygous with Gly296Arg, which 

becomes murine Gly290Arg. Both mutations rescued the respiratory phenotype, aligning with the 

late-onset retinitis pigmentosa and hearing impairment observed in humans. 

The human Glu123Gly, corresponding to murine Asp117Gly due to the similarity between Glu and 

Asp, demonstrated a complete rescue of yeast respiration impairment. The mild human phenotype, 

characterized by late-onset retinitis pigmentosa and hearing impairment, may be attributed to the 

presence of a single functional gene copy, as it is in compound heterozygous with a nonsense 

mutation. 

The human Val239Gly (murine Val233Gly) displayed partial growth on respiratory medium, 

consistent with the severe phenotype observed in patients (Table 4.9). This human mutation was 

found in a compound heterozygous state with a nonsense mutation. 

The human homozygous Gln245His mutation (murine Gln239His) resulted in a complete yeast 

growth impairment, reflecting the multiple complications observed in two siblings. 

The human Asp308Glu and Ser370Arg mutations, corresponding to murine Asp302Glu and 

Ser364Arg, showed no growth on respiratory medium, mirroring the human phenotype. The first 
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mutation was found in a homozygous state and exhibited a complex clinical picture (Table 4.9). The 

second mutation was compound heterozygous with a nonsense mutation and its severity is 

confirmed by the clinical presentation of the patient who passed away prematurely. 

 

A)                                        mPdss1 mutations 
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B)                                            mPdss2 mutations 

 

 

Figure 4.19 Functional complementation assays by pairing mutant mPDSS1 with wild-type mPDSS2 (A) and wild-type 
mPDSS1 with mutant mPDSS2 proteins (B). Some of these mutations completely compromised the ability of the murine 
solanesyl diphosphate synthase to compensate for the absence of endogenous yCoq1. The analysis was carried out using 
a spot test, where cell cultures were serially diluted and spotted onto various agar media, followed by incubation at 30°C. 
After 8 days, we observed the results specifically on YPGly medium to assess yeast respiration. Additionally, tests were 
conducted on rich medium (YPD) to assess the growth of all strains and on synthetic minimal medium (except for uracil 
and tryptophan, which were supplied by the plasmids used for co-transformation) to evaluate the growth of transformants; 
however, the data from these tests are not presented. Each spot test analysis was replicated three times. 
 

The same analysis was performed using the identical yeast model to assess the respiratory capacity 

of strains expressing solanesyl diphosphate synthase with murine subunit 2 mutants. The slightly 

growth observed in the murine Ser384Leu mutant (Figure 4.19) aligns with the severe human 

phenotype associated with the Ser382Leu mutation (Table 4.9), which was found either in 

conjunction with a nonsense mutation (Lopez at al., 2006) or in homozygous state (Sadowki et al., 

2015). The symptoms identified in compound heterozygosity with a nonsense mutation showed 

neonatal-onset encephalopathy, nephrotic syndrome leading to a premature death. Instead, we 



 

167 
 

identified mild symptoms with pediatric-onset phenotype (after the first year of life) in homozygosity: 

steroid-resistant nephrotic syndrome.  

The murine Ala386Asp mutation, which corresponds to the human homozygous mutation 

Ala384Asp, led to the restoration of the respiratory phenotype. The pathogenicity of this mutation is 

still a subject of debate in the literature. It seems to resemble a variant of uncertain significance 

(VUS), and the growth observed in the yeast model expressing the murine mutation would further 

support its non-pathogenic nature. 

The homozygous murine Val117Met mutation, which is specific to the kd mouse model, resulted in 

isolated steroid-resistant nephrotic syndrome. These mild symptoms are consistent with the partial 

yeast growth observed when a non-fermentable carbon source was used.  

The compound heterozygous condition involving the human Ile391Thr (corresponding to the murine 

Ile393Thr) in combination with a nonsense mutation resulted in a clinical presentation characterized 

by early onset nephrotic syndrome and mild encephalopathy at approximately one year of age. This 

clinical presentation aligns with the growth observed in yeast expressing the murine Ile393Thr on a 

respiratory medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

168 
 

4.B.4 Discussion  

 

Exploring the intriguing factors that determine the organization of polyprenyl diphosphate synthase 

(PDS) into either heteromeric enzymes or homomeric structures across various organisms, 

regardless of their evolutionary status, continues to captivate scientific curiosity. The presence of 

these enzymes in higher eukaryotes alone does not seem to dictate their structural arrangements. 

For instance, the presence of heteromeric structures in organisms like S.pombe, mice, and humans 

challenges this notion. This enigma leaves us with several unanswered questions that demand 

extensive research. Understanding why evolution has led to the structuring of these subunits into 

pairs or even trios, as observed in A.thaliana, remains an intriguing path of exploration. 

Makoto Kawamukai's research, carried out in the 1990s and early 2000s, aimed to understand the 

function of PDS genes by studying various model organisms. He focused on examining how 

polyprenyl diphosphate synthase (PDS) is structured and organized in different organisms, without 

being influenced by their place in the evolutionary hierarchy. His discoveries showed that PDS 

enzymes can form either heterotetrameric, homodimeric or heterodimeric structures, and this pattern 

doesn't depend on how complex the organism is in terms of evolution. This variability appears to be 

governed by intrinsic factors specific to each organism, as the membrane lipid composition or the 

affinity for binding proteins (Kawamukai, 2018).  

Our aim was to utilize a straightforward eukaryotic organism like S.cerevisiae, evolutionarily closer 

to humans than S.pombe, to express the solanesyl and decaprenyl diphosphate synthases from 

mammals. This approach enabled us to investigate which of the two PDS genes played a pivotal 

role in determining the length of the ubiquinone (Q) precursor's side chain. 

Our initial findings revealed a fascinating discovery – the ability to reconstruct a functional enzyme 

with a heteromeric structure using either both murine PDS proteins or a heterologous combination 

of murine subunit 1 and human subunit 2 proteins within an in vivo yeast model, even in the absence 

of the yeast's native PDS gene. This led to full restoration of respiratory function and emphasized 

the conservation of these essential genes in eukaryotes. Interestingly, S.cerevisiae typically exhibits 

both homodimeric and homotetrameric structures for heptaprenyl diphosphate synthase (Zhang et 
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al., 2008). This novel approach provided a powerful tool for characterizing the pathogenicity of 

human mutations by modeling them on conserved residues of the murine PDS coding sequence and 

studying their impact on the respiratory phenotype. This method may not be sufficiently sensitive to 

characterize the minor reductions in yeast growth induced by mutations associated with varying 

degrees of phenotypic severity. Detecting subtle variations that might be challenging to observe on 

solid medium alone can be achieved by using liquid media containing glycerol. 

The same outcome was observed when hybridizing the human PDS subunit 1 protein with yeast or 

mouse mitochondrial targeting sequences (MTS) to facilitate entry into yeast mitochondria, in 

combination with either human or murine PDS subunit 2 protein. These results demonstrated that, 

regardless of their species of origin, homologous proteins retained their catalytic and functional 

domains to perform their activities even in foreign species.  

The analysis of the Q content yielded strong evidence suggesting that the PDS subunit 1 gene plays 

a pivotal role in determining the isoprene chain length in the Q precursor. This aligns with earlier 

studies on crystal structures conducted in the early 2000s, which indicated that polyprenyl 

diphosphate synthase subunit 1 likely possesses a more catalytic function, while subunit 2 has a 

more structural role, as it lacks aspartate-rich domains. Additionally, the HPLC data corroborated 

earlier studies conducted by Saki et al. (2005), demonstrating a significant influence of the origin of 

the heterologous PDS on the length of the isoprene chain in the produced Q in the model organism. 

To fully comprehend the HPLC analysis results, it's important to note that Hybrid 6 contains the 

complete hPDSS1 gene, including the yMTS region upstream, without any regions removed. 

Conversely, Hybrid 5 is a hybridization of PDS subunit 1, where the first 171 amino acids originate 

from mPDSS1, followed by the subsequent 237 amino acids from hPDSS1. Consequently, it's 

reasonable to assume that we introduced some putative regions beyond the murine MTS. This 

includes domain I and a part of domain II, both of which are among the conserved regions of PDS 

subunit 1 genes. Domain II contains specific amino acids that play a role in determining the side 

chain length, as documented by.Saiki et al., 2008. 
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Our insights into the design of these hybrid strains may explain why the strain expressing Hybrid 6 

in conjunction with its natural counterpart (hPDSS2), can produce a significantly higher concentration 

of UQ10 compared to that of Hybrid 5 together with human PDS subunit 2. 

In general, when we expected a favorable environment for UQ10 production due to the presence of 

hPDSS1 with its distinctive (murine/yeast) mitochondrial targeting sequence (as seen in Hybrid 5 

together with hPDSS2, Hybrid 6 along with hPDSS2, but also in Hybrid 6 with mPdss2), traces of 

UQ9 were still observed. This phenomenon could potentially be attributed to the fact that decaprenyl 

diphosphate synthase primarily generates UQ10 in larger quantities but also produces UQ9 in smaller 

amounts. This phenomenon might be attributed to its potential inefficiency in S.cerevisiae, similar to 

what was observed in E.coli when expressing the S.pombe orthologous PDS genes, as reported by 

Saiki et al. in 2005, where both UQ9 and UQ10 were detected. 

Notably, Hybrid 5 together with mPdss2 appears to exclusively produce UQ9. This observation might 

be a consequence of the dual nature (murine/human) of Hybrid 5, resulting from its hybrid design, 

and its combination with the murine counterpart, which appears to favor UQ9 production.  

In general, while HPLC was mainly employed as a semi-quantitative method, the measured Q levels 

are significantly lower compared to the wild type, represented by W303 MATa. The highest recorded 

values were for UQ6 produced by the yeast model expressing the yCoq1 protein and UQ10 obtained 

through the combination of Hybrid 6 with hPDSS2. However, these levels are still notably lower than 

the quantity produced by the wild type. Nevertheless, the Q levels proved to be adequate for inducing 

growth recovery, indicating that wild-type cells typically contain a surplus of ubiquinone beyond what 

is necessary for basic cell metabolism (Saiki et al., 2005). 

Moreover, biochemical analysis of mitochondrial respiratory complexes can provide additional 

insights into mitochondrial respiration. Western blot analysis focusing on the protein expression 

levels of heterologous, hybrid, and mutant subunits can offer a comprehensive view of mitochondrial 

activity across all the strains we generated. This multifaceted approach will enable us to gain a 

deeper understanding of polyprenyl diphosphate synthase dynamics and its implications in various 

cellular processes. 
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The observation that the type of Q produced may be influenced by the specific PDS subunit 1 that 

is expressed is significant because it suggests that the composition of the Q pool can be manipulated 

by expressing different PDS subunit 1 genes. This could have implications for the treatment of 

diseases that are associated with Q deficiency, such as Parkinson's disease and Friedreich's ataxia. 
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PART IV.C 

 

Exploring Genotype-Phenotype Correlation of 

Human COQ5 Gene Mutations Through  

Functional Yeast Study 
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4.C.1 Introduction 

 

4.C.1.1 COQ5 gene 

 
As widely discussed in the general introduction (Part IV of the presented thesis) CoQ consists of a 

polyisoprenoid "tail" that anchors it to the lipid membrane and a benzoquinone "head" responsible 

for shuttling electrons from Complexes I and II to Complex III in the mitochondrial respiratory chain 

(Bentinger et al., 2010; Crane et al., 1957). 

In yeast, multiple genes are essential for Q6 biosynthesis, some of which encode proteins located in 

the mitochondrial inner membrane, forming a multi-subunit complex referred to as the CoQ-

synthome (He et al., 2014). The absence or deficiency of any of these genes results in the inability 

to produce Q6, making growth on a medium with a non-fermentable carbon source unachievable. 

Each Coq polypeptide's presence is crucial for assembling the Coq polypeptide complex and 

ensuring the proper function of individual enzymes (Hsieh et al., 2007). Overexpression of COQ8, 

encoding a putative regulatory kinase, has been demonstrated to restore steady-state levels of 

several Coq polypeptides (Xie et al., 2012)and the assembly of the high molecular mass CoQ-

synthome (He et al., 2014). COQ genes exhibit a high degree of conservation throughout evolution, 

and various human COQ genes have successfully complemented their corresponding yeast coq null 

mutants (Salviati et al., 2005; Wang & Hekimi, 2013). 

Coq5 plays a crucial role in catalyzing the sole C-methylation step involved in Q6 synthesis in yeast 

(Barkovich et al., 1997). It is the sole C-methyltransferase enzyme known to participate in Q6 

synthesis, catalyzing the methylation of demethyl-demethoxy-Q6H2 (DDMQ6H2) to form demethoxy-

Q6H2 (DMQ6H2) (Fig.4.20). Coq5, along with several other COQ gene products, is part of the CoQ-

synthome, a high molecular mass complex peripherally associated with the mitochondrial inner 

membrane in yeast (He et al., 2014).  

 



 

176 
 

 

Fig. 4.20. Biosynthesis of Q in S.cerevisiae and the amino acid alignment of COQ5 homologs are depicted. (A) The 
benzoquinone head group of Q is derived from either the 4HB or pABA aromatic ring precursor, prenylated by Coq2, and 
subsequently modified by Coq polypeptides to generate the Q6 intermediate known as demethyl-demethoxy-hydroquinone 
(DDMQ6H2). Coq5 facilitates the transfer of a methyl group from AdoMet to the C2 position of the hydroquinone ring, 
resulting in the formation of demethoxy-Q6 (DMQ6H2). This compound is further converted into the fully substituted Q6H2 
(Nguyen et al., 2014). 

 

4.C.1.2 Identification of the COQ5 gene 

 
Nguyen and collaborators (2014) confirmed that the human COQ5 protein is localized to the 

mitochondrial matrix and peripherally associated with the inner membrane. Additionally, they 

demonstrated that hCOQ5 physically interacts with hCOQ4, indicating the presence of a COQ multi-

enzyme complex in human cells. 

Nguyen et al. (2014) identified the human COQ5 gene (hCOQ5) cDNA sequence through a 

screening of the Expressed Sequence Tag (EST) database, using the tBLASTn algorithm. The yeast 

protein sequence served as the query for this search, and this approach was inspired by Sacconi et 

al., (2005). The hCOQ5 gene, located on chromosome 12q24.31, spans a length of 26 kb and 

consists of seven exons. The open reading frame encompasses 981 nucleotides, predicting a 327-

amino-acid protein. This protein includes a putative mitochondrial targeting sequence and shares 

45% identity and 60% similarity with the yeast protein, excluding the targeting region. Figure 4.20 

illustrates the amino acid alignment of COQ5 from various species, highlighting the conservation of 

its catalytic domains. Notably, human COQ5 RNA levels were higher in liver, lung, placenta, and 

skeletal muscle, mirroring the expression pattern of COQ6 (Heeringa et al., 2011), whereas other 

COQ genes exhibited different tissue-specific expression patterns. 

It was also identified a potential second transcript encoding a truncated form of COQ5 through an 

EST database search. Such non-functional protein transcripts have been reported for other COQ 
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genes, and their functional significance remains unclear, but they could potentially play a regulatory 

role (Nguyen et al., 2014). 

 

4.C.1.3 COQ5 genetic characterization  

 
Nguyen et al. (2014) discovered that although human COQ5 shares significant similarity with its 

yeast counterpart, it couldn't rescue yeast mutants lacking coq5, as evidenced by their inability to 

grow on non-fermentable carbon sources and the absence of Q6. Only under specific conditions, 

such as when yeast coq5 mutants had stable but catalytically inactive Coq5 polypeptides or were 

over-expressing COQ8, did human COQ5 rescue yeast growth. Nguyen et al. (2014) discovered that 

human COQ5 could indeed compensate for Coq5 deficiency in S.cerevisiae, but this was only 

effective when the human mitochondrial leader sequence was substituted with that of yeast and 

when other yeast Coq polypeptides were stabilized through the overexpression of Coq8.These 

conditions permit the stabilization of the CoQ-synthome, which is required for Q6 biosynthesis in 

yeast. These findings suggest that COQ5 orthologs can serve as functional C-methyltransferases 

and restore Q biosynthesis in yeast coq5 mutants when other yeast Coq polypeptides are retained. 

This underscores the functional similarity between yeast and human Q biosynthetic pathways. And 

this finding carries important implications for the diagnosis and treatment of Q10 deficiencies in 

patients. (Nguyen et al., 2014). 

Interestingly, human COQ5 expression was shown to complement a S.pombe Δcoq5 mutant for 

growth on a nonfermentable carbon source (Hayashi et al., 2014). Unlike the S.cerevisiae Δcoq5 

mutant, the S.pombe Δcoq5 mutant contained peaks tentatively identified as late-stage Q-

intermediates, indicating differences in the phenotypes of these yeast mutants. However, human 

COQ homologs were able to rescue S.pombe coq deletion mutants, except for Coq9 (Hayashi et al., 

2014). These results suggest that yeast growth on nonfermentable carbon sources can be restored 

with very low levels of Q, typically less than 0.2% of normal Q levels (Heeringa et al., 2011; Xie et 

al., 2011). 
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The yeast Coq5 polypeptide forms a dimer, with amino acid residues at the dimer interface domain 

identified (Dai et al., 2014). These residues are not as highly conserved among Coq5 homologs as 

the active-site residues that interact with S-adenosyl-L-methionine (Fig. 4.21). The interaction of the 

yeast Coq5 dimer with the yeast CoQ-synthome is speculated to enhance the catalytic efficiency of 

C-methylation. In contrast, heterologous COQ5 polypeptides may not interact as effectively or at all 

with the yeast CoQ-synthome. It was found that both human COQ5 and yeast Coq5 could be 

detected at a high molecular mass in specific conditions, but this interaction wasn't observed in 

normal, wild-type yeast cells. This suggests that the interaction between COQ5 and the CoQ-

synthome may not be necessary for its function (Nguyen et al., 2014). 

In summary, while the physical interaction between human COQ5 and the yeast CoQ-synthome may 

not be essential for partial Q6 rescue, the CoQ-synthome likely needs to provide human COQ5 with 

its substrate DDMQ6H2. This may be achieved with human COQ5 peripherally associated with the 

complex. The lower Q6 content and the presence of Q6-intermediates indicate either inefficient or 

weak interaction with the Coq complex. Nguyen end collaborators (2014) suggest that human and 

E.coli Coq5 homologs, when expressed in yeast, retain C-methyltransferase function but rescue 

yeast coq5 mutants only when the other yeast Coq polypeptides are retained. 

 

 

Fig.4.21 Amino acid alignments of COQ5 homologs were generated by MultAlin. In red are highly conserved residues, in 

blue, moderately conserved residues. Methyltransferase motifs (T. C. Petrossian & Clarke, 2011; 

T. Petrossian & Clarke, 2009), are designated by the dashed-line boxes. The aligned sequences include 
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Homo sapiens COQ5 (NP_115690.3), Mus musculus Coq5 (NP_080780.1), Gallus gallus COQ5 (NP_001006194.1), 
Drosophila melanogaster (NP_572865.1), Arabidopsis thaliana (AED96882.1), Caenorhabditis elegans COQ5 (P34666.2), 
Saccharomyces cerevisiae Coq5 (KZV08728.1), and Escherichia coli UbiE (CAD6023038.1). The yeast DNA segment 
encoding the amino terminal 54 residues (underlined) replaced the corresponding segment of human COQ5 DNA to 
generate the hybrid yeast/human gene. 
 

 

4.C.1.4 COQ10 deficiency caused by COQ5 mutations 

 

In a study by (Malicdan et al., 2018), sisters from unrelated Iraqi-Jewish parents were diagnosed 

with coenzyme Q10 deficiency-9 (COQ10D9; 619028). Genetic analysis revealed a homozygous 

duplication spanning 9,590 base pairs in the COQ5 gene (chr12:120,940,098-120,949,687, 

GRCh37). This duplication, confirmed by Sanger sequencing, was identified as the causative 

mutation and co-segregated with the disorder within the family. 

The duplicated region encompassed the final four exons of the COQ5 gene but did not disrupt the 

open reading frame. It was situated approximately 1 kilobase beyond the DNA sequence encoding 

the 3-prime untranslated region. Patients exhibited significantly reduced levels of COQ5 mRNA and 

protein in their fibroblasts, leukocytes, and skeletal muscle tissue compared to control subjects. 

Furthermore, cultured fibroblasts from one patient demonstrated impaired mitochondrial complex 

II+III activity and abnormal oxygen consumption, indicating a detrimental impact on mitochondrial 

respiration. This homozygous duplication was absent in 92 healthy individuals of the same ethnic 

background. However, three heterozygous carriers were identified, resulting in a minor allele 

frequency of approximately 1.5%. 
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4.C.2 Materials and methods  

 

4.C.2.1 Molecular cloning  

 

In this study, we utilized plasmids that were previously employed in the research conducted by 

Nguyen et al. (2014). The human COQ5 gene was amplified from cDNA derived from human skin 

fibroblasts (Casarin et al., 2008) using primers COQ5F and COQ5-1077R. Subsequently, the PCR 

products were cloned into the pCRII TOPO vector (Invitrogen) as well as the high-copy 

pYES2.1V5His yeast expression vectors (Invitrogen). The COQ5 insert from pCRIITOPO-COQ5 

was further inserted into the centromeric pCM189 vector (Euroscarf)(Garí et al., 1997). 

The yeast COQ5 (yCOQ5) gene was obtained by amplifying it from genomic DNA extracted from a 

wild-type BY4741 strain using standard protocols (Trevisson et al., 2009), and then cloned into the 

same vectors. Amplification primers employed for this purpose were yCOQ5F and yCOQ5R. 

To create the hybrid yeast-human COQ5 (yhCOQ5) gene, a 5' segment of yCOQ5 corresponding to 

the mitochondrial targeting region (encoding amino acids 1–54; using primers yCOQ5F and 

hybridCOQ5R) was combined with the 3' segment of the human COQ5 (encoding amino acids 56–

327; with primers hybridCOQ5F and COQ5-1037R). This fusion was achieved through a sequential 

PCR protocol (Paret et al., 1999). 

To create plasmids encoding mutated proteins Gly118Ser and Arg123Trp, site-directed mutagenesis 

was performed via PCR amplification of the pCM189-yMTShCOQ5 construct using primers 

containing the desired mutations. The QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) 

was employed for this purpose. Finally, the pRS423-yCOQ8 plasmid was kindly provided by Prof. 

Fabien Pierrel (Université Grenoble Alpes). The correctness of all constructed plasmids was verified 

through direct sequencing. The sequences of the oligonucleotides used in this study are listed in 

Table 4.10. 
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Primer name Sequence 5’->3’ Purpose 

COQ5F CTCGACTACCAAGATGGCGG Amplification of hCOQ5 coding 

region 

COQ5-1077R GATGCTCTGCTGCTGTCTCA Amplification of hCOQ5 coding 

region 

yCOQ5F ACAGATCGCAGCAAGAAAGA Amplification of yCOQ5 coding 

region 

yCOQ5R GGCTATCACATGGCACAGG Amplification of yCOQ5 coding 

region 

hybridCOQ5F GAAGTATACGCATTTTGGTTTTGAGACTGTGTCGGAAG Generation of hybrid gene 

hybridCOQ5R CTTCCGACACAGTCTCAAAACCAAAATGCGTATACTTC Generation of hybrid gene 

COQ5-1037R TTCCAGGCTTTCAACAGGA Generation of hybrid gene 

hCOQ5 Gly118Ser FOR 
 

TGTTGCTGGAGGCACAAGTGACATTGCATTCCG 
 

Mutagenesis of yMTShCOQ5 

to generate the mutation 

Gly118Ser 

hCOQ5 Gly118Ser REV 
 

CGGAATGCAATGTCACTTGTGCCTCCAGCAACA 
 

Mutagenesis of yMTShCOQ5 

to generate the mutation 

Gly118Ser 

hCOQ5 Arg123Trp FOR 
 

GCACAGGTGACATTGCATTCTGGTTCCTTAATTATGTTCAG 
 

Mutagenesis of yMTShCOQ5 

to generate the mutation 

Arg123Trp 

hCOQ5 Arg123Trp REV 
 

CTGAACATAATTAAGGAACCAGAATGCAATGTCACCTGTGC 
 

Mutagenesis of yMTShCOQ5 

to generate the mutation 

Arg123Trp 

Table 4.10 List of the oligonucleotides used in this study. 

 

4.C.2.2 Yeast strains, media and plasmid transformation 

 

The BY4741 Δcoq5 strain (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; YML110c::kanMX4) was 

acquired directly from Euroscarf. Yeast strains were grown in rich medium (YPD) or synthetic 

minimal (SM) medium at 30 °C. YPD (1% yeast extract, 2% peptone, 2% dextrose) was used for 

routine maintenance of the wild type strain. Synthetic minimal medium (0.17% yeast nitrogen base 

without amino acids, 0.5% ammonium sulfate, 2% carbon source), supplemented with amino acids 

to cover yeast auxotrophies except uracil (and histidine when yCOQ8 was overexpressed) was used 
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to select transformant strains. YPGly medium (1% yeast extract, 2% peptone and 3% glycerol) was 

used to perform functional complementation assays. Growth media components were purchased 

from Difco. Yeast DNA transformations were performed using the polyethylene glycol-lithium acetate 

method as previously described (Gietz & Woods, 2006). Figure 4.22 provides a visual representation 

of the experiment, created using BioRender. 

 

 

 

 

Fig.4.22 Representation of the working model used in this study to obtain a functional yeast-based assay to validate 
putative hCOQ5 mutations. Image generated using BioRender (BioRender.com) 
 

 

4.C.2.3 Functional complementation spot test assay 

 

For testing the ability of the different wt and mutant COQ5 proteins to rescue respiratory growth in 

coq5-deleted yeast, the different yeast strains were inoculated in glucose-containing selective liquid 

medium and grown for 2 days and 2 nights at 30°C.  
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The concentration of each culture was then adjusted to OD600 = 1 (approximately 107 cells/mL) in 

sterile water, after two washes in water to remove glucose medium, and four serial 10-fold dilutions 

were performed. For each of these dilutions, 5μL were spotted onto YPD, SM Glu (with proper amino 

acid selection), and YPGly, plate media. Plates were incubated at 30°C and images were taken 5 

days after incubation. 
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4.C.3 Results 

 

4.C.3.1 Patients 

 

Whole exome sequencing revealed two copies of the variant c.352G>A, p.(Gly118Ser) in the COQ5 

gene of the 7-year-old child, who was born to parents who are related from Pakistan. The COQ5 

gene transcript (NM_032314.4) showed a homozygous genotype with consequences involving a 

missense variant and follows an autosomal recessive inheritance pattern. Although it is classified as 

a variant of uncertain significance because there is not enough evidence to determine its clinical 

relevance definitively, several prediction tools suggest that it is likely to be harmful. Polyphen predicts 

it as "probably damaging," SIFT indicates it as "deleterious," and Mutation Taster suggests it could 

cause pathology. The variant is associated with a phenotype of Coenzyme Q10 deficiency 

(MIM#619028), which manifests with a complex clinical presentation that includes ataxia, distal 

action tremor, ponto-cerebellar atrophy, intellectual disability, speech delay, neonatal jaundice and 

hypoglycaemia (Table 4.11). The intellectual disability (MIM#615516) in this patient is linked to a 

second homozygous mutation identified in the HERC2 gene (NM_004667.5), specifically, the 

c.11398G>C, p.(Asp3800His) variant. This mutation will not be the focus of our further investigation. 

Segregation analysis of variants in the COQ5 gene was carried out on the parents. In the mother, 

the analysis revealed the presence of the c.352G>A p.(Gly118Ser) variant in exon 2 of the COQ5 

gene in a heterozygous state. Similarly, the father exhibited the same result as the mother. To 

provide a complete overview, it is noteworthy that both parents also carried the identical 

heterozygous mutation in the HERC2 gene, which the patient had in a homozygous form. 

The quantification of Coenzyme Q10 in the muscle biopsy showed a significant decrease in 

Coenzyme Q levels. This finding is consistent with the patient's clinical symptoms and the detection 

of the homozygous COQ5 variant. As depicted in Figure 4.23, Gly118 exhibits a high degree of 

conservation across COQ5 homologs.  

Meanwhile, the second mutation we chose to investigate, using our yeast model, is the Arg123Trp 

(Table 4.24) variant. This alteration in the human COQ5 protein (NP_115690.3) affects a residue 
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that is highly conserved, except for E.coli and S.cerevisiae COQ5 homologs (Fig.4.23). Importantly, 

this mutation is generally associated with a milder phenotype characterized by symptoms such as 

muscle weakness and vision problems (Jurkute et al., 2022). 

 

 
Fig.4.23 The amino acid alignments of COQ5 homologs, as generated by MultAlin and shown in Figure 4.20, highlight 
two notable features. The positions of two specific residues within the human COQ5 protein sequence (NP_115690.3), 
namely Gly118 and Arg123, are indicated by red triangles. Gly118 is highly conserved, while Arg123 is well-conserved 
across these homologues, except for E.coli and S.cerevisiae COQ5 homologues. 
 
 

Human Gene 
name 

Protein Human 
Change 

Reference 
Sequence 

Phenotype Zigosity Reference 

hCOQ5 Gly118Ser NP_115690.3 ataxia, distal action 
tremor, ponto-
cerebellar atrophy, 
intellectual disability, 
speech delay, 
neonatal jaundice 
and hypoglycaemia  
 

Homozygous This work 

hCOQ5 Arg123Trp NP_115690.3 Muscle weakness, 
followed by vision 
problems in the dark 

Compound 
heterozygous with a 
nonsense mutation 

Jurkute et al., 
2022 

 
Table 4.11 The COQ5 mutations under investigation are Gly118Ser and Arg123Trp, located within the COQ5 protein 
(NP_115690.3). These mutations are associated with specific phenotypes and zygosities, as outlined in the table. 
 

4.C.3.2 Genotype-phenotype correlation 

 

In previous experiments conducted by Nguyen et al. in 2014, it was observed that the human COQ5 

protein was unable to rescue the respiratory deficiency in the yeast Δcoq5-null strain. Additionally, it 
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couldn't restore CoQ biosynthesis or respiration in this yeast strain. These findings clearly indicate 

that only the yeast Coq5 protein is effective in complementing our yeast model. 

The hybrid gene, yMTShCOQ5, which combines the mitochondrial targeting sequence of the yeast 

Coq5 protein (amino acids 1-54) with the conserved C-terminal domain of the human COQ5 protein 

(amino acids 56–327), was the key factor in complementing the null-strain yeast. It's worth noting 

that the over-expression of the yeast Coq8 protein was also essential in this process. Coq8 is a 

putative regulatory kinase known to enhance the levels and assembly of several Coq proteins and 

complexes (He et al., 2014; Awad et al., 2018). 

We conducted a study to assess the impact of COQ5 mutations Gly118Ser and Arg123Trp, in 

combination with yCoq8, on the growth of yeast strains using a non-fermentable carbon source. As 

control groups, we established two additional yeast strains: one was a Δcoq5 yeast expressing the 

wild type yMTShCOQ5 along with yCOQ8, labeled as "WT" in Figure 4.24, and the other was a 

Δcoq5 yeast expressing the empty pCM189 vector in combination with yCOQ8 alone, and simply 

referred to it as “Δcoq5”. The initial group, labelled as "WT", was predicted to demonstrate growth 

on respiratory medium, while the latter group was predicted to have a total lack of respiration, leading 

to no growth on glycerol medium. 

The results obtained align with the phenotypes observed in the patients. After 5 days, we noticed 

slightly stronger growth in the case of the Arg123Trp mutant, which is associated with a milder 

phenotype related to retinitis pigmentosa. In contrast, the growth of the Gly118Ser mutant, identified 

in the 7-year-old child and linked to a much more severe phenotype, appeared to be more inhibited 

(Fig.4.24). 
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Figure 4.24 Functional complementation assay of yMTShCOQ5 wt or mutant proteins Gly118Ser and Arg123Trp co-

expressed with yCoq8 in Δcoq5 yeast strain. The Gly118Ser strongly impaired the ability of the wt yMTShCOQ5 hybrid 
protein to compensate for the absence of endogenous yCoq5, while the Arg123Trp showed a slightly greater growth. The 
analysis was conducted via spot test, where cell cultures were serially diluted and spotted onto the different agar media 
and incubated at 30°C. After 5 days, we observed the following results, from left to right: rich medium (YPD) for the growth 
of all strains, synthetic minimal medium (except uracil and histidine, which were supplied by the plasmids used for co-
transformation) for the growth of transformants, and YPGly medium to test yeast respiration. Each spot test analysis was 
repeated three times. 
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4.C.4 Discussion 

 

Once again, we have demonstrated the usefulness of creating a yeast strain with a specific COQ 

gene inactivated as a robust model for studying the effects of mutations in the corresponding human 

protein. This is especially beneficial when such mutations affect highly conserved amino acids, and 

the consequences can be evaluated by observing yeast growth on a respiratory substrate. 

There is a significant correlation between the severity of the human disease phenotype and the 

yeast's capacity to grow on a non-fermentable medium, with or without recovery of mitochondrial 

function. This correlation is primarily due to the common conservation of the Q pathway across 

eukaryotes, highlighting the similarities between humans and S.cerevisiae in this context. 

The close relationship between the COQ proteins and the complex they form is intriguing. The 

overexpression of yCoq8 has a vital role in maintaining yMTShCOQ5 within yeast mitochondria, thus 

promoting its catalytic function. Moreover, the identification of the yeast N-terminal sequence, 

responsible for mitochondrial import, has extensively contributed to the development of the 

application of human proteins in these efficient yeast models. 

Therefore, additional studies can be carried out to improve our understanding of the processes 

occurring within the mitochondria of yeast expressing mutant COQ proteins. Assessing the activity 

of respiratory complexes and conducting western blot analysis may be needed to confirm COQ5 

expression levels. It is intriguing to consider the significant impact on the functionality of the Q 

precursor due to a mutation in a gene responsible for modifying its head group, resulting in a severe 

phenotype observed in a 7-year-old patient with the Gly123Ser mutation. This highlights the critical 

role of CoQ and mitochondrial function. Investigating and understanding the absent stages in Q 

biosynthesis can unquestionably aid in the advancement of enhanced therapies for individuals with 

COQ10 insufficiency. 
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PART V 

 

General Conclusions 
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Saccharomyces cerevisiae, commonly known as yeast, emerges as a versatile and robust unicellular 

eukaryotic model organism. It boasts a plethora of advantages, including its cellular simplicity, rapid 

growth, cost-effective maintenance, and ease of genetic manipulation. Particularly striking is the fact 

that approximately 30% of yeast genes share orthologs with their human counterparts, exhibiting an 

average amino acid sequence overlap of 32% (Leslie, 2015). This remarkable degree of 

conservation has firmly established yeast as a fundamental basis in the investigation of human 

diseases and, notably, in the validation of pathogenic mutations, as exemplified in this thesis. 

One widely employed assay for exploring the pathogenicity of variants of uncertain significance 

(VUS) involves functional complementation of yeast deletion mutants with newly discovered mutant 

alleles sourced from patients. This approach not only serves to confirm the pathogenic nature of 

novel genetic variants but also estabilishes a direct connection between a patient's genotype and 

clinical phenotype (Trevisson, et al., 2009). Recent scientific literature abounds with successful 

applications of this assay. Within our research group, we have extensively harnessed functional 

complementation in S.cerevisiae to validate mutations identified in patients suffering from various 

metabolic disorders. The yeast spot test assay assumes a pivotal role in assessing the growth of 

cells transformed with mutated genes of interest across a spectrum of media. This multifaceted 

assay greatly facilitates the identification of specific deficiencies in mutant strains. 

Yeast offers a multitude of applications in research, facilitating various analyses. In the STRADA 

project (Part I), we assessed the impact on yeast sporulation capacity by utilizing the CRISPR/Cas9 

technique to delete the orthologous gene sps1 or reproduce the human mutation on corresponding 

yeast sequence. This approach enabled us to correlate the sporulation capacity of the yeast model 

with the neurological complications observed in humans with the Ser264Arg missense protein 

alteration.  

Another valuable application, discussed in Part II of our study, was employed in the SGPL1 project. 

The yeast model provided an opportunity to investigate the pathogenicity of the human missense 

mutation Gly210Glu, which was identified in the SGPL1 human gene and causing nephrotic 

syndrome. To achieve this, we deleted the yeast orthologous gene, dpl1, utilizing the conventional 

approach involving homologous recombination, followed by the specific locus inactivation through 
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the insertion of an antibiotic cassette (Vetro et al., 2017). This approach enabled us to characterize 

the phenotype induced by phytosphingosine toxicity directly in the yeast model expressing the 

human mutant allele. Additionally, it allowed us to investigate the potential mitigation of this toxicity 

through B6 supplementation in yeast cells. 

As previously highlighted, many COQ genes were initially characterized in yeast, and the connection 

between COQ gene mutations and specific clinical phenotypes was delineated through yeast 

complementation studies, as exemplified in this thesis for PDSS1, PDSS2, COQ4, and COQ5. 

Another valuable model that contributed to my research was E.coli. Bacteria, particularly E.coli, are 

frequently utilized for the production of proteins from various organisms for research and functional 

characterization purposes. This choice is primarily attributed to its rapid growth rate and cost-

effectiveness. E.coli is known for its swift growth and well-established genetics, making it an ideal 

choice for protein production. Additionally, it has the capacity to generate substantial quantities of 

proteins, simplifying experimental procedures. The straightforward nature of bacteria further 

facilitates the isolation and analysis of foreign proteins. In summary, the E.coli expression system 

offers a practical and efficient approach to gaini insights into protein functions and this helped us to 

express and purify the human COQ4 protein and will enable us to perform functional studies in vitro 

and further experiments. 

In conclusion, yeast strains serve as invaluable tools for a wide range of research applications. They 

are utilized to detect the biochemical activity of transgenic mutated proteins and to analyze the 

expression and stability of individual proteins or multiprotein complexes. Common techniques such 

as Western blotting or Blue Native-PAGE are employed for these purposes. Moreover, yeast models 

offer the opportunity to study mitochondrial respiration by assessing the activity of respiratory 

complexes. Furthermore, researchers have leveraged the power of yeast, a unicellular model 

organism, to investigate how human proteins lacking direct equivalents in yeast can impact diseases 

or specific cellular processes Saccharomyces cerevisiae emerges as a simple eukaryotic model 

organism with a well-annotated genome, swift generation times, and a vibrant research community 

that has cultivated a robust toolkit for scientific inquiry. These attributes render yeast an ideal choice 

for unraveling the functions of genes and mutations implicated in human diseases. 
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