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Now prepare yourself like a man; 

      I will question you, and you shall answer Me. 

 

“Where were you when I laid the foundations of the earth? 

      Tell Me, if you have understanding.” 

 

Job 38: 3-4
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Abstract 

This study revolves around a family in which 4 male members have metabolic 

profiles similar to that of atypical 3-methylcrotonyl-CoA carboxylase (MCC) 

deficiency, an inborn error of leucine catabolism. This profile consists of high urinary 

3-hydroxyisovaleric acid (3-HIVA) and trace amounts of 3-methylcrotonylglycine. One 

of the individuals also had clinical symptoms of chronic fatigue and muscle 

weakness, symptoms also related to MCC-deficiency. Further investigation showed 

that these individuals were negative for MCC-deficiency. The inheritance pattern of 

the abnormal metabolic profile seemed to indicate a link to the X-chromosome. In this 

study the single nucleotide polymorphism (SNP) and copy number variation (CNV) 

profiles of the X-chromosomes of participating members of the family were 

investigated for a possible link to the abnormal metabolic profile, using SNP6 DNA 

microarrays. The data generated by the SNP6 arrays was of good quality. The small 

sample size available for this study necessitated an unorthodox method for analysing 

the SNP6 data. No clear link between the SNP6 data and the abnormal metabolic 

profile was found. Selected SNP calls made by the SNP6 arrays were verified by 

sequencing. The origin of the elevated 3-HIVA detected in the urine of the male 

family members was also investigated. This was done by culturing fibroblasts from 

case individuals in culture medium supplemented with deuterium labelled leucine. 

The culture medium was analysed using GC-MS after an organic acid extraction. The 

resulting data seems to indicate at least two sources of 3-HIVA formation by the 

cells, one originating from leucine and another from a source other than leucine. The 

mevalonate shunt is one possible source of 3-HIVA, which does not originate from 

leucine catabolism. 
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Opsomming 

Hierdie studie handel oor „n familie waarin 4 manlike familielede metaboliet profiele 

getoon het wat ooreenstem met die van a-tipiese 3-metielkrotoniel-KoA 

karboksielase (MKK) gebrek. MKK is „n ingebore metaboliese afwyking van die 

leusien kataboliese weg. Die metaboliese profiel bestaan uit „n hoë konsentrasie van 

urinêre 3-hidroksie-isovaleriaansuur (3-HIVS) en spoor hoeveelhede van 3-

metielkrotonielglisien. Een van die individue het ook kliniese simptome getoon van 

spierswakheid en chroniese moegheid. Hierdie simptome is ook in ooreenstemming 

met MKK gebrek. Verdere toetse het getoon dat hierdie individue negatief is vir MKK-

gebrek. Die oorerwings-patroon van die geaffekteerde metaboliese profiel dui daarop 

dat daar „n assosiasie is met die X-chromosoom. Die enkel nukleotied polimorfisme 

(ENP) en kopie getal variasie (KGV) profiele van die X-chromosome van die 

deelnemende familielede was ondersoek vir „n moontlike verbintenis met die 

geaffekteerde metaboliese profiel met behulp van ENP6 DNS mikroskyfies (“SNP6 

microarrays”). Die klein getal monsters wat beskikbaar was het beteken dat „n 

ongewone metode nodig was vir die data analise. Geen duidelike verband kon 

tussen die X-chromosoom en die geaffekteerde metaboliese profiel kon aangetoon 

word nie. Die oorsprong van die verhoogde vlakke van 3-HIVS in die uriene van die 

manlikke familielede is ondersoek deur GC-MS analises van die medium van 

fibroblast selkulture van die familielede. Hierdie fibroblast selkulture is belaai met 

deuterium gemerkte leusien. Die data wat verkry is dui daarop dat daar ten minste 

twee verskillende oorspronge is van 3-HIVS, een wat sy oorsprong het in die leusien 

kataboliese weg, en „n ander een wat sy oorsprong het in „n bron anders as leusien. 

Die mevalonaat “shunt” is een moontlike oorsprong van 3-HIVS wat nie die leusien 

kataboliese weg as oorsprong het nie. 

 

 

 

Sleutelterme: Genomika, ENP6, leusien katabolisme, MKK-gebrek, fibroblaste
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Chapter One   

Literature study   

 

1.1: Introduction 

The first draft of the human genome sequence was completed by the Human 

Genome Sequence Project in 2001. The project found a consensus sequence 

consisting of approximately 3 billion base pairs. Of this, less than 2% were found to 

be protein coding regions (Venter et al., 2001). Recently the human reference 

genome was expanded further by Kidd et al. (2010), who discovered 2363 

sequences that were not in the reference genome. 

 

Inborn errors of metabolism (IEMs) result when genetic alterations lead to changes in 

metabolic reactions. IEMs are principally caused by function altering mutations in 

protein coding regions. IEMs may be rare individually, but as a whole are responsible 

for a significant proportion of diseases (Lanpher et al., 2006). The complexity of the 

human genome and the metabolic reactions taking place in the human body results 

in many diseases having extremely variable phenotypes. This is the case with 3-

methylcrotonyl-CoA carboxylase (MCC) deficiency (Baumgartner et al., 2004), an 

inborn error of leucine metabolism. This disease will be described in detail later. 

 

Understanding the effects of genetic variation on disease phenotype may provide 

more effective treatment of these diseases. These variations include single 

nucleotide polymorphisms (SNPs) and copy number variations (CNVs), which have 

been associated with many diseases (Shelling & Ferguson 2007; Wan et al., 2009). 

Up to this point, more than 10 million SNPs have been identified (Serre et al., 2005). 

 

This study revolves around a family in which 4 males were found to have high urinary 

levels of 3-hydroxyisovaleric acid (3-HIVA) and trace amounts of 3-

methylcrotonylglycine. One of the individuals, proband NWU001, had clinical 

symptoms of chronic fatigue and muscle weakness. This profile would normally be 

associated with atypical MCC deficiency. None of the other affected individuals 

(NWU002, NWU003, and NWU004) had clinical symptoms. 
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The MCC activity of proband NWU001 and subject NWU002 were found to be within 

the normal range. No homozygous or compound heterozygous mutations in the open 

reading frames of the MCC genes (mccA and mccB) could be identified.  The MCC 

genotype of proband NWU001 only presents with one heterozygous SNP in mccA 

(MCCA-R385S). A heterozygous splice variant (skipping exon 7) was observed in 

mccB of subject NWU002.  The correlation between the metabolic profiles, enzyme 

activity and MCC genotype were not clear-cut and an in vivo leucine challenge was 

administrated.  The results showed that both NWU001 and NWU002 have a leucine 

clearance pattern not indicative of a classic defect in the pathway (L. Zandberg, 

M.Sc.). 

 

The literature review that follows, aims to introduce the two major aims of the study.  

The first is to understand the origin of one of the diagnostic markers for MCC 

deficiency (3-HIVA) present in the urine of NWU001 and NWU002. The second is to 

use microarray technology in order to detect patterns of SNPs and CNVs for clues 

that could lead to the elucidation of the genetic basis of these metabolites. This 

relatively new technology will be implemented locally for the first time and evaluated 

for future use. 

 

1.2: Inborn errors of metabolism 

The metabolism of organisms refers to the total of all chemical reactions that take 

place inside that organism. These metabolic reactions are catalysed by a group of 

proteins called enzymes. Metabolism comprises of two parts, namely anabolism: the 

conversion of smaller molecules to larger molecules, and catabolism: the conversion 

of larger molecules to smaller molecules (Lanpher et al., 2006). These metabolic 

reactions are strictly regulated to maintain homeostasis, and disruptions to this 

balance are the cause of metabolic diseases.  

 

There are several ways in which this balance could be disturbed, including deficiency 

of one of the enzymes in a metabolic pathway, as is the case in MCC deficiency. A 

deficiency of an enzyme could be the result of a mutation within the genes encoding 

the enzyme, or of some post-translational anomaly, as is the case in congenital 

disorders of glycosylation, which disrupt the folding of a protein after translation 

(Marquardt & Denecke, 2003). Interruption of a metabolic pathway could also occur 
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as a result of deficiency of proteins responsible for transport of metabolites across 

membranes, as in carnitine palmitoyltransferase deficiencies (Bonnefont et al., 1999).  

 

The harmful effects caused by disruption of a metabolic pathway are shown in Figure 

1.1. These effects include accumulation of toxic metabolites preceding the disruption 

of the pathway, the absence of metabolites after the disruption as well as the 

activation of alternative metabolic pathways.  

 

Although most metabolic disorders are genetic, some are acquired through diet, 

toxins, infections or drugs such as antiretrovirals (Kramer et al., 2009). The phrase 

“inborn error of metabolism” (IEM) was introduced to the scientific community by Sir 

Archibald Garrod, who used it to describe metabolic anomalies which are present at 

birth and could be inherited (Garrod, 1909). As DNA is the vehicle of inheritance, all 

inherited metabolic diseases originate to some extent in alterations on DNA level. 

 

BA

D

C

BA C

(+/-)

(+/-)

(i) (ii)

(iii)

(iv)

BA

D

C

BA C

(+/-)

(+/-)

(i) (ii)

(iii)

(iv)

 

Figure 1.1: Possible effects of a blockage in a metabolic pathway. (i) 

Accumulation of metabolites preceding the block in the pathway; (ii) Decrease in metabolites 

following the block; (iii) Positive or negative feedback due to altered levels of metabolite 

concentrations; (iv) Alternative pathways activated by the increase in metabolites preceding 

the block (adapted from Lanpher et al., 2006).  

 

1.2.1: Mendelian and complex metabolic diseases 

Inborn errors of metabolism were traditionally considered to be caused primarily by 

mutations in single genes. These diseases are known as single-gene-, monogenic- 

or Mendelian diseases after Gregor Mendel, who did groundbreaking work on 

inheritance patterns of specific traits in peas. Most Mendelian diseases are caused 

by missense or nonsense single base-pair (bp) substitutions or single bp 

substitutions affecting splicing of mRNA (Cooper & Stenson n.d.).  

 

In recent years it has been recognised that many IEMs are the result of complex 

interactions of many different factors, including multiple genetic, environmental and 
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nutritional factors. These diseases are known as complex- or multifactorial diseases 

and include hypertension, cancer and heart disease. Each of the contributing factors 

in complex diseases has a smaller effect on the phenotype than that of the single-

gene of the Mendelian diseases, but as a whole they affect the metabolic flux enough 

to cause disease (Beaudet et al., 2000). These diseases are being studied 

progressively more as our understanding of the human body increases. There is a 

growing body of evidence that these diseases are the leading cause of genetically 

based death in humans (Bell, 2004; Shelling & Ferguson, 2007).  

 

There is also evidence of the complexity of some so-called “simple” Mendelian 

disorders. This can be seen in certain cases in which siblings with the same mutation 

have very different phenotypic presentations, most likely due to contribution from 

other genes and/or environmental factors (Dipple & Mccabe, 2000;  Eminoglu et al., 

2009). Even predisposition to infectious diseases such as leprosy, a disease caused 

by infection with Mycobacterium leprae, has been shown to have a genetic 

foundation (Mira et al., 2004). 

 

The study of the genetic factors of complex diseases is much more difficult than that 

of Mendelian disorders, as any one of the gene variations associated with the 

disease is neither necessary nor sufficient to explain the phenotype (Shelling & 

Ferguson, 2007). Association studies using large numbers of cases and bioinformatic 

analyses are usually required to elucidate important genes in complex diseases 

(Long et al., 2009). Mendelian diseases usually follow distinct patterns of inheritance, 

namely autosomal dominant, autosomal recessive, Y-linked and X-linked. X-linked 

diseases typically affect only males carrying the defective gene, as they do not have 

a second X-chromosome to provide a wild-type gene, whereas females do (Beaudet 

et al., 2000).  

 

1.2.2: X-linked inheritance 

When a mutated gene is located on the X-chromosome, it causes an X-linked pattern 

of inheritance. This pattern is different than that of the autosomal diseases, since the 

presentation of the disease differs between the two sexes. Females receive a 

maternal and paternal X-chromosome, whereas males only receive one X-

chromosome from their mother and a Y-chromosome from their father. Males that 

receive a defective X-chromosome linked gene are therefore homozygous for the 

defective gene and will probably display the complete defective phenotype. Females 

that receive a defective X-chromosome linked gene are heterozygous for the 
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defective gene and the allele that is defective can either present as dominant or 

recessive. However, if a female receives a defective X-chromosome from both her 

father and her mother, she would be homozygous for the defective gene and most 

likely display the complete defective phenotype (Ostrer, 2001; Beaudet et al., 2000).  

 

One exception to this rule occurs when the defective gene is localised in one of the 

pseudoautosomal regions on the sex chromosomes. These regions are present on 

the tips of the arms of both the X- and Y-chromosomes. Diseases resulting from 

alterations in these regions have little to no sex linkage and the inheritance appears 

similar to those of autosomal diseases (Burgoyne 1982; Ballabio et al., 1989). An 

example of such a disease is Leri-Weill syndrome, which is caused by mutations in 

the short stature homeobox gene. This disease is characterized by a short stature 

and shortening of the lower legs and forearms (Schiller et al., 2000). 

 

The study of X-linked disorders is complicated further by the phenomenon of random 

X-inactivation. This involves the inactivation of one of the X chromosomes of a 

female individual in each cell of the developing embrio. The inactivation appears to 

be random, meaning that each of the cells has an equal chance of inactivating either 

the maternal or paternal X chromosome. This inactivation is inherited by all the 

progeny of the first cells.  Females are therefore said to be mosaic, with about half 

their cells expressing the paternal X chromosome and the other half expressing the 

maternal X chromosome. If a female receives a mutated gene on one of her X 

chromosomes, about one half of the cells will express the mutant gene and the other 

half the normal gene. This 50:50 ratio can be skewed by both chance- and 

preferential survival of the cells present in the embrio at the time of the X-inactivation. 

This means that phenotypic expression of females carrying a mutant gene on one of 

their X-chromosomes is greatly varied, according to the amount of mutant 

chromosomes being inactivated in each tissue (Ostrer, 2001; Beaudet et al., 2000).  

 

1.3: Branched-chain organic acidurias  

Inborn errors of metabolism involving the branched-chain amino acids (BCAAs) 

(leucine, isoleucine and valine), are known as branched-chain organic acidurias. 

These diseases often involve neurological symptoms and are treatable with strictly 

controlled diets and enhancement of detoxification of toxic intermediate metabolites.  

Detoxification is enhanced through supplementation of glycine, carnitine, biotin and 

other vitamins where applicable. The most common branched-chain organic 
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acidurias are maple syrup urine disease (MSUD), isovaleric aciduria (IVA), propionic 

aciduria (PCC), methylmalonic aciduria (MMA) and 3-methylcrotonyl-CoA 

carboxylase (MCC) deficiency (Ogier De Baulny & Saudubray, 2002). The BCAAs 

are important contributors to muscle metabolism and account for about 35% of amino 

acids in muscle proteins (Harper et al., 1983). 

 

1.4: Leucine catabolism 

Leucine is one of the three essential BCAAs. It plays vital roles in the regulation of 

protein synthesis and degradation as well as the catabolism of the BCAAs 

(Shimomura et al., 2006). The first two steps in the leucine pathway, shown in Figure 

1.2, are shared by all three BCAAs. Leucine catabolism results in the formation of 

NADH+ and FADH, which can enter the oxidative phosphorylation reaction to provide 

ATPs. Exercise increases leucine catabolism greatly, to provide energy to muscle 

cells (Shimomura et al., 2006).  

 

To aid this process the enzymes responsible for leucine catabolism are closely 

associated with the mitochondrial membranes of muscle cells (Sweetman & Williams, 

2001). The products shown in Figure 1.2 are acetyl-CoA and the ketone body 

acetoacetic acid. Leucine is therefore known as a ketogenic amino acid. Acetoacetic 

acid can be converted to acetyl-CoA, which can then enter the Krebs cycle.  



 

7 

 

 

Figure 1.2: Leucine catabolic pathway. This figure shows the intermediary 

metabolites of the leucine pathway. The enzymes involved in each step are shown on the left. 

(Adapted from Sweetman & Williams, 2001). 

 

 

1.4.1: 3-Methylcrotonyl-CoA carboxylase 

The enzyme 3-methylcrotonyl-CoA carboxylase (MCC) catalyzes the fourth step of 

the leucine catabolic pathway, shown in Figure 1.2. It is responsible for the reversible 

carboxylation of 3-methylcrotonyl-CoA to form 3-methylglutaconyl-CoA, using ATP in 
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the process. MCC belongs to the family of biotin dependant carboxylases. All of 

these carboxylases contain domains for attachment and carboxylation of biotin, and 

transferring of the carboxyl group to the specific substrate of the enzyme 

(Baumgartner et al., 2001; Samols et al., 1988). 

 

The MCC enzyme consists of an α- and a β-subunit, encoded by MCCA and MCCB 

respectively. The gene encoding the MCCA subunit is situated on chromosome 

3q26-q28, contains 19 exons and spans 4 105 bp. The 725 amino acid product, 

mccA, contains the biotin attachment domain. The gene encoding the MCCB subunit 

is situated on chromosome 5q13, consists of 17 exons and it spans 2 652 bp. The 

mccB subunit consists of 563 amino acids (Holzinger et al., 2001). 

 

1.4.2: 3-Methylcrotonyl-CoA carboxylase deficiency 

Eldjarn et al., (1970) documented the first case of MCC deficiency. MCC deficiency is 

also known as: Isolated MCC deficiency; Isolated biotin-resistant MCC deficiency; 

Methylcrotonylglycinuria (OMIM 210200 & 210210).  

 

MCC deficiency is inherited as an autosomal recessive disease. In many developed 

countries it is one of the most frequently diagnosed organic acidurias. Mutations of 

both MCCA and MCCB genes have been described in association with MCC 

deficiency (Baumgartner et al., 2001; Holzinger et al., 2001; Gallardo et al., 2001). 

Individuals with complete MCC deficiency have residual MCC enzyme activities lower 

than 3%, with the exception of one case where a residual MCC activity of 12% has 

been described (Baumgartner et al., 2001; Gallardo et al., 2001; Holzinger et al., 

2001; Dantas et al., 2005; Wolfe et al., 2007). 

 

1.4.3: Clinical presentation of MCC-deficiency 

The clinical presentation of MCC-deficiency varies tremendously. Patients mostly 

have normal development until the onset of an acute episode resulting from 

metabolic stress. In acute episodes, infants present with feeding difficulty and 

vomiting, as well as lethargy, hypotonia and seizures in more severe cases. 

Hypoglycemia, metabolic acidosis, ketonuria and low levels of free carnitine are 

usually found during acute episodes. (Baumgartner et al., 2004; Sweetman & 

Williams, 2001). To date, no correlation between the clinical presentation and the 

level of residual enzyme activity has been made (Baumgartner et al., 2001). 
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1.4.4: Diagnosis 

The major diagnostic metabolites for MCC deficiency are 3-methylcrotonylglycine 

and 3-hydroxyisovaleric acid. The diagnosis for MCC deficiency is made after finding 

very high concentrations of 3-methylcrotonylglycine and 3-hydroxyisovaleric acid in 

urine, without elevated levels of metabolites indicative of one of the other 

carboxylases, as this would point to multiple carboxylase deficiency (Sweetman & 

Williams, 2001).  

 

Diagnosis is complicated by the phenomenon of atypical MCC deficiency, in which 

the normally characteristic 3-methylcrotonylglycine is only present in trace amounts. 

The reason for this is still unknown, but Wolfe and co-workers (2007) speculated that 

variation in the function of glycine-N-acyltransferase (GLYAT), which is responsible 

for the conjugation of 3-methylcrotonyl-CoA to glycine, may affect the amount of 3-

methylcrotonylglycine formed. 

 

1.4.5: Treatment 

The long-term management of MCC deficiency is to prevent low energy levels in the 

body, especially during periods of metabolic stress that result from infections. A drop 

in energy levels will cause greater catabolism of leucine to provide energy. This will 

lead to higher amounts of metabolites formed and increase the toxic effect on the 

body. (Sweetman & Williams, 2001). 

 

Carnitine is used in the formation of 3-hydroxyisovalerylcarnitine, and a secondary 

deficiency of carnitine has been reported in some cases (Koeberl et al., 2003; Visser 

et al., 2000). Carnitine supplementation has therefore been recommended, and 

although the acylcarnitine profiles in urine and serum were improved in some cases 

there have been no clinical improvements, barring secondary effects of carnitine 

deficiency (Arnold et al., 2008);  Rutledge et al., 1995).  

 

1.4.6: Biotin and multiple carboxylases 

The four biotin dependent carboxylases are PCC, MCC, acetyl-CoA carboxylase 

(ACC) and Pyruvate-CoA carboxylase (PC) (Baumgartner et al., 2004; Samols et al., 

1988). Holocarboxylase synthetase (HCS) covalently binds biotin to the 

apocarboxylase, while biotinidase releases biotin from the peptides after degradation. 

If the biotin metabolism is defect and the amount of biotin available to act as cofactor 

for these enzymes is too low, it results in multiple carboxylase deficiency. These 

multiple carboxylase deficiencies are distinguished from the isolated deficiency of 



 

10 

 

MCC by the presence of metabolites formed in the mentioned enzyme deficiencies. 

Examples of these metabolites are: methylcitrate, tiglylglycine and B-

hydroxypropionate formed in propionyl CoA carboxylase deficiency; ketone bodies, 

lactate and alanine excreted in pyruvate carboxylase deficiency (Wolfe et al., 2007). 

 

1.5: Genetic variation and its contribution to disease 

Genetic polymorphism is a collective term referring to variations in the genome. 

These variations represent only a fraction of the human genome, as the genomes of 

any two humans only differ by about 0.1%. Yet the importance of these variations is 

immense, as they are the main determinant of the difference in appearance and 

metabolic reactions between individuals (Hocquette, 2005). There are many forms of 

these variations, from small alterations such as single nucleotide polymorphisms 

(SNPs), to larger, structural alterations such as deletions, duplications and 

inversions.  

 

In some cases the genetic aberration can lead to disease. Some of the earliest 

detected genetic variations associated with disease arose from cytogenetic studies 

using microscopes, showing that alterations in chromosome structure or number are 

linked to disease phenotype. One well known form of this is trisomy 21 (the presence 

of a third copy of chromosome 21), which is associated with Down‟s syndrome. 

Traditionally, normal phenotypic variation was attributed largely to SNPs, but recently 

the effects of copy number variations (CNVs) on phenotype are being studied 

increasingly (Freeman et al., 2006). 

 

1.5.1: Single nucleotide polymorphisms 

 

A single nucleotide polymorphism (SNP) is a genetic variation of a single nucleotide, 

which exists in more than 1% of the population and is usually not directly associated 

with disease. To date, approximately 10 million SNPs have been identified in the 

human genome (Serre & Hudson, 2006), out of the 3 billion base pairs in the human 

genome (Venter et al., 2001). These SNPs are mostly the result of an uncorrected 

error during DNA replication, in which one base is substituted by another. Since 

replication of the human genome has a low mutation rate, most SNPs are inherited, 

as opposed to being de novo mutations. This also means that people with the same 

SNP are more likely to share that segment of their genome with a common ancestor, 

than it being from two independent mutations. There is an exception to this rule 
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though, as CpGs (a cytosine followed directly by a guanine) have mutation rates up 

to ten times higher than the rest of the genome, as these cytosines are often 

methylated and could be deaminated to form thymines (Shen et al., 1994).  

 

When two or more SNPs on the same chromosome have a non-random association 

with each other, they are said to be in linkage disequilibrium. For example: An 

individual with SNP A will almost always have SNP B as well. This happens because 

chromosomes are inherited as a whole, and are only disrupted during recombination 

of chromosomes during meiosis. This leads to very specific patterns of SNP 

inheritance, as is shown in Figure 1.3. A group of SNPs that are close to each other 

on a chromosome and inherited together are collectively called a haplotype. Most of 

the variation between populations is accounted for by distinct regions of common 

haplotypes (Shelling & Ferguson, 2007). 

 

Figure 1.3: Mechanism by which SNPs achieve linkage disequilibrium. (i) 

The groups of horizontal lines represent generations of individuals in a population. (ii) Due to 

either a de novo mutation or influence from a different population group, an SNP (SNP A) 

gets introduced into the population. (iii) Through several generations SNP A gets transmitted 

from parent to offspring and multiplies. (iv) A new SNP (SNP B) is introduced into an 

individual also carrying SNP A. (v) Through several generations SNP B multiplies alongside 

SNP A. In the population SNP A is present in individuals who do not have SNP B, however 

SNP B is never present without SNP A. These SNPs are therefore in perfect linkage 

disequilibrium. (vi) Due to recombination of chromosomes during meiosis SNP B is 

transferred to a chromosome not containing SNP A. This lowers the linkage disequilibrium 

between these two SNPs. (Adapted from Serre & Hudson, 2006).  

 

A number of diseases have been shown to have contributions from SNPs, for 

example Crohn‟s disease (Rioux et al., 2007). Most SNPs are situated in areas which 

are not translated into proteins. SNPs that do occur in coding regions are considered 
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as very important, as these variations are the most likely to alter protein function 

(Shelling & Ferguson, 2007). 

 

1.5.2: Copy number variations 

In 2004, two groups reported on the global presence of differences in copy number in 

the human genome (Sebat et al., 2004; Iafrate et al., 2004). These CNVs are mostly 

the result of insertions (transpositions), deletions and duplications of segments of 

DNA, as is shown in Figure 1.4.  

Figure 1.4: Examples of changes in copy number. Chromosome A represents a 

reference chromosome (e.g. Chromosome 15); Chromosome B represents the same 

chromosome (i.e. chromosome 15) in a case individual; Chromosome C represents a different 

chromosome (e.g. chromosome X) in a case individual. (i) Chromosome B has a duplication 

of a section in comparison to the reference chromosome, doubling the copy number of genes 

in that section. (ii) Due to transposition of a section of DNA to a random part of the genome, 

the copy number could remain the same, be reduced or increased (e.g. depending on which 

chromosomes remain together after meiosis). (iii) Due to deletion of a section of DNA, the 

copy number in chromosome B is reduced (Adapted from Feuk et al., 2006). 

 

Iafrate et al. (2004) used the term “large-scale copy number variations” to describe 

differences of several to hundreds of kilobases of DNA, which they detected using 

array-based comparative genomic hybridisation on the genomes of healthy 

individuals. Sebat et al. (2004) used the term “large-scale copy number 

polymorphism”, referring to segments of about 100 bp and more. This variation was 

detected through the use of representational oligonucleotide microarray analysis 

(ROMA) on normal individuals. Since then the term “polymorphism” has been 

A B C

(i)

(ii)

(iii)
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reserved for variations that occur in at least 1% of a given population. More recent 

literature suggests the term CNVs should be reserved for fragments larger than 1 kb, 

and should not include insertion or deletion of transposable elements (Feuk et al., 

2006; Freeman et al., 2006).  

 

CNVs are often found in regions with segmental duplications and other homologous 

repeats (Freeman et al., 2006; Iafrate et al., 2004). This high sequence homology is 

required for chromosomal recombination during meiosis (Metzenberg et al., 1991), 

and most CNVs are thought to be formed due to non-allelic homologous 

recombination (NAHR) in these areas (Inoue & Lupski, 2002), as depicted in Figure 

1.5. Non-homologous end joining (NHEJ) has also been shown to play a role in CNV 

formation (Inoue et al., 2002; Mollerat et al., 2003), although the breakpoints are 

scattered throughout the chromosomes, in contrast to the relative clustering found in 

NAHR (Nobile et al., 2002; Shaw & Lupski, 2004). However, certain areas of the 

genome appear to be predisposed to NHEJ, as a result of Alu elements, long tandem 

repeats, as well as the sequence TTTAAA (Nobile et al., 2002), which causes a 

curve in the DNA molecule (Singh et al., 1997). 

 

A B C D

A' B' C' D'

A B C

DA'

B' C' D'

Duplication

Deletion

 

Figure 1.5: Non-allelic homologous recombination (NAHR) leading to 

change in copy number. (i) The two coloured lines represent identical parts of two 

chromosomes during meiosis. Each chromosome contains two homologous sequences in 

close proximity to each other (A→B and C→D; A‟→B‟ and C‟→D‟). During recombination, the 

two strands are misaligned, and crossover occurs between mismatched copies of the 

homologous sequence. (ii) This results in a gain of copy number (duplication) in one of the 

resulting strands and a loss of copy number (deletion) in the other (Adapted from (Feuk et al. 

2006). 

(i) 

(ii) 
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The prevalence of CNVs in the human genome is still a debated issue. Redon and 

co-workers (2006) found that large-scale CNVs cover about 12% of the genomes of 

270 HapMap samples, while McCarroll et al. (2008) found this number to be less 

than 5% in the same group. These HapMap samples were the 270 samples analysed 

by the International HapMap Consortium to provide publicly available genotype data 

of normal individuals from different populations around the world.  

 

Several studies have shown associations between CNVs and disease phenotypes, 

for example: CNVs in the FCGR locus have been linked to the pathogenesis of 

systemic lupus erythematosus and other immune diseases (Mamtani et al., 2010; 

Niederer et al., 2010); A duplication involving the DACTYLIN, LBX1 and ß-TRCP 

genes has been associated with split-hand/split-foot malformation 3 (de Mollerat et 

al,. 2003). The presumed mechanism by which CNVs cause disease is by altering 

the expression of dosage-dependant genes. Several studies have shown that CNVs 

not only affect the expression of genes directly involved in the change in copy 

number, but also genes in the surrounding area (Merla et al., 2006; Kleinjan & 

Heyningen, 2005; Lee & Lupski, 2006). 

 

The study of CNVs requires a unique approach, as they are too small to detect using 

microscopy, and too large for sequencing to be effective. DNA microarrays have 

been the most instrumental technology for the study of CNVs on a global scale, as 

they provide both qualitative and quantitative information.  

 

Problem statement 

A male individual, proband NWU001, was suspected of having atypical MCC 

deficiency. This was based on his clinical symptoms of chronic fatigue and muscle 

weakness, as well as high urinary levels of 3-HIVA and trace amounts of 3-

methylcrotonylglycine. A male sibling (NWU002) and his two grandsons (NWU003 

and NWU004 respectively) have metabolic profiles similar to that of proband 

NWU001, but are asymptomatic. These metabolic profiles and varied phenotypes 

closely resemble MCC-deficiency.  

 

During the M.Sc. project of L. Zandberg (2006), skin biopsies were taken from both 

NWU001 and NWU002 and primary fibroblast cultures were established and 

propagated. These were used to determine the MCC activities of the two adult 

individuals. The MCC activity of proband NWU001 and subject NWU002 were found 

to be within the normal range. Following PCR amplification and sequencing of the 
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open reading frames of the two MCC genes (mccA and mccB) no homozygous or 

compound heterozygous mutations associated with MCC deficiency were found in 

either NWU001 or NWU002.  The MCC genotype of proband NWU001 presents with 

one heterozygous SNP in mccA (MCCA-R385S). A heterozygous splice variant 

(skipping exon 7) was observed in mccB of subject NWU002.  The correlation 

between the metabolic profiles, enzyme activities and MCC genotype were not clear-

cut and an in vivo leucine challenge was administrated.  The results showed that 

both NWU001 and NWU002 have a leucine clearance pattern not indicative of a 

classic defect in the pathway (L. Zandberg, M.Sc. 2006). 

 

It seems, therefore, that these individuals have an unknown IEM, which is somehow 

linked to the leucine catabolic pathway. Several other family members were screened 

for the abnormal metabolic profile. The family tree (shown in Figure 1.6) seems to 

suggest that the abnormal metabolic profile is linked to the X-chromosome. In 

contrast to this, MCC-deficiency is an autosomal recessive disease and the enzyme‟s 

two subunits are located on chromosomes 3 and 5 respectively.  

 

 

Figure 1.6: Family tree of individuals affected by the unknown IEM. Male 

family members are shown as square markers and females as circles. Yellow markers 

indicate that the individual was tested for the abnormal metabolic profile and was found to be 

negative. Red markers indicate a positive test for the abnormal metabolic profile. 
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It is possible that a gene defect could be causing the abnormal metabolic profile. This 

defect could be either a deleterious mutation in a gene involved in leucine 

catabolism, a functional polymorphism (CNV or SNP) which modifies the expression 

of a gene involved in leucine catabolism, or some other mechanism, e.g. post 

translational modification. 

 

The two main objectives of this study therefore were: 

1. To start to study the X-chromosome of individuals in a family with a metabolic 

profile reminiscent of atypical MCC-deficiency, in order to ascertain whether 

or not they have an X-chromosome genotype that contributes to the abnormal 

metabolic profile. 

2. To establish whether or not the elevated diagnostic metabolite, 3-HIVA, 

originates from the leucine catabolic pathway. 

Aims: 

The specific aims for this M.Sc project were to: 

1. Generate SNP6 array data of NWU005 and NWU006, NWU001‟s mother and 

aunt, respectively.  

2. Critically analyse the SNP and CNV status of the X-chromosomes of the 

participating family members, using the Affymetrix® Genome-Wide Human SNP     

Array 6.0 (Chapter 2). 

 

3  Investigate the origin of the elevated diagnostic metabolite 3-HIVA, using mass 

spectrometry and cultured fibroblasts of affected individuals, in culture media 

supplemented with D10-leucine stable isotope (Chapter 3). 

 

3.1.  Optimise the D10-Leucine stable isotope loading protocol on cultured 

fibroblast cells. 

 

3.2.  Use gas-chromatography mass spectrometry (GC-MS) to compare the 

mass spectra of 3-HIVA found in culture media after D10-Leucine 

loading of fibroblast cultures of case individuals to that found in the 

medium of fibroblast cultures of control individuals and fibroblast 

cultures of MCC-deficient patients. 

 

3.3.  Use liquid-chromatography-MS (LC-MS) of the fibroblast cell fractions to 

compare the ratios of the different CoA-intermediates of the leucine 

catabolic pathway of case, control and MCC-deficient individuals. 
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Chapter Two  

Microarray analysis of the single nucleotide 

polymorphism- and copy number variation 

profiles of case individuals
 

 

2.1: Introduction 

This study revolves around a family with an unknown inherited disease affecting the 

leucine catabolic pathway. This disease mimics atypical MCC-deficiency, as these 

individuals have high urinary levels of 3-hydroxyisovaleric acid and trace amounts of 

3-methylcrotonylglycine. Further testing appeared to show that their MCC-enzymes 

are not deficient. The family tree of these individuals suggests that the disease is 

somehow linked to the X-chromosome. The leucine clearance pattern and metabolite 

profiles are not indicative of a classic block in the leucine metabolic pathway 

(unpublished results, L. Zandberg).  

 

This chapter is dedicated to studying the SNP and CNV profiles of the X-

chromosomes of participating family members, as genetic factors could affect the 

metabolic flux in such a way as to create an imbalance of metabolites and cause a 

disease phenotype. 

 

Diseases resulting from multiple genetic factors such as SNPs and CNVs present a 

unique challenge to scientists, as gene-gene and gene-environment interactions are 

extremely complex. This means a more global approach in which many or all genes 

are included is necessary to elucidate the cause of the phenotype (Beaudet et al., 

2000). The possibly small effect of each of the genetic alterations makes it difficult to 

elucidate the major role players of the disease.  

 

One of the important tools to aid in these global approaches is microarrays, which 

can provide vast amounts of data regarding the entire genome. The microarrays 

used in this study are the Genome-Wide Human SNP Array 6.0 from Affymetrix® 



 

18 

 

(SNP6 arrays). These arrays contain probes of 906 660 SNPs, as well as 946 000 

probes for CNVs, across the entire human genome. 

 

SNP6 array data was generated for four members of the family shown in Figure 1.6, 

namely NWU001, NWU002, NWU005 and NWU006. 

 

Usually, associating SNPs or CNVs to a complex disease requires large sample 

groups of case and control individuals. Biostatistics is then used to elucidate which 

genetic alterations are relevant. In this case, there was not nearly a large enough 

sample group available to filter out any statistically relevant alterations and an 

unorthodox method was required. 

 

This chapter will also focus on the reliability and usability of SNP 6 arrays for future 

studies. 

 

2.2: Experimental approach 

SNP6 array data for NWU001 and NWU002 was generated previously (L. Zandberg 

M.S., unpublished results). My M.Sc. project only included the data analysis part for 

these two arrays. For my M.Sc. project SNP6 array data had to be generated for 

NWU005 and NWU006 as well. The same approach for generating SNP6 array data 

was followed for NWU005 and NWU006 as that used for NWU001 and NWU002.  

 

Given the apparent X-linked nature of this disease, it was decided that this study 

would only include the analysis of SNPs and CNVs on the X-chromosome. The fact 

that the two brothers would only have one X-chromosome each and that their mother 

did not have the abnormal metabolic profile had certain implications for this study. 

Firstly, the pseudoautosomal regions of the X-chromosomes would probably not 

have real significance, as the X-linked inheritance pattern would most likely not result 

from disease-causing alterations in these regions. Secondly, if the metabolic profile is 

linked to the X-chromosome, then both brothers would have to have inherited the 

same causative regions from their mother. Any regions on the X-chromosome that 

the brothers do not share (following recombination of their mother‟s X-chromosomes) 

would, therefore, be regarded as unimportant in the context of this investigation. 

 

Good quality genomic DNA (gDNA) was isolated from buffy coat prepared from 

whole blood of NWU005 and NWU006. This gDNA was then sent to the Centre for 
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Proteomic and Genomic Research (CPGR) in Cape Town for SNP6 array synthesis. 

The data generated from these arrays were then analysed, using the software 

Genotyping Console® and NetAffx on the Affymetrix website. 

 

In order to verify selected SNP calls on the SNP6 array, gDNA was isolated from 

buffy coat prepared from whole blood of NWU001, NWU005 and NWU006. Regions 

to be sequenced were amplified by PCR and sent to the Central Analytical Facility in 

Stellenbosch for sequencing. 

 

2.3: Materials & Methods 

2.3.1: Ethical approval for the study 

This study was done with ethical approval from the North-West University Ethical 

Committee, number 05M14. Subjects NWU005 and NWU006 voluntarily donated 

blood in EDTA coated tubes.  

 

2.3.2: Buffy coat preparation 

Buffy coat was prepared from whole blood using Histopaque® (cat no. 1077, Sigma- 

Aldrich), which is a polysucrose and sodium diatrizoate solution with a density of 

1,077 g/ml. Whole blood (approx. 4 ml) was carefully pipetted onto 4 ml Histopaque 

before centrifugation at 400 rpm for 30 min at room temperature. After centrifugation 

the different blood components separate into three phases. The upper phase 

contains plasma, the lower phase erythrocytes and the interphase lymphocytes and 

other mononuclear cells, termed the buffy coat (Information leaflet for Histopaque, 

Sigma-Aldrich, 2005). Buffy coat was divided into 1 ml aliquots. One aliquot was 

used for DNA isolation and the rest were stored at -80°C for later use.  

 

2.3.3: gDNA isolation using the Flexigene kit 

Genomic DNA (gDNA) was isolated using the Flexigene kit (Qiagen), in which DNA is 

precipitated with isopropanol. gDNA isolated with this technique is suitable for 

downstream restriction digestion.  

 

Principle of the Flexigene kit 

The cells in the buffy coat are lysed with the addition of lysis buffer. Nucleic- and 

mitochondrial membranes are disrupted and proteins removed with the addition of 

denaturation buffer, containing QIAGEN Protease and a chaotropic salt. Isopropanol 

is added to precipitate DNA. The DNA is washed with 70% ethanol before drying and 
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resuspending it in hydration buffer. Hydration buffer contains 10 mM Tris-Cl and is at 

pH 8.5. 

 

Flexigene kit protocol 

The kit‟s protocol for using 1-2 x 106 cultured cells was followed. Cells were pelleted 

by centrifugation and the supernatant removed. Next, the cells were disrupted by the 

addition of 300 µl Buffer FG1. Next 300 µl Buffer FG2, containing 3 µl QIAGEN 

Protease, was added and the sample incubated at 65ºC for 10 min. After this 600 µl 

100% isopropanol was added and the sample mixed thoroughly by inversion of the 

tube until the DNA precipitate became visible as threads or a clump. The DNA was 

pelleted by centrifugation for 3 min at 10 000 x g and the supernatant removed. 600 

µl of 70% ethanol was added and the sample was vortexed for 5 s. The DNA was 

pelleted by centrifugation for 3 min at 10 000 x g and the supernatant removed. The 

pellet was air-dried for at least 5 min, before 200 µl Buffer FG3 was added and the 

sample was incubated at 65ºC until the pellet was completely dissolved. 

 

2.3.4: Quantification and characterisation of gDNA 

2.3.4.1: Spectrophotometry 

The concentration and purity of DNA preparations were analysed using a NanoDrop® 

ND-1000 system. It can measure 1 µl samples with high accuracy and reproducibility, 

without the use of cuvettes. DNA or RNA concentration is measured using a modified 

Beer-Lambert equation, shown in Table 2.1. This equation utilises the maximal 

absorbance (A) of nucleic acids at 260 nm to measure their concentration. The 

absorbance at 280 nm is also measured, in order to give an indication of the purity of 

the sample, as aromatic amino acids have a strong absorbance at 280 nm. For 

double stranded DNA, an A260/A280 ratio of 1.8 is considered pure, while for RNA the 

ratio should be 2.0 (Sambrook & Russell 2001). 

Table 2.1 Equations used for the calculation of DNA and RNA concentration 

[DNA] 1 A260 = 50ng/µl 

[RNA] 1 A260 = 40ng/µl 

 

2.3.4.2: Agarose gel electrophoresis 

Genomic DNA integrity was assessed using agarose-gel electrophoresis with 

ethidium bromide staining. As DNA is negatively charged, it will move to a positively 

charged anode when placed in an electric field. The DNA has to move through the 

agarose gel-matrix, which provides resistance to this movement. The longer the DNA 

strands are, the more resistance they find and the slower they move through the 
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agarose gel-matrix. Therefore, if there are broken DNA fragments, these smaller 

fragments will move farther through the gel than intact DNA fragments. The rate at 

which double-stranded DNA moves through the gel matrix is inversely proportional to 

the log10 of the size of the strand (Wilson & Walker, 2005).  

 

The position of the DNA in the gel can be visualised by means of ethidium bromide 

staining. The principle behind this is that ethidium bromide fluoresces under ultra-

violet light, and that it has the ability to intercalate into the DNA helix. Intercalated 

ethidium bromide has an increased fluorescence, and any portions of the gel 

containing DNA can therefore be seen under ultra-violet light. 

 

The agarose gel was made with 1% agarose in 1 x TAE buffer (40 mM Tris-Acetate, 

1 mM EDTA) and stained with 0.5-1 µg/ml ethidium bromide. The gel was run in 1 x 

TAE buffer at 80 V for 60 min. DNA was loaded with 6 x loading buffer (0.25% 

Bromophenol blue, 0.25% Xylene cyanol FF, 40% (w/v) sucrose in H2O). 

 

2.3.5: Affymetrix Genome-Wide Human SNP Array 6.0 

Isolated gDNA was sent to CPGR to be subjected to hybridisation on Affymetrix® 

Genome-Wide Human SNP Array 6.0. The Affymetrix® Genome-Wide Human SNP 

Array 6.0 includes more than 1.8 million markers of genetic variation across the 

entire human genome. These markers include 906 660 probe sets for identifying 

SNPs and 946 000 probes for detecting CNVs. Each probe set consists of either 3 or 

4 perfect match probes for both alleles of the SNP concerned, while single probes 

are used for CNVs. There are 5677 known regions of CNV targeted with 202 000 

probes, while 744 000 other probes are evenly spaced throughout the genome, in 

order to detect novel CNVs. All probes on the array are 25 bp long (Affymetrix 

Technote).  

 

2.3.5.1: Sample preparation for SNP6 array data generation 

The SNP6 array data generation was done using the Affymetrix platform at CPGR. 

The sample preparation protocol is shown in Figure 2.1. Briefly, good quality gDNA 

(500 ng) is digested separately with NspI and StyI. The resulting fragments contain 4 

bp overhangs, which are recognised by specific adaptors that ligate to the fragments. 

The adaptors serve as template for a generic primer that is used to amplify these 

fragments.  
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The PCR conditions are optimised for the preferential amplification of fragments 

between 200 and 1100bp long. The PCR products of the NspI and StyI fractions are 

combined and purified with polystyrene beads. The purified PCR products are 

fragmented and labelled, before hybridisation to the probes on the SNP6 array.  

 

 

Figure 2.1: gDNA preparation for hybridisation onto a SNP6 array. Step 1: 

gDNA is digested in two separate reactions using NspI and StyI respectively. Step 2: 

Ligation of generic adaptors to the resulting restriction fragments. Step 3: PCR amplification 

of restriction fragments, using primers designed for the generic adapters. Step 4: Clean up of 

PCR products. Step 5: Fragmentation and end-labelling of PCR products. Step 6: 

Hybridisation of fragments onto the SNP6 array (Affymetrix Technote).  

 

2.3.5.2: SNP6 array data analysis 

The fluorescence emitted from the labelled fragments is analysed by computer and 

saved as intensity data in a CELL file format. These files are imported into 

Genotyping Console® 3.0.1 for analysis.  

 

2.3.5.3: Quality Control for genotyping analysis 

Contrast quality control (QC) is the recommended QC metric to use for the SNP 6 

array using Genotyping Console® 3.0.1 (Affymetrix Genotyping Console 3.0.1 User 

manual). This metric gives a measurement of an experiment‟s ability to resolve each 
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of the SNP signals into one of three genotype clusters: Homozygous AA, 

Homozygous BB or Heterozygous AB. For simplicity, Genotyping Console® calls 

every SNP allele as either being “A” or “B”, depending on which of the two alleles are 

first alphabetically (i.e. C is before T, therefore C is called “A” and T is called “B”). 

 

Contrast QC utilises 10 000 random SNPs, as well as 20 000 SNPs each on 

fragments resulting from NspI, NspI/StyI and StyI digestion (Affymetrix Genotyping 

Console 3.0.1 User manual). This is done as there are situations in which one of the 

enzymes used functions normally and the other one does not.  

 

The default contrast QC threshold of >= 0.4 was used for all samples. Samples that 

meet this specification are expected to have a genotyping call rate of at least 97%, 

with an accuracy of at least 99% (Affymetrix® Genotyping Console 3.0.1 User 

Manual). 

 

2.3.5.4: Genotyping analysis 

The default algorithm used for SNP 6 arrays is Birdseed V2.  The Score/Confidence 

Threshold is the highest score value at which the algorithm will make a genotype call. 

SNP calls with scores above this value are assigned as a no-call. The default 

Score/Confidence Threshold of 0.1 was used for all samples. The Block Size, which 

determines the number of probesets to be processed at the same time, was set to 0, 

in which case Genotyping Console® sets the value according to the computer‟s 

available RAM (Affymetrix Genotyping Console 3.0.1 User manual). 

 

2.3.5.5: Quality control for copy number analysis 

The standard QC metric for copy numbers with the SNP 6 array is MAPD (The 

Median of the Absolute values of all Pairwise Differences between log2 ratios for 

each individual array). This method uses the log2 ratio in the intensity values of any 

two markers adjacent in the genome. With the exception of the first and last markers 

on a chromosome, each marker forms part of a pair with both the marker preceding 

and following it on the chromosome. Samples with an MAPD value greater than 0.35 

fail QC and are not used. 
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2.3.5.6: Copy number analysis 

In order to detect variations in the copy number of the case individuals, a baseline 

intensity level needed to be created for each probe on the array. The 270 HapMap 

samples were used to create this baseline level. As the CNVs detected for the 4 

individuals would be studied individually, the frequency of those CNVs in their ethnic 

group (which was Caucasian) was not important. The data for the SNP6 array 

analyses of the 270 HapMap samples were obtained from Affymetrix®. Regional GC 

correction, which compensates for regions with high GC content, was enabled. The 

filter for calling a segment with changes in copy number was set to a minimum 

segment size of 1 kb, with at least 2 probes within the segment. 

 

2.3.6: SNP verification 

2.3.6.1: Polymerase chain reaction 

The regions containing the SNP calls selected for verification were amplified using 

the primers listed in Table 2.2. These primers were designed using the general rules 

for primer design. The regions for amplification were chosen to amplify as many 

SNPs per amplification as possible. gDNA (see section 2.3.2) was used as template 

for the amplification and the polymerase used was Takara Ex Taq DNA polymerase. 

The final reaction mixture volume was 50 µl and it contained the following: Less than 

500 ng template, 1 x Ex Taq buffer, 200 µM dNTPs, 0.5 µM of each primer and 1.25 

U Takara Ex Taq polymerase. 

Table 2.2: List of primers used to verify SNP6 array calls 

Primer name Primer Sequence (5' - 3') Product size (bp) 

SNP_blockA_for TGC CAG ATA TTG GAA ATG ACT C 609 

SNP_blockA_rev TGT CTG ATC ACT GAA GCA TGG 609 

SNP_blockB_for TGC CTC AAT TGG GTT CTT GT 572 

SNP_blockB_rev TCC TCA GGT ATG GCC TTT TG 572 

SNP_blockC_for AGA CAG AGG GTT GGG GAT G 769 

SNP_blockC_rev AGT ATG GGG CTT CCT GGA CT 769 

SNP_blockD_for TGA GTG CAA GAA GGA TGG AA 1035 

SNP_blockD_rev CCC AGA ATT CAT GAA CCA CTT 1035 

SNP_blockE_for AAA CAA GGC CCA ATG ATC TG 505 

SNP_blockE_rev TGT TTT GGC ACC TGA CAC AT 505 

SNP_blockF_for TTC TAT TGC TGT CCC CCA AC 214 

SNP_blockF_rev GGC CAG GGC TTG TTA TTA TG 214 

SNP_blockG_for CTG CAG CCT ATG GGT ACT GTT 239 

SNP_blockG_rev GCC TCA ATG CCT GAA TTT C 239 

SNP_blockH_for TCC CTG GAG ACC GTT TTT C 214 

SNP_blockH_rev TAG AGC CCC AGA CAA ACC AC 214 
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The thermal cycling was performed using an Eppendorf Master Cycler and the 

following standard thermal cycle program: A denaturing cycle at 98 ºC for 30 sec 

followed by 35 cycles of denaturing at 98 ºC for 30 sec, annealing at 54 ºC for 30 sec 

and elongation at 72 ºC for 1 min. A final elongation step of 75 ºC for 5 min was used 

at the end of the reaction 

 

2.3.6.2: Characterisation of PCR products 

The PCR products were characterised using agarose-gel electrophoresis with 

ethidium bromide staining, as is described in section 2.3.4.2. The sizes of amplified 

products were estimated using the O‟Generulertm DNA Ladder mix from Fermentas, 

shown in Figure 2.2.  

 

Figure 2.2: O’Generulertm DNA ladder mix from Fermentas. Exact sizes, 

amount and percentage of different sized fragments as seen after gel electrophoresis. These 

bands of known sizes were used to estimate the sizes of amplified PCR products. 

 

2.3.6.3: PCR clean-up and gel extraction 

All PCR products were either cleaned or gel extracted before sequencing, in order to 

remove reagents and products which could interfere with the sequencing reaction. 

These interfering agents include primers, non-specific amplicons and ethidium 
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bromide. Amplicons were gel extracted if any non-specific amplification had occurred, 

in order to create good quality sequences. This was done using the Nucleospin® 

Extract II PCR clean-up/gel extraction kit from Macherey-Nagel. This kit utilises a 

silica membrane to bind DNA in the presence of chaotropic salt, while contaminants 

are washed away by an ethanolic wash buffer. The cleaned DNA is then eluted from 

the membrane with elution buffer. 

 

For PCR clean-up, 1 volume of sample was mixed with 2 volumes of Buffer NT, 

containing chaotropic salt, and placed onto the Nucleospin® Extract II column. For 

extraction of DNA from agarose gels, the desired piece of gel was excised using a 

clean scalpel, and for each 100 mg of gel 200 µl buffer NT was added. The gel was 

then completely dissolved at 50ºC before loading on a Nucleospin® Extract II column. 

From here on in the protocol for PCR clean-up and gel extraction was the same. 

After centrifugation for 1 min at 11 000 x g, 600 µl Buffer NT3, which contains 

ethanol, was added and another centrifugation for 1 min at 11 000 x g was 

performed. The membrane was dried with another centrifugation step for 2 min at 11 

000 x g before elution of DNA using 15-50 µl of the slightly alkaline elution buffer NE 

and centrifugation for 1 min at 11 000 x g (NucleoSpin® Extract II User Manual, April 

2008/Rev. 07).  

 

2.3.6.4: Sequencing and SNP verification 

Cleaned amplicons were sequenced at the Central Analytical Facility in Stellenbosch, 

following specific requirements for DNA sequencing. The primer requirements for 

sequencing were 5 µl per reaction at a concentration of 1.1 pmol/µl. Template 

requirements for sequencing were 5 µl per reaction at 5 ng/µl, for products smaller 

than 500 bp long, and 10 ng/µl for products between 500 and 1000 bp long.  

 

The resulting sequences were analysed with the software FinchTV. 

 

2.4: Results and Discussion 

2.4.1: Preparation of gDNA for SNP6 array analyses of NWU005 and 

NWU006 

Genomic DNA had to be isolated from NWU005 and NWU006 in order to generate 

the SNP6 array data for these individuals. gDNA was isolated from buffy coat using 

the Flexigene kit and the measured DNA concentrations and purities are given in 

Table 2.3. 
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Table 2.3: Concentration, yield and purity of gDNA isolated from NWU005 and 

NWU006 

 
[DNA] Yield Purity (A260/A280) 

NWU005 129.8 ng/µl 5.2 µg 2.19 

NWU006 59.9 ng/µl 2.9 µg 1.96 

 

The differences in DNA yield between the two individuals could be explained by 

differences in the starting material, as the cells in the buffy coat were not quantified 

beforehand. The A260/A280 ratio shows the DNA purity was sufficient (see section 

2.3.4.1).  

 

Genomic DNA was visualized on a 1% agarose gel stained with ethidium bromide, as 

is described in section 2.3.4.1. Figure 2.3 shows good quality gDNA from individuals 

NWU005 and NWU006, as there were no smears indicating DNA degradation. More 

than 2.5 µg gDNA was sent to CPGR for SNP6 array analyses. 

 

Figure 2.3: A 1% agarose gel showing gDNA isolated using the 

Flexigene kit. Lanes: 1) Gene Express Ladder; 2) NWU005 gDNA; 3) NWU006 gDNA 
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2.4.2: SNP6 array data analysis of the X-chromosome 

The SNP and CNV data of the X-chromosomes, generated by the SNP6 arrays of 

NWU001, NWU002, NWU005 and NWU006, were analysed for any clues as to the 

abnormal metabolic profile present in the male case individuals. The SNP6 data was 

analysed using the software Genotyping Console® 3.0.1. 

 

2.4.2.1: Quality control for genotyping analysis 

All four case samples passed the contrast QC metrics shown in section 2.3.5.5, as 

they were all well above the default threshold of 0.4. The resulting values can be 

seen in Table 2.4.  

Table 2.4: Contrast QC results of the SNP6 arrays of the four case samples. 

Sample 
Contrast QC 
(Random) 

Contrast 
QC (NspI) 

Contrast QC 
(NspI/StyI Overlap) 

Contrast QC 
(StyI) 

Computed 
Gender 

NWU001 2.58 3.03 3.34 2.89 male 

NWU002 2.63 3.38 3.02 2.88 male 

NWU005 2.61 3.19 3.32 2.88 female 

NWU006 2.73 3.07 2.9 2.92 female 

 

2.4.2.2: Genotyping analysis of the X-chromosomes of case individuals 

As a normal SNP association study would not be possible on the small sample size 

available in this study, a unique approach was implemented for studying the X-

chromosome using the SNP6 arrays. The SNP data was used to elucidate which 

regions of the X-chromosome the two brothers shared from the same maternal X-

chromosome. There are 36 374 probe sets for SNPs on the X-chromosome on the 

SNP6 array. In order to determine which regions of the X-chromosome both 

NWU001 and NWU002 inherited, only those SNPs for which NWU005 had a 

heterozygous call was used. The reason for this is if NWU005 is homozygous for an 

SNP, NWU001 and NWU002 would have the same allele regardless from which of 

their mother‟s two X-chromosomes it originated from. This does not mean that there 

could not be a mutation in those regions which could lead to the abnormal metabolic 

profile. However, any mutations in those regions would be impossible to study using 

the current experimental design and their possible contribution is therefore ignored in 

this study. 
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There were 8 757 SNPs for which NWU005 had heterozygous calls. NWU001 and 

NWU002 were called to have different alleles for 6 075 of these SNPs and the same 

alleles for 2 682 of them. This ratio is shown in Figure 2.4. 

 

Figure 2.4: Pie chart showing the ratio of SNP calls for NWU001 and 

NWU002 against those for NWU005. There were a total of 36 374 SNP calls on the 

X-chromosome. The blue slice indicates all SNPs for which NWU005 was called homozygous 

(27 617). The red and green slice shows all SNPs for which NWU005 was called 

heterozygous (8 757). The red part shows the SNPs in this group for which NWU001 and 

NWU002 were called to have the same allele (2 682), while the green part shows the SNPs 

for which they were called to have different alleles (6 075). 

 

There were another 58 SNP calls that violated Mendelian inheritance. In these 

instances, NWU005 was called to be homozygous for the SNP (e.g. BB) and either 

NWU001 or NWU002 was called as having the other allele (e.g. AA). These loci are 

not located in the pseudoautosomal regions, and both NWU001 and NWU002‟s 

alleles are expected to have been inherited from NWU005. These instances are 

shown in Table 2.5. 
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Table 2.5: List of 58 SNP calls that violated Mendelian inheritance 

dbSNP RS 
ID 

NWU001 NWU002 NWU005 
dbSNP RS 

ID 
NWU001 NWU002 NWU005 

rs9724403 AA BB BB rs5919808 AA BB AA 

rs2742585 BB AA BB rs5958119 AA BB BB 

rs5910090 AA BB BB rs6621873 BB AA AA 

rs2235087 AA BB BB rs3115836 AA BB BB 

rs5960178 AA BB BB rs1341671 AA BB BB 

rs5933504 AA BB AA rs5928580 AA BB BB 

rs11152694 BB AA BB rs5927756 BB AA AA 

rs17327362 AA BB BB rs10856568 BB AA AA 

rs1623989 BB AA AA rs2103572 BB AA BB 

rs5911186 AA BB AA rs7876259 BB AA AA 

rs5986600 AA BB BB rs5972521 BB AA AA 

rs5918132 AA BB AA rs7885544 BB AA AA 

rs12687091 BB AA BB rs17333633 AA BB BB 

rs2310098 AA BB BB rs17173980 AA BB BB 

rs6653395 BB AA AA rs12559365 BB AA AA 

rs5986230 AA BB BB rs6642588 BB AA BB 

rs1961170 BB AA BB rs4828665 BB AA BB 

rs11798371 BB AA BB rs17256339 AA BB BB 

rs5956763 AA BB BB rs6525820 BB AA AA 

rs5954121 AA BB BB rs2188458 BB AA BB 

rs1937161 AA BB AA rs5905870 BB AA AA 

rs1798133 BB AA BB rs5910687 BB AA BB 

rs5911428 BB AA AA rs2189809 BB AA BB 

rs5978069 AA BB AA rs3008970 AA BB BB 

rs5919698 BB AA AA rs4829296 BB AA BB 

rs5933072 BB AA BB rs5907747 BB AA AA 

rs1174238 BB AA AA rs12862019 AA BB BB 

rs6638665 AA BB BB rs12397099 AA BB AA 

rs3008912 BB AA AA rs5966258 AA BB BB 

 

 

The 8 757 SNPs for which NWU005 was called heterozygous were arranged 

chronologically according to their physical position on the X-chromosome. The 

respective calls for NWU001 and NWU002 were then compared to this list and are 

shown in Figure 2.5. This arrangement seemed to indicate that there were two large 

regions on the X-chromosome which NWU001 and NWU002 share. There were also 

27 shared SNP calls interspersed throughout the X-chromosome which did not fall 

within these two regions. If the X-linked theory regarding the metabolic profile is true, 

an element of the causative genotype(s) could be found in these shared regions. 
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Figure 2.5: Linear positions and relationship between NWU001 and 

NWU002 for all X-chromosome SNPs for which NWU005 was called to be 

heterozygous. Every marker indicates the physical position of an SNP on the X-

chromosome for which NWU005 was called heterozygous. The markers in green show in 

which of these cases NWU001 and NWU002 were called as having different alleles. The 

markers in red show in which of these cases NWU001 and NWU002 were called as having 

the same allele. This arrangement showed four clear regions of inheritance, two regions 

which the brothers share (regions 1 and 2) and two which they do not share (regions 3 and 4). 

The respective sizes of the regions are: Region 1) 19,848 kb; Region 2) 24 346 kb; Region 3) 

41 734 kb; Region 4) 61 729 kb 

 

A list of all the genes present in the regions shared by NWU001 and NWU002 is 

shown in Table 2.6. These genes were all studied for any possible link to the 

abnormal metabolic profile and no clear link could be seen. 

 

Table 2.6: Genes in regions of the X-chromosomes of NWU001 and NWU002 

inherited from the same maternal X-chromosome 

Genes in fragment 1 (146 genes) 

ACE2 CTPS2 HDHD1A LOC100288699 MAGEB17 PRKX SH3KBP1 VCX3B 

AMELX CXorf15 INE2 LOC100288723 MAP3K15 PRPS2 SHROOM2 WWC3 

APIS2 CXorf23 KAL1 LOC100288787 MAP7D2 RAB9A SMPX XG 

ARHGAP6 EGFL6 KLHL34 LOC100288814 MBTPS2 RAIZ SMS YY2 

ARSD EIF1AX LOC100128355 LOC100288981 MIDI RBBP7 STS ZNF645 

ARSE FAM9A LOC100128521 LOC100289015 MIR651 RNU4P6 SYAP1 ZRSR2 

ARSF FAM9B LOC100128801 LOC100289110 MOSPD2 RNU7-56P TBL1X   

ARSH FAM9C LOC100128808 LOC139952 MRPL35P4 RPL17P40 TCEANC   

ASB11 FANCB LOC100129483 LOC347381 MSL3 RPL24P9 TLR7    

ASB9 FIGF LOC100130035 LOC389906 MXRA5 RPL30P15 TLR7-like   

ASSP4 FRMPD4 LOC100131524 LOC392426 NLGN4X RPL35AP37 TLR8   

ATXN3L GEMIN8 LOC100132163 LOC441481 NPM1P9 RPL6P30 TMEM27   
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BEND GJA6P LOC100132857 LOC441484 OFD1 RPS27AP17 TMSB4X   

BMX GLRA2 LOC100132864 LOC441528 PDHA1 RPS5P8 TRAPPC2   

BNHS GPM6B LOC100147811 LOC442443 PHEX RPS6KA3 TRNAI-GAU   

CA5B GPR143 LOC100287892 LOC645769 PHKA2 RS1 TRNAV-UAC   

CA5BP GPR64 LOC100287928 LOC729162 PIGA S1000G UBEZE4P   

CDKL5 GRPR LOC100288031 LOC729412 PIR SCARNA9L VCX   

CLCN4 GYG2 LOC100288509 LOC729609 PNPLA4 SCML1 VCX2   

CNKSR2 HCCS LOC100288664 LOC729650 PPEF1 SCML2 VCX3A   

Genes in fragment 2 (218 genes) 

ABCB7 DACH2 KIF4A LOC100132052 LOC441505 NANOGP9 RPL31P63 YIPF6 

ACRC DGAT2L6 KLHL4 LOC100132304 LOC449528 NAPIL2 RPL7P53 ZC3H12B 

APOOL DLG3 KRT18P11 LOC100132322 LOC554203 NAPIL6 RPL7P54 ZC4H2 

AR DMRTC1 LAS1L LOC100132591 LOC641378 NHSL2 RPLZ1P134 ZCCHC13 

ARR3 DMRTC1B LDHBP LOC100133180 LOC642585 NLGN3 RPS23P8 ZCCHC5 

ATP7A EDA2R LOC100127902 LOC100216356 LOC642869 NONO RPS26P11 ZDHHC15 

ATRX EDA2R LOC100128171 LOC100287033 LOC645381 NSBP1 RPS4X ZMYM3 

AWAT1 EFNB1 LOC100128467 LOC100287968 LOC645388 OGT RPS6HA6 ZNF711 

AWAT2 ERCC6L LOC100128738 LOC100288033 LOC645938 OPHN1 RPS7P14   

BA345E192 ETF1P3 LOC100128989 LOC100288168 LOC646016 OTUD6A RPSAP14   

BMP2KL FAM155B LOC100129003 LOC100288197 LOC646080 P2RY10 RPSAP15   

BRAFPS2 FAM46D LOC100129013 LOC100288307 LOC646127 P2RY4 SATL1   

BRWD3 FGF16 LOC1001290407 LOC100288512 LOC646193 PABPC1LZB SERBP1P   

CAP2A1P FKSG43 LOC100129133 LOC100288539 LOC648283 PABPC5 SH3BGRL   

CDX4 FLJ44635 LOC100129144 LOC100288575 LOC650181 PABPCP3 SLC16A2   

CHIC1 FOXO4 LOC100129288 LOC100288665 LOC727681 PCDH11X SLC7A3   

CHM FXYD8 LOC100129298 LOC100288788 LOC727874 PDZD11 SNX12   

CITED1 GDPD2 LOC100129585 LOC100288789 LOC730792 PGAM4 STARD8   

COX7B GJB1 LOC100129843 LOC100288853 LPAR4 PGK1 TAF1   

CPXCR1 GPR174 LOC100130007 LOC100288917 MAGEE1 PGK1P1 TAF9B   

CXCR3 GPR65P LOC100130134 LOC100289046 MAGEE2 PHKA1 TBX22   

CXorf26 HDAC8 LOC100130211 LOC100289421 MAGT1 PIN4 TEX11   

CXorf49 HDX LOC100130350 LOC100289482 MED12 PJA1 TGIF2LX   

CXorf49B HK2P LOC100130505 LOC100289651 MIR223 POF1B TSIX   

CXorf50 IGBP1 LOC100130724 LOC139201 MIR374A POU3F4 TTC3L   

CXorf50B IL2RG LOC100130843 LOC260337 MIR384 RAB41 UBE2DNL   

CXorf65 INGX LOC100131556 LOC266683 MIR548M RGAG4 UPRT   

CYCLC1 ITGB1BP2 LOC100131638 LOC347363 MKRNP1 RLIM USP12P2   

CYCSP43 ITM2A LOC100131981 LOC389873 MRPS22P1 RPL22P22 VSIG4   

CYSLTR1 KIAA2022 LOC100131983 LOC402408 MSN RPL26P36 XIST   

Genes in 27 interspersed  shared SNP regions (63 genes) 

AFF2 GK LOC392452 MAP3K7IP3 MIR513B RBM10 SPIN2A USP11 

ATP2B3 GRIA3 LOC392555 MBNL3 MIR513C RGN SPIN2B USP51 

CHRDL1 INE1 LOC643554 MIR221 NDUFB11 RNU12 SPIN3 WDR44 

CXorf21 LOC100129229 LOC644893 MIR222 PAGE3 RPL36AP52 SSX5 XAGE-4 
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DMD LOC100129997 LOC64924 MIR506 PAGE5 RRAGB SSX6 ZNF182 

FAAH2 LOC100289523 LOC652904 MIR507 PCTK1 SPACA5 SSXP2 ZNF630 

FOXR2 LOC392437 MAGEC2 MIR508 PHF16 SPANXB1 SSXP3 ZNF82 

FTHL17 LOC392440 MAGEH1 MIR513A1 PP1R11P2 SPANXB2 UBA1   

 

 

2.4.3: Selection and PCR amplification of SNP calls on the X-

chromosome for verification 

There were 8 757 X-chromosome SNPs for which NWU005 was called 

heterozygous. As the SNP6 array was expected to have an accuracy of 99% when 

using the QC criteria mentioned in section 2.3.5.3, and therefore an error rate of 

about 1%, it was expected that about 88 of these calls were incorrect. It was 

therefore decided to select certain SNP calls for verification by sequencing. The 

selected SNPs would have to be amplified in a PCR reaction before sequencing.  

 

The SNPs to be verified were chosen in order to, when possible, amplify a group of 

SNPs in one fragment. The primers used for amplification of the fragments are 

shown in Table 2.2. All the fragments chosen for amplification and sequencing are 

shown in Figure 2.6, and the SNPs within those fragments, are shown in Table 2.7. 

Fragments F, G and H contained some of the 58 SNPs which violated Mendelian 

inheritance (see section 2.4.2.1).  

 

 

Figure 2.6: Linear position of five fragments (A-E) to be amplified and 

sequenced for verification of SNP calls made by the SNP6 array. The 

name of each fragment is given, along with the number of SNPs to be verified in that 

fragment. 
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Table 2.7: SNP calls of SNP6 array chosen for verification 

SNPs in large recombinant regions 

Fragment A (609 bp) 

 
rs4332309 rs6528171 rs5970861 

Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

Call on array C/C T/T C/T T/T C/C C/T G/G A/A A/G 

 
rs3935724 rs3935725 rs3935726 

Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

Call on array C/C A/A C/A T/T C/C C/T G/G A/A A/G 

 
rs5970862 rs3935727 

 
Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

   
Call on array G/G A/A A/G T/T C/C C/T 

   
Fragment B (572 bp) 

 
rs5950201 rs5950204 rs5950205 

Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

Call on array G/G T/T G/T C/C T/T C/T T/T G/G G/T 

 
rs66119756 

  
Individual NWU001 NWU002 NWU005 

      
Call on array A/A G/G A/G 

      

 
Shared SNPs interspersed between the large recombinant regions 

Fragment C (769 bp) 

 
rs5953669 rs1160531 

   
Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

   
Call on array A/A A/A A/T C/C C/C C/T 

   

 
Fragment D (1035 bp) Fragment E (505 bp) 

 
rs1992834 rs5904723 rs5950201 

Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

Call on array A/A A/A A/G A/A A/A A/C G/G T/T G/T 

SNPs which violated Mendelian inheritance 

 
Fragment F (214 bp) Fragment G (239 bp) 

 
 

rs5956763 rs5986230 
 

Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 
   

Call on array C/C T/T T/T A/A G/G G/G 
   

Fragment H (892 bp) 

 
rs12397099 rs5911186 

   
Individual NWU001 NWU002 NWU005 NWU001 NWU002 NWU005 

   
Call on array C/C T/T C/C C/C G/G C/C 

   
 

 

The amplicons were visualised on agarose gels with ethidium bromide staining (see 

section 2.3.4.2). Figures 2.7 and 2.8 show the PCR products of all the fragments 

chosen for sequencing from NWU001, NWU002 and NWU005. 
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Figure 2.7: Agarose gel showing PCR products of SNP fragments A, C, D 

and B for sequence verification. Lanes: 1) O‟Generuler
tm

 DNA ladder mix; 2) 

Fragment A of NWU001; 3) Fragment A of NWU002; 4) Fragment A of NWU005; 5) Fragment 

C of NWU001; 6) Fragment C of NWU002; 7) Fragment C of NWU005; 8) O‟Generuler
tm

 DNA 

ladder mix; 9) O‟Generuler
tm

 DNA ladder mix; 10) Fragment D of NWU001; 11) Fragment D of 

NWU002; 12) Fragment D of NWU005; 13) Fragment B of NWU001; 14) Fragment B of 

NWU002; 15) Fragment B of NWU005; 16) O‟Generuler
tm

 DNA ladder mix. 

 

 

Figure 2.8: Agarose gel showing PCR products of SNP fragments H, F, E 

and G for sequence verification. Lanes: 17) O‟Generuler
tm

 DNA ladder mix; 18) 

Fragment H of NWU001; 19) Fragment H of NWU002; 20) Fragment H of NWU005; 21) 

Fragment F of NWU001; 22) Fragment F of NWU002; 23) Fragment F of NWU005; 24) 

O‟Generuler
tm

 DNA ladder mix; 25) O‟Generuler
tm

 DNA ladder mix; 26) Fragment E of 

NWU001; 27) Fragment E of NWU002; 28) Fragment E of NWU005; 29) Fragment G of 

NWU001; 30) Fragment G of NWU002; 31) Fragment G of NWU005; 32) O‟Generuler
tm

 DNA 

ladder mix 
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The amplification of all the fragments for sequencing seemed successful, with the 

exception of fragment H from NWU002 (shown in lane 19), which only produced an 

amplicon of about 1600 bp, about 700 bp larger than the expected amplicon. Lanes 

6, 10 and 30 also show some non-specific amplification, which were removed by gel 

excision of the desired bands. After PCR clean-up or gel extraction of the successful 

PCR reactions, the samples were sent to the Central Analytical Facility in 

Stellenbosch for sequencing. The 1600 bp product seen in lane 19 was also cleaned 

and sent for sequencing. The primers used for sequencing were the same as those 

used for amplification (shown in Table 2.2). 

 

2.4.4: Sequencing results of amplified fragments containing SNPs for 

verification 

The amplified fragments were sequenced to verify the SNPs within each fragment. 

The sequence chromatograms of all the amplified fragments were of good quality. 

The sequence of each SNP was obtained for both the forward and the reverse 

strands. Figure 2.9 shows the sequence chromatogram of the region containing 

rs5970861 from NWU005 as an example of the sequencing results. 

 

 

Figure 2.9: Sequence chromatogram of SNP rs5970861 from NWU005, 

present in SNP fragment A. The chromatograms of the forward (A) and reverse (B) 

strands are shown. The position of the SNP in each strand is shown by the red markers. 

 

The verification of the SNPs shown in Table 2.7 is summarised in Table 2.8. Of the 

12 SNP calls in the large recombinant areas which were verified, all were correct for 

NWU001, NWU002 and NWU005.  
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Table 2.8: Correlation between SNP6 calls and sequencing results of SNPs 

selected for verification 

SNPs in large recombinant areas Erroneous call on array 

rs4332309 No 

rs6528171 No 

rs5970861 No 

rs3935724 No 

rs3935725 No 

rs3935726 No 

rs5970862 No 

rs3935727 No 

rs5950201 No 

rs5950204 No 

rs5950205 No 

rs6619756 No 

Interspersed SNPs shared by 
NWU001 and NWU002  

Erroneous call on array 

rs5953669 NWU005 called as A/T, sequence results show A/A 

rs1160531 NWU005 called as C/T, sequence results show C/C 

rs1992834 NWU005 called as C/T, sequence results show C/C 

rs5904723 NWU005 called as A/C, sequence results show A/A 

rs12008521 NWU005 called as A/G, sequence results show G/G 

SNPs violating Mendelian inheritance Erroneous call on array 

rs5956763 NWU001 called as C/C, sequence results show T/T 

rs5986230 NWU005 called as G/G, sequence results show A/G 

rs12397099 Unable to amplify SNP fragment of NWU002 

rs5911186 Unable to amplify SNP fragment of NWU002 

 

There were 27 SNPs shared by the two brothers which were interspersed between 

the large recombinant areas. Of the 27 only 5 were sequenced for verification. The 

calls made by the SNP6 array for NWU005 were incorrect for all 5 of these. The 

array called NWU005 as heterozygous for all of these SNPs and the sequence 

results showed that she was homozygous for all of them. Figure 2.10 and 2.11 shows 

the sequence chromatograms of the forward and reverse strands of these 5 SNPs 

from NWU005. The SNP calls for NWU001 and NWU002 were correct for all of these 

SNPs.  



 

38 

 

 

Figure 2.10: Sequence chromatograms for NWU005 of 3 of the 5 shared 

SNPs interspersed between the large recombinant regions. The 

chromatograms of the forward and reverse strands are shown for each SNP. The position of 

the SNP in each strand is shown by the red markers. NWU005 was called to be heterozygous 

for each of these SNPs. 
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Figure 2.11: Sequence chromatograms for NWU005 of 2 of the 5 shared 

SNPs interspersed between the large recombinant regions. The 

chromatograms of the forward and reverse strands are shown for each SNP. The position of 

the SNP in each strand is shown by the red markers. NWU005 was called to be heterozygous 

for each of these SNPs. 

 

Of the 58 SNP calls made by the SNP6 array violating Mendelian inheritance, only 

two were amplified successfully for all three individuals, namely fragments F and G. 

In the case of fragment F, NWU001‟s call on the array for the SNP was erroneous 

(T/T called as C/C) and in fragment G NWU005‟s homozygous call for the SNP was 

incorrect (A/G called as G/G). The other fragment (fragment H) only produced a 

wrong sized fragment for NWU002 (around 1600 bp instead of 892 bp) and it was 

NWU002‟s call on the array that violated Mendelian inheritance. The sequence result 

of this fragment was entered into the Basic Local Alignment Search Tool (BLAST) on 

the National Center for Biotechnology Information (NCBI) website. The BLAST 

results seemed to indicate that the amplified fragment was part of chromosome 4 and 

not the desired fragment. The failure to amplify fragment H successfully from 

NWU002 will be discussed later as part of the CNV results. 
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2.4.5: Copy number variation analysis of SNP6 array data  

The CNV data for NWU001, NWU002, NWU005 and NWU006 were all analysed 

against the 270 HapMap samples used to create the baseline copy number levels 

(see section 2.3.5.6). The four case samples all passed QC, as their MAPD values 

were below the threshold value of 3.5. Table 2.9 shows the MAPD values of the four 

case samples. 

Table 2.9: MAPD values for the copy number analyses of the SNP6 array data 

Sample MAPD 

NWU001 0.283257 

NWU002 0.28278 

NWU005 0.306129 

NWU006 0.285715 

 

There were 21 CNVs called by the software using the criteria described in section 

2.3.5.6. The chromosomal positions of the 21 CNV calls are shown in Figure 2.12 

and a summary of these CNVs can be seen in Table 2.10. Most of the CNVs called 

were known variations, however, there were 8 novel variations detected. None of the 

novel variations were in regions containing any known genes. The copy number state 

referred to in Table 2.10 is the amount of copies called for that segment in that 

specific sample. In the case of the two males, normal copy number state on the X-

chromosome would be 1 and for the two females 2. 

 

 

Figure 2.12: Positions of CNV calls made by the SNP6 array on the X-

chromosomes of the 4 case individuals. Red labels indicate areas in which two or 

more consecutive markers showed a decrease in copy number with a size of at least 1 kb, 

whereas blue labels indicate an increase in copy number. Figure created by Genotyping 

Console
®
. 
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Table 2.10: Summary of CNVs called on the X-chromosome of the 4 case 

individuals 

CNV 
nr. Sample 

Copy 
Number 

State 

Loss/ 
Gain 

Size 
(kb) 

Number 
of 

Markers 

Known 
variation? 

Genes in region 

1 NWU001 0 Loss 6 3 No None 

2 NWU001 2 Gain 2 9 Variation_3262 None 

3 NWU005 4 Gain 3 7 Variation_0241 None 

4 NWU001 0 Loss 3 3 Variation_3265 None 

 NWU002 0 Loss 3 3 Variation_3265 None 

 NWU005 0 Loss 3 2 Variation_3265 None 

 NWU006 0 Loss 3 2 Variation_3265 None 

5 NWU002 0 Loss 3 3 No DMD Intron 

6 NWU001 0 Loss 6 2 Variation_7787 CASK Exon 19 

7 NWU005 4 Gain 3 9 Variation_0658 PHF16 Intron 

8 NWU006 3 Gain 35 26 Variation_0661 None 

9 NWU002 2 Gain 72 29 Variation_0363 None 

10 NWU001 2 Gain 16 6 No None 

11 NWU006 4 Gain 5 6 Variation_3252 None 

12 NWU001 2 Gain 14 27 Variation_0249 None 

 NWU002 2 Gain 14 27 Variation_0249 None 

13 NWU001 2 Gain 4 8 Variation_4159 None 

14 NWU001 0 Loss 13 7 Variation_7759 None 

 NWU002 0 Loss 13 7 Variation_7759 None 

 NWU005 0 Loss 13 7 Variation_7759 None 

 NWU006 0 Loss 13 7 Variation_7759 None 

15 NWU006 1 Loss 5 4 No None 

16 NWU006 0 Loss 2 2 No SH2D1A Intron 

17 NWU002 0 Loss 7 2 No None 

18 NWU001 0 Loss 1 3 No None 

19 NWU001 2 Gain 9 3 No GABRA3 Exon 8 

20 
NWU001 2 Gain 19 9 Variation_7770 

ARGHAP4 Exon 17-23 
ARD1A Entire gene 

21 
NWU001 2 Gain 34 31 Variation_0345 

FLNA Exon 24-49    
EMD entire gene 

 

As is the case with the SNP analyses, the copy number changes with the highest 

priority for shedding light on the underlying genetic basis of the abnormal metabolic 

profile are those which are shared by the two brothers. There were three copy 

number changes which the two brothers shared (nr. 4, 12 and 14, see Figure 2.5 and 

Table 2.6), with two of these (nr 4 and 14) being shared by all four individuals 

(NWU001, NWU002, NWU005 and NWU006). All three of these copy number 

changes are known variations, namely Variation_3265 (Redon et al., 2006), 

Variation_0249 (Iafrate et al., 2004) and Variation_7759 (de Smith et al., 2007) and 

are not currently associated with any disease phenotypes, nor are there any known 

genes present in these areas (UCSC Genome Browser v245). None of the other 
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copy number changes contained any genes or mRNA which had a clear link to the 

abnormal metabolic profile. 

 

After the continued failure to amplify SNP fragment H of NWU002 (see section 

2.4.3.), the copy number calls in this area was studied. There were no copy number 

changes called by the software in this region. However, the two probes directly 

behind this area (CN_938209 and CN_938210) showed a deletion (copy number 

state of 0) in NWU002 (Figure 2.13).  

 

 

Figure 2.13: Uncalled copy number change in the region of SNP 

fragment H of NWU002. This figure shows the deletion in the area of SNP fragment H 

of NWU002 which was not called as a CNV by the software. The coloured markers indicate 

the linear position of the probes on the X-chromosome. Green markers indicate a copy 

number state of 1, which would be the normal copy number on the X-chromosome in males. 

Red markers indicate a loss of copy number/ deletion, leading to a copy number state of 0.  

 

As the distance between the two red markers (probes CN_938209 and CN_938210) 

is less than the 1 kb required (distance is approximately 650 bp), it was not called as 

a CNV by the software. The distance between the closest markers surrounding this 

area showing a normal copy number of 1 (probes CN_938208 and CN_938211) is 

however far greater than 1 kb (approximately 7 360 bp). This meant that the software 

only uses the markers with an actual change in copy number to calculate the size of 

the region and not the largest possible affected region, which would be the distance 

between the markers adjacent to the affected area. In this manner, possible CNVs 

could be missed by the software. This result could explain why SNP fragment H of 

NWU002 could not be amplified. 

 

After this discovery the copy number probes on the X-chromosome were manually 

scanned for any other possible CNVs which were not called by the software. A total 

of five regions which might contain copy number changes larger than 1 kb were seen 
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and these are shown in Table 2.11. None of these regions contained any genes or 

microRNA with a clear link to the abnormal metabolic profile. 

Table 2.11: Regions with a possible copy number change larger than 1 kb, 

which were not called as CNVs. 

Linear position 
of first adjacent 

probe 

Individuals 
affected (NWU- ) 

Distance 
between 

affected probes 

Distance 
between 

adjacent probes 

Genes in 
region 

32897360 001, 002, 005, 006 800 bp 7 670 bp DMD intron 

65345250 006 400 bp 3 840 bp HEPH intron 

78858670 005, 006 170 bp 3 880 bp None 

96494730 002 470 bp 12 670 bp DIAPH intron 

120804700 002 650 bp 7 360 bp None 

 

2.5: Summary 

This study assumed that the abnormal metabolic profile seen in the male members of 

the family is caused by a genetic condition which is linked to the X-chromosome. The 

SNP and CNV profiles of the X-chromosomes of the participating family members 

were studied for a link to the abnormal metabolic profile, using the SNP6 arrays from 

Affymetrix®. The small sample size of only four individuals eliminated the possibility 

of using standard association study methods (using large numbers of case and 

control samples to detect associations between SNP and CNV calls and the 

abnormal phenotype) for the analyses. Therefore, a unique approach for analysing 

the data was adopted. The SNP6 array data was used in order to elucidate which 

regions of the X-chromosome the two brothers shared from the same maternal X-

chromosome. If the assumption that the abnormal metabolic profile is caused by a 

genetic condition linked to the X-chromosome was correct, some of the underlying 

genetic factors should be found in these shared regions of the X-chromosome. 

 

Good quality gDNA was isolated from NWU005 and NWU006 using the Flexigene kit. 

This gDNA was quantified with a spectrophotometer and the integrity was checked 

with agarose gel electrophoresis (section 2.4.1). A minimum of 2.5 µg gDNA from 

each sample was sent to CPGR for SNP6 array generation. The resulting data and 

data generated previously for NWU001 and NWU002 were analysed using 

Genotyping Console® from Affymetrix®. All four samples passed the built-in quality 

control metrics for both the SNPs and CNVs (Table 2.4 and 2.9).  
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Of the 36 374 X-chromosome SNPs present on the array, only the 8 757 SNPs for 

which NWU005 was called to be heterozygous was used to elucidate which portions 

of their X-chromosomes the two brothers shared from the same maternal X-

chromosome. The two brothers had the same allele for 2 682 of these SNPs, which 

seemed to fall in two clear segments of the X-chromosome (Figure 2.4 and 2.5). All 

the genes present in these regions were studied and no clear link could be seen to 

the abnormal metabolic profile (Table 2.6). There were also 58 SNP calls which 

violated Mendelian inheritance (Table 2.5) and 27 shared SNPs which did not fall in 

the two large shared regions (Figure 2.5).  

 

Certain SNPs were chosen for verification and primers were designed to amplify 

those regions (Table 2.7). The PCR products were sent to the CAF at Stellenbosch 

for sequencing. All 12 of the SNP calls selected from the large recombinational areas 

were found to be true for NWU001, NWU002 and NWU005. The SNP6 array calls for 

the 5 recombinational outliers and 2 SNP calls violating Mendelian inheritance, which 

could be sequenced, were all shown to be incorrect (Table 2.8).  

 

For the CNV analyses, the 270 HapMap samples were used to create the baseline 

intensity levels. A total of 21 CNVs were called between the four samples (NWU001, 

NWU002, NWU005 and NWU006), 13 of these were known variations and 8 were 

novel variations. Only three CNVs were shared between the two brothers, all three of 

them were known variations and not linked to a disease phenotype. Most of the other 

regions showing a change in copy number did not contain any known genes. Those 

that did contain genes had no clear link to the abnormal metabolic profile (Table 

2.10). 
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Chapter Three  

Investigations into the origin of the diagnostic 

metabolite 3-hydroxyisovaleric acid present in 

individuals with a metabolite profile mimicking 

MCC-deficiency

 

3.1: Introduction 

 

The four male family members affected by the unknown disease (NWU001, 

NWU002, NWU003 and NWU004) all have high urinary and plasma levels of 3-

hydroxyisovaleric acid (3-HIVA), along with trace amounts of 3-methylcrotonylglycine 

(personal communication, Prof. L.J. Mienie). One of the family members (NWU001) 

also had clinical symptoms of chronic fatigue and muscle weakness. This profile is 

usually associated 3-methylcrotonyl-CoA carboxylase (MCC) deficiency. Follow-up 

genetic and enzymatic tests ruled out MCC deficiency. An in vivo leucine loading 

experiment showed that the leucine clearance levels of these individuals were not 

indicative of a classic defect in the leucine pathway (L. Zandberg, unpublished 

results). The work presented in this chapter was dedicated to investigating the origin 

of 3-HIVA in the case individuals.  

 

This was done by culturing fibroblasts of NWU001 and NWU002 in L-leucine free 

DMEM supplemented with deuterated leucine (D10-Leucine) stable-isotope. The 

hypothesis was that this D10-Leucine would enter the cells and be subjected to the 

leucine catabolic pathway. Figure 3.1 shows how the D10-leucine was expected to 

be metabolised in the leucine pathway. It is also shown how 3-HIVA was expected to 

be labelled with deuterium, when originating from various possible bottlenecks in the 

pathway. The mass spectra of the 3-HIVA resulting from this loading would be used 

to elucidate during which step(s) of the leucine pathway, if any, 3-HIVA was formed. 
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Figure 3.1: Expected metabolic conversion of D10-Leucine and the 

expected structures of deuterated 3-HIVA originating due to various 

possible bottlenecks in the pathway. 3-HIVA derived from D9-Isovaleryl-CoA (red) 

would contain 7 deuterium atoms (due to the loss of two deuterium atoms during the 

dehydrogenation reaction required before the formation of 3-HIVA. The details of this reaction 

are still unknown). 3-HIVA derived from D7-3-methylcrotonyl-CoA (blue) would also contain 7 

deuterium atoms in the same positions as 3-HIVA derived from D9-Isovaleryl-CoA. 3-HIVA 

derived from the reverse reactions (reactions 5 and 6) leading to D6-3-methylcrotonyl-CoA 

(green) would contain 6 deuterium atoms. (Figure adapted from Sweetman and Williams, 

2001). 
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Following an organic acid extraction and GC-MS (gas chromatography-mass 

spectrometry) analysis, the mass spectra of the 3-HIVA produced by these cells 

would be compared to the mass spectra of unmarked 3-HIVA. This would serve to 

confirm leucine as the source of the 3-HIVA and to deduce during which, if any, 

enzymatic step the bottleneck occurred which leads to the formation of 3-HIVA.  

 

Since the mass spectra would be used to elucidate the number of deuterium atoms 

present in 3-HIVA it was important to take into account that the derivitisation process 

alters the structure of organic acids. The compounds were to be derivatised using 

Bis(trimethylsilyl)trifluoroacetamide (BSTFA), Trimethylchlorosilane (TMCS) and 

pyridine. This derivitisation process results in the addition of a trimethylsilane (TMS) 

group to any hydroxyl groups on the compound which are not sterically hindered, a 

process known as silylation (Dettmer et al., 2007).  

 

In the case of 3-HIVA there are two hydroxyl groups available for derivitisation, 

leading to the formation of di-TMS-3-HIVA. A long incubation period at high 

temperatures as well as the addition of the catalyst TMCS would ensure that almost 

all of the 3-HIVA present would be derivatised on both these available groups (Blau & 

Halket, 1993). The structures of 3-HIVA before and after silylation are shown in 

Figure 3.2 (Pubchem compound) 

 

 

Figure 3.2: Structure of 3-HIVA before and after silylation. 3-HIVA gains two 

TMS groups during complete silylation, resulting in the formation of di-TMS-3-HIVA. 

 

3.2: Experimental approach 

Cultured fibroblasts of case and control individuals would be grown to an appropriate 

confluency (roughly 70%) to start the experiment. The culture media would then be 
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changed to DMEM without L-leucine and the cells incubated in this media for 24 hrs. 

This would be done in order to starve the cells of leucine and metabolites originating 

from the leucine pathway. After this the media would be changed to DMEM 

containing D10-leucine and the cells incubated for 48 hrs, in order for the D10-

leucine to enter into the cells and be subjected to the leucine catabolic pathway. 

 

An organic acid extraction would then be done on the media fractions before analysis 

on a GC-MS. The mass spectra of the 3-HIVA produced following the D10-leucine 

loading would then be compared to that of unmarked 3-HIVA in order to confirm that 

the 3-HIVA formed does originate from the leucine catabolic pathway. All assays 

would be performed in duplicate. 

 

The fibroblast fractions would be analysed using an LC/MS in order to determine the 

ratios of the CoA-intermediates of the leucine pathway. These ratios of the case 

individuals would be compared to those of fibroblasts of healthy individuals and 

fibroblasts from an MCC-deficient individual, in order to detect any possible 

bottlenecks in the pathway which could lead to the formation of 3-HIVA and 3-

methylcrotonylglycine. 

 

3.3: Materials and methods 

3.3.1: Establishment of fibroblast cell cultures 

Skin biopsies were taken from NWU001 and NWU002, as well as two healthy 

individuals to serve as controls, CON001 and CON002 (GENEPATH, Centurion, 

Pretoria, South Africa). Transformed fibroblast cell cultures were established and 

stored in a cryo freezer. These fibroblasts were obtained from L. Zandberg, M.Sc. at 

the North-West University.  Transformed fibroblasts from an individual known to have 

MCC-deficiency (MCC001) were used as a positive control. The MCC001 fibroblasts 

were received from Dr. Tertto Suormalla from the University of Basel, Children‟s 

Hospital, Switzerland.  

 

3.3.2: Maintenance and harvesting of cell cultures 

For this study, the stored cells were thawed and grown in 25 cm2 flasks (TPP) with 4 

ml Amniochrome system II® medium (Cambrex), supplemented with 0,125 mg/ml 

Penicillin/Streptomycin (Cambrex) and 0,256 mg/ml Gentamycin (Cambrex).  
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Once the cells reached confluency, the medium was removed and the flask washed 

with 1 x phosphate buffered saline (PBS) (Oxoid). After removal of PBS, 1 x trypsin-

EDTA (Gibco) was added and incubated for 5 min at 37ºC. The cells would then 

detach from the flask. Fresh Dulbecco‟s Modified Eagle Medium (DMEM) (Gibco), 

supplemented with 10% foetal bovine serum (FBS) (Gibco) and 0,1 mg/ml 

Penicillin/Streptomycin (Cambrex) was added to inhibit trypsin activity. Cells were 

then split in ratios of 1:3 or 1:4, in either 25 cm2 flasks or 75 cm2 flasks (TPP). The 

cells were given fresh DMEM (4 ml for 25 cm2 flasks and 8 ml for 75 cm2 flasks) and 

incubated at 37ºC until fresh media was needed or cells were split again.  

 

3.3.3: Leucine loading 

Cells were grown to approximately 70% confluency before leucine loading. The 

media was discarded and the cells washed with PBS before 4 ml DMEM without L-

leucine (Highveld Biological Lot nr. CN 3469) was added to the flasks. The cells were 

incubated in this medium for 24 hrs in order to deplete the cells of leucine.  

 

After this incubation period the media was removed and the cells washed with PBS 

before the addition of 4 ml DMEM without L-leucine, to which D10-Leucine 

(Cambridge Isotope Laboratories, Inc. CAS 106972-44-5) was added to a final 

concentration of 5 mM, nearly 6 times the concentration of leucine normally present 

in DMEM. After incubation in this medium for 48 hrs the medium was collected and 

the cells put on ice. The cell fractions were then prepared for the CoA analysis.  

 

The method was initially developed and optimised using non-deuterated L-leucine 

(Sigma, L8000) instead of D10-leucine, in order to reduce the costs. 

 

3.3.3: 3-Hydroxyisovaleric acid analysis using GC-MS 

An internal standard (IS) is often used to determine the concentration of a compound 

using the GC-MS. A known amount of IS is added to a sample and the area of the 

peak formed by a compound on the gas chromatogram is compared to the area of 

the peak formed by the IS. The following formula is used to determine the 

concentration of a compound in the sample: 

Area of the peak formed by a compound 
X  [IS] = [compound] 

Area of the peak formed by the IS 

  

 
 

3-Phenylbutyric acid is often used as internal standard for organic acid analysis on a 

GC-MS, as this compound is not generated during human metabolism. In order to be 
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a suitable internal standard there should also be no 3-phenylbutyric acid present in 

DMEM. This was tested by analysing commercial DMEM. 

 

Unused DMEM, supplemented with FBS and Penicillin/Streptomycin, was also 

analysed in order to detect the presence and concentration of 3-HIVA in the culture 

medium itself. 

 

3.3.3.1: Organic acid extraction protocol 

A standard organic acid extraction protocol, usually performed on plasma, was 

followed for the media fractions. The extraction technique and detection of 3-HIVA by 

the GC-MS was tested using DMEM spiked with 3-HIVA (Warren Chem Specialities, 

CALCIHMB1). For these tests the final concentrations of 3-HIVA added to the 

medium were 10 µM, 5 µM and 1 µM.  

 

The organic acid extraction protocol used was as follows: 

For each sample analysed, the media was divided into two parts of 2 ml each and put 

into a kimax tube. 200 µl of 5 N HCl was added to lower the pH before addition of 20 

µl of a 3.2 mM solution of 3-phenylbutyric acid (Fluka Analytical, 78243) as IS. The 

final concentration of IS was therefore 29 mM. 

 

6 ml ethyl acetate (Merck, K40751923) was added to the sample, which was mixed 

for 30 min using a rotator. The sample was centrifuged for 10 min at 3000 x g for 

phase separation. The upper organic phase was then transferred to a new kimax 

tube. 

 

After this, 3 ml di-ethylether (Merck, K38751421) was added to the remaining lower 

phase in the first tube. The sample was mixed for 30 min using a rotator, and 

centrifuged for 10 min at 3 000 x g for phase separation. The upper layer was then 

added to the new kimax tube before addition of ± 100 mg Na2SO4 (Merck, 

A0041849), to dehydrate the sample. The tube was then vortexed and centrifuged for 

10 min at 3000 x g, before the supernatant was gently decanted to a smaller kimax 

tube.  

 

This sample was dried under nitrogen and the dry sample was derivatised using 40 

µl Bis(trimethylsallyl)trifluoroacetamide (BSTFA, Supelco Analytical, LB71519), 8 µl 

Trimethylchlorosilane (TMCS, Fluka Analytical, 92360) and 8 µl pyridine (Fluka 

Analytical, 82703) at 80ºC for 45 min. After allowing time for the samples to cool 
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down to room temperature they were carried over into pulled point 250 µl glass vial 

inserts (Agilent, 5183-2085), inserted into glass vials covered with rubber septa 

(Agilent, 5182-0731). 

 

3.3.3.2: GC-MS analysis 

The organic acids were analysed using a Hewlett Packard, model 6890/5973 GC-MS 

system with a 122-0132 DB-1ms capillary column (30 m x 0.25 mm x 0.25 µm) 

(Agilent Technologies, Chemetrix, Midrand, South Africa). A volume of 1 µl of the 

sample was loaded onto the column. Helium was used as a carrier gas at a pressure 

of 17.73 psi. The oven temperature program was started at 60ºC for 2 min, followed 

by a temperature ramp of 4ºC/min up to 120ºC, and then by 6ºC/min up to 285ºC. 

The temperature was kept at 285ºC for 2 min. The ionisation was done by electron 

impact at 70 eV and the MS was set to scanning mode. 

 

The resulting gas chromatogram and mass spectra were analysed using Agilent‟s 

Chemstation® and the ChromaTOF® software from LECO. 

 

3.3.4: Analysis of CoA-intermediates LC-MS/MS 

3.3.4.1: Sample preparation 

After collection of the medium the flasks containing the fibroblast fractions were put 

on ice in order to slow down the metabolic activities of the cells and to reduce the 

breakdown of coenzyme A (CoA). 

 

While still on ice, the cells were washed with ice cold PBS. The cells were then 

detached from the flasks by scraping in 750 µl ice cold PBS using a cell scraper. The 

cell and PBS mixture was then carried over into a 2 ml microcentrifuge tube (Simport, 

T330-72N) containing glass beads (Retsch, 22.222.0003). A volume of 1 ml ice cold 

methanol (Merck, 106009) was added to stop the metabolic reactions and precipitate 

the proteins. A vibration mill (Retsch, MM 400) was used at 25 Hz for 2 min to 

completely break the cells. Afterwards, 50 µl of each sample was taken in order to 

determine the concentration of proteins in the sample according to the method 

described in section 3.3.5.  

 

The rest of the sample was centrifuged for 15 min at 15 000 x g at 4° C in order to 

pellet all cell debris and precipitated proteins. The supernatant was carried over into 

a new 1.5 ml microcentrifuge tube (Greiner bio-one, 616 201) and most of the 

methanol removed by drying in a SpeedVac Concentrator (Thermo electron 
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corporation, Savant ISS110). The remaining sample was frozen at -80°C and dried 

completely using a freeze-drier (United Scientific, VirTis).  

 

3.3.4.2: LC-MS/MS analysis 

An Agilent 1200 series liquid chromatograph (Santa Clara, CA, USA) with a 96-well 

plate sampler was used for sample handling as well as mobile phase delivery. 

Samples (10 µL of each) were injected, and a constant flow rate of 0.2 mL/min was 

maintained throughout the run. The mobile phase consisted of 0.1% formic acid in a 

water:acetonitrile ratio of 50 : 50 (v/v).  

 

The tandem mass spectrometry (MS/MS) analysis was performed on an Agilent 6410 

Triple Quadrupole (Santa Clara, CA, USA) in positive ionisation. Samples were 

scanned for CoA‟s using a precursor ion scan, after controlled collision induced 

dissociation, with a fragmentor voltage of 160 V and collision energy of 28 V. 

 

3.3.5: Determination of protein concentration  

The bicinchoninic acid method was used to determine the concentrations of proteins 

in the cell fractions. This method relies on the fact that under alkaline conditions the 

peptide bonds found in proteins react with Cu2+ to produce Cu+. This Cu+ reacts with 

Bicinchoninic Acid (BCA) to form a purple compound which has a maximum 

absorbance at 562 nm. The more proteins in the mixture, the more intense the colour 

will be and the higher the absorbance at 562, thus allowing for the quantification of 

proteins.  

 

The major advantages of this method are its high sensitivity (as low as 0.5 µg 

protein/ml can be detected) and that it is more tolerant of compounds such as Tris 

and EDTA, which would interfere with methods like the Lowry assay (Wilson & 

Walker).  

 

For each reaction 200 µl of a 50:1 mixture of Bicinchoninic Acid solution (Sigma, 

B9643) and copper(II) sulphate solution (Sigma, C2284) was added to 10 µl sample 

in a 96-well plate. Bovine serum albumin (BSA) was used to create a standard curve 

with the following concentrations: 0 µg/µl, 2 µg/µl, 4 µg/µl, 6 µg/µl, 8 µg/µl and 10 

µg/µl. The mixtures were then incubated at 37°C for 30 min before reading the plate 

using a plate reader (Synergy HT plate reader and Gen5 software, Biotek 

Instruments). 
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3.4: Results and discussion 

3.4.1: Leucine loading, organic acid extraction and GC-MS analysis 

To remove metabolites resulting from catabolism of L-leucine from the medium of the 

fibroblast cell cultures, the existing leucine in the transformed fibroblast cell cultures 

needed to be depleted. The purpose of using 5 mM D10-Leucine, which is high 

compared to the approximate 0.8 mM L-Leucine usually present in DMEM, was to 

load the leucine catabolic pathway and increase the amount of 3-HIVA formed by 

these cells. The organic acid extraction was done to remove unwanted compounds 

from the samples and increase the concentration of 3-HIVA in the samples prior to 

GC-MS analysis.  

 

The leucine loading protocol described in section 3.3.3 increased the amount of 3-

HIVA formed by the cells and did not appear to have any adverse effects on the cells. 

The organic acid extraction protocol (section 3.3.3.1) and GC-MS analysis (section 

3.3.3.2) proved suitable for the analysis of 3-HIVA in DMEM.  

 

The analysis of the CoA-intermediates of the leucine pathway was not possible, as 

there were no CoA peaks detected during LC-MS/MS analysis. The reason for this 

was that the concentrations of the CoA-intermediates were too low.  

 

3.4.1: 3-Hydroxyisovaleric acid analysis of commercial DMEM 

The concentration of 3-HIVA present in commercial DMEM was needed in order to 

determine how much of the measured 3-HIVA in the medium was produced by the 

various transformed fibroblast cell cultures. The concentration of 3-HIVA in 

commercial DMEM was determined using the same organic acid extraction and GC-

MS protocols as described in sections 3.3.3.1 and 3.3.3.2. The average 

concentration of 3-HIVA present in commercial DMEM was 208 nM. Using the 

abovementioned GC-MS protocol, the derivatised 3-HIVA (di-TMS-3-HIVA) had a 

retention time of approximately 15.78 min. 

 

Commercial DMEM was also spiked with 3-HIVA in order to obtain the mass 

spectrum produced by di-TMS-3-HIVA with the MS parameters described in 3.3.3.2. 

This mass spectrum was then compared to the mass spectrum of di-TMS-3-HIVA 

produced by the transformed fibroblast cell cultures after D10-leucine loading. The 

mass spectrum of di-TMS-3-HIVA obtained from DMEM loaded with 10 µM 3-HIVA, 

and with the conditions set as described in section 3.3.3.2, is shown in Figure 3.3.  
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Figure 3.3: Mass spectrum of di-TMS-3-HIVA obtained from DMEM 

spiked with 10 µM 3-HIVA. This mass spectrum shows the abundance and mass to 

charge ratio (m/z) of the fragments resulting from the electron impact fragmentation. The red 

block shows a peak at an m/z of 131. The green block shows a peak at an m/z of 247. 

 

The expected m-15 peak (resulting from the loss of a methyl group due to ionisation) 

at an m/z of 247 is present (shown in green), as well as the expected peaks from 

TMS (m/z of 73) and di-TMS (m/z of 147). There is also a large peak at an m/z of 131 

(shown in red) which seemed to be the result of fragmentation between the 

secondary and tertiary carbons of the original 3-HIVA molecule. This fragmentation is 

represented visually in Figure 3.4. The other prominent peaks (m/z of 95, 115 and 

205) are most likely due to recombination of several fragments and it is extremely 

difficult to elucidate which parts of the compound they consist of. This was, however, 

not necessary for the aims of this experiment. 

 

 

 



 

55 

 

 

Figure 3.4: Possible fragmentation of di-TMS-3-HIVA leading to the 

fragments shown in Figure 3.3. Fragmentation at the red line leads to the formation 

of two fragments with a mass of 131 (shown in red box). Fragmentation at the green line 

results in the m-15 mass of 247 (shown in green box).  

 

3.4.2: Analysis of 3-hydroxyisovaleric acid from culture media of 

transformed fibroblast cell cultures after D10-leucine loading 

The mass spectra of di-TMS-3-HIVA formed by the cohort of transformed fibroblast 

cell cultures after D10-Leucine loading was used to elucidate during which enzymatic 

step in the leucine catabolic pathway it was produced.  

 

The gas chromatograms of the culture media of the five transformed fibroblast cell 

cultures (NWU001, NWU002, CON001, CON002 and MCC001) after D10-leucine 

loading all showed large peaks of non-deuterated di-TMS-3-HIVA at the expected 

retention time of about 15.78 min. Critical analysis of the mass spectrum of a peak 

just preceding the non-deuterated peak in all the samples showed that this preceding 

peak (retention time of 15.67 min) produced a similar fragmentation pattern to that 

produced by di-TMS-3-HIVA, with some minor differences. The gas chromatogram 

obtained from the culture medium of MCC001 after D10-Leucine loading, showing 

the two abovementioned peaks, is given in Figure 3.5.  
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Figure 3.5: Gas chromatogram obtained from the culture medium of 

MCC001, after D10-Leucine loading. The smaller peak to the right (a, retention time 

of approximately 15.78 min) was produced by di-TMS-3-HIVA. The larger peak to the left (b, 

retention time of approximately 15.67 min) had a fragmentation pattern similar to di-TMS-3-

HIVA, with some minor differences. 

 

The fragmentation pattern of the peak preceding that of di-TMS-3-HIVA (b in Figure 

3.5) seemed to indicate that this peak contained deuterated di-TMS-3-HIVA. This 

seemed plausible as small molecules containing several deuterium atoms usually 

have decreased retention times during GC than their non-deuterated isotopes 

(Matucha et al., 1991). Figure 3.6 shows the mass spectra produced by the 

deuterated (b) and non-deuterated (a) di-TMS-3-HIVA obtained from MCC001‟s 

culture medium after D10-Leucine loading. 
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Figure 3.6: Mass spectra of non-deuterated (a) and deuterated (b) di-

TMS-3-HIVA obtained from the culture medium of fibroblasts from 

MCC001. These mass spectra show the abundance and mass to charge ratio (m/z) of the 

fragments resulting from the electron impact fragmentation. The red and green blocks show a 

shift in the m/z ratio of two of the fragments.  

 

The spectrum of the deuterated di-TMS-3-HIVA (b) showed an m-15 of 251 as 

opposed to 247 (green blocks) in that of non-deuterated di-TMS-3-HIVA (a). It 

seemed, therefore, that the marked molecule contained 4 deuterium atoms, as the 

m/z ratio goes up by one m/z value for every deuterium atom present in the fragment. 

However, the peak of 131 in the non-deuterated di-TMS-3-HIVA (a) has shifted to 

137 in the deuterated molecule (b), which seemed to indicate that that fragment 

contained 6 deuterium atoms (red blocks). After studying the different fragmentation 

possibilities it seemed the only explanation of the m-15 of 251 is due to the loss of a 
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methyl group containing 3 deuterium atoms and that the molecule is marked with a 

total of 7 deuterium atoms. The probable fragmentations leading to the fragments 

with an m/z of 137 and 251 are shown in Figure 3.7.  

 

 

Figure 3.7: Probable fragmentation of deuterated di-TMS-3-HIVA 

obtained from fibroblasts of MCC001, explaining the mass spectrum 

shown in Figure 3.5. Fragmentation at the red line leads to the formation of two 

fragments with masses of 132 and 137 (shown in red box). As there is no peak at m/z of 132 

shown in the mass spectrum, this fragment is probably fragmented further and/or recombined 

with other fragments. Fragmentation at the green line results in the m-15 mass of 251 (shown 

in green box). 

 

The mass spectra obtained from the deuterated di-TMS-3-HIVA from all of the 

samples following D10-leucine loading are shown in Figure 3.8. These spectra 

showed the same fragmentation pattern and masses as was obtained from the 

culture medium of the fibroblasts of MCC001. 
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Figure 3.8: Mass spectra of deuterated di-TMS-3-HIVA obtained from 

NWU001, NWU002, CON001 and CON002. The mass spectra of the deuterated di-

TMS-3-HIVA from all of these samples showed fragments with the same m/z ratio as that of 

the deuterated di-TMS-3-HIVA obtained from MCC001. 

 

This fragmentation pattern proved that the deuterated 3-HIVA formed by all of these 

fibroblasts did originate from the leucine catabolic pathway. It also proved that the 

measured 3-HIVA did not originate from a point after the intermediate 3-

methylcrotonyl-CoA, nor could it be the result of reverse reactions from any 

intermediates after 3-methylcrotonyl-CoA. This meant that the deuterated 3-HIVA 

originated from either isovaleryl-CoA or 3-methylcrotonyl-CoA (See leucine catabolic 

pathway, Figure 3.1). However, all the samples contained high amounts of non-

deuterated di-TMS-3-HIVA and this had to be investigated. 

 

3.4.3: Concentration of unmarked di-TMS-3-HIVA after D10-leucine 

loading 

As the cells were incubated in L-leucine free DMEM for 24 hours before changing 

media to L-leucine free DMEM containing a high concentration of D10-leucine, it was 

expected that there would be very little non-deuterated metabolites from the leucine 

pathway present in the media. However, the gas chromatograms obtained from 

NWU002, CON001 and CON002 showed larger non-deuterated peaks of di-TMS-3-

HIVA than that of its deuterated counterpart, while NWU001 and MCC001‟s gas 

chromatograms showed larger deuterated peaks than non-deuterated peaks. The 
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gas chromatograms of all the samples showing their deuterated and non-deuterated 

peaks of di-TMS-3-HIVA are shown in Figure 3.9. 

 

 

Figure 3.9: Gas chromatograms of CON001, CON002, NWU001 and 

NWU002, showing the non-deuterated (a) and deuterated (b) peaks of di-

TMS-3-HIVA. The gas chromatograms of CON001, CON002 and NWU002 each show 

deuterated peaks (b) of di-TMS-3-HIVA to the left and non-deuterated peaks (a) of di-TMS-3-

HIVA to the right. 

 

 

The gas chromatograms of CON001, CON002 and NWU002 each show deuterated peaks (b) 

of di-TMS-3-HIVA to the left and non-deuterated peaks (a) of di-TMS-3-HIVA to the right. 

 

The concentrations of non-deuterated 3-HIVA present in the culture media following 

D10-leucine loading were calculated using the internal standard 3-phenylbutyric acid. 

Table 3.1 shows the average concentrations of non-deuterated di-TMS-3-HIVA 
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present in each sample. These values were exponentially higher than that of di-TMS-

3-HIVA detected in commercial, unused media, which was 208 nM (see section 

3.4.1).  

Table 3.1: Average concentrations of unmarked di-TMS-3-HIVA present in the 

media of different samples after D10-leucine loading  

Sample di-TMS-3HIVA 
(µM) 

CON001 854 

CON002 454 

NWU002 298 

NWU001 189 

MCC001 419 

 

These high concentrations seemed to indicate that the non-deuterated di-TMS-3-

HIVA present in the samples were not simply due to the presence of 3-HIVA in 

unused DMEM, but were formed by the fibroblasts. I could come up with two main 

theories as to where these high levels of non-deuterated di-TMS-3-HIVA could 

originate from. The first and most probable answer seemed to be that the fibroblasts 

were utilising unmarked leucine originating either from the FBS added to the culture 

media prior to the D10-leucine loading, or from L-leucine still present within the cells 

at the start of the D10-leucine loading, or from both. The second possibility was that 

the non-deuterated 3-HIVA originated outside the leucine catabolic pathway. A 

possible source of 3-HIVA outside the leucine pathway is the mevalonate shunt 

(Edmond and Popják, 1974), which will be discussed in more detail later in this 

chapter. 

 

3.4.3.1: Relative concentrations of marked and unmarked di-TMS-3-HIVA 

The relative concentrations of the deuterated and non-deuterated di-TMS-3-HIVA 

were calculated and the results were normalised using the protein concentration 

taken from the cell fraction. The determination of protein concentration is discussed 

in section 3.3.5. The normalised concentrations of deuterated and non-deuterated di-

TMS-3-HIVA are given in Table 3.2. 
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Table 3.2: Normalised relative concentrations of marked and unmarked di-TMS-

3-HIVA in culture media after D10-Leucine loading 

Sample di-TMS-3-HIVA 
(µM/µg prot) 

D7 di-TMS-3-HIVA 
(µM/µg prot) 

D7 di-TMS-3-HIVA /     
di-TMS-3HIVA 

CON001 4.958 0.621 0.125 

CON002 7.303 3.18 0.435 

NWU002 2.327 1.874 0.805 

NWU001 3.601 9.236 2.56 

MCC001 3.985 23.6 5.922 

 

The concentrations of deuterated di-TMS-3-HIVA were very variable between the 

different samples (0.621 – 23.6 µM/µg protein), while the concentrations of non-

deuterated di-TMS-3-HIVA were much more similar between samples (2.327 – 7.303 

µM/µg protein). 

 

The level of deuterated di-TMS-3-HIVA was much higher in that of the MCC positive 

control (MCC001) individual‟s fibroblasts (23.6 µM/µg protein) than in any of the other 

samples. This was to be expected, as the deuterated 3-HIVA definitely did originate 

from the leucine catabolic pathway and MCC001 had a deficiency of one of the 

enzymes in the pathway (MCC-deficiency) known to increase excretion of 3-HIVA. 

The concentration of unmarked di-TMS-3-HIVA in the culture medium of MCC001‟s 

cultured fibroblasts (3.985 µM/µg protein) was, however, well within the range of the 

other samples and even less than that of both negative controls (4.958 and 7.303 

µM/µg protein, respectively).  

 

The slightly higher levels of both marked and unmarked di-TMS-3-HIVA in CON002 

seemed to indicate that the protein concentration determination was not a definitive 

method for normalisation between samples. For instance, it could be that these cells 

had a slightly higher metabolic rate at the time of the D10-leucine loading than the 

other samples. In order to correct for such variations, the ratio between deuterated 

and non-deuterated di-TMS-3-HIVA was calculated. 

 

As is seen in Table 3.2, MCC001 had the highest deuterated/non-deuterated ratio of 

all the samples (5.922), followed by firstly the symptomatic male NWU001 (2.56) and 

then his asymptomatic sibling, NWU002 (0.805). The two normal controls had the 

lowest deuterated/non-deuterated ratio (0.125 and 0.435, respectively). This seemed 

to correlate with the elevated levels of 3-HIVA present in the urine of NWU001 and 

NWU002. 
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3.4.3.2: Origin of unmarked di-TMS-3-HIVA 

Aliquots of the same culture media were used for the D10-leucine loading of all the 

fibroblast cultures. Therefore, if the non-deuterated 3-HIVA in the media did originate 

from a source of L-leucine present in either the media or the cells themselves, it 

would be expected that the concentration of non-deuterated di-TMS-3-HIVA obtained 

from the MCC-deficient MCC001 would also be much higher than that of the non-

deuterated di-TMS-3-HIVA obtained from the other samples. The absence of an 

increased concentration of non-deuterated di-TMS-3-HIVA would seem to suggest 

that most of the unmarked 3-HIVA present in MCC001‟s culture media did not 

originate from a source of L-leucine. Currently, there is no known source of 3-HIVA in 

human metabolism other than the leucine catabolic pathway (Human Metabolome 

Database). 

 

One possible source of 3-HIVA other than leucine is the mevalonate shunt, which 

was first proposed by Edmond and Popják (1974). In this pathway mevalonate is 

converted to 3-methylglutaconyl-CoA (intermediate nr. 5 of the leucine pathway, 

shown in Figure 3.1) and back to mevalonate via 3-hydroxy-3-methylglutaryl-CoA 

(intermediate nr. 6 of the leucine pathway) in a continuous cycle, as is shown in 

Figure 3.10. The mevalonate shunt pathway has been described in some detail 

(Brady et al., 1982; Weinstock et al., 1984), however, it has never been linked to the 

formation of 3-HIVA.  

 

Figure 3.10: Possible pathway leading to the formation of 3-HIVA via the 

mevalonate shunt. A shunt of 3-hydroxy-3-methylglutaryl-CoA to mevalonate could lead 

to the formation of 3-methylglutaconyl-CoA, which, in turn, could lead to formation of 3-HIVA 

via 3-methylcrotonyl-CoA (Adapted from Brady et al., 1982). 
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The reaction preceding 3-methylglutaconyl synthesis in the leucine pathway is 

reversible and could lead to the formation of 3-methylcrotonyl-CoA, which could then 

be converted to 3-HIVA. Therefore, it seems possible that an increase in the activity 

of the shunt of mevalonate to 3-methylglutaconyl-CoA could lead to the formation of 

3-HIVA. 

 

However, if the non-deuterated 3-HIVA formed by the cultured fibroblasts during 

D10-Leucine loading did indeed originate from the mevalonate shunt, the 3-hydroxy-

3-methylglutaryl-CoA from which the mevalonate was formed would also have to be 

non-deuterated (i.e., not originating from the leucine pathway). As is shown in Figure 

3.10, 3-hydroxy-3-methylglutaryl-CoA can be formed by HMG-CoA synthase from 

acetoacetic acid and acetyl-CoA, for which there are various sources in the human 

body.  

 

3.5: Summary 

The aim of this part of the study was to investigate the origin of the elevated 

diagnostic metabolite 3-HIVA. This was done using mass spectrometry and 

transformed fibroblast cell cultures of affected individuals, control individuals and an 

MCC-deficient individual, cultured in media supplemented with D10-leucine stable 

isotope. An organic acid extraction and GC-MS analysis were done on the media 

fractions of these fibroblasts, and the cell fractions were analysed for the relative 

concentrations of the CoA-intermediates of the leucine catabolic pathway using 

MS/MS.  

 

It was not possible to detect the CoA-intermediates with the MS/MS analysis. This 

was probably due to the concentrations of the CoA-intermediates being too low. As a 

result, this approach was not pursued further. 

 

The gas chromatograms obtained from all the fibroblasts‟ media fractions showed 

two peaks of derivatised 3-HIVA, one marked with 7 deuterium atoms and the other 

one not containing any deuterium atoms (Figures 3.5 and 3.9). The mass spectra of 

the deuterated 3-HIVA showed that it was formed from an intermediate in the leucine 

catabolic pathway no lower than 3-methylcrotonyl-CoA (Figures 3.6 and 3.8).  
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The concentrations of the metabolites were normalised using the protein 

concentrations of the cell fractions of each sample. The concentrations of the 

deuterated 3-HIVA varied greatly between samples, with a mayor increase observed 

in MCC001, while NWU001 had a moderate increase (Table 3.2). The concentrations 

of the non-deuterated 3-HIVA were much more similar between samples (Table 3.2), 

which seems to indicate that the non-deuterated 3-HIVA did not originate from a 

source of L-leucine in the media or the fibroblasts themselves. 

 

There is currently no known source of 3-HIVA in human metabolism except for the 

leucine catabolic pathway (Human Metabolome Database). A possible explanation 

for the presence of the non-deuterated 3-HIVA is the mevalonate shunt (Edmond & 

Popyak, 1974; Brady et al., 1982). This possibility requires further study. 
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Chapter Four  

Conclusion

 

 

This chapter includes a summary of the results obtained, shortcomings of the 

experiments and recommendations for further study with regard to this project. 

 

This study revolved around a family in which four male members had abnormal 

metabolic profiles similar to atypical MCC-deficiency, a disorder of leucine 

catabolism. The abnormal metabolic profile consisted of high urinary 3-HIVA and 

trace amounts of 3-methylcrotonylglycine. Further testing showed that the abnormal 

metabolic profile was not caused by MCC-deficiency (L. Zandberg M.Sc., 2006). It 

seemed, therefore, that these male individuals had an unknown IEM, which was 

somehow linked to the leucine catabolism. The inheritance pattern of the abnormal 

metabolic profile suggested a link to the X-chromosome. 

 

Therefore, the main objectives of this study were to: 

1. Critically analyse the SNP and CNV status of the X-chromosomes of the 

participating family members, using the Affymetrix® Genome-Wide Human SNP 

Array 6.0 

2. Investigate the origin of the elevated diagnostic metabolite 3-HIVA, using mass 

spectrometry and cultured fibroblasts of affected individuals, in culture media 

supplemented with D10-leucine stable isotope. 

 

This chapter will be divided into two sections, one for each of the abovementioned 

aims. 

 

Section 1 

Critical analysis of the SNP and CNV statuses of the X-chromosomes of the 

participating family members, using the Affymetrix® Genome-Wide Human SNP     

Array 6.0 
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SNP6 array data of NWU001 and NWU002 was generated previously (L. Zandberg, 

M.Sc.). Genomic DNA was isolated from NWU005 and NWU006 and used to 

generate SNP6 array data for these two individuals as well. 

 

This study assumed the abnormal metabolic profile present in some of the male 

family members is linked to the X-chromosome, based on the inheritance pattern of 

the abnormal metabolic profile (Figure 1.6). The generated SNP6 data was used to 

investigate only the X-chromosomes of the participating family members.  

 

The SNP6 array data generated from each individual (NWU001, NWU002, NWU005 

and NWU006) seemed to be of good quality and passed the various QC metrics built 

into Genotyping Console®, version 3.0.1 (Table 2.3). 

 

The biggest shortcomings of the SNP analysis were the small size of the sample 

group (4 samples) and the close relation between the four individuals analysed with 

the arrays. This eliminated the possibility of using standard association study 

methods, which are normally the most powerful tools when using global methods 

such as these arrays. This study could be greatly improved by adding more family 

members who are positive for the abnormal metabolic profile (such as NWU003 and 

NWU004, see Figure 1.6). Closely related male family members could also be tested 

for the metabolic profile and, if found negative, could serve as negative controls. This 

would serve to improve the statistical relevance of each SNP call and greatly reduce 

the amount of background noise. There was unfortunately hesitation from some of 

the other family members to participate in this study. 

 

As a standard association study was not possible for analysing the SNP data, a 

unique method was developed for identifying regions of possible interest on the X-

chromosomes of the participating family members. The SNP data was used in order 

to determine which sections of their X-chromosomes the two brothers inherited from 

the same maternal X-chromosome, as any causative genetic factors should be found 

in these regions.  

 

Using the unusual method for analysing the SNP data as described above, the 

regions of interest on the X-chromosome (which is approximately 155,000 kb in 

length) were reduced to two large sections on the chromosome (approximately 

19,848 kb and 24,346 kb, respectively). NWU001 and NWU002 seemed to have 

inherited these two sections from the same maternal X-chromosome. The size of 
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these two regions could possibly have been greatly reduced by the addition of 

NWU003 and NWU004 to the study, as they are also positive for the abnormal 

metabolic profile. Nevertheless, a list of all the known genes present in these two 

regions was created and studied for a link to the abnormal metabolic profile, but no 

clear link could be found.  

 

The reliability of the SNP arrays was called into question by 58 SNP calls on the X-

chromosome which violated Mendelian inheritance, as well as 27 of NWU005‟s 

heterozygous SNP calls which were called to be shared by the brothers, but which 

did not fall within the two large sections shared by the brothers. Certain of these SNP 

calls, as well as some from the large recombinant sections the brothers shared, were 

chosen for verification by sequencing. All 12 of the chosen SNP calls from the large 

recombinant sections were shown to be correct for NWU001, NWU002 and 

NWU005, while the calls for the 5 recombinant outliers and 4 calls violating 

Mendelian inheritance were all incorrect for one of the three individuals. These 

results seemed to show that the heterozygous calls made by the array were the least 

accurate. The number of erroneous calls made by the SNP arrays was still well 

below the 1% error rate expected for samples with a contrast QC value above the 

default threshold of 0.4. 

 

The filters for making a CNV call was set to a size of at least 1 kb, with at least 2 

probes in the segment. There were a total of 28 CNVs called between the four 

samples (NWU001, NWU002, NWU005 and NWU006), most of them in regions with 

known CNVs. NWU001 and NWU002 only shared three of these CNVs, all of them 

known variations and not associated to any disease phenotype. All the genes within 

the areas affected by CNVs were studied, and no link between the CNVs and the 

abnormal metabolic profile could be seen.  

 

In the case of the CNV analyses, it seems that adding more positive controls would 

not be of much help, as there were only a few CNVs called on the X-chromosome 

and these could be studied individually. There seems to be a shortcoming in the 

software itself, in that the software assumes the outer boundaries of a segment with 

a copy number change to be those of the actual probes with a copy number change 

and not the inside boundaries of the first probes adjacent to the segment. In this 

manner it is possible to easily miss possible CNVs. 
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In summary, this study did not serve to prove or disprove the theory that the 

abnormal metabolic profile seen in these individuals is linked to the X-chromosome, 

although it did serve to reduce the area of focus on the X-chromosome to two large 

sections of 19,848 kb and 24,346 kb, respectively. 

 

Section 2 

Investigation into the origin of the elevated diagnostic metabolite 3-HIVA, using mass 

spectrometry and cultured fibroblasts of two affected individuals (NWU001 and 

NWU002), two normal controls (CON001 and CON002) and an MCC-deficient 

individual (MCC001), cultured in media supplemented with D10-leucine stable 

isotope. 

 

The transformed fibroblast cell cultures were depleted of leucine for 24 hrs before 

incubation in DMEM supplemented with 5 mM D10-Leucine for 48 hrs. The leucine 

depletion and D10-leucine loading protocol used on the cultured fibroblasts seemed 

sufficient and did not appear to have any noticeable adverse effects on the cultured 

fibroblasts.  

 

After D10-Leucine loading the cultured fibroblast cell fractions were analysed for the 

relative concentrations of the CoA-intermediates of the leucine pathway using LC-

MS/MS. It was, however, not possible to detect any CoA-intermediates of the leucine 

pathway, probably due to the concentrations of these intermediates being too low. 

 

The GC-MS analyses on the culture medium of the cultured fibroblasts after D10-

Leucine loading showed two peaks of derivatised 3-HIVA (di-TMS-3-HIVA). The 

mass spectra of these peaks indicated that one of them contained deuterated di-

TMS-3-HIVA, while the other contained non-deuterated 3-HIVA. 

 

The mass spectra of the deuterated di-TMS-3-HIVA showed that the deuterated 3-

HIVA was formed from either isovaleryl-CoA or 3-methylcrotonyl-CoA. If there was 

any 3-HIVA formed from the reverse reaction of 3-methylglutaconyl-CoA (the 

intermediate following directly after 3-methylcrotonyl-CoA, see Figure 3.1), it was 

negligible. As was expected, the concentration of deuterated di-TMS-3-HIVA from 

MCC001‟s fibroblasts‟ medium was much higher than those of the other samples. 

The concentrations of deuterated di-TMS-3-HIVA from NWU001 was also markedly 

higher than the two negative controls (CON001 and CON002), but not as high as 

MCC001. 
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The concentration of non-deuterated di-TMS-3-HIVA from MCC001‟s fibroblasts‟ 

medium was not higher than that of the other samples (NWU001, NWU002, CON001 

and CON002). As all the samples were incubated in aliquots of the same culture 

medium, if the non-deuterated 3-HIVA was formed primarily from a source of L-

leucine, it would be expected that the concentration of non-deuterated 3-HIVA 

produced by MCC001‟s fibroblasts would also be much higher than that of the other 

samples. It seems, therefore, that this non-deuterated 3-HIVA primarily originates 

from a source other than L-leucine. Currently, there are no known sources of 3-HIVA 

in human metabolism other than the leucine catabolic pathway (Human Metabolome 

Database).  

 

A possible explanation for the presence of the non-deuterated 3-HIVA is the 

mevalonate shunt pathway. This pathway leads to the formation of 3-

methylglutaconyl-CoA, the intermediate following directly after 3-methylcrotonyl-CoA 

(Edmond & Popyak 1974). As the 3-methylcrotonyl-CoA carboxylase reaction is 

reversible, it is possible that the non-deuterated 3-HIVA is formed from the 

conversion of 3-methylglutaconyl-CoA, originating from the mevalonate shunt 

pathway, to 3-methylcrotonyl-CoA, which could be metabolised to 3-HIVA.  

 

The role of the mevalonate shunt in the formation of the non-deuterated 3-HIVA 

would have to be studied further. A recommendation for further study would be to 

culture the fibroblasts used in this study in DMEM supplemented with deuterated 

mevalonate, as well as a statin, such as lovastatin, to prevent formation of non-

deuterated mevalonate from 3-hydroxy-3-methylglutaryl-CoA. The same organic acid 

extraction and GC-MS analyses could then be used to determine whether there is 

any deuterated 3-HIVA formed from the deuterated mevalonate. 

 

A mayor shortcoming of this study is the use of transformed fibroblast cell cultures. 

While using cell cultures has many advantages, it does not represent the complete 

metabolism of the individual. This study could possibly be improved by administering 

deuterated leucine, as well as deuterated mevalonate, to the individuals involved. 

This would have to be done in a strictly controlled environment. 
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