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Abstract
Hunter disease (mucopolysaccharidosis type II or MPS II) is an X-linked recessive 

lysosomal storage disease resulting from a deficiency of L-iduronate 2-sulphate-sulphatase 

(IDS) (EC 3.1.6.13), which is involved in the catabolism of glycosaminoglycans (GAGs). 

The gene has been mapped to chromossome Xq28.1 and a 2.3 kb cDNA clone covering the 

entire coding sequence of human IDS has been isolated and sequenced. The organization of 

the coding sequences within the IDS gene has also been determined. The presence of a 

pseudogene which is highly homologous to exons 2 and 3 and introns 2, 3 and 7 in the 

functional gene is reported in the literature. Mutation analysis has been carried out to 

identify the primary genetic defect in 34 patients who had been diagnosed clinically and/or 

enzymically as suffering from Hunter disease. Genomic DNA was screened to detect large 

deletions in the IDS gene by using PGR reactions specific for the 5' and 3' ends of the gene. 

Complete deletion of the gene was found in three patients with the severe form of the 

disease. To characterize the mutations in the remaining 31 patients each exon was amplified 

by PCR followed by SSCP analysis and sequencing. All 9 exons from controls and each of 

the patients amplified successfully with one exception in which exon 4 appeared to be 

deleted. An SSCP change was detected in 28 out of 30 of these patients. Heterozygosity 

was observed in exon 3 at position +12, in patients and controls, a position at which there 

is a discrepancy between the 2 published sequences for the gene. This is an indication of 

the presence of more than one X-chromosome, duplication of part of the gene or a 

pseudogene. Six point mutations previously described in a number of patients of unrelated 

origin were identified in 9 of our patients, making these codons possible "hot spots" for 

mutations in the Hunter gene. 16 novel mutations were found which are predicted to be the 

disease-causing mutations because they cause frame-shifrs, changes in the charge of an 

amino acid side chain or affect the splicing of mRNA. They are spread all over the gene 

and occur in patients with mild, intermediate and severe forms of the disease. An attempt 

was made to correlate genotype and phenotype in these patients.

A benign deficiency (pseudodeficiency) of the lysosomal enzyme, arylsnlphatase A 

(ASA) (EC 3.1.6.8) towards the synthetic substrates, complicates the diagnosis of
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metachromatic leukodystrophy (MLD). It is due to a single base change in the 3'- 

untranslated region of the gene (1524+95 A>G). This mutation (PD2) has always been 

reported to occur on a chromosome carrying a second mutation in the ASA gene, PDl, 

which abolishes an N-glycosylation site (N350S). In the present study, analysis of the two 

PD mutations in the ASA gene, separately and together in a compound allele, was carried 

out in a large group of subjects with neurological symptoms and low ASA activity, including 

close relatives and MLD patients and correlated with ASA activity. A strategy for genetic 

counselling and prenatal diagnosis in families of individuals with low ASA activity and 

neurological symptoms carrying a PD allele or both PD and MLD alleles has been proposed 

based on these results. In cases with low ASA and neurological symptoms but no indication 

of MLD the PDl and PD2 mutations are detected separately. If family studies cannot reveal 

the phase of the 2 mutations for a heterozygous patient, then the PD test (i.e. for the allele 

containing both PDl and PD2) is applied. For those families carrying both MLD and PD 

mutations, testing for PDl and PD2 and the MLD mutation(s) if known can clarify the basis 

of the low ASA activity. When the MLD mutation(s) is not known or if it is in the same 

allele as the PD2 mutation, the sulphatide loading test has to be used to resolve the problem.
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Chapter 1 

Introduction

1.1 The lysosomal system

It has been 40 years since the classic studies from de Duve and his collègues resulted 

in the discovery of lysosomes as a group of cytoplasmic particles that contained numerous 

hydrolases with an acidic pH-optimum (de Duve et al., 1955). Examination by electron 

microscopy of the lysosomal fraction isolated from rat liver by centrifugation, revealed 

particles less than a micron in diameter containing heterogeneous electron-dense material 

within a single continuous membrane (Novikoff et al., 1956). These dense bodies stained for 

acid phosphatase, confirming that they were identical to the lysosomes isolated by De Duve 

by centrifugation. Such particles had been observed previously as pericanalicular bodies in 

intact liver cells (Novikoff et al., 1953). Subsequently, lysosomes have been identified in 

nearly all eukaryotic cells by microscopic or biochemical techniques.

Lysosomes contain a mixture of degradative enzymes, mostly hydrolases, with 

characteristic acidic pH-optima between 3.5 and 5.5. Together, they have the ability to break 

down complex carbohydrates, lipids, nucleic acids and proteins to their constituent low- 

molecular-weight components. Lysosomes which do not contain any material undergoing
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digestion are called primary lysosomes, while those involved in the digestion of 

macromolecules are called secondary lysosomes. The differentiation between those two 

organelles can be made morphologically by visualizing partially digested or indigestible 

material in the lumen of secondary lysosomes (Winchester, 1992). Lysosomes are generally 

formed in response to metabolic needs and are actively involved in digestion. De Duve 

proposed that lysosomes have a single function, of acid digestion, implying that lysosomes 

are also the final compartment for macromolecules that are destined for degradation, 

whether they are derived from the extracellular space (via heterophagy) or from within the 

cell (via autophagy). It is now known that the lysosome system has an important role in 

many cellular functions including the processing of proteins, proteolytic activation of 

hormones and regulation of cholesterol synthesis, with intracellular digestion being its 

principal function. The cellular mechanisms by which material to be digested is transported 

to the lysosomal system have been studied both by microscopical and biochemical 

techniques.

The term heterophagy refers to a variety of cellular processes that lead to the 

internalization of extracellular material. There are two main routes depending on the nature 

of the material to be transported: phagocytosis for solid particles and pinocytosis for 

extracellular fluid. In both routes, extracellular material becomes surrounded by a portion 

of the cell plasma membrane which invaginates to form a membrane-bounded cytoplasmic 

vesicle. In phagocytosis a specific interaction is required, which is mediated by cell surface 

receptors, between the material to be digested and the cell surface. Phagocytic vesicles 

(phagosomes), fuse with early and late endosomes to form phagolysosomes, bringing 

together the catabolic enzymes and their substrates within a secondary lysosome where the 

internalized material is broken down. In pinocytosis there is a non-selective uptake of 

extracellular material. The pinocytic vesicles can fiise with different endosome populations 

before lysosomal degradation. Extracellular material can also be pinocytosed selectively by 

binding to receptors on the plasma membrane. This process is called receptor-mediated 

endocytosis. Ligands bind to the cell-surface receptors that accumulate in clusters in
I

clathrin-coated pits on the cell surface. The ireceptor-ligand .complex is internalized by 

invagination of the plasma membrane and the vesicles formed either lose their coats as they
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are formed or very soon afterwards to produce smooth-surfaced vesicles called endosomes, 

with a relatively low pH, < 6.5, which causes dissociation of most receptors and ligands. The 

invaginated material passes sequentially through at least two different subpopulations of 

endosomes, early and late, (Schmid et al., 1988) before reaching the hydrolase-rich, heavier 

lysosome.

The term autophagy characterizes the process by which cells break down their own 

components (Pfeiffer, 1987). The size of the material to be digested can give rise to two 

different types of autophagy: macroautophagy, for mitochondria and membrane fragments, 

and microautophagy, for glycogen particles and soluble proteins. It occurs in two stages: 

first, a portion of the cytoplasm is trapped in a membrane-bound vacuole, called an 

autophagosome, and secondly, these vacuoles acquire lysosomal hydrolases by fusion either 

with new enzyme-containing vacuoles or with secondary lysosomes and, as digestion 

begins, become autolysosomes.

1.2 Biosynthesis and intracellular transport of lysosomal 

enzymes

Lysosomes contain at least 60 enzymes with pH optima ranging fi'om 3 to 5.6, which 

are known as acid hydrolases, most of them acting in a sequential manner such that terminal 

residues fiom the substrates are removed by a stepwise degradation where one enzyme 

prepares the substrate for the next one. It is believed that different types of lysosomal 

enzymes exist together in the same lysosomal vacuoles and are believed to be stabilized by 

the presence of their substrates. Lysosomal enzymes are glycoproteins, with the carbohydrate 

component playing a crucial role in their intracellular transport and localization in 

lysosomes.

1.2.1 Phosphorylation of lysosomal enzymes

As in endocytosis, the pathway of enzyme biosynthesis involves transport through
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multiple compartments prior to reaching lysosomes. Lysosomal hydrolases are synthesized 

in the form of larger inactive precursors that undergo extensive posttranslational 

modifications during transport from their site of synthesis on ribosomes associated with the 

rough endoplasmic reticulum (RER) to lysosomes (von Figura and Hasilik, 1986; Ginns, 

1986; Komfeld, 1987) (Figure 1.1). The initial steps in the biosynthesis of soluble lysosomal 

enzymes are shared with secretory proteins. They are, insertion into the lumen of the RER, 

signal sequence cleavage, core glysosylation of selected asparagine residues on the nascent 

protein with a preformed oligosaccharide (three glucose, nine mannose and two N- 

acetylglucosamine residues) and removal of the glucose residues and one mannose from the 

oligosaccharide. The removal of these sugars appears to be essencial for the transfer of the 

protein by a vesicular mechanism to the Golgi stack.

Lysosomal enzymes can be transported to lysosomes by two routes; a direct 

intracellular route (biosynthetic pathway), which is dependent on recognition of lysosomal 

enzymes by receptors for mannose-6-phosphate (Man-6-P) (von Figura and Hasilik, 1986) 

and an endocytic route (secretion-recapture) which was shown to be responsible for the 

delivery of only a small proportion of newly synthesized lysosomal enzymes to lysosomes 

(Hickman et al., 1974).

It was demonstrated that lysosomal enzymes contained Man-6-P and that their 

uptake was proportional to the Man-6-P content of the enzyme (Natowicz et al., 1979). Thus, 

Man-6-P is the critical component whereby lysosomal enzymes are bound and internalized 

by fibroblasts. The acquisition of the Man-6-P recognition marker, which was found on 

soluble lysosomal enzymes by biochemical studies (Kaplan et al., 1977), was shown to occur 

in a cis-region of the Golgi compartment (Pelham, 1988). There are three key elements to 

this recognition system: first, the selective modification of lysosomal hydrolases by enzymes 

that synthesize the phosphomarmosyl recognition marker; second, the recognition of this 

modification by receptors for Man-6-P; and third, the recognition of Man-6-P receptors by 

cellular components that mediate the selective transport of the bound enzyme to lysosomes. 

The receptor that binds the phosphorylated lysosomal enzymes was subsequently referred 

to as the Man-6-P receptor (MPR) (Komfeld and Mellman, 1989).
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Figure 1.1 Processing and transport of lysosomal enzymes (After Komfeld, 1986)
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Two distinct. MPRs have been isolated and characterized: a cation-independent 

receptor, with an apparent molecular weight of 215 KDa (CI-MPR) (Sahagian et al., 1981) 

and a cation-dependent receptor of 46 KDa (CD-MPR) (Hoflack and Komfeld, 1985). They 

are both integral membrane glycoproteins and have similar specificities for binding 

phosphorylated oligosaccharides. Complementary DNAs for the CI-MPR have been cloned 

from bovine (Lobel et al., 1987/1988), human (Morgan et al., 1987; Oshima et al., 1988) and 

rat (MacDonald et al., 1988) sources while cDNAs for the CD-MPR have been cloned from 

bovine (Dahms et al., 1987) and human (Pohlmann et al., 1987) sources. They consist of four 

structural domains: an N-terminal signal sequence, an extracytoplasmic domain, a 

hydrophobic membrane-spanning domain and a carboxy-terminal cytoplasmic domain. 

When the sequences from the two receptors are compared, it is evident that the entire 

extracytoplasmic domain of the CD-MPR is similar to each of the repeating units of the CI- 

MPR. The implication is that the two receptors are derived from a common ancestor with 

the CI-MPR arising from the duplication of a single ancestral gene. In contrast to those 

homologies, the signal sequences, transmembrane regions and cytoplasmic domains have 

no apparent sequence similarities. There are indications that both receptors participate in 

lysosomal enzyme sorting, and that the CI-MPR is the dominant receptor in this process as 

it is able to compensate for the loss of the CD-MPR (Stein et a l, 1987(c); Nolan et a l, 1987; 

Braulke et a l, 1989). The two receptors have a similar distribution and are found 

predominatly in the membranes of the Golgi complex, coated vesicles, and endosomes. A 

small portion is found in the cell surface but none in secondary lysosomes.

There are several pieces of evidence indicating that lysosomal enzymes can be 

transported in a manner that is independent of mannose 6-phosphate specific receptors. Since 

the function of the mannose 6-phosphate marker is to bind a soluble protein to a membrane 

receptor, membrane-bound proteins should not require mannose phosphorylation in order 

to be targeted to lysosomes. That seems to be the case in p-glucocerebrosidase (an enzyme 

associated with the lysosomal membrane though not a transmembrane protein) and acid 

phosphatase (a transmembrane lysosomal protein) where internalization depends on the 

presence of a tyrosine residue in the cytoplasmic tail (Peters et a l, 1990). These two 

enzymes are delivered normally to the lysosomes in cells of patients with I-cell disease
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which is caused by deficiency of N-acetylglucosaminyl-1-phosphotransferase, the first 

enzyme involved in the formation of the lysosomal recognition marker. Therefore it seems 

evident that mannose 6-phosphate-independent mechanisms also contribute to targeting of 

lysosomal enzymes in normal tissues although the nature of the alternative pathway(s) in 

these cell types is still unknown.

1.2.2 Proteolytic processing

In the case of transport mediated by mannose 6-phosphate, the ligand-receptor 

complex leaves the Golgi in a coated vesicle and is transported to an acidified prelysosomal 

compartment. In this compartment, dissociation of receptor and lysosomal enzyme precursor 

occurs. The receptors recycle to the Golgi and appear in the plasma membrane. The 

lysosomal enzymes are packed into lysosomes where the final steps in the maturation, partial 

or complete dephosphorylation and further proteolytic processing, take place. There is 

evidence that the conversion of proenzyme into the mature enzyme may be initiated in the 

prelysosomal compartment and completed in the lysosome. Some lysosomal enzymes have 

been shown to undergo carboxy-terminal and internal proteolysis as well as or instead of the 

removal of an N-terminal prosequence (Erickson and Blobel, 1983). For one enzyme, 

arylsulphatase A (ASA), proteolytic processing is confined to removal of the signal peptide 

(Stein et al., 1989). Much of the proteolytic processing is a consequence of the degradative 

lysosomal environment and is not required for acquisition of activity. Most of the lysosomal 

enzymes found in cell secretions are in precursor form and catalytically active.

The study of a group of small nonenzymatic lysosomal proteins, called "sphingolipid 

activator proteins (SAPs), led to the discovery of a different kind of proteolytic processing. 

Saposins are required for the activity of certain glycolipid hydrolases. Sequencing, cloning 

and biosynthetic studies of these molecules have shown that five different SAPs are encoded 

by two different genes, one coding for the GM2 activator protein on chromosome 5 (Klima 

et al., 1991) and the other coding for SAPs A, B, C and D on chromosome 10 (O'Brien et 

al., 1988; Furst et al., 1988). These four SAPs are synthesized as a common precursor 

polypeptide (prosaposin) which is jproteolytically cleaved in the lysosome to yield the
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different SAPs of similar sequence but distinct function (Fujibayashi and Wenger, 1986).

1.3 Lysosomal storage disorders

Currently more than 30 different lysosomal storage disorders (LSD) have been 

described. Most of these disorders are characterized by a genetic deficiency of a specific 

lysosomal hydrolase, which results in a massive accumulation of the material that is 

normally degraded by that enzyme in the tissues and excretion of storage products in the 

urine (Scriver et al., 1995). A property shared by these disorders is the accumulation of 

undegraded molecules in the cells containing enlarged lysosomes or inclusions. The 

consequence of this accumulation is the obstruction of the cytoplasm of the cell with 

vacuoles containing indigestible material that is too large to escape through the lysosomal 

membrane. LSD are usually classified according to the nature of the accumulated undigested 

material: glycosaminoglycans in the mucopolysaccharidoses, sphingolipids in the 

sphingolipidoses and oligosaccharides in glycoproteinoses.

Other groups of LSD include disorders of accessory proteins , defects in the 

membrane transport, defects in the lysosome targeting and other enzyme deficiencies which 

are not included in the above groups such as Pompe, Wolman disease and sulphatidoses. The 

clinical symptoms due to the stored products are characteristic for each disease and depend 

on the type and amount of undegraded macromolecules that accumulate in the cells and 

tissues involved and the different metabolic activities of these cells. Within each LSD, 

different forms can be distinguished on the basis of the severity of symptoms and age of 

onset. The most severe forms appear early in infancy and the disease has a chronic and 

progressive course leading to death before adulthood. Milder forms can lead to late onset 

symptoms that do not cause premature death.

Although diagnosis of a LSD can usually be made by demonstrating a deficiency 

of a specific enzymic activity in fibroblast, leukocytes or plasma using enzyme assays, it is 

important to realise that there may be several underlying reasons for the low activity of an 

enzyme. The mutation may lead to: 1. synthesis of decreased amounts of normal enzyme;

8
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2. synthesis of a catalytically inactive polypeptide; 3. synthesis of a catalytically active 

lysosomal enzyme peptide which is not segregated into lysosomes; 4. synthesis of a 

catalytically active polypeptide which is unstable in prelysosomal or lysosomal 

compartments; 5. loss of an "activator" protein of a lipid-degrading lysosomal enzyme; 6. 

absence of a stabilising factor that protects the enzyme against degradation.

The estimated incidence of LSD is approximately1:5,000 live births. All of them 

present with an autosomal recessive pattern of inheritance with the exception of Hunter and 

Fabry diseases which are X-linked. Clinical heterogeneity, as mentioned before, is 

characteristic of LSD. It seems reasonable to assume that the more profound the enzyme 

deficiency, the more severe the disorder and vice-versa, the higher the residual activity of 

the mutant enzyme, the greater the protection against disease. The level of activity needed 

to protect against the most severe manifestations of a disease may be a small fraction of the 

normal level and perhaps difficult to measure by standard enzyme assays using synthetic 

substrates.

The genes encoding most normal lysosomal enzymes have been identified and 

cloned permiting detection of the mutation in specific cases of a disease. Analysis of the 

mutations foimd in several LSD, indicates that these diseases are very heterogeneous. In 

some cases, these genetic studies have established a correlation between the genetic defects 

and the severity of the disease. Although one or a few common mutations, often clustered 

in particular ethnic groups, may account for a significant fraction of patients or carriers (e.g., 

ASA, a-iduronidase, a-fuc, glucocerebrosidase, p-hexosaminidase) a very large number of 

rare mutations account for the rest. Thus, patients are often compound heterozygotes and 

homozygosity can no longer be assumed even for well-defined populations. Heterogeneity 

is not only observed within diseases with the same lysosomal enzyme deficiency, but is also 

observed within families in which a particular disease is runs true generations (intrafamilial 

variation), suggesting that other factors such as environmental and polymorphisms can affect 

clinical phenotype. Nevertheless, the basis for this variation still remains to be clarified in 

most cases and a significant! amount of work needs to be done to correlate mutations to 

cellular events leading to a disease.
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1.4 Hunter disease
1.4.1. Introduction and Historic

Hunter disease (mucopolysaccharidosis type II or MPS II),was first described by 

Hunter in 1917 (Neufeld and Muenzer, 1995). It is one of the group of 

mucopolysaccharidoses (MPS) which are lysosomal storage disorders due to a deficiency 

of one of the enzymes responsible for the stepwise breakdown of glycosaminoglycans 

(GAGs).

The material stored in the liver (Brante, 1952) and excreted in the urine (Dorfman 

and Lorincz, 1957) of these patients was isolated and identified as mucopolysaccharide. The 

term mucopolysaccharidoses (MPS) was proposed to describe such conditions. In 1964, van 

Hoof and Hers suggested that the mucopolysaccharides stored in the liver of patients with 

Hurler disease were in the lysosome and resulted from the deficiency of a lysosomal 

hydrolase involved in their degradation. Analysis of cultured fibroblasts from these patients 

showed metachromatic cytoplasmic inclusions which were also present in about half the 

fibroblasts of heterozygous females (Danes and Beam, 1965). Later, the GAGs excreted in 

the urine of patients vrith Hunter disease were identified as dermatan and heparan sulphates 

(Kaplan, 1969). Hunter disease results from a deficiency of L-iduronate 2-suIphate- 

sulphatase (IDS) (EC 3.1.6.13), which is involved in the catabolism of heparan and dermatan 

sulphates (GAGs) (Bach et al., 1973). Excessive accumulation in the tissues and excretion 

in the urine of dermatan and heparan sulphates ensues this enzymatic defect and leads to the 

development of the characteristic clinical phenotype. It is inherited in an X-linked recessive 

manner.

Glycosaminoglycans are the product of degradation of proteoglycans which are the 

macromolecular forms in which they exist in the extracellular matrix. After proteolytic 

cleavage of proteoglycans, GAGs degradation produces inorganic sulphate and 

monosaccharides.

10
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1.4.2 Degradative pathway of dermatan sulphate

Dermatan sulphate consists of N-acetylgalactosamine residues, that can be C-4 or 

C-6 sulphated, alternating predominantly with L-iduronic acid residues, some of them are 

C-2-sulphated, and with some glucuronic acid residues (Roden, 1980). This GAG is 

synthesised as a proteoglycan which is found in the matrix of many different connective 

tissues. The breakdown of proteoglycans produces single dermatan sulphate chains which 

are then reduced to dermatan sulphate oligosaccharides, by the action of an endoglycosidase 

(hyaluronidase). The resulting product of this internal cleavage is subsequently degraded 

by a stepwise action of different enzymes (see Fig. 1.2). Iduronate 2-sulphatase, the enzyme 

deficient in Hunter disease, is required for the removal of the sulphate group from the 2 

position of L-iduronic acid present in dermatan sulphate (Fig 1.2, reaction 1) and in heparan 

sulphate (Fig 1.3, reaction 1) to produce the substrate for the next enzyme, a-iduronidase.

1.4.3 Degradative pathway of heparan sulphate

Heparan sulphate consists of a-linked glucosamine residues, which can be either 

sulphated or acetylated on the amino group and may also be sulphated on the C-6-hydroxyl, 

alternating with glucuronic or iduronic acid residues which can also be sulphated (Roden, 

1980). Heparan sulphate is synthesised as a proteoglycan consisting of at least 2 heparan 

sulphate chains covalently linked to a protein core, which is found in nearly all cells 

associated with the cell plasma membrane and in connective tissue. It is broken down in 

early endosomes to produce single heparan sulphate chains which are subsequently degraded 

by endoheparanases (Kindler et al, 1977) to smaller oligosaccharides in acid endosomic 

compartments. They are then transported from the endosomic compartment to the lysosomes 

where the stepwise degradation of these oligosaccharides occurs in the lysosomes by the 

action of three glycosidases, four sulphatases and one acetyltransferase. Iduronate 2- 

sulphatase, the enzyme deficient in patients with Hunter disease, is required for the 

hydrolysis of the terminal iduronate-2-sulphate esters in heparan sulphate (Fig 1.3, stepl) 

and dermatan sulphate (Fig 1.2, stepl). Thus, both heparan and dermatan sulphate 

accumulate in patients with Hunter disease owing to the blockage in the catabolism caused

11
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by the deficiency of iduronate 2-sulphatase.

1.4.4 Clinical phenotype

Mild and severe forms of Hunter disease were recognised based on the analysis of 

a large number of patients (Young et al., 1982). The two forms are only separated on clinical 

grounds because enzyme activity is equally deficient in both (Bach et al., 1973; Liebaers and 

Neufeld, 1976). Furthermore, complementation studies using hybrid cells have failed to 

reveal the existence of different abnormal genes (Benson and Fensom, 1985). It was 

suggested and it has subsequently been shown that different mutations at the IDS locus 

affecting enzyme expression, stability or function are responsible for the clinical 

heterogeneity. There is, however, a wide spectrum of clinical severity, with the mild and 

severe forms representing the two extremes of this broad variation.

Hunter patients may appear to be normal in early infancy, but their phenotypic 

appearance is soon modified by the accumulation of glycosaminoglycans in many tissues. 

In the severe form of the disease coarse facial features are acquired, which include a large 

nose vrith flattened bridge and flared nostrils, and in the most severe cases a large tongue 

protudes between thick lips. The abdomen is prominent, with umbihcal hernia. The liver and 

spleen are enlarged and joints are progressively affected, leading to restricted movement. 

Mental retardation is progressive and varies greatly from one patient to another. Extensive 

neurological involvement precedes death which usually occurs between 10 and 15 years. 

Obstructive airway disease and cardiac failure are superimposed on severe neurologic 

disease and are the usual causes of death. In the milder form, intelligence is preserved and 

survival reaches late adult life. However, death may occur in early adulthood, usually from 

airway obstruction and cardiac failure. Somatic features can be developed but at a greatly 

reduced rate of progression. Hearing | impairment is common to the two forms and slight 

comeal opacity is detectable only by slit-lamp examination.

14
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1.4.5 Diagnosis

Hunter patients accumulate both heparan and dermatan sulphates, which are excreted 

in the urine and can be detected by numerous methods ranging from semiquantitative spot 

tests to precise quantitative tests using Alcian blue or DMB and qualitative thin layer 

chromatography or 2-dimensional electrophoresis of Alcian blue-precipitated GAGs (Scriver 

et a l, 1995). The presence of material cross-reacting with antibodies against IDS in serum 

and fibroblasts of Hunter patients was also used for the disease diagnosis (Danieli and Di 

Natale, 1987). The definitive diagnosis is made by assaying iduronate-2-sulphatase in 

plasma, leukocytes or fibroblasts using radiolabelled disaccharide substrates derived from 

heparin or dermatan sulphate (Lim et al., 1974; Ginsberg et al., 1978; Hopwood, 1979; 

Hopwood and Muller, 1983). Nowadays, following the cloning and sequencing of the IDS 

gene, molecular biological techniques are used to detect specific mutations that are 

causative of the Hunter disease in each individual patient. Correlation of genotype vyith 

disease severity is being attempted following mutation analysis and is helpful in prediction 

of the course of the disease and selection for treatment in some cases.

1.4.6 Carrier detection

As in all X-linked disorders, the female relatives of the affected individual have a 

high probability of being heterozygotes. Several methods have been proposed for the 

detection of these female carriers. They include the estimation of the enzyme in serum 

(Archer et al., 1981,1982) or in hair root cells (Yutaka et al., 1978; Nwokoro and Neufeld, 

1979; Chase et al., 1986). Although these methods show a statistical difference between 

normals and heterozygotes, there is generally a great variability and overlap making it 

difficult to assess the carrier status with certainty. Hunter carriers could also be identified 

by the intracellular uptake of ̂ ^S-sulphate in cultured fibroblasts in the presence or absence 

of fructose-1-phosphate (Tonnesen et al., 1983; 1984) which appears to be a suitable 

technique as tested by others (Petruschka et al., 1983). Recently, the identification of the 

specific mutations responsible for the Hunter phenotype in the index case has allowed the
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accurate identification of carriers within the same family.

1.4.7 Prenatal diagnosis

Prenatal diagnosis has become a standard proceedure. It can be performed either by 

analysis of GAGs in amniotic fluid by 2-dimensional electrophoresis or by measurement of 

the IDS activity in cells grown from amniotic fluid or in chorionic villus biopsies. Care is 

required for analysis of chorionic villus samples because they may be contaminated with 

cells of maternal origin. However, the presence of maternal cells in any sample can be 

detected by using highly polymorphic loci amplified by PGR (Boerwinkle et al., 1989; Horn 

et al., 1989). There is a special problem in prenatal diagnosis of Hunter disease because the 

X-linked pattern of inheritance results in mosaicism in heterozygous females. Thus, IDS 

activity in material obtained from female fetuses can occasionally be almost as low as for 

an affected male. This is particularly true of cultured amniotic fluid cells, which may be of 

clonal origin (Liebars et al., 1977; Kleijer et al., 1979). Thus, determination of sex should 

always be performed. The measurement of IDS in the mother's serum was proposed for 

prenatal diagnosis. It was shown that the level of IDS is increased in the serum of pregnant 

women with a normal fetus, by the 6th to 12th week, while in pregnancies with an affected 

fetus the levels remained unchanged (Zlotogora and Bach 1986).

As mentioned above, several problems may arise when diagnosing Hunter disease 

on the basis of biochemical testing alone. Cloning and sequencing of the Hunter gene has 

helped to overcome these problems and DNA technology has provided more reliable 

methods for identifying the genotype of Hunter patients and accurate carrier detection. 

Nevertheless,' recombinant DNA methods are unlikely to replace the currently used enzyme 

assay method, except for carrier detection, and a combination of the different methods is the 

ideal aproach. The search for a correlation between different mutations of the gene and 

clinical manifestation of the disease may help to elucidate the origin of the heterogeneity of 

Hunter syndrome and therefore provide a prognostic indicator for the course of the disease.
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1.4.8 Incidence

There are few reports on the incidence of Hunter syndrome worldwide. In British 

Columbia, a survey made from 1952-1986 showed a frequency of 1:110,950 male births in 

a population of predominantly Northern European origin (Lowry et al., 1990). This contrasts 

with a lower frequency of 1:132,00 found in the United Kingdom over the period of 1955 

to 1974 (Young and Harper, 1982), with the severe form being 3.38 times more frequent 

then the mild form. A higher frequency of 1:34,000 was found in Israel for the period of 

1967-1975 (Schaap and Bach, 1980). The Israeli report pointed out a concentration of the 

disease in the Jewish population which can be attributed to genetic drift (Chakravarti and 

Bale, 1983) or selection of the Hunter allele in Ashkenazi Jews (Zlotogora et al., 1985). In 

Brazil a survey carried out between 1982 and 1994 has shown that 6% of the patients 

diagnosed with a lysosomal storage disorder suffer from Hunter disease (Giugliani, personal 

communication). A more recent survey showed an incidence of 1:40,000 in Australia 

(Annals ICHG, 1991).

1.4.9 Frequency of new mutations

On the assumption that there is an equilibrium between selection and mutations in 

the population and that carrier and normal women have the same fitness, it was suggested 

(Haldane, 1935) that for an X-linked recessive disorder in which affected males do not reach 

reproductive age, one third of all cases should be due to a new germinal mutation. The 

results of measuring the levels of IDS in hair roots obtained from mothers of Hunter patients 

showed that 23% were not carriers (Chase et al., 1986), a value not statistically significant 

different from the suggested 33% by Haldane's hypothesis. A study of two generations in 

more than 30 families with Hunter disease has shown that 33% of the index patients had 

spontaneous mutations (Hopwood et al., 1982). Frequencies of new mutation ranging from 

^4-24°/^ have been reported in patients with Duchenne Muscular Dystrophy (Gardner- 

Medwin, 1970; Zatz et al., 1976 and Danielli et al., 1977), however after the introduction of 

improved methods for carrier detection this frequency decreased to about 13% (Pickard et 

al., 1978; Bucher et al., 1980). A lower percentage of new mutations has also been reported
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in in Lesch-Nyhan syndrome (Francke et al., 1976). However, absence of new mutations 

has been observed among mothers of 5 Hunter patients from Ashkenazi Jewish families, and 

an apparent segregation favouring the Hunter gene was observed among the heterozygous 

mothers (Zlotogora et al., 1985). The analysis of 5 samples of families with MPS II, 

including 158 cases, by a maximum likelihood approach (Machill et al., 1991) did not show 

any suggestion of segregation distortion and the apparent deficiency of sporadic cases was 

probably due to a sample of Ashkenazi families, in which the segregation pattern had been 

suggested as a prenatal selection in favour of the mutant allele.

1.4.10 Mode of Inheritance

Hunter disease differs from all the other known MPS by having an X-linked 

recessive pattern of inheritance. As in such cases, it is expected to occur only in hemizygous 

males and to have a high probability of heterozygosity amongst female relatives of these 

patients. In agreement with the Lyon hypothesis, the Hunter heterozygote has two 

populations of cells: those with the maternal X-chromosome active and those with the 

paternal (normal) X-chromosome active. Clones derived from heterozygotes display either 

the normal or the mutant gene, demonstrable by several biochemical techniques. The normal 

phenotype of heterozygotes is explained by the corrective effect of normal cells, which 

presumably supply the deficient cells with the enzyme IDS in vivo.

Two families were first described with a clinically affected girl with Hunter disease 

with a marked deficiency of iduronate 2-sulphatase (Neufeld et al., 1977). The two patients 

were karyotypically normal and had normal fathers. Fibroblasts from the mothers were 

cloned and did not show mosaicism. The most likely explanation at that time was of 

homozygosity for aniautosomal recessive gene for IDS because in one family the parents 

were first cousins, having ancestors from the same ethnic group, and the other family came 

from the same small town. The other explanation could be selection of the mutant gene in 

heterozygotes for the X-linked gene. The mutation in the two families was thoughtto be 

different since they had the severe and mild forms of the disease. One of the patients was 

later shown to have multiple sulphatase deficiency but the other case remained to be
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explained.

Another four cases have been reported in which non-random X-inactivation was 

responsible for the clinical phenotype of the disease. The first case was a patient who was 

reported with balanced translocation between chromosomes X and 5 (Mossman et al., 1983). 

Presumably the break point disrupted or inactivated the IDS locus on the translocated X- 

chromosome, whereas the intact X-chromosome was inactivated. In another case, 

(Broadhead et al., 1986) chromosome studies showed partial deletion of the long arm of the 

X chromosome (Xq25) which was consistently late replicating. The other X chromosome 

was fully expressed and presumably contained the Hunter gene. The third case was a 

karyotypically normal girl, first reported with a marked deficiency of IDS activity in serum 

and fibroblasts (Clarke et al., 1990). They suggested the existence of an autosomal locus 

specifically affecting IDS activity and one theoretical possibility was a mutation affecting 

a subunit of the enzyme or a stabilizing principle necessary for IDS activity coded by an 

autosomal gene. However, it was shown later that the expression of the disease in this patient 

was caused by non-random X-inactivation (Clarke et al., 1991). The last case was one of a 

pair of identical twins (Winchester et al., 1992) who was karyotypicaly normal and showed 

non-random X-inactivation while her normal twin showed equal usage of both X- 

chromosomes and was clinically normal. Twinning was suggested to be strongly associated 

with X inactivation. Similar cases have been reported suggesting a relationship between 

twinning and X-inactivation. In one case of twins discordant for Duchenne muscular 

dystrophy, symmetric non-random X-inactivation was found with each twin showing a non- 

random pattern in opposite directions (Richards et al., 1990). In another case (Lupski et al., 

1991) the unaffected twin showed a random pattern and the iafFected girl a non-random 

pattern of X-inactivation being of the same type of the case described by Winchester (1992).

1.4.11 Mapping the Hunter gene

The first indication for the localization of the Hunter gene came from the 46,XX 

patient described by Mossman et al. (1983) with the X:5 translocation. The breakpoint was 

originally localized to Xq26-27 but was found later to be at the Xq27/28 boundary (Roberts
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et al., 1989). When cDNA from iduronate 2-sulphatase was hybridized with a somatic cell 

hybrid containing the derived X from the translocated patient (Suthers et al., 1989), the 

results showed only four of the eight fragments seen for normal control DNA. Furthermore, 

the same somatic cell hybrid was hybridized with a fragment containing the 5' end of 

iduronate 2-sulphatase and failed to detect the 1.3 kb fragment seen in normal females. This 

was an indication that the IDS gene is orientated with its 5' end toward the telomere and 

distal to the translocation breakpoint.

No evidence of linkage between the IDS and factor IX gene (located at Xq27) was 

foimd with the IDS locus being located distal to factor IX (Chase et al., 1986). The Hunter 

locus was suggested to be located close to the fragile X site after studies with DNA probes 

(Upadhyaya et al., 1986) with the fragile X site proximal to IDS (Coullin et al., 1990). 

Family linkage studies using four polymorphic markers from the Xq27/28 region obtained 

a maximun lod score with DXS304 (Le Guem et al., 1990). The same group also showed 

that the translocation described by Mossman et al. (1983) is distal to DXS98 and proximal 

to DXS304. A complete IDS cDNA clone was used to localize the gene to Xq28, distal to 

the fragile X site (Wilson et al., 1991).

1.4.12 Cloning and characterization of the EDS gene

Iduronate 2-sulphatase was purified 5x10^ fold to homogeneity from human liver, 

lung, kidney and placenta (Bielicki et al., 1990). It exists in two major forms, A and B, 

which are present in equal amounts but with different pi values and both contain 

polypeptides of molecular masses of 42 and 14 kDa. Both forms of liver iduronate-2- 

sulphatase are active towards a variety of substrates derived from heparan and dermatan 

sulphates. The observation that both A and B forms contain the two polypeptide components 

suggests that the 14kDa polypeptide interacts with the 42kDa unit to give the active enzyme.

Gene deletions and rearrangements were detected in severe Hunter patients using a cDNA 

clone (1.6 kb; Àc2S15), which was isolated by screening from a human colon cDNA library 

and sequenced (Wilson et al., 1990). The N-terminal aminoacid sequence of the 14kDa 

polypeptide in form A is also present in the cDNA fragment isolated with the 42kDa N-
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terminal amino acid sequence. The lc2S15 clone contained an initiating methionine and a 

continuous open reading frame but which did not include a stop codon or any 3' untranslated 

region. A 300 bp restriction fragment from the 3' end of X,c2S15 was used to screen a cDNA 

library from human endothelial cells. Positive clones with a larger insert (2.3 kb; lc2S23) 

were isolated and sequenced and shown to encode the entire coding sequence of human IDS 

(Wilson et al., 1990). The deduced amino acid sequence was colinear with the determined 

amino-terminal amino acid sequence of the 42 and 14 kDa polypeptides, except for a few 

differences which were explained by the low signal obtained towards the end of the amino 

acid sequencing run.

The entire sequence of the IDS cDNA and the deduced amino acid sequence of the 

encoded protein are shown in Figure 1.4. It contains an open reading frame from position 

125 with an ATG initiation codon to position 1775 with an TGA termination codon. . The 

first 25 amino acids at the amino terminus of the deduced protein sequence have features 

characteristic of a signal sequence. There are two putative cleavage sites between the signal 

sequence and mature protein. It is believed that postransational proteolytic processing of IDS 

is characterized by cleavage of a signal peptide, removal of the aminoterminal 8 amino acids 

from the proprotein and internal cleavage to produce the 42 and 14 kDa polypeptides. This 

process of polypeptide maturation is commonly observed in other lysosomal enzymes which 

are synthesised as larger precursors and subsequently converted to their mature forms shortly
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CGGCTGTGTTCCGCAGTCTTCATGGGTTCCCGACGAGGAGCTCTCTGTGGCTGCGGCGGCTGCTAACTGCGCCACCTGCTGCAGCCTCTCCCCGCCCCTCTGAAGCGGCCGCCTCGAAGC 120

Ĝ SM P P P R T G R G L L W L G L V L S S V C V A T l G » S E T Q A N S T  T D A I  N V 39 
CGAAATGCCGCCACCCCGGACCGGCCGAGGCCTTCTCTGGCTGGGTCTGGTTCTGAGCTCCGTCTGCGTCCCCCTCGGATCCGAAACGCAGGCCAACTCGACCACAGATGCTCTGAACGT 240

L L I l V D D L R P S l G C Y G O t C l  V R S P N I D 0 L A S H S L L F Q N A F A 7 9  
TCTTCTCATCATCGTGGATGACCTGCGCCCCTCCCTGGGCTGTTATGGGGATAAGCTGGTGAGCTCCCCAAATATTGACCAACTGGCATCCCACAGCCTCCTCTTCCAGAATGCCTT7GC 360

★
Q Q A V C A P S R V S F L T G R R P D T T R L Y D F N S Y W R V H A G N F S T I 1 1 9  

GCAGCAAGCAGTGTGCGCCCCGAGCCGCGTTTCTTTCCTCACTGGCAGGAGACCTGACACCACCCGCCTGTACGACTTCAACTCCTACTGGAGGGTGCACGCTGGAAACTTCTCCACCAT 480
*

P O Y F K E N G Y V T M S V G I C V F H P G I S S N H T D O S P Y S U S F P P Y H 1 5 9  
CCCCCAGTACTTCAAGGAGAATGGCTATGTGACCATGTCGGTGGGAAAAGTCTTTCACCCTGGGATATCTTCTAACCATACCGATCATTCTCCGTATAGCTCGTCTTTTCCACCTTATCA 600

P S S E K Y E N T K T C R G P D G E L H A N L L C P V D V L 0 V P E G T L P D K 1 9 9  
TCCTTCCTCTGAGAAGTATGAAAACACTAAGACATGTCGAGGGCCAGATGGAGAACTCCATGCCAACCTCCTTTGCCCTGTGGATGTGCTGGATGTTCCCGAGGGCACCTTGCCTGACAA 720

Q S T E 0 A I 0 1 1 E K M K T S A S P F F I A V C Y H K P H I P F R Y P K E F Q 2 3 9  
ACAGAGCACTGAGCAAGCCATACAGTTGTTGCAAAAGATGAAAACGTCAGCCAGTCCTTTCTTCCTGGCCGTTGGGTATCATAAGCCACACATCCCCTTCAGATACCCCAAGGAATTTCA 840 

*
K L Y P L E N I T L A P D P E V P 0 G L P P V A Y M P W M 0 1 R 0 R E D V Q A L 2 7 9  

GAAGTTGTATCCCTTGGAGAACATCACCCTGGCCCCCGATCCCGAGGTCCCTCATCGCCTACCCCCTGTGGCCTACAACCCCTGGATGGACATCAGGCAACGGGAAGACGTCCAAGCCTT 960
*
N I S V P Y G P I P V D F Q R K I R Q S r F A S V S Y L 0 T Q V G R L L S A L D 3 1 9

AAACATCAGTGTGCCGTATGCTCCAATTCCTGTGCACTTTCAGCCGAAAATCCCCCAGAGCTACTTTGCCTCTGTGTCATATTTCCATACACAGCTCCGCCGCCTCTTGAGTGCTTTGCA 1060 
*

O L Q L A M S T I I A F T S O H G W A L G E H G E W A K Y S M F O V A T H V P L 3 5 9  
CGATCTTCACCTGGCCAACAGCACCATCATTGCATTTACCTCGGATCATGGCTGGGCTCTAGGTGAACATGGAGAATGGGCCAAATACAGCAATTTTGATGTTGCTACCCATGTTCCCCT 1200

I F Y V P G R T A S L P E A G E K L F P Y L O P F D S A S O L M E P G R Q S M D 3 9 9  
GATATTCTATGTTCCTGGAAGGACGGCTTCACTTCCGGAGGCAGGCGAGAAGCTTTTCCCTTACCTCGACCCTTTTGATTCCGCCTCACACTTGATGGAGCCAGGCAGGCAATCCATGGA 1320

L V E L V S L F P T L A G L A G L Q V P P R C P V P S F H V E L C R E G I C N L L 4 3 9  
CCTTGTGGAACTTGTGTCTCTTTTTCCCACGCTGGCTGGACTTGCAGGACTGCAGGTTCCACCTCCCTGCCCCGTTCCTTCATTTCACGTTGAGCTGTGCAGAGAAGGCAAGAACCTTCT 1440

K H F R F R O L E E D P Y L P  G M P R E I I A Y S Q Y P R P S D I P  Q W N S D ÜT 47? 
GAAGCATTTTCCATTCCGTGACTTGGAAGAGGATCCGTACCTCCCTGGTAATCCCCGTGAACTGATTGCCTATAGCCAGTATCCCCCGCCTTCACACATCCCTCAGTGGAATTCTGACAA 1560

*
P S L I C D I K I N G Y S I R T I D Y R Y T V U V G F N P D E F L A N F S D I H A 5 1 9  

GCCGAGTTTAAAAGATATAAAGATCATGGGCTATTCCATACGCACCATAGACTATAGGTATACTCTGTGGGTTGGCTTCAATCCTGATGAATTTCTAGCTAACTTTTCTGACATCCATGC 1680
*

G E L Y F V D S O P L Q D H N H Y N D S Q G G D L F Q L L K P  550
AGGGGAACTGTATTTTGTGGATTCTGACCCATTGCAGGATCACAATATGTATAATGATTCCCAAGGTGGAGATCTTTTCCAGTTGTTGATGCCTTGAGTTTTGCCAACCATGGATGGCAA 1800 
ATGTGATGTGCTCCCTTCCAGCTGGTGAGAGGAGGAGTTAGAGCTGGTCGTTTTGTGATTACCCATAATATTCGAAGCAGCCTGAGGGCTAGTTAATCCAAACATGCATCAACAATTTGG 1920 
CCTGAGAATATGTAACAGCCAAAaTTTTCGTTTAGTCTTTATTAAAATTTATAATTGGTAATTGGACCAGTTTTTTTTTTAATTTCCCTCTTTTTAAAACAGTTACGGCTTATTTACTG 2040 
AATAAATACAAAGCAAACAAACTCAAGTTATGTCATACCTTTGGATACGAAGACCATACATAATAACCAAACATAACATTATACACAAAGAATACTTTCATTATTTGTGGAATTTAGTGC 2160 
ATTTCAAAAAGTAATCATATATCAAACTAGGCACCACACTAAGTTCCTCATTATTTTGTTTATAATTTAATAATATATCTTATGACCCCTATATATTCAAAATATTATGTTAACATGTAA 2280 
TCCATGTTTCTTTTTCC 2297

Figure 1.4 IDS cDNA sequence and amino acid sequence of the IDS encoded protein

Possible sites for peptidase cleavage of the signal peptide are indicated by arrows. 
Potential N-glycosylation sites are starred. The nucleotides and amino acid number are 
showntn the right margin. A potential polyadenylation signal is doubly underlined. 
Underlined amino acids are colinear with amino-terminal sequences of the 42kDa and 14kDa 
peptides (After Wilson et al., 1990).
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before or after their transfer into lysosomes (Hasilik and von Figura, 1984). Eight possible 

N-glycosylation sites (Asn-X-Ser/Thr) are present in thejlDS amino acid sequence.

The same cDNA probe (A,c2S15) was used to analyse placental poly(A)" RNA by 

Northern analysis. Three major (5.7, 5.4, and 2.1 kb) and one minor (1.4 kb) RNA species 

were observed. The three major species could be explained by differential polyadenylation 

which is observed also in other lysosomal enzymes such as arylsulphatases A and B. The 

minor species are too small to encode the full IDS protein and could be degradation 

products, cross-reacting species or the result of differential splicing to produce another 

protein product. The latter is the case in other lysosomal enzymes such as p-glucuronidase 

(Oshima et al., 1987) and P-galactosidase (Morreau et al., 1989).

A 1.2-Mb Y AC contig spanning the entire IDS gene was isolated and the 

identification of several putative CpG islands following the physical map of the region 

suggests the presence of other genes located nearby (Palmier! et al., 1992). Recently, Timms 

et al. (1995) have sequenced four overlaping cosmids around the IDS gene which generated 

a 130-kb contig containing two novel genes within 40 kb distal to the IDS locus (genes X 

and Y). One of them is duplicated at a site within 350 kb (X'). This study could help in the 

characterization of patients with a complete deletion of the IDS gene, in whom involvement 

of other disease genes located nearby has not been excluded.

1.4.13 Amino acid sequence homology

Lysosomal enzymes do not appear to have specific characteristic short or long 

sequences of DNA. However, lysosomal enzymes catalyzing closely related reactions, e.g. 

sulphatases, have a strong sequence similarity which may extend to enzymes from lower 

eukaryotes and even prokaryotes. Therefore, lysosomal enzymes belong to families linked 

by functional and structural relashionships and presumably by a common evolutionary origin 

(Neufeld, 1991).

There is a strong sequence homology between IDS and human arylsulphatases A,
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B and C, human glucosamine-6-sulphatase (Wilson et al., 1990) and N-acetylgalactosamine- 

6-sulphate sulphatase (Tomatsu et al., 1991) which may indicate that they are evolutionary 

related to a common ancestral gene (Robertson et al., 1988; Stein et al., 1989; Peters et al.,

1990). The highest degree of homology is found in the N-terminal third of each enzyme and 

it is likely that the internal proteolysis of IDS, GalNAc6S, G6S and ARB occurs within 

non-homologous regions, with the sites of cleavage of GalNAcbS and IDS being very close 

to each other. An interesting observation is that the N-glycosylation sites of GalNAc6S, the 

two putative membrane domains of ARSC and the peptide sequences characteristic for the 

IDS function are located in regions which do not bear homology among sulphatases. This 

could be an indication that highly homologous regions are necessary for the maintenance of 

the common function of sulphatases while regions which are less alike are important for 

topogenic signals such as transmembrane domains, glycosylation, internal proteolysis and 

substrate binding.

The cloning and characterization of the cDNA for the murine IDS gene has also been 

reported (Daniele et al., 1993). Using the human probe, the locus corresponding to the 

murine gene has been mapped to the X-chromosome between Mcf-2 and GabraS (Faust et 

al., 1992). Following the localization of the gene, a mouse liver cDNA library was screened 

and the isolation and partial sequence of one positive clone (1.0 kb) has revealed high 

homology with the human IDS sequence. This same clone was used as a probe to screen 

a thymus cDNA library which contained a clone with the entire IDS coding region flanked 

by 5’ and 3' untranslated regions. The complete amino acid sequence of the murine IDS (564 

aminoacids with a predicted molecular weight of 63 kDa) was compared with the human 

homologue and was shown to be 84.5% identical. The number of potential glycosylation 

sites is different between the two species (6 in mouse and 8 in human) but the putative 

catalytic sites, located in a region corresponding to exon 3 in the human IDS, are conserved 

(almost 100% identical).

The isolation of the murine IDS will allow the creation of a mouse model for Hunter 

disease which may help to elucidate the structure and function of the IDS gene regarding the 

identification of catalytic site residues and residues involved in determining substrate

24



Chapter I. Introduction

specificity.

Studies on the evolution of a sulphatase gene family will be facilitated following such 

experiments.

1.4.14 Determination of the intron-exon boundaries in the IDS gene

The gene structure for IDS was the first of the group of human lysosomal 

sulphatases, which is not an arylsulphatase, to be characterized. The characterization of the 

exon organization of the gene was determined by exon to exon amplification and by 

vectorette PCR of Y AC clones containing the IDS gene when PGR amplification of 

genomic DNA with exon specific primers was not successful (Flomen et al., 1993). At the 

same time, an X-chromosome specific library was screened with the IDS cDNA to isolate 

genomic clones that contained IDS exons (Wilson et al., 1993). The coding sequence of the 

IDS gene was found to be divided in 9 exons separated by 8 introns spanning over 24 kb. 

When compared to arylsulphatase C, which is the sulphatase with the highest homology to 

IDS, the most highly conserved regions were found in areas related to exons 2, 3 and 7, and 

the first 30 amino acids encoded by exon 9. Despite this, the exon boundaries in these two 

sulphatases do not show similarities. This may indicate regions which are significantly 

important in terms of structure and function of the enzyme. On the other hand, regions 

encoded by other exons with a much lower homology between sulphatases may represent 

areas unique to IDS, an example being the region between aminoacids 193 and 236. It will 

be important to determine the gene structure of other sulphatases before one can establish 

how representative the IDS and STS exon organizatiomr for non-aryl and arylsulphatases 

respectively. The 5' untranslated region reported by Wilson (1993) does not contain 

consensus TATA or CAAT boxes. On the contrary, it contains two consensus GC box 

sequences which is consistent with the role of IDS as a housekeeping gene with low levels 

of transcription.

1.4.15 Mutation analysis in the IDS gene

Following the isolation, sequence and characterization of the full length cDNA
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encoding human IDS and the determination of the intron/exon boundaries for the gene, 

mutation analysis was carried out in a number of unrelated Hunter patients to help to 

understand the molecular basis of the disease as well as to characterize the relationship 

between phenotype and genotype.

To date, over 319 patients have been analysed by Southern blotting as a first step in 

the identification of mutations in the Hunter gene (Hopwood et al., 1993). Of these patients, 

14 were found to have a complete deletion of the gene and all presented with severe 

phenotypes. 48 patients had partial deletions or gross rearrangements and a common type 

of rearrangement has been described in several unrelated patients (Steén-Bondeson et al., 

1992; Steglich et al., 1993; Palmieri et al., 1992; Annela et al., 1993; Yamada et al.,1993) 

suggesting that there is a region which is prone to structural alterations. It was proposed 

that this kind of rearrangement is caused by intragenic recombination (Bondeson et al., 

1995a) between homologous sequences in the IDS gene and in the pseudogene, lDS-2, 

causing disruption of the IDS gene and inversion of the intervening region. Together, 

complete deletions and major rearrangements, correspond to 20% of all the mutations found 

in the IDS gene. The majority of the mutations are due to point mutations, splice site 

mutations and small deletions and insertions. Over eighty different mutations have been 

identified so far (Goldenfum et al., 1993; Hopwood et al., 1993; Whitley et al., 1993; 

Schroder et al., 1995; Ben Simon-Schiff et al., 1994; Popowska et al., 1995; Li et al., 1995; 

Jonsson et al., 1995; Sukegawa et al., 1995), including 16 discovered in the course of the 

work for this thesis, demonstrating that Hunter disease is genetically heterogeneous. They 

are spread all over the gene and occur in patients with mild, intermediate and severe forms 

of the disease.

1.4.16 The evidence for the presence of an IDS pseudogene

During the course of this work evidence for the existence of an IDS pseudogene near 

the functional IDS gene was presented (Rathmann et al., 1995). This was based on 

observation of heterozygosity at position 542 +12 in intron 3 in all patients with Hunter 

disease and normal controls, which suggested that the primers used for amplification of exon
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3 were homologous to two co-existent sequences representing the functional gene and part 

of the IDS gene which appears to be duplicated in the genome. As well as being 

heterozygous at this position (542+12), all patients with a mutation in exon 3 showed the 

wild type and mutant alleles when genomic DNA was sequenced. Only the mutant 

chromosome was detected after sequencing of cDNA indicating that this is a non-expressed 

duplicated region in the genome. At the same time, a second IDS locus was identified (IDS- 

2) (Bondeson et al., 1995a) located within 90 kb telomeric of the IDS gene. It was suggested 

that IDS-2 is a pseudogene containing sequences which are highly homologous to exons 2 

and 3 and introns 2, 3 and 7 of the IDS gene. This region is involved in a recombination 

event with the IDS gene in 13% of patients with the Hunter disease (Bondeson et al., 1995b). 

Analysis of the resulting rearrangement at the molecular level showed that these patients 

had suffered a recombination event resulting in disruption of the IDS gene in intron 7 with 

an inversion of the intervening region IDS gene caused by intragenic recombination with 

homologous sequences close to exon 3 of the IDS-2 locus. This suggests that these regions 

are "hot spots" for recombination. Timms et al. (1995) have further analysed cosmids 

around the IDS locus and have narrowed down the location of the IDS-2 pseudogene to 20 

kb distal to the active gene. Another example of a similar inversion caused by homologous 

recombination is that involving intron 22 of the factor VIII gene causing severe hemophilia 

A (Lakich et al., 1993).

Recently, the identification of an alternative transcript from the human IDS gene has 

been reported (Malgrem et al., 1995). Human poly (A)  ̂RNA from different tissues was 

hybridized with the IDS cDNA as a probe and 4 different transcripts were detected 

confirming the previous findings of Wilson et al. (1990). Two other probes specific for 

exons 3 and 8 were used to hybridize the same poly (A)  ̂RNA filter and an identical pattern 

was revealed when the exon 3 probe was used while the exon 8 specific probe failed to 

detect the 1.4 kb transcript. This suggested that this transcript was derived from the IDS-2 

locus or that it could be an alternatively spliced transcript from the IDS gene excluding exon 

8. Sequencing of the 1.4 kb transcript showed a predicted amino acid sequence which is 

identical to the IDS enzyme, except for the absence of the 207 COOH- terminal domain 

which is replaced by 7 amino acids, containing exons 1-7. This invalidates the hypothesis
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that the transcript was derived from the IDS-2 locus, which contains only exons 2 and 3, and 

indicates that it is probably an alternative form of the IDS enzyme encoding a functional 

protein. Identification of a novel transcript in the mouse IDS gene has also been reported 

(Danieli et al., 1993). It is 1.8 kb long and identical to the murine IDS cDNA in the 5'-region 

differing completely in the 3'-region, where it lacks 117 amino acids from the COOH- 

terminal domain. It has been suggested that, at least, two different forms of IDS exist in 

mouse resulting in two functional proteins.

1.4.17 Treatment

The concept of restoring normal enzymatic activity has long been the goal for 

treatment of many storage diseases. Although many attempts have been made to correct a 

deficiency of IDS, such as plasma infusion, transplantation of fibroblasts or amniotic 

epithelial cells, and bone marrow transplantation (BMT) , there appear to be no long-term 

clinical improvements in the Hunter patients treated so far. (Neufeld and Muenzer, 1995).

Enzymes for therapeutic purposes should be not only highly active, pure and 

nonantigenic, but also bear the requisite recognition marker for uptake into target cells. The 

technical difficulties in fulfilling these requirements, which include the low abundance of 

the enzymes, the probable loss of the recognition marker during purification and the lack of 

knowledge about the recognition systems of target cells, have led to the development of 

techniques that do not involve labour-intensive purification processes.

In the early 1970s, infusion of large quantities of plasma or leukocytes was reported 

(Di Ferranti et al.,1971; Knudson et al., 1971) in patients with Hunter disease. It appeared 

at first to give positive results in the form of improved joint mobility, but many 

investigators who attempted to use the same protocol showed the improvement, if any, to 

be transient (Erickson et al., 1972; Dekaban et al., 1972; Yatsiv et al., 1975). An attempt 

was made to graft skin (Dean et al., 1975) but rejection problems led to trials with 

fibroblasts cultured from skin biopsies (Dean et al., 1976), which although producing 

biochemical changes, did not alter the clinical course of the disease. Transplantation of
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amnion was also attempted because amniotic epithelial cells are rich in lysosomal enzymes 

and are not immunogenic (Adinolfi et al., 1982), but the results were similarly not 

encouraging. A study of 19 MPS patients transplanted with amniotic cells failed to show 

the presence of enzyme in serum or leukocytes and detected minor changes in urinary 

glycosaminoglycan in only two patients. Behavioural improvement in a few patients was 

reported by families and hospital staff. Some increase in joint mobility was seen but no 

other signs of improvement were reporetd (Muenzer et al., 1985). Therefore, amnion 

transplantation appears not to be a useful therapy for MPS.

Bone marrow cells were identified as the most likely carriers of corrective genes for 

LSD, on the basis that they provide metabolically normal lysosomal hydrolases from donor 

bone-marrow-derived cells, which may correct the deficiencies in host cells (Hoogerbrugge 

et al., 1995).

Since the original report of BMT in Hurler syndrome (Hobbs et al., 1981) a number 

of patients, including those with MPS II, have received bone marrow transplants and have 

been followed over several years. Although just a few Hunter patients have undergone BMT, 

a number of consistent changes have been observed including normalization of excretion 

of GAGs, decrease in hepatosplenomegaly, progressive reduction of cutaneous thickness 

and hirsutism and increase in joint mobility (Krivit et al., 1992; Coppa et al., 1995; 

Hoogerbrugge et al., 1995). Skeletal abnormalities were not reversed but could probably be 

partially prevented if transplantation was performed very early in life (Krivit et al., 1992). 

One of the main problems concerning BMT in metabolic diseases in which the phenotypes 

involve mental retardation.is whether successful therapy is possible by getting active 

enzyme to the brain past the blood-brain barrier. Several animal models have been studied 

to try to explore this problem (Walkley and Dobrenis, 1995). Replacement of a- 

mannosidase activity in young animals virtually eliminated storage in brain neurons and the 

progress of neurological features. Enzyme activity was present in microglia and perivascular 

cells, suggesting that enzyme delivery to neurons was mediated by invading donor-derived 

cells (Walkley et al., 1991). On the other hand, BMT in a cat with GM2 gangliosidosis, did 

not improve the animal's condition and enzyme activity was detected only in microglia and
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macrophages of donor origin (Walkley et al., 1994).

In the early days, attempts at gene product replacement therapy in patients using 

enzyme purified from human tissues or urine failed because it was not possible to isolate 

sufficient enzyme in a form that was easily taken up by cells and the limited knowledge on 

the receptor-mediated mechanisms for uptake and delivery of enzymes to lysosomes. 

Nowadays, recombinantly produced enzyme instead of naturally occuring ones can be used. 

One example of successful treatment using this approach is the modification of 

glucocerebrosidase by exposing terminal mannose residues for targeting to macrophages 

and uptake by affected cells (Barton et al., 1991). Iduronate 2-sulphatase has been 

overexpressed by genetically engineereing Chinese hamster ovary (CHO) cells with the M-6- 

P recognition signal (Bielicki et al., 1993) and could be a good candidate for treatment by 

replacement therapy using recombinant enzyme.

The advent of recombinant DNA techniques has raised the prospect of developing 

gene therapy. Insertion of the normal gene into the patient's own haematopoietic stem cells 

would provide the equivalent of BMT without the immunological complications. The basic 

strategy of gene therapy involves viral infection (Anderson, 1984; Verma, 1990; Weatherall,

1991). The principle of the technique is to harvest cells from the patient and transfect them 

with a constmct consisting of a viral vector containing the normal gene. The transfected cells 

are then transplanted back into the patient. Successful gene therapy relies on the appropriate 

design of the vector, the full expression of the gene and thus production of a mature 

functional protein. Transfection of the coding portion of the gene for a-L-fucosidase into 

human and canine fucosidosis fibroblasts has been attempted. The enzyme produced by 

these constructs was shown to be able of correcting the biochemical defect (Occhiodoro et 

al., 1992). So far, treatment of Hunter patients by this aproach has not been attempted.

Nevertheless, before any prospective treatment method is implemented it will 

require suitable animal models for the disease in which methods can be fully evaluated 

before clinical application. Some animal models have been described and used as a trial for 

therapy for MPS diseases (for review see Salvetti et al., 1995). It is believed that the
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MPS would appear to be good candidates for replacement therapy because relatively small 

amounts of enzyme are required to correct the defect in cells. The enzymes responsible for 

breakdown of GAGs are normally present in lysosomes in extremely low amounts and full 

correction of the defect may require as little as 5% of normal levels of activity (Hopwood 

and Morris, 1990).

1.5 The pseudodeficiency of arylsulphatase A

Metachromatic leukodystrophy (MLD; McKusick 250100) is a lysosomal storage 

disorder caused by a deficiency of arylsulphatase A (ASA, EC 3.1.6.8), which catalyses the 

desulphation of cerebroside sulphate, a glycosphingolipid found mainly in the myelin 

membranes of the nervous syetem. This deficiency results in accumulation of the 

undegraded substrate in the lysosomes of many tissues particularly the nervous system and 

leads to progressive demyelination and the presence of metachromatic material in the urine. 

The resulting phenotype can be divided into three major clinical forms (Kolodny and 

Fluharty, 1995), late infantile, juvenile and adult, according to severity and age of onset. 

The incidence of the late infantile form of MLD varies from 1:40,000 to 1:130,000, with 

a particularly high incidence among Habbanite Jews, which is probably due to a tendency 

for consanguineous marriages. Overall, the frequency of the different clinical forms of 

MLD has been estimated to be 1:100,000 live births (Kolodny and Fluharty, 1995). It is an 

autosomal recessive disorder and the ASA gene has been localized to chromosome 22q. A 

full length cDNA for human ASA coding for a functionally active enzyme protein has been 

cloned and sequenced (Stein et al., 1989). It is comprised of an open reading frame of 507 

amino acids residues with a putative signal peptide of 18 amino acids and a polyadenylation 

signal (AATAAC) 95 bp downstream from the termination codon. It was suggested that 

postranslational proteolytic processing of ASA is restricted to cleavage of its signal peptide 

and that it is the first lysosomal enzyme that appears not to be subjected to maturation by 

proteolytic processing. The genomic structure of the ASA gene has also been determined 

(Kreysing et al., 1990). It is organized in 8 exons spread over a coding region of 1.5 kb. 

The genomic structure consists of a small sequence of 3.2kb. Comparison of the sequences 

of different sulphatases, lysosomal or not, has not shown any common pattern of gene
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organization. However, several regions of̂ jhighly conserved amino acid sequence have been 

identified including in the sea urchin sulphatase, suggesting that all sulphatases belong to 

a gene family (see section 1.4.13).

Mutation analysis in patients with metachromatic leukodystrophy has identified two 

frequent mutant alleles among Caucasians which account each for about 25% of mutant 

alleles (Gieselmann et al., 1994). The G —►A substitution which destroys the splice site of 

exon 2 (459+1 G->A), causes a complete loss of ASA mRNA and is usually associated with 

severe forms of the disease, while the C->T transition changing proline to leucine at codon 

426 in exon 8 (P426L) gives some residual enzyme activity and is associated with the later 

onset form of the disease (Polten et al., 1991; Barth et al., 1993). Detection of these alleles 

in a number of patients of different origin has allowed a straight forward correlation between 

genotype and phenotype. Homozygosity for the exon 2 splice site mutation is associated 

with the late-infantile form of the disease, heterozygosity for the splice site and P426L 

mutations is associated with the juvenile form and homozygosity for the P426L mutation 

leads to mildly affected adult patients. As for other lysosomal storage disorders, this disease 

is genetically heterogeneous and about 35 other different mutations have been identified so 

far in one or a few patients (Gieselmann, 1994). Nevertheless, a high incidence of some 

mutant allés has been shown in particular population studies, for example a 459+1 G->A 

mutation among Muslim Arabs originating from Jerusalem. Linkage studies between the 

allele carrying this mutation and a haplotype defined by three different intragenic 

polymorphic sites, which is rare in the general population, suggests a common origin which 

was probably introduced into Jerusalem at the time of the Crusades (Zlotogora et al., 1994a). 

The G99D mutation is frequent in Japanese patients (Hasegawa et al., 1993). The T274M 

mutation, which is frequent in patients of Lebanese origin from Australia (Harvey et al., 

1993) possibly has a common origin in Lebanon because it was also found in two Israeli 

Christian Arabs from the Galilee (Zlotogora et al., 1994a).

There are, however, individuals who show very low ASA activity towards the 

synthetic substrate used for diagnosis but do not show clinical symptoms of the disease 

(Dubois et al., 1977). This condition has been designated the pseudodeficiency of ASA (PD-
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ASA). Pseudodeficiencies of at least 9 other lysosomal hydrolases have been reported to 

date (Thomas, 1994). In most of these disease groups, only a few cases have been reported 

but the determination of frequencies in the normal population has been described for a - 

fucosidase with an estimated 8-10% frequency (Willems et al., 1991; Wauters et al., 1992) 

and for p-hexosaminidase A in a non-Jewish enzyme-defined carrier population where two 

different mutations account for approximately 38% of these carriers (Cao et al., 1993).

Mutation analysis in the ASA gene initially suggested that the pseudodeficiency 

resulted from an allele containing two A-^G transitions in the ASA gene (Gieselmann et al., 

1989). One at nucleotide 1049 in exon 6, causes an asparagine to serine change (N350S or 

PDl) and loss of an N-glycosylation site. This is responsible for the decreased size of ASA 

in these individuals but does not affect the activity. The other at the 3'-end of the gene 

(1524+95, A-+G or PD2) affects the polyadenylation signal for termination of the major 

ASA mRNA species. The loss of this ASA mRNA explains both the decreased production 

of mRNA and decreased enzymatic activity in PD-AS A. A test has been developed for the 

detection of the PD allele containing both PDl and PD2 (Gieselmann, 1991). A frequency 

of 7-15% was found in different populations (Hohenschutz et al 1989; Nelson et al 1991; 

Zlotogora et al., 1994b). A higher frequency for the PD allele (22.7%) was found among 

Yemenite Jews (Zlotogora et al., 1994b). However, the development of tests for the 

detection of the two mutations separately has shown that PDl can occur alone and has 

confirmed that PD2 is responsible for PD-AS A (Nelson et al 1991; Shen et al., 1993; 

Zlotogora et al. 1994b; Barth et al., 1994). PD2 was found alone in one case who was 

heterozygous for PDl and PD2 but who was negative for the PD allele (Barth et al., 1994). 

During the course of this study, another subject with neurological symptoms but not with 

metachromatic leukodystrophy was found to be heterozygous for the PD2 mutation only 

(Goldenfiim et al., 1995). Frequencies of 17.5% for the PDl and of 13% for the PD2 

mutations separately have been reported in a normal healthy population (Barth et al 1994). 

An MLD mutation can occur in an allele containing one or both of the PD mutations with 

the same frequency as in a normal allele and it has not been shown yet whether 

heterozygosity for an MLD and a PD I  allele can be the cause of neurological symptoms in 

such individuals (Hohenschultz et al., 1989; Penzien et al., 1993). One mutation, P377L,
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was shown to occur on the background of the PD allele with a high carrier frequency of 

17% among Habbanite Jews. The possible explanation is a founder effect in an isolated 

community (Zlotogora et al., 1994b). Six other different MLD alleles that carry the PD 

allele have also been identified (Gieselmann et al., 1994).

1.6 Methods for mutation detection

Methods for mutation detection can be divided into two groups: The first consists 

of identification of unknown mutations in a gene and the second, screening to detect 

previously described mutations in a population. Some sequence changes detected by these 

methods may be polymorphisms or may be the cause of pseudodeficiency of a given 

enzyme activity or represent mutations in a duplicated part of the gene somewhere in the 

genome (pseudogene) rather than representing disease-causing mutations.

Nevertheless, all these sequence changes can be detected by methods currently in 

use which have been developed to complement the time-consuming and expensive 

sequencing methods. Several useful technologies are available (reviewed in Grompe, 1993) 

but no single method will detect all mutations except sequencing. The development of 

automated sequencing at a reasonable cost may lead to the abandonment of other methods.

1.6.1 Detection of large deletions and rearrangements

Southern blotting (Southern, 1975), is a good first step in mutation analysis for the 

detection of large deletions and rearrangements.The technique involves digestion of genomic 

DNA with specific restriction enzymes, separation of the digested product on the basis of 

size by agarose gel electrophoresis, transfer of the DNA from the gel to a nylon membrane 

and hybridization to a radiolabelled DNA probe. Point mutations may also be detected if 

there is an altered restriction site. Two enzymes (MspI and TaqI) are specially useful in 

scanning for mutations because their recognition sites contain the mutation-prone CpG 

dinucleotide. Another strategy used for the detection of large deletions is based on
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amplification of genomic DNA by the PCR technique using pairs of primers that are specific 

for the 5' and 3'-ends of the gene (Flomen et al., 1992). A negative reaction with both pairs 

of primers is an indication of a complete deletion of the gene.

1.6.2 Detection of single base changes

Genomic DNA and cDNA are the choice of template for analysis of sequence 

changes and they can be used with a variety of techniques which are currently available. 

Amongst the most widely used techniques are: i. single-strand conformation polymorphism 

(SSCP) analysis (Orita et al., 1989), which detects altered band patterns of single-stranded 

DNA after electrophoresis through a non-denaturing gel. It relies on the different folding of 

two single-stranded DNA molecules which differ from each other by a single base. 

Nowadays, newer variants of the basic method include a "dideoxy sequencing" approach 

whereby detection is claimed to be close to 100% (Cotton and Landegren, 1995) ii. 

denaturing gradient gel electrophoresis (DOGE) (Myers et al., 1985) resolves homoduplex 

molecules by their instability in denaturing gradient gels and detects nearly 100% of 

mutations. It is now being applied using capillary electrophoresis (Cotton and Landegren, 

1995). iii. heteroduplex analysis (HA) (White et al., 1992) detects altered mobility in non

denaturing gels caused by the formation of heteroduplexes between normal and wild-type 

DNA. All the above methods are relatively simple but are restricted to localising the 

mutation to a region of 200-400 bp. Methods involving cleavage, allow long segments of 

DNA (up to 1.5kb) to be analysed and the mutation to be localized to within a few base 

pairs. Examples of this are: iv. chemical mistmatch cleavage (CM) (Cotton et al., 1988), 

which is based on formation of a heteroduplex between a radiolabelled wild-type DNA and 

mutant DNA (or RNA). Chemical modification of the mismatched bases at the sites of 

mutation in the heteroduplexes causes cleavage of the chain which is revealed by denaturing 

PAGE. Although it detects 100% of mutations it is a laborious technique and involves the 

use of noxious chemicals, v. ribonuclease A (RNAase A) cleavage (Myers et al., 1985) is 

also based on cleavage of RNA-DNA heteroduplexes between radioactive wild type 

riboprobe and mutant DNA by RNase A, if a [mismatch is present in the heteroduplex, 

followed by electrophoresis. The effectiveness of this technique is claimed to be 70%.
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Recently, a nonradiolabelled version of this technique was reported but the rate of false 

positives and the detection rate are not yet known (Cotton and Landegren, 1995).

Enzyme mismatch cleavage (EMC) is a novel scanning technique in which 

mismatched bases in double stranded DNA are recognized and cut by bacteriophage 

resolvases and the resultant fragments are analysed by electrophoresis (Mashal et al., 1995). 

Another method called the protein truncation test will detect mutations that cause premature 

termination of protein translation in vivo, by visualising a shortened product on 

electrophoresis (Roest et al., 1993). This method was also modified to allow visualization 

of the product through immunoprécipitation (Forrest et al., 1995).

To define the nature of a sequence change precisely, direct sequencing will always 

be required as all the methods described above are only capable of detecting the approximate 

location of a given change. PCR products (from gDNA or RT-PCR) can be sequenced by 

the Sanger dideoxy chain termination method (Sanger et al., 1977) directly, without prior 

subcloning. A variety of techniques have been described which allow DNA to become 

single stranded and readly available for direct sequencing: i. asymmetric PCR (Gyllensten 

and Erlich, 1988) ii. avidin-coated magnetic bead technology (Syvanen et al., 1989; Gibbs 

et al., 1990) iii. genomic amplification with transcript sequencing (GAWTS) (Stoflet et al., 

1988) iv. cycle sequencing (or amplification sequencing) (Ruano and Kidd, 1991; Craxton, 

1991).

Techniques which use fluorescently labelled dideoxy nucleotides can also be used 

for sequencing (Rosenthal and Chamock, 1992). They are usually more expensive and 

require special équipement. Nevertheless, with the advent of automated sequencing which 

utilizes computer software to control processes and record results, the simultaneous 

analysis of more than one sample will be extremely useful and will avoid time-consuming 

and tedious experiments.
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1.6.3 Analysis of previously identified mutations

Once the causative mutation has been detected in the index case, carrier detection and 

prenatal diagnosis can be offered for members of the same family. Equally, once a mutation 

has been found to be recurrent in patients of different origin, screening for these so called 

"common mutations" can be used as a first diagnostic step.

If a mutation abolishes or creates a restriction-enzyme site, digestion of PCR 

amplified product with specific enzymes (Roberts et al., 1989) and analysis by staining with 

ethidium bromide of the digestion fragments after electrophoresis in agarose gels is a 

simple, quick, reliable and inexpensive technique. If a mutation does not occur within 

restriction-enzyme sites, it can be detected by other techniques such as hybridisation with 

allele specific oligonucleotides (ASO) (Kerem et ah, 1989), SSCP (Orita et al., 1989) or 

amplification refiactory mutation system (ARMS) (Ne'wton et al., 1989) which is a 

modified PCR with the oligonucleotide primer being complementary to the site of the single 

base change. The mistmatched is introduced in the 3' end of the oligonucleotide primer 

which will allow priming with the mutated sequence.

1.6.4 Choice of methods and protocol used in this study

(a) Detection of mutations in the IDS gene

The choice of technique and protocol to be used for mutation detection depends on 

the expertise of the laboratory involved, the availability of special equipment and the source 

of material to be analysed. At the begining of this work, most of the mutations identified in 

the IDS gene were large deletions or rearrangements detected by Southern blotting using a

1.5 kb IDS cDNA probe. The first report on mutation analysis of the IDS gene by PCR and 

sequencing (Flomen et al., 1992) proposed a strategy for detecting large deletions based on 

PCR amplification of the 5' and 3' ends of the gene. It was decided to apply this strategy as 

a first step for screening for large deletions in our patients because its is quicker and simpler 

than Southern blotting and does not involve the use of radioactive material. Besides, it can 

be performed with as little as 0.1 pg of DNA while Southern blotting requires a minimum
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of 5 fig of sample, which can be difficult to obtain especially when extracting DNA from 

white blood cells. The disadvantage of this technique in comparison to Southern blotting 

is that it does not detect possible rearrangements in the gene. SSCP has been chosen to look 

for point mutations causing Hunter disease because it is a relatively simple technique. It is 

also quick and requires little manipulation and no purification of PCR products and can be 

used without handling radioactive material. It has been reported that the optimal size of the 

PCR product for analysis by SSCP is 200-250 bp (Orita et al., 1989). For that reason, some 

of the exons amplified by PCR were digested with specific restriction enzymes to yield 

smaller fragments to increase the chance of detecting a sequence change. It is also known 

that different conditions of gel electrophoresis are needed to detect the most mutations. The 

conditions used here were initially, the use of a-^^PdCTP (3000Ci/mmol) in the PCR 

reaction mixture followed by PAGE in a 6% gel at room temperature (20°C) cold room 

(4°C). In addition, a non-radiolabelling procedure was used. It is based on electrophoresis 

of PCR products in MDE (mutation detection enhancer) gel with or without glycerol in the 

cold room followed by detection of DNA bands by a silver staining protocol (see material 

and methods for detailed description of the techniques employed). The final step in the 

identification of unknown mutations was direct sequencing of PCR products from gDNA 

or cDNA, depending on the source of material available, vHth the Sanger dideoxy chain 

termination method using the Dynal beads technology to separate the double stranded 

DNA.

(b) Detection o f the pseudodeficiency mutations in the arylsulphatase A gene

The ARMS technique was used initially to detect the allele containing the two 

mutations which are associated with the pseudodeficiency of arylsulphatase A. It uses two 

pairs of PCR-amplifrcation primers mismatched at the 3' position to allow the identification 

of the two closely located sequence changes in the same PCR product (Gieselmann, 1991). 

Subsequently the two mutations were detected separately by PCR of each DNA fragment 

containing the site for the different mutations followed by restriction enzyme digestion with 

Mae III (Salamon et al., 1994).
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1.7 Aims of this project

The aims of this project were:

(D to perform mutation analysis and to identify the primary genetic defect in 34 patients 

who had been diagnosed enzymically as suffering from Hunter disease and to propose a 

simple and efficient strategy for the identification of these mutations 

(D to have a better understanding of the relationship between genotype and clinical 

phenotype

(D to be able to offer carrier detection for female family members of Hunter patients in whom 

the identification of the carrier status is difficult if based on enzyme assays only 

® to analyse the presence of the two mutations associated with the pseudodeficiency of ASA 

in order to clarify the cause of low ASA activity in subjects with neurological symptoms 

which are not related to MLD

® to identify the different PD-AS A genotypes and to be able to offer genetic counselling and 

prenatal diagnosis using a reliable and simple protocol that would distinguish the cause of 

low activity of arylsulphatase A in families carrying both MLD and PD mutations
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Chapter 2

Materials and Methods
Most laboratory chemicals were supplied by British Drug House, UK or Sigma, UK 

unless otherwise indicated. All solutions used for cell culture, PCR and plasmid preparation 

were autoclaved and prepared under sterile conditions.

2.1 Patient information
2.1.1 Hunter patients

DNA (genomic and/or complemantary) from 34 patients with Hunter disease was 

analysed for sequence changes in the IDS gene to characterize the disease causing mutation. 

A questionnaire was sent to the physicians who referred the patients to Great Ormond 

Street Hospital (GOSH) for children, enquiring about the clinical signs in the index case 

and/or any affected family member in the case of aborted fetus material. Clinical information 

was obtained for most of the patients included in this study and is described below together 

with the material available for analysis. Unless otherwise stated, patients are male and are 

alive.
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Patient HI

Ethnic origin: Scandinavian

No detailed clinical information was obtained but he was classified as a severe case 

of Hunter disease and has already died. (Martin Renlund, Finland, personal 

communication). The material available for analysis was cultured fibroblasts.

Patient H2

D.O.B 11/9/1976 - D.O.D. 2/5/1988 Ethnic origin: British 

His grandmother noticed problems after birth and the diagnosis of Hunter disease was made 

before 17 months. He presented with coarse facies, severe hepatosplenomegaly, profound 

deafness with nerve deafness and glue ear, mental retardation, skeletal deformities, 2 

inguinal and 1 umbilical hernia. He stopped growing at 7 years at a height 44". Joint 

stif&iess was severe with hands severely clawed. The CT scan showed hydrocephalus. The 

measurement of IDSwas performed by Elizabeth Neufeld, USA in 1977. The material 

available for analysis was cultured fibroblasts.

Patient H3

D.O.B. 28/9/85 Ethnic origin: British

He was bom after a normal pregnancy. His mother had elevated AFPS. The 

diagnosis was made at 3 and 1/2 years and he presented with multiple congenital 

anomalies. He has coarse facies, hepatosplenomegaly with liver 4 cm and spleen 2 cm, 

deafiiess, severe mental retardation, skeletal deformities with congenital vertebral anomalies 

as well as dysostosis multiplex, hernia, short stature, joint stiffiiess, cardiac involvment 

showing A® mitral regurgitation and severe neurological involvement. The material available 

for analysis was whole blood in EDTA. Cultured fibroblasts from an aborted fetus was also 

available for analysis.

Patients H4a and b

D.O.B. (a) 15/10/1977 and (b) 26/8/1981 Ethnic origin: British

Those two patients are brothers. Both had onset of clinical symptoms at 5 years of 

age and the older one was diagnosed at this age. They presented with coarse facies.
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hepatosplenomegaly, deafness, skeletal deformities, short stature and cardiac involvement. 

They do not have mental retardation, hernia or neurological involvement and the only 

difference between the two of them is that the younger boy has joint stiffness. They are 

considered to be mildly affecetd regarding mental handicap but moderately severe regarding 

physical handicap. The material available for analysis was whole blood in EDTA.

Patient H5

D.O.B. 22/3/1981 - D.O.D. 22/4/1994 Ethnic origin: British

He presented with developmental delay and deafness at 3 years of age and was 

diagnosed for Hunter disease at the age of 3 1/2 years. He had typical features of Hunter 

disease with coarse facies, hepatosplenomegaly with liver 8cm and spleen 5cm at 9 years 

and 6 months, deafness, mental retardation and severe learning difficulties, skeletal 

deformities with typical dysostosis multiplex, very small umbilical hernia, short stature, 

typical large joint stiffness, cardiac involvement with slightly thickened mitral valve and 

neurologigal invovement including comunicatory hydrocephalus. Hemiplegia developed 

when he was 12 years and he had seizures. The material available for analysis was whole 

blood in EDTA.

Patient H6

D.O.B. 1/1/1965 Ethnic origin: British

He was diagnosed at 3 years at the time when the clinical symptoms were noted. He 

has got a mild form of Hunter disease with normal intelligence, coarse facies, hepatomegaly 

followed by splenomegaly, deafiiess, skeletal deformities, hernia, joint stiffness and cardiac 

involvement and short stature. In 1988 he was working as a car park attendant. The material 

available for analysis was whole blood in EDTA.

Patient H7

D.O.B. 28/12/1981 Ethnic origin: British

He presented onset of clinical symptoms at 10 months. He was diagnosed as 

suffering from Hunter disease at the age of 2 years and 9 months. There are no other affected 

males in the family and he is a typical severely affected patient. He presented with coarse
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facies, hepatosplenomegaly with liver 4cm and spleen 2cm at the age of 6 years, deafness 

(he never passed a hearing test and wears an aid), severe mental retardation with 

developmental delay from the age of 12 months, typical dysostosis multiplex, umbilical 

hernia, short stature well below 3rd centile for height, typical joint stiffness with carpal 

tunnel syndrome and cardiac involvement. He started seizures in 1994. The material 

available for analysis was whole blood in EDTA.

Patient H8

D.O.B. 29/2/1980

He had onset of clinical symptoms at 4 years when he was diagnosed with Hunter 

disease. There are no other affected males in the family. He presented with coarse facies, 

hepatosplenomegaly with liver 8cm and spleen 3cm, deafness (wears an aid), skeletal 

deformities with mild dysostosis multiplex, hernia, mild short stature, joint stiffiiess, cardiac 

involvement with mitral regurgitation. He has developed cervical myelopathy due to 

compression. He has no mental retardation and is considered to be a mildly affected patient. 

The material available for analysis was whole blood in EDTA.

Patient H9

No clinical information was obtained. The material available for analysis was whole 

blood in EDTA.

Patient HIO

D.O.B. 5/6/1979 Ethnic origin: Greek 

He was diagnosed at the age of 4 years. The age of onset of clinical symptoms was 2 months 

when he was operated for hernia. He has coarse facies, hepatosplenomegaly, deafness, 

mental retardation, skeletal deformities, hernia, short stature, joint stiffness, cardiac 

involvement but no neurological involvement. The material available for analysis was 

cultured fibroblasts.
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Patient H l l

D.O.B. 3/5/1980 Ethnic origin:Greek

He was diagnosed at the age of 4 years. He has coarse facies, hepatosplenomegaly, 

deafness, skeletal deformities, joint stiffness, cardiac involvement but no neurological 

involvement. He has no mental retardation. The material available for analysis was cultured 

fibroblasts

Patient H12

D.O.B. 24/6/1980 Ethnic origin: Greek

He was diagnosed at the age of 1 year. The age of onset of clinical symptoms is not 

known. He has coarse facies, hepatomegaly, deafness, skeletal deformities, hernia, joint

stiffness and moderate mental retardation and does not present with hernia. He has a normal

stature. The clinical information obtained was not detailed enough to draw conclusions 

about the severity of the disease. Nevertheless he does not seem to be severely affected. The 

material available for analysis was whole blood in EDTA.

Patient H13

D.O.B. 14/3/1990 Ethnic origin: British

He was diagnosed at 6 months as suffering from Hunter disease before clinical 

symptoms were manifested based on family history. At the age of 10 months he was 

subjected to BMT and at that time he was asymptomatic. He has slight stiffriess in knees and 

shoulders, hepatosplenomegaly, bilateral carpal tunnel syndrome and no other symptoms of 

Hunter disease were developed. He had two great uncles with Hunter disease who died in 

their late teens and presented with the severe form of the disease. The material available for 

analysis was whole blood in EDTA.

Patient H 14

The material available for analysis was cultured fibroblasts from an aborted fetus. 

No clinical information was available from the index case in this family
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Patient HIS

D.O.B. 27/8/79 Ethnic origin: British

She is a female Hunter patient who is one of a pair of identical twins. She showed 

clinical manifestations of the disease at the age of 6 years. She is considered to be a mildly 

affected patient with coarse facies, hepatosplenomegaly, skeletal deformities, short stature 

and joint stif&iess. She does not show cardiac and neurological involvement and is mentaly 

normal. The material available for analysis was whole blood in EDTA.

Patient H16

D.O.B. 22/11/1974 - D.O.D. 17/5/1982 Ethnic origin: British 

No detailed clinical information was obtained from this patient but he had a severe 

form of the disease. The material available for analysis was whole blood in EDTA.

Patient H I 7

Ethnic origin: Scandinavian

No detailed clinical information was obtained but he was classified as a severe case 

of Hunter disease and has already died. (Martin Renlund, Finland, personnal 

communication). The material available for analysis was cultured fibroblasts.

Patient HIS

D.O.B 21/9/1989 Ethnic origin: British

He was diagnosed at the age of 4 years. He presented with coarse facies, 

hepatosplenomegaly with liver 3cm, deafiiess, mental retardation, umbilical hernia and joint 

stiffiiess. He does not show cardiac and neurological involvements apart from hearing 

problems. No skeletal deformities are noted. The material available for analysis was whole 

blood in EDTA.

Patient H19

Born in 1987 Ethnic origin: Brazilian 

He presented with severe joint stiffiiess, respiratory problems, mental retardation (he does 

not communicate verbally) and severe skeletal deformities. He was classified as suffering
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from the severe form of the disease. The material available for analysis was whole blood 

in EDTA.

Patient H20

D.O.B. 7/7/1989 Ethnic origin: British

The age of onset of clinical symptoms was one month. He is considered to have the 

mild form of the disease and presented with coarse facies, hepatosplenomegaly, deafiiess, 

hernia and short stature. The material available for analysis was DNA extracted from whole 

blood in EDTA.

Patient H21

Bom in 1988 Ethnic origin: Brazilian

He is the third son of a family of four. There is no consanguinity and also no other 

affected members in the family. He apeared to be normal until 12 months when the parents 

noticed that he did not walk or speak and had bilateral inguinal hernia. He began to say a few 

words when he was 4 years old. He has coarse facies, long eylashes, broad nose, thick lips, 

discrete hirsutism and discrete comeal clouding, discrete hepatosplenomegaly, short stature, 

unilateral inguinal hernia, skeletal deformities (ausculta cardiaca normal). His behaviour is 

said to be aggressive and disobedient (he kicks and bites on examination). The material 

available for analysis was a sonicated pellet of white blood cells.

Patient H22

D.O.B. 3/4/1979 Ethnic origin: British

No detailed clinical information was obtained from this patient. The material 

available for analysis was a pellet of white blood cells .

Patient H23

The index case for this aborted fetus was bom in 4/1/1987. He was diagnosed at the 

age of 2 1/2 years and presented with coarse facies, hepatosplenomegaly, deafness, mild 

mental retardation, mild skeletal deformities, inguinal hernia, short stature, mild joint 

stiffiiess and no cardiac and neurological involvement. The material available for analysis
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was chorionic villi.

Patient H24

The index case for this aborted fetus was a severely affected patient of British origin. 

D.O.B. 15/11/1974 - D.O.D. 1/10/1988. He was diagnosed at birth because of previously 

affected sibs. He had coarse facies, hepatosplenomegaly, deafness, mental retardation, 

skeletal deformities, hernia, short stature, joint stif&iess and neurological involvement. The 

material available for analysis was whole blood in EDTA from the index case and 

chorionic villi and cultured fibroblasts from the aborted fetus.

Patient H25

D.O.B 25/11/1983 - D.O.D. 5/6/1995 Ethnic origin: British 

He was diagnosed at the age of 3 years. He presented with coarse facies, 

hepatosplenomegaly, deafiiess, mental retardation, skeletal deformities, short stature, joint 

stiffiiess, cardiac involvement with mitral valve thickening and neurological involvement 

with seizures at 11 years. The material available for analysis was a pellet of white blood 

cells .

Patient H26 Ethnic origin: Indian

No clinical information was obtained from the index case from this aborted fetus. 

The material available for analysis was amniocytes.

Patient H27

D.O.B. 25/2/1984 Ethnic origin: British

He presented with clinical onset at 2 years old and was diagnosed at the age of 8 

years and 10 months. He presented with coarse facies, deafiiess, mental retardation, skeletal 

deformities, hernia, short stature, joint stiffness and cardiac involvement. His neurological 

involvement is unknown, he has tracheostomy and is very difficult to examine. The material 

available for analysis was whole blood in EDTA.
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Patient H28

D.O.B. 26/10/1976 Ethnic origin: British

He is the only affected member in the family. The age of clinical onset was 4 years, 

at the same time of diagnosis, when he presented with a big head. He had coarse facies with 

hirsutism, hepatosplenomegaly with liver 9cm and spleen 10cm at diagnosis, conductive 

deafness (wears an aid), mental retardation, repaired bilateral hernia, short stature with 

progressive fall from 1983, joint stiffness specially in elbows, knees and hips, and 

neurological involvement with bilateral papilloedema. He stopped learning at 6 years. The 

material available for analysis was a pellet of white blood cells.

Patient H29

No clinical information was obtained from the index case for this aborted fetus. The 

material available for analysis was chorionic villi.

Patient H30

D.O.B. 8/10/1984 Ethnic origin: British

This was an aborted fetus and the clinical details presented here are from the index 

case from this family. He was diagnosed at 3 years when he presented with short stature, 

abdominal distension and recurrent hernias. He is a mildly ajffected patient with mild coarse 

facies, hepatosplenomegaly, deafness, mild skeletal deformities, 3 inguinal hernias, mild 

short stature and mild joint stiffness. He does not have mental retardation and does not 

present with cardiac and neurological involvement. The material available for analysis was 

chorionic villi.

Patients H31

No clinical information was obtained from this patient. The material available for 

analysis was a pellet of white blood cells.

Patients H32

No clinical information was obtained from the index case for this aborted fetus. The 

material available for analysis was chorionic villi.
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Patient H33

D.O.B. 21/1/1990 Ethnic origin: Yemenite

He was diagnosed at the age of 4 1/2 years. The age of onset of clinical symptoms 

was at 10 months when he presented with a large head. He has coarse facies, 

hepatosplenomegaly, deafness, mental retardation, skeletal deformities, umbilical hernia, 

short stature, joint stiffness but no cardiac and neurological involvement. The clinical 

information provided is not enough to classify this patient according to severity of the 

disease. The material available for analysis was a pellet of white blood cells.

Patient H34

Patient of Czech and German origin, he was bom after a normal pregnancy and began 

walking at 2 years and 2 months. At 3 years old MPS was suspected which was confirmed 

by biochemical tests when he was 6. At 12 years, he had cardiac abnormalities, repetitive 

infections and a severe mental retardation. He presents with coarse facies, scaphocephaly, 

thick lips and eyebrows, hepatosplenomegaly, joint stiffness, short stature and cardiac 

involvement.

For patients HIO, H ll, H12 and H I8 the clinical information obtained was not 

enough to classify them in terms of severity of mental and physical handicap. All patients 

for whom a detailed clinical picture was available were classified for severity of mental and 

physical handicap as shown in Table 2.1.

2.1.2 Subjects analysed for pseudodeficiency of arylsulphatase A

Genomic DNA was isolated from leukocytes, blood or fibroblasts from 112 

individuals whose ASA activity was below or on the borderline of the normal j reference 

range (22-70 nmol.hr'\mg '). This group includes subjects with neurological symptoms 

which are not related to MLD, MLD patients and some of their close relatives.
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Table 2.1 Classification of Hunter patients according to the severity of the disease

Patient's number Mental Handicap Physical handicap Date of birth

HI severe severe unknown

H2 severe severe t  at 12 years

H3 severe severe 28/91985

H4 mild moderately severe 15/10/1977

H5 severe severe t  at 13 years

H6 mild mild 1/1/1965

H7 severe severe 28/12/1981

H8 mild moderate 29/2/1980

H13 nomal very mild 14/3/1990

H15 mild mild 27/8/1979

H16 severe severe t  at 8 years

H19 severe severe 1987

H20 mild mild 30/8/1989

H21 severe severe 1988

H23 moderate mild 4/1/1987

H24 severe severe t  at 14 years

H25 severe severe t  at 12 years

H27 severe severe 25/2/1984

H28 severe severe t  at 14 yr

H30 mild mild 8/10/1984

H34 severe severe >12 yr
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2.2 Culture of fibroblasts and amniotic fluid cells
Solutions 

Growth medium HAMSFIO
12% (v/v) fetal calf serum (Gibco BRL)
4mM L-glutamine (Imperial Laboratories)
lOOU/ml penicillin with lOOpg/ml streptomycin (Gibco BRL)

Nuclei lysis buffer 0.02M Tris
0.002M EDTA

Trypsin buffer

O.SMNaCl 

6g/l NaCl
3g/l sodium citrate pH 7.8-8.0

Tr/psin 5 % (w/v) dissolved in trypsin dilution buffer

PBS (Phosphate Buffered Saline) 8g/lNaCl
0.2g/l KCl
1.44g/lNa2HP04
0.24g/l KH2PO4, pH7.4 with HCl

Solution D (Denaturing solution): 4M guanidinium thiocyanate
25mM sodium citrate
0.5% (w/v) N- lauroylsarcosine 
O.IM p-mercaptoethanol

2.2.1 Culture conditions

Cells were grown in monolayers in 75cm^ flasks (Marathon) with 10-20ml of growth 

medium by incubating at 37°C in a 5% CO2 incubator. The growth medium was changed 

twice a week and the cells were grown until they reached confluence. For subculturing, the 

confluent cells were harvested by removing the growth medium , washing the adhered 

monolayer with trypsin buffer and incubating with trypsin for 5min at 37°C. After 

incubation the flask was hitLn the side to detach the cells, which were subdivided into new 

flasks for subculturing with fresh medium.
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2.2.2 Storage of cells

For storing cultured cells for enzyme assay and DNA extraction, the detached cells 

were transferred to a sterile conical flask and centrifuged at 500g for 5min._The supernatant 

was discarded and the pellet washed twice with 0.9% NaCl. 50 pi of water was added and 

the cell pellet was stored at -20°C until required. For RNA extraction, the cells were washed 

with PBS 4 times and dissolved in solution D prior to fl-eezing as described in section 2.6.1. 

Cells that were not used immediately for enzyme assays or DNA/RNA extraction were 

harvested. The cell pellets were resuspended in 7.5% (v/v) DMSO after centrifugation, 

transferred to 2ml plastic ampoules and left at 4°C overnight. The ampoules were then 

frozen down slowly in liquid nitrogen vapour to limit cell damage and were finally 

immersed in liquid nitrogen for storage.

2.3 Biochemical studies
Most of the biochemical analysis presented here was performed by the staff of the 

Enzyme Laboratory, Biochemistry Unit, Institute of Child Health, under the supervision of 

Mrs. Elizabeth Young to whom I am very grateful.

2.3.1 Quantitative analysis of urinary GAGs

Under controlled conditions of pH and electrolyte concentration, Alcian Blue reacts 

with glycosaminoglycans (GAGs) to form insoluble complexes . The follovring procedure 

has been found to give maximum precipitation of GAGs in standard solutions and urine 

(Whiteman, 1973).

Solutions

SDS (Sodium dodecyl sulphate) solution 7.5% (w/v) in water 

C-4-S (Chondroitin-4-sulphate) standard solution: 200mg/l of water.
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Alcian Blue Solution 5 ml 1 % (w/v) Alcian Blue 8GX
2.5 ml 2M MgClj
10 ml 500mM sodium acetate pH 5.8 
Freshly made up to 100ml with distilled water

A standard curve ranging from 0-200mg/l of C-4-S in a volume of 50 pi was 

prepared in duplicate. Urine was centrifuged at 3000g for 5 min and 50pl of each sample 

in duplicate, were taken for assay. Alcian Blue solution (1ml) was added to each tube and 

mixed. After incubation at room temperature for 2-4hr the tubes were centrifuged at 2000g 

for 15min. The supernatant was carefully discarded and the precipitate washed with 2ml of 

absolute ethanol and centrifuged. The supernatant was discarded and the precipitate was 

redissolved in 1ml of SDS solution which causes dissociation of the GAGs and dye. The 

tubes were allowed to stand at room temperature for 30min and the absorbance was 

measured at 678nm.

Samples with absorbances above the highest standard were either diluted with SDS 

and the absorbance measured again or alternatively, the assay was repeated using a smaller 

volume of urine. Samples with creatinine values <1 mmol/1 may give falsely elevated results 

and were deemed unsuitable for assay.

From the standard curve the concentration of GAG in each sample was calculated 

and results were reported as mg of GAG/mmol creatinine. Urinary GAG concentration varies 

wdth age and the following table was used as a reference range:

Age mgG/

0-1 months 10-40

1 -3 months 10-35

3-6 months 10-30

6-12 months 5-25

1-3 years 5-20

3-5 years 2-15

5-15 years 2-12

over 15 years 1-5
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2.3.2 Isolation of glycosaminoglycans from urine

Centrifuged urine (2ml) was added to 8ml of Alcian Blue solution, mixed and 

allowed to stand at room temperature for 2-4hr or at 4°C overnight, then centrifuged at 

3000g for lOmin and the supernatant was carefully discarded. 200pl of 4M NaCl and lOOpl 

of methanol were added to the pellet. The tubes were mixed to ensure the precipitate was 

dislodged from the bottom of the tube and allowed to stand at room temperature for 15min 

to dissociate the complex. lOOpl O.IM Na2C03 and 400pl HjO were then added to the tubes, 

mixed and allowed to stand at room temperature for 30min or at 4“C overnight. Alcian Blue 

was removed by centrifugation for 3min at 2000g. The GAGs were precipitated by addition 

of 1.5ml of ethanol to the supernatant. The precipitate obtained after centrifugation for 

lOmin at 2000g was air dried overnight or vacuum dried at 35®C for 20min and dissolved 

in 20pl HjO.

2.3.3 Two dimensional electrophoresis of GAGs 

Solutions:

Pyridine (0.01%): Acetic acid (0.1%) buffer (v/v)

O.IM barium acetate buffer (pH 6.0)

Sartorius cellulose acetate sheets type 11200 (78mm x 150mm) were used for 

electrophoresis. The sheet was soaked in the pyridine: acetic acid buffer, blotted and placed 

in a tank containing pyridinelaceti acid with the application point about 1cm from the 

cathode side in the left hand comer. 1 pi of the sample from section 2.3.2 was applied and 

allowed to dry. Electrophoresis was carried out in pyridineiacetic acid buffer for 1.5hr with 

an applied potential of 7.5V/cm (constant voltage=50V). The sheet was removed, dried for 

at least 30min in a fume hood, cut in two halves and quickly dipped in barium acetate. The 

two blotted halves were turned 90 degrees, so that the application point was in the right 

hand comer, and placed in a second tank containing barium acetate. 1 pi of a standard mix 

of chondroitin, dermatan and heparan sulphates (1 mg/ml) was applied, and electrophoresis 

was carried out in O.IM barium acetate for 3.5hr as described before. The sheets were 

removed from the tank and stained for 20min in Alcian Blue solution. They were washed
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twice with 5% (v/v) acetic acid and dried overnight at room temperature. The resulting 

GAG pattern was compared with the pattern obtained in a normal control and samples from 

defined cases of mucopolysaccharidosis, allowing identification of the GAGs accumulated.

2 .3 .4  Protein measurements 

Solutions

Protein standard - Bovine serum albumin (BSA) 1 mg/ml (Sigma)

Bicinchoninic Acid (Sigma)

4% CUSO4.5H2O (w/v)

Protein concentration was measured using bicinchoninic acid based on the method 

of Smith et al. (1985). This is an extremely sensitive method for the measurement of 

protein concentrations as low asSpg.

All assays were performed in duplicate. A standard curve was prepared containing 

5-50pg of BSA in 50 pi of HjO. Sample tubes contained 5 and 10 pi of diluted plasma or 

cell extract in 50 pi of H2O. 1ml bicinchoninic acid solution was added and the tubes 

incubated for 10 min at 37°C to solubilise all the protein. 20pl copper sulphate solution was 

added and the tubes incubated for a further 20 min at 37°C. The absorbance was measured 

at 562 nm. The protein concentration in the sample was calculated in mg/ml from the 

standard curve.

2.3.5 Measurement of iduronate-2-sulphate sulphatase

The tritiated disaccharide substrate, 0- (a-L-idopyranosyluronic acid 2-sulphate)- 

(1 4)-2,5 anhydro-D-pH]-mannitol-6-sulphate (HSC, Toronto) is hydrolysed by iduronate

sulphatase to inorganic sulphate and the monosulfated disaccharide product 0-(a-L- 

idopyranosyluronic acid)-(l-^4)-2,5-anhydro-D-pH]maimitol-6-sulphate. To measure the 

activity of the enzyme, the radioactive product is separated from the substrate on an anion- 

exchange resin column.
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Substrate; 1.5 nmol (0.7|iCi) dissolved in 330}j.l of 0.33M acetate buffer (pH 4.5).

Iduronate-2-sulphate sulphatase activity was measured in plasma and cultured cells. 

Plasma was centrifuged at 2000g for 5min. Cultured cells were sonicated in water. 250 pi 

of plasma or lOOpl of the sonicate were dialysed overnight against H2O at 4°C. After 

dialysis, plasma was spun at 2000g for 5min and diluted 1:10 in HjO. Protein was assayed 

in the diluted plasma samples or cultured cell sonicate. Duplicate samples containing 50- 

lOOpg of plasma protein or 5-lOpg of cell protein were taken and the volume adjusted to 

50pl with water. 30pl of substrate/buffer was added and the samples incubated at 37®C for 

Ihr for plasma or 3hrs for cultured cells. Duplicate blank tubes containing 50pl of water 

were prepared. The reaction was stopped by the addition of 1ml of ImM Na2HP04 and the 

sample was applied to a 0.6ml Cellex E column equilibrated with water. The eluate was 

collected into a scintillation vial. Incubation tubes were washed with a further 1 ml of water 

and applied to the column combining the eluates. 5ml of 10, 20, 40 and 50mM of sodium 

formate were applied to the column and the eluates were collected into separate scintillation 

tubes. 10ml of "OptiPhase Hysafe 3" scintillator (Wallac) were added to each vial. The 

eluates obtained after washing with 40 and 50mM of sodium formate contained the product. 

The radioactivity was counted in a LKB Wallac 1410 liquid scintillator counter. 5 pi of the 

substrate solution (0.023 nmol of the substrate) was added to 5 ml of 50mM sodium formate 

and scintillator and counted to determine dpm/nmol substrate. Enzyme activity was 

expressed as pmol. of substrate hydrolysed, h r ’.mg of protein’.

2.4 Extraction and analysis of genomic DNA
2.4.1 Extraction of genomic DNA from blood

Genomic DNA was isolated from the nuclei of peripheral leucocytes by a process 

involving the salting out of cellular proteins by dehydration and precipitation with 

saturated ammonium acetate (Miller et al., 1988).
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Solutions:

Nuclei lysis buffer Proteinase K dilution buffer
1 OmM Tris-HCl 2mM Naj-EDTA
400mM NaCl 1 % (w/v) SDS
2mM Naj-EDTA stored at 4°C
stored at 4®C

TE (Tris-BDTA) buffer Proteinase K solution
lOmM Tris-HCl 2 mg/ml of proteinase K (BDH)
ImM EDTA diluted in proteinase K dilution buffer
pH adjusted to 8.0 with NaOH

Blood samples were collected in EDTA-coated tubes and were used freshly or stored 

at -70°C. Red blood cells were lysed by adding ice cold water to 5 to 10 ml of whole blood 

to give a final volume of 50ml. The samples were centrifuged at 1200g for 20 min at 4°C in 

an lEC CENTRA-7R centrifuge and the supernatants were discarded. The nuclear pellet was 

then washed vrith 25ml of 0.1% (v/v) Nonidet P40 (NP40) to disrupt the nuclear cell 

membrane. After vortexing until the pellets were completely resuspended, the samples were 

centrifuged for a further 20 min as described previously. The supernatant, containing the 

membranes, was discarded and the intact nuclear pellet was lysed with 3ml of nuclei lysis 

buffer by resuspending completely with a plastic sterile pipette. Proteinase K solution 

(600pl) and 200pl of 10% (w/v) SDS were added and the samples were mixed gently by 

inversion and incubated at 60°C for 1-2 hr or overnight at 37°C. 1ml of saturated ammonium 

acetate (9.6mol/l) was added to the digested samples to precipitate the protein. After 

vortexing vigorously for 15 sec the samples were allowed to stand at room temperature for 

10-15 min before centrifuging at 1200g for 20min at room temperature. The supernatants 

were transferred to a separate tube and the DNA was precipitated by the addition of 2 

volumes (10ml) of absolute ethanol. It was spooled out with a blunt-ended Pasteur pipette 

and transferred to a 1.5ml microfuge tube containing 1ml of TE for dissolving. It was 

stored at -20°C.
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2.4.2 Extraction of genomic DNA from white blood cells (wbc), chorionic 

villus and cultured cells (amniotic fluid and fibroblasts)

Pellets from leukocytes, chorionic villus and cultured cells, were also used as a 

source for genomic DNA extraction. Chorionic villi were crushed with a plunge of a 1ml 

syringe in a 1.5ml Eppendorf tube. The method used is basically the same as that described 

for extraction from blood but beginning with the addition of nuclei lysis buffer. The volumes 

of all the solutions used were'scaled down to 1/10. Spooled out DNA was dissolved in 200- 

500pl of TE and stored at -20°C. For some of the samples, spooling out of precipitated 

DNA was not possible because the DNA strands were degraded. In this situation, the 

solutions were left at -70°C overnight and were centrifuged at lOOOOxg for 20min to recover 

the DNA pellet which was dissolved in 200-300pl of TE and stored at -20®C.

2.4.3 Measurement of concentration of DNA

DNA concentrations were determined by measuring the absorbance at 260nm using 

a Gene Quant (Pharmacia) spectophotometer. One absorbance unit was considered to be 

equivalent to 50ng/pl of double-stranded DNA or 37ng/pl of single-stranded DNA, based 

on the assumption that DNA contains aproximately equal amounts of purine and pyrimidine 

bases (GC:AT) (Sambrook et al., 1989). The purity of the DNA was estimated by 

determining the ratio of the absorbance at 260nm and 280nm, where a ratio of between 1.8 

and 2 indicated a preparation free of protein.

2.5 Amplification of genomic DNA by the polymerase 

chain reaction (PCR)

2.5.1 Synthesis and purification of oligonucleotides primers

Oligonucleotide primers were designed using the primer program provided by the
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HGMP resource centre based at MRC Clinical Research Centre, Harrow, UK or manually 

selected from the available sequence data on the basis of an equal proportion of GC to AT 

bases and lack of complementarity between the two primers. Primers were synthesised on 

an Applied Biosystems 381A DNA synthesiser and 5'-biotinylation was carried out during 

oligonucleotide synthesis using DMT-biotin-C-6-phosphoamidite (CRB), according to the 

manufacturer's instructions. I thank Paul Rutland for carrying out the synthesis. They were 

then, concentrated by ethanol precipitation in the presence of sodium acetate. DNA was 

precipitated by adding 1/10 of the volume of 3M sodium acetate (pH 5.2) and 2 1/2-3 

volumes of absolute ethanol, mixing and leaving at -70°C overnight. The samples were 

centrifuged for 15min at lOOOOg in a bench centrifuge to collect the precipitate and the 

supernatants were discarded. Co-precipitated salt was removed by resuspending the DNA 

in 1 SOpl of 70% (v/v) ethanol, centrifuging, pipetting off the supernatant and air drying the 

DNA before resuspending it in doubled distilled HjO or TE buffer and storing at -20®C.

Intronic primers were designed for amplification of the 9 exons, comprising the IDS 

gene, and their flanking sequences. Table 2.1 lists the sequence of the primers used, PCR 

product sizes and PCR annealing temperatures. Two pairs of primers (Flomen et ah, 1992) 

were used to amplify the 5'- and 3'- ends of the gene to check for big deletions (Fig. 2.1).

2.5.2 Determination of primer concentration

The concentration of an oligonucleotide was determined using a calculation based 

on the product of the inverse of the extinction coefficients of the nucleotides (X) and the 

absorbances of the primers at 260nm. The extinction coefficiences are 15200, 7050, 8400 

and 120101. cm ’, mol ’ for dATP, dCTP, dTTP and dGTP respectively, where 1/Xx OD26o= 

concentration in moles/1.
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Table 2.2 Sequence of oligonucleotide primers used for amplification and sequencing 

of the 9 exons comprising the IDS gene

exon sense primer (5'-3') 
antisense primer (5'-3')

Gene
nucleotide
position

PCR- 
product 
size (bp)

PCR-AT
m

El CCCGACGAGGAGGTCTCT

B-AGATGGCAGGGAGGGCGTGG

958-975

1186-1167

229 60.5

E2 B-ACCTCACCAAAGCCCCTC

ACCCTCAGTGCACGAAGC

1871-1888

2090-2073

220 58

E3 B-GCGATGCTTACCTCTGCTTC

GCTGGATTCAGACACCACAA

2671-2690

2937-2918

267 57

E4* B-GTGGGGTGTTGAAAGACTCATC

TGGTATATAACCAGCTTCACAG

5103-5124

5344-5323

243 53

E5* B-TGTGTAGCCTTCATGGCTTC

CCCTCAACAAACAACACAGC

7818-7837

8146-8137

332 59

E6 B-AGAGTGACAACTTTGTGGCT

ACACTATGTCATCAGTGTCC

9639-9658

9895-9876

257 59

E7 B-ATTGCAGTCACTCTCATTTTTA

TTCACAGGAAAGTTCAGATG

15712-15733

15931-15922

220 53

E8 B-ACAAGCTGTGGTATGATAAT

AAGGTGATCTTACTGTCAA

19036-19055

19312-19293

276 46

E9 B-TGTCGCTTCCTGTTTCAGG

GGAAGGGAGCACATCACATT

22956-22974

23488-23469

533 57

B- indicates a biotinylated primer, * from Bunge et al., 1992, AT is annealing temperature
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5'UTR

>
Hdellf

<
Hdellr

Primer sequence: (5'-3')

Hdellf- CTGCTAACTGCGCCACCTGCT 
Hdellr - GACGGAGCTCAGAACCAGACC

Hdel2f- GGTTGGCTTCAATCCTGATG 
Hdel2r - TGCTGGAAGGGAGCACATCAC

3'UTR

> <
Hdel2f Hdel2r

cDNA position

60-79
184-164

1630-1649
1822-1803

Figure 2.1 Schematic representation of the IDS gene and position of the primers used 
to amplify the 5’- and 3*- ends of the gene

Genomic fragments were amplified by PCR using primers Hdell for the 5'- end of the gene 
and Hdel2 for the 3'- end. Arrows indicate position and orientation of the primers. UTR, 
untranslated region
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Table 2.3 Other primers used in this study

name primer sequence (5'-3') reference

IDS 814 
IDS 99202 
(inversion)

ATATATGGAGGTGCCATAATT
AACCAAAGACACCAAAAACTG

Bondeson et al., 
1995

DXS1002f 
DXS1002r 
(CA repeats)

CTGCTACCCTTTAGTTCTCTC
TCCATGTTGCTGCGAA

Bitner-Glindzicz et 
a l, 1994

STR44 
(CA repeats)

TCCAACATTGGAAATCACATTTCAA
TCATCACAAATAGATGTTTCACAG

Clemens et al., 1991

STR45 
(CA repeats)

GAGGCTATAATTCTTTAACTTTGGC
CTCTTTCCCTCTTTATTCATGTTAC

Clemens et al., 1991

STR49 
(CA repeats)

CGTTTACCAGCTCAAAATCTCAAC
CATATGATACGATTCGTGTTTTGC

Clemens et al., 1991

STR50 
(CA repeats)

AAGGTTCCTCCAGTAACAGATTTGG
TATGCTACATAGTATGTCCTCAGAC

Clemens et al., 1991

FRAXACl GATCTAATCAACATCTATAGACTTTATT
AGATTGCCCTCTGCACTCCAAGCCT

Richards et al., 1991

Gene X GGAGGAAACACTCTTCCACTTAGC
CAGCTTGGACACTAGCCAGGC

Timms et al., 1995

a-galactosidase GGTTACCCGCGGAAATTTAT
ATGAGCTCTGCCATCTCCAT

Davies, personal 
communication

HPRT CCACGAAAGTGTTGGATATAAGC
GGCGATGTCAATAGGACTCCAGATG

Daniels, personal 
communication

Amel-A
Amel-B
sex determination

CCCTGGGCTCTGTAAAGAATAGTG
ATCAGAGCTTAAACTGGGAAGCTG

Sullivan et al., 1993

PDl
N-glycosylation

PD2
poIy-A

GTGACTGACCAGCCTCCTGC
GGGCTGAGGTCAAAGCCATCCAAGGTGTCA

TCATCCTGGCTGCACCCCCC
ACCTCTTTCTGGCTGGGTGA

Salamon et al., 1994
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2.5.3 The PCR reaction 

Reagents:

Taq DNA polymerase (Bioline)

lOX KCl buffer containing 500mM KCl, lOOmM Tris-HCl (pH8.8), 1% Triton X-100 and 

15mM MgClj

lOX N H 4  buffer containing 160mM (NH4)2 S O 4 ,670mM Tris-HCl (pH8.8), 0.1% Tween-20 

5 OmM MgClj

PCR reactions were carried out in a total volume of 50 or lOOpl in 0.5ml Eppendorf 

tubes according to the method of Saiki et al. (1985). To check for possible contamination, 

a control sample was used which contained the reaction mix but no DNA template. All 

reactions and reagents were prepared under sterile conditions. Each reaction mixture 

contained 100-500ng of DNA, 10-50pmoles of each primer, 0.2mmol/l dATP, dCTP, dGTP 

and dTTP, 1.0-1.5mmol/l MgCl2,lX  reaction buffer and 1.0-2.5 units of Taq polymerase 

enzyme. Each sample was overlaid with 40 pi of mineral oil to minimise evaporation. 

Amplification was carried out on a Techne PHC-2 amplifier or Biometra TRIO- 

Thermoblock.

The samples were denatured for 5min at 94°C followed by 30-35 cycles of 

amplification which consists of three stages, denaturing of the double stranded template at 

94°C for 45sec, annealing of the primers to the complementary DNA strands at temperatures 

depending on the basic composition of the primers used for 45sec and extension by the 5' 

to 3' activity of Taq polymerase at 72°C for 45sec. A final step of 72°C for lOmin was 

carried out to ensure complete elongation.

2.5.3.1 PCR using a-^^PdCTP

a-^^PdCTP (3000Ci/mmol) was supplied by Amersham International pic.

In order to produce a signal on autoradiography following PAGE, PCR was carried
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out using a-^^PdCTP. The reactions were carried out under the same conditions described 

previously except for substitution of the unlabelled 0.2 mM dCTP with 0.02 mmol/1 dCTP 

and IpCi of a-'^PdCTP.

2.5.4 Analysis of PCR-amplified products 

Solutions

5 X TBE (Tris Borate EDTA) buffer 
45mM Tris-HCl 
45mM boric acid 
lOmM Naz-EDTA (pH 8.0)

Loading dye: 0.05% (w/v) of bromophenoi blue 
0.05% (w/v) of xylene-cyanol 
O.IM EDTA pH 8.0 
50% (v/v) glycerol

The PCR products were checked for specificity and size by electrophoresis of a 

5pi sample on a 1.0-2.0 % (w/v) agarose gel using a lambda kb ladder (Gibco ERL) as 

a molecular weight marker. The gel was prepared by dissolving 1.0-2.0g of agarose in 

100ml of IXTBE buffer and boiling in a microwave. 5 pi of ethidium bromide (1 mg/ml) was 

added to the solution and mixed. The ends of a 8X10cm minigel gel tray (GNA-100, 

Pharmacia) or a 14X15 midigel system (NBL) were sealed with tape, a comb was inserted 

and the cooled gel solution was poured and allowed to set for l-2hr at room temperature. 

After setting, the tapes and comb were removed and the gel tray was placed in a tank 

containing XTBE buffer.

5pi of PCR-amplified product was mixed with 2.5pl of loading buffer , carefully 

loaded into the submerged wells and electrophoresed at 50-125V for 30min to Ihr, 

depending on the size of the PCR product. The gel was visualised on a UV transilluminator 

and photographed using a Mitsubishi videocopy processor.

When the PCR products were non-specific, the reaction conditions were optimized 

by: i. increasing the annealing temperature ii. reducing the concentration of the enzyme and
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primers iii. performing a magnesium titration of 0.5-3mmol/i iv. diluting the DNA sample 

10-20 fold in water. If nonspecific PCR products were consistently observed, after 

electrophoresis on agarose gel and comparison with a molecular weight marker, the band 

corresponding to the expected size was excised and spun through glass wool and was either 

used directly for further analysis or re-amplified vrith a reduced number of 

cycles.

2.6 Reverse Transcriptase PCR (RT-FCR)
2.6.1 Extraction of RNA from cultured cells

Total RNA was extracted from cultured cells (fibroblasts or amniotic cells) by 

adaptation of the acid guanidinium thiocyanate-phenol-chloroform procedure 

(Chomczynski and Sacchi, 1987).

Solutions

Solution D (Denaturing solution):
4M guanidinium thiocyanate 
25mM sodium citrate 
0.5% (w/v) N-lauroylsarcosine 
O.IM p-mercaptoethanol

Cells firom two 75cm  ̂confluent flasks were harvested, transferred to a sterile conical 

flask and centrifuged at 500g for 5 min. The supernatant was discarded and the pellet washed 

four times with PBS. After the fourth wash, the cell pellet was re-suspended in 500p,l of 

solution D to homogeneity. The sample was transferred to a clean 1.5ml eppendorf tube and 

was either used immediately or stored at -70°C until required.

50|il of 2M sodium acetate, 500pl of the unbuffered phenol mix (saturated in water) 

and lOOjil of chloroform:isoamylalcohol (49:1) were added sequentially to the cell extract, 

mixed thoroughly, chilled on ice for 15min and spun at lOOOOg in a bench centrifuge for
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15min at 4°C. The upper aqueous phase containing the RNA was transferred to a clean 1.5ml

Eppendorf tube and 5 pi of ribonuclease-ffee glycogen (20mg/ml-Boeringher) was added.

600pl of isopropanol was added to precipitate the RNA by freezing on dry ice, thawing and

spinning at lOOOOg for 15min at 4°C. The supernatant was discarded and the pellet was

washed with 70% ethanol, drained and air dried at room temperature. The pellet was
! treated

resuspended in 50-200pl of 0.1% (v/v) DEPC'^20 and was used immediately for cDNA 

synthesis or stored at -70®C. The concentration of the RNA was determined 

spectrophotometrically.

2.6.2 First strand cDNA synthesis from total mRNA 

Solutions:

5 X First strand buffer (pH 8.3) - Gibco BRL containing,

0.25M Tris-HCl 
0.375M KCl 
15mM MgCl 2

First strand cDNA was prepared from polyA^-RNA by reverse transcription using 

Moloney murine leukaemia virus reverse transcriptase (M-MLV H-RT [Superscript], Gibco 

BRL) according to the manufacturer's instructions with slight modifications. 2pg of RNA 

was mixed with Ipl of 01igo(dT)i2.is primer (Gibco BRL) (0.5mg/ml), heated at 70°C for 

5min and quickly chilled on ice. The sample was collected by briefly spinning in a bench 

centrifuge. The following were added to the microcentrifuge tube: 0.5mmol/l of dNTP mix, 

IX first strand buffer, Ipl RNAse inhibitor (31,000U/ml), 400U of MMLV reverse 

transcriptase and 5mmol/l DTT. The final volume was adjusted to 30pl with DEPC-H2O. 

The mixture was collected by brief centrifugation and incubated at 37°C for Ihr. The 

reaction was terminated by incubating at 94®C for 5min and 2-3 pi were used as PCR 

template immediately or stored at -70°C.

2.6.3 PCR analysis of cDNA

The entire coding region of the IDS gene was amplified as two overlapping

66



Chapter 2. Materials and Methods

fragments (Fig 2.2). Several sets of primers (Table 2.3) were also used to amplify specific 

regions of the cDNA. The PCR reactions were carried out in a total volume of 50 or lOOpl 

containing 2-3 pi of cDNA under standard amplification procedures as described in section 

2.5.3. The PCR products were analysed by electrophoresis in a 1% agarose mini-gel and 

photographed by transmitted UV light. PCR amplified- fragments using a-^^PdCTP were 

digested with Sau 961, Aluland Th^/and subjected to SSCP analysis as described in section

2 .8 . 1.

Table 2.4 Sequence of oligonucleotide primers used for amplification and sequencing 

of IDS cDNA

name sense primer (5’-3') cDNA PCR product (bp)
antisense primer (5-3') position AT (°C)

cDNAl GAAGCGGCCGCGTCGAAG 102-119 839
cDNA2 GTTGCCTGATGTCCATCCAGG 940-912 60

cDNA3 CTGAGCAAGCCATACAGTTG 729-748 1093
cDNA4 GCTGGAAGGGAGCACATCAC 1822-1803 57

cDNA5 B-GGGTCTGGTTCTGAGCTC 163-180 242
cDNA6 CCAGTGAGGAAAGAAACGC 405-387 57

cDNAT B- CCCGACGAGGAGGTCTCT 29-46 448
cDNAS TGGAGAAGTTTCCAGCGTG 476-458 57

cDNA9 TGGTCACATAGCCATTCTCCTTGAA 515-4 91 -
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5'UTR

cDNAl

fragment 1

CDNA3

fragment 3

cDNA5 

fragment 4

cDNA6

cDNAV

cDNA2

3'UTR

fragment 2

cDNA4

cDNA8 

-<- cDNA9

Figure 2.2 IDS gene structure and the cDNA fragments amplified by RT-PCR

The numbers shown inside the figure correspond to the exon number. The arrows indicate 
the position and orientation of the primers. The name of the primers correspond to the name 
given in Table 2.3.
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2.7 Restriction digestion of PCR amplified products

15-20|o.l of amplified PCR product from sections 2.5.3 or 2.6.3 was digested with the 

appropriate restriction enzyme in a total volume of 30pl, according to the manufacturer's 

instructions.

30 pi of the digested product was mixed with lOpl of loading buffer and 

electrophoresed on a 3-4% Agarose:Nusieve-GTG-agarose (1:1) gel prepared as described 

previously for l-3hr at 75-120V. The digestion products were visualised by UV 

transillumination and their sizes checked against a lambda Ikb ladder.

2.8 Single strand conformation polymorphism analysis 

(SSCP)

Single strand conformation polymorphism (SSCP) analysis was used to detect 

changes in the DNA sequence by the altered mobility of separated single strands in 

electrophoresis in non-denaturing polyacrylamide gel which results from an alteration in 

the folded structure of the DNA (Orita et al., 1989; Hayashi, 1991).

2.8.1 Radioactive SSCP detection of sequence changes

Genomic and complementary DNA were amplified by PCR as described in sections

2.5.2 and 2.6.3. Large PCR products were digested with an appropriate restriction enzyme 

(section 2.7) to give smaller fragment sizes which increase the probability of detecting any 

conformational changes (Hayashi, 1991).

A non-denaturing polyacrylamide gel mixture was prepared with PROTOGEL™ 

(National Diagnostics) which contains acrylamide to bisacrylamide in a ratio of 39:1. The 

stock solution was diluted to give a final concentration of 6% (w/v) acrylamide in IxTBE
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buffer containing 5% glycerol. The mixture was kept at 4°C in the dark until required for 

preparation of the gel. 600pl of 10% ammonium persulphate and 60pl of TEMED were 

added to 75ml of the mixture to induce polymerisation. The gel was poured immediately.

2.8 .1 .1  Casting the gel

Two glass plates (42x33cm and 39x33cm) were washed with dilute detergent 

(Micro, International Products Corp.), rinsed with tap water and wiped with 70% (v/v) 

Industrial methylated spirits (IMS) to dry the plates. One side of the smaller plate was 

coated with a siliconising fluid (Repelcote[BDH] or Sigmacote[Sigma]) in a fume hood and 

allowed to dry for lOmin. The silicon coating ensured that the gel remained bound to the 

large plate only on separation of the plates.

The plates were separated by 0.4mm spacers arranged at the sides and were 

clamped with bulldog binder clips. The mould was placed horizontally on a flat surface 

and the gel mix was poured between the two plates using a 50ml syringe. The straight 

edge of a shark's tooth comb (with 1cm width wells) was inserted into the top of the gel 

which was allowed to polymerise for 1-2 hours before use.

The samples were diluted 1:4 in a solution of 0.1% (w/v) SDS containing lOmM 

EDTA. 4pl of the diluted sample was mixed with an equal volume of of stop solution (95% 

(w/v) deionised formamide, 0.05% (w/v) bromophenoi blue, 0.05% (w/v) xylene cyanol and 

20mM EDTA), denatured for 3 min at 94°C and immediately placed on ice before loading 

onto the gel.

2.8 .1 .2  Gel electrophoresis

Electrophoresis was carried out in a model S2 sequencing gel system (GibcoBRL). 

The base of the apparatus was filled with 500ml of IxTBE. The bulldog clips were 

removed, the plates were attached to the gel tank and the upper reservoir was filled. The 

comb was removed and the wells were washed to remove any unpolymerised acrylamide.
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The gel was pre-run at 340-500V for 30 min. After pre-running, the wells were rewashed 

and the shark's tooth comb was inserted to form the new wells. Electrophoresis was 

carried out both in the cold room and at room temperature to increase the probability of 

detecting a band shift. Running conditions were 340-500V overnight. After electrophoresis, 

gels were transferred onto 3 MM Whatman paper, covered with cling film and dried under 

vacuum at 80°C for l-2hr on an ATTA gel dryer (AE3700). The cling film was removed and 

the gel exposed to X-ray (Kodak-X-OMAT-AR) film overnight or up to Iweek at -70®C in 

the absence of intensifying screens. The film was processed in a Fuji Photo Film Ltd. 

developer.

2.8.2 Non-radioactive SSCP detection of sequence changes

DNA was amplified as described in section 2.5.3 without inclusion of a-^^PdCTP 

in the reaction. Large fragments were digested with appropriate restriction enzymes. 

Electrophoresis was carried out at 4°C in the presence and absence of glycerol.

A non-denaturing polyacrylamide gel mixture was prepared by mixing 30ml of 2 x 

Hydrolink MDE™ Gel (J.T.Baker), 6ml of 5xTBE, 7ml of 87% glycerol (optional) and 

water to make a total volume of 60ml. 300pl of 10% ammonium persulphate and 60pl of 

TEMED were added to this mixture to induce polymerisation and the gel was poured 

immediately.

5 pi of the PCR product or digested PCR product was mixed with 3 pi of loading 

dye solution (95% formamide, 20mM EDTA, 0.05% bromophenoi blue and 0.05% xylene 

cyanol), and denatured at 94°C for 3min, after which it was placed on ice immediately before 

loading on the gel. Electrophoresis was carried out in 0.5 x TBE at 15W overnight for the 

gels without glycerol and 45W overnight for gels containing glycerol.
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2.8.2.1 Silver staining procedure for non-radioactive SSCP gels

The silver staining protocol was performed as described by Budowle et al. (1991). 

After electrophoresis the gel was blotted with 3MM Whatman paper and placed in a tray 

containing 10% ethanol for 5min to fix the DNA. The gel was oxidized for 3min by adding 

1% nitric acid and rinsed with ddHjO before being impregnated with 0.012M AgNOg for 

20min. The gel was rinsed thoroughly with ddHjO and developed with 0.28M sodium 

carbonate/0.019% formaldehyde until the bands appeared. The developing process was 

stopped with 10% acetic acid for 2 min, whenever the bands were dark enough for the 

changes to be seen, taking special care to keep a clear background. The gel was rinsed again 

with ddHjO and shrunk with 50% ethanol for 15-30min, as it tends to expand to almost 

double the original size during development. After shrinking, the gel was blotted with 3 MM 

Whatman paper, covered with cling film and dried under vacuum at 80°C for l-2hr.

Between each step of the silver staining protocol, the solutions were carefully 

removed by a pumping system attached to the water tap ensuring that the gel remained 

intact.

2.9 Cloning of PCR product
2.9.1 Making T-tailed vector

20pg of pBluescript II KS (+/-) vector (Stratagene, La Jolla, CA) was digested with 

Eco RV, according to manufacturer's instructions, to create a blunt end linear vector which 

was then incubated with Taq polymerase (1 unit/ pg plasmid/ 20 pi volume) using standard 

buffer conditions in the presence of 2mM dTTP for 2 hrs at 70°C. The absence of any other 

nucleotides in the reaction results in the addition of a single thymidine at the 3' end of each 

fragment.

Taq polymerase can add a single adenosine residue to the 3'end of the PCR product. 

Therefore, the T-tailed vector and PCR product will have complementary single base 3' 

overhangs and ligation can be performed as described below.
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2.9.2 Ligation of vector and PCR product

Ipl of the T-tailed vector and Ipl of the PCR product were ligated in a volume of 

lOpl with lU  of T4 DNA ligase by incubation for 3hr at 15°C.

2.9.3 Preparation of competent E.coli cells

To produce large amounts of the cloned PCR product for sequencing, the plasmid 

DNA was transfected into competent E.coli cells. Transformants were isolated on the basis 

of the antibiotic resistance (ampicillin) conferred on the bacteria by the plasmid DNA which 

allowed the cells that had taken up plasmid DNA to form white colonies because of 

inactivation of the (3-galactosidase.

Bacterial media

LB (Luria-Bertaini) growth medium

lOg/1 Bacto-tryptone 
5g/l Bacto-yeast extract 
lOg/lNaCl
Adjust pH to 7.5 vdth NaOH 

Agar

500ml LBmedium 
7.5g Bacto agar
0.6ml of a 50mg/ml ampicillin stock solution

Competent E.coli cells (HBlOl, a-DH5) were prepared by adding a scrape of the 

bacteria from a glycerol stock to 10ml of LB medium and incubating at 37“C for 16 hours 

in an orbital shaking incubator. This culture was added to 90ml of LB medium and 

incubated for a further 2-4 hours at 37°C to obtain a cell density of 5 x 10̂  cells/ml.

The density was determined by measuring the absorbance at 600nm (OD̂ oo) of 1ml 

aliquots at 30min interval in a spectophotometer. For the £. coli strain used, an OD̂ oo of 1
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is equivalent to aproximately 0.8 x 10̂  cells/ml. Therefore, an OD̂ oo of 0.063 represents the 

required cell density.

The culture medium was divided into two 50ml Falcon tubes and chilled on ice for 

1 Omin to stop growth. The cells were collected by centrifugation for 5min at 4000g. The 

supernatant was discarded and the pellet resuspen ded in 3 ml of ice cold 5 OmM CaClj in 

lOmM Tris-HCl pH 8.0. The sample was aliquoted in to 1.5ml Eppendorf tubes (0.2ml each) 

which were held at 4°C for 12-24 hr to allow cells to become competent. Such samples can 

be stored in 75% glycerol at -70®C for a few months.

2.9.4 Transformation of competent cells

The plasmid DNA containing the ligated PCR product was diluted with TE to a 

concentration of 40ng/100p.l, mixed with the competent cells and chilled on ice for 3 Omin. 

A control reaction with no plasmid DNA was set up. The reactions were heat-shocked at 

42°C for 2min, to induce the bacteria to take up the plasmid, 500pl of LB was added and the 

mixture incubated at 37°C for Ihr to allow cell recovery and expression of the ampicillin. 

The cells were plated out on to Sterilin petri dishes (90mm) with agar} containing ampicillin 

(50pg/ml), Xgal (5-Bromo-4-chloro-3-indolyl-p-D-galactopyranoside) (50pl of a 4% 

solution) and IPTG (Isopropyl p-D-thiogalactopyranoside) (50pl of a O.IM solution). The 

plates were dried at room temperature and incubated at 37®C for 16-24 hours.

Single white colonies from the same plate were cultured by placing them into flasks 

containing 30ml of LB and 50pg/ml of ; ampicillin and incubating them in an orbital 

incubator at 37®C for 16 hours. Plates were stored at 4°C for subsequent use.
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2.8.5 Extraction and purification of plasmid DNA

Solutions: 

Buffer PI
5 OmM Tris-HCl 
lOmM EDTA
lOOpl RNAse A (100|Lig/mI) 
pH 8.0

Buffer P2
200mMNaOH 
1% (w/v) SDS

Buffer P3
2.55mM KOAc pH 4.8

Buffer QC
IMNaCl 
50mM MOPS 
15% (v/v) ethanol 
pH 7.0

Buffer QBT
750 mM NaCl 
50mM MOPS 
15% (v/v) ethanol 
0.15% (v/v) Triton X-100 
pH 7.0

Buffer QF
1.25M NaCl
5OmM MOPS (3-[N-morpholino] propane sulphonic acid) 
15% (v/v) ethanol 
pH 8.2

Plasmid DNA containing the PCR product was extracted from bacterial cells using 

a Qiagen midipreparation kit according to the manufacturer's instructions (Qiagen). The 

protocol was performed in three steps: bacterial cells were lysed and the plasmid DNA was 

adsorbed to an ion-exchange column, the column was washed to remove cell remains and 

the plasmid DNA was then eluted.

An aliquot from the glycerol stock was mixed 'with 50ml BHI and the appropriate 

antibiotic at a final concentration of 50pg/ml and incubated at 37°C for 16 hours. The culture 

was chilled on ice for 10 min and the cells were pelleted by spinning at 5000g for 20min at 

4°C, in an lEC CENTRA-7R refiigerated centrifuge. The supernatant was discarded and the 

pellet resuspended in 5ml of buffer PI and transferred to a Falcon tube. 5ml of buffer P2 was 

added and left at room temperature for 5min. 5ml of buffer P3 was added and the solution
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was centrifuged at 30000g for 15min. The supernatant was added to the Qiagen column 

equilibrated with 4ml of buffer QBT. 10ml of buffer QC was added to the column and the 

DNA was eluted with 5ml of buffer QF. The plasmid DNA was precipitated with 0.7 

volumes of isopropanol and after spinning at 15000g for 3Omin the supernatant was 

discarded and the pellet washed with 80% isopropanol. The pellet was resuspended in SOOpl 

TE.

2.10 Sequencing

2.10.1 Preparation of PCR products

PCR reactions were performed as described previously with the 5' primer 

biotinylated at the 5' terminus. The 3' non-biotinylated primer was used for sequencing each 

amplified exon in most of the cases, except for exons 1 and 9, for which the primers 

indicated in table 2.2 were used.

2.10.2 Preparation of single-stranded template using magnetic Dynabeads

Solutions:

TES (pH 8.0) 
lOOmMNaCl 
lOmM Tris-HCl 
ImM EDTA

For each PCR product, 30 pi of the magnetic Dynabeads M-280 streptavidin (Dynal) 

solution was required. An Eppendorf tube (0.5ml) containing the metallic beads coated 

with streptavidin was placed in a magnetic separation device (Dynal MPC-E magnet, 

Promega) for 30 sec which allows the magnetic beads to drawn towards the magnet and the 

supernatant to be removed. This was repeated each time a new solution was added. The 

beads were prewashed twice with lOOpl TES to remove preservatives. 50pl of the PCR 

product was added to the washed beads, mixed and left for 10-30 min to enable DNA to 

adsorb to the beads. The beads with bound DNA were washed twice with lOOpl TES before
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adding 100|il of freshly prepared 0.15M NaOH and incubating for 5 min to denature the 

double-stranded DNA. The supernatant containing the non-biotinylated single strand was 

removed. The pellet containing the single-stranded product adhered to the beads was washed 

oike with TES and once with water and was diluted in 7pl of dHjO for the sequencing 

reaction.

2.10.3 Preparation of template for sequencing of cloned PCR product

PCR product from cDNA from patient H3 was cloned into pBluescript vector 

(Stratagene, La Jolla, CA) by T-tailing and transfection in aDH5 E.Coll competent cells as 

described in section 2.9.

To make the plasmid single-stranded for sequencing, 15 pi of plasmid, obtained as 

described section 2.9.5,jcontaining 5pg of DNA was mixed with IM NaOH and ImM EDTA 

and incubated at 37°C for 30 min. It was then neutralised by adding 0.1 volumes of 3M 

sodium acetate (pH 5.2). The DNA was precipitated by adding 0.4 volumes of 5M NH^Ac 

pH 7.5 and two volumes of ethanol, chilling at -70®C for 3Omin and spinning at 4°C for 

lOmin to recover the pellet. The DNA pellet was washed with 70% ethanol, centrifuged and 

dried. The pellet was redissolved in 14pl of water which was separated into two aliquots and 

used for the sequencing with universal primers T3 (5' ATTAACCCTCACTAAAG 3') and 

T7 (5' AATAÇGACTCACTATAG 3').

2.10.4 The sequencing reaction 

Solutions:

5 X Sequenase reaction buffer
200mM Tris-HCl pH 8.0 
lOOmM MgC12 
250mM NaCl

5 X Labelling mix
7.5pM dGTP 
7.5pM dATP 
7.5pM dCTP 
7.5pM dTTP
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Enzyme dilution buffer
lOmM Tris-HCl pH 7.5 
5mM DTT
0.5mg/ml Bovine serum albumin (BSA)

The sequencing reaction was performed using a protocol based on the chain 

termination method (Sanger et al., 1977) with the USB Sequenase II kit. The first step 

consisted on annealing the non-biotinylated primer to the single-stranded PCR template. 2\i\ 

of 5x reaction buffer, l-20pmoles of primer and 7pl of the bead preparation or single

stranded plasmid were incubated at 65°C for 2min. The reaction mixture was cooled to room 

temperature and allowed to stand for 3 Omin to 4hr. The extension of the primers by DNA 

polymerase using limiting concentrations of dNTPs included radiolabelled a-^^S dATP 

(Amersham International pic.) to allow detection by autoradiography.

Ipl of O.IM DTT, 2pl of 5-15 x diluted labelling mix , 0.5pl of a-^^S dATP 

(lOOOCi/mmol) and 2pl of 1:8 diluted Sequenase II enzyme were added to the annealed 

primer-template and the reaction was incubated for 2min at room temperature.

In the termination step four tubes containing 2.5pl of one of the four 

dideoxynucleotides (ddATP, ddCTP, ddGTP, ddTTP) were pre-warmed at 42°C for l-5min 

before adding 3.5pl of the extension reaction in each tube and incubating for 5min at 42°C. 

The reactions were stopped by adding 4pl of stop solution and stored at -20°C.

2.10.5 Gel electrophoresis

A denaturing polyacrylamide gel was prepared with ACCUGEL 40™ (National 

Diagnostics) which contains acrylamide:bisacrylamide in, a ratio of 19:1. 150ml

ACCUGEL solution (for a final concentration of 6% polyacrylamide) were mixed with 

420g of urea, 200ml 5xTBE buffer and water to give a fmal volume of 1 litre. This 

mixture was kept at 4°C in the dark for several weeks. Prior to pouring the gel, 600pl of 

10% ammonium persulphate and 60pl of TEMED were added to 75ml of the mix to 

induce polymerisation.

78



Chapter 2. Materials and Methods

The sequencing reaction from section 2.10.4 was denatured at 94°C for 3 min, 

immediately placed on ice and then samples (2.5-3.5pl) were put into 0.5cm-wide wells. 

Electrophoresis was carried out for 1.5-4hr at 60W in IxTBB buffer. The gel was dried 

and developed as described previously (section 2.7.1.2).

2.11 Polyacrylamide gel electrophoresis under non

denaturing conditions

Mutations caused by a small deletion or ones that affect an enzyme restriction site 

and give rise to digestion fragments that differ by only a few bases, can be resolved better 

by electrophoresis in a polyacrylamide gel under non-denaturing conditions.

The gel was prepared with ACCUGEL 40™ to give a final concentration of 13- 

20% of polyacrylamide according to the sizes of the fragments to be visualised.

Two glass plates of 16cm wide X 20cm long were washed with detergent, rinsed 

with dH20 and wiped clean with 70% IMS. The gel mould was formed by aligning the 

two plates together with two 1mm spacers on either side. The plates were allowed to slip 

into the pouring stand and the screws tightened. The gel mix was poured vertically into 

the mould with a plastic pipette and allowed to set for 30min. The gel was pre-run for 

15min before loading the samples. 15pl of digested product was mixed with 5pi of loading 

buffer (bromophenol blue, xylene cyanol) and loaded into the gel. Electrophoresis was 

carried out in a Midigel Protean II apparatus for l-2hr at 2(X)V and the gel was stained by 

immersion in 0.5-lmg/ml ethidium bromide for 15-30min. DNA was visualised under UV 

light.
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Chapter 3 

Mutation analysis in patients with Hunter 

disease

The broad clinical heterogeneity observed in Hunter's patients is believed to be due 

to different mutations in the IDS locus affecting enzyme expression, stability or function. 

Large deletions, rearrangements, point mutations and small deletions and insertions have 

been found in patients with mild, intermediate and severe forms of the disease. To identify 

the primary genetic defect, mutation analysis of the IDS gene has been carried out in 34 

patients who bad been diagnosed clinically and/or enzymically as suffering from Hunter 

disease. The strategy used was to screen first, for large deletions using a PCR-based 

technique and secondly, to detect small mutations in the patients who did not have a 

complete deletion of the IDS gene. All the patients have been screened according to the 

protocol described below and an attempt was made to correlate genotype and phenotype in 

these patients.
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3.1 Screening for large deletions by amplification of the 5’ 

and 3' ends of the IDS gene

Primers were synthesised to amplify the 5'- and 3’- ends of the gene coding for IDS 

(Figure 2.1, Chapter 2). All 34 patients were screened for large deletions by PGR of genomic 

DNA using these primers. Three patients, HI, H2 and H22, showed no amplification using 

both pairs of primers suggesting that they had complete deletion of the IDS gene. A PGR 

reaction using primers which were specific for the a-galactosidase A gene was used as a 

control to check the ability of the DNA to act as a template for amplification. All three 

samples were amplified using these primers indicating that lack of amplification with the 

5' and 3' primers for the IDS gene was not due to a poor DNA preparation. The DNA from 

the other 31 patients gave PGR products with both pairs of primers suggesting that most of 

the mutations are missense or nonsense mutations, small deletions or insertions, or 

rearrangements. Figure 3.1 shows the analysis for patients HI, H2 and H22 and 

representative other patients and controls.

Two of the patients presenting with a complete deletion of the IDS gene, HI and 

H22, were analysed further for the extension of the deletion by PGR of genomic DNA from 

adjacent genes using primers specific for Gene X (Timms et al., 1995) located 40 kb distal 

to the IDS gene and FRAXAGl (a polymorphic microsatelite AG repeat marker tightly 

linked vrith the fragile-X gene, vrithin lOkb, located at Xq27.3) which is located 1.2 cM 

proximal to DXS296 (Richards et al., 1991). Both patients gave positive amplification using 

these two gene-specific pairs of primers indicating that the deletion did not extend to other 

genes. (Figure 3.2a). Figure 3.2b shows the position and distances of these two markers in 

relation to the IDS gene.
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(b)

1 2 3 4 5 6 7 8 M

Figure 3.1 PCR amplification of the 5' and 3 -ends of the IDS gene.

(a) amplification of 5' end (lanes 1-5) and 3' end (lanes 6-10) of DNA from patient HI (lanes 
1 and 6), H2 (lanes 2 and 7), normal control (lanes 3 and 8), another patient with Hunter 
disease (lanes 4 and 9), control lacking DNA (lanes 5 and 10) (b) amplification of 5' end 
(lanes 1-4) and 3' end (lanes 5-8) of DNA from patient H22 (lanes 2 and 6), normal control 
(lanes 1 and 5), another patient with Hunter disease (lanes 3 and 7), control lacking DNA 
(lanes 4 and 8). M, À, Ikb DNA size marker
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(a)

Gene X 

1 2 3 4 M

FRAXACl 

M 1 2 3 4

(b)

FRAXACl

DXS296

DXS295

IDS

GeneX

DXS304

1 2 0 0  M bJ
800 kb

40 kb 

900 kb

Figure 3.2 (a) PCR amplification of two markers flanking the IDS gene, Gene X and 
FRAXACl and (b) their position and distances in relation to the IDS gene

Lanes 1-3 in (a) are a normal control, patient HI and patient H22 respectively. Lane 4 is a 
control without DNA. M, À, Ikb DNA marker.
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3.2 Detection of small mutations by SSCP analysis and 

sequencing of the 9 exons comprising the IDS gene

For the patients who did not have a deletion of the IDS gene, exons 1 to 9 of the IDS 

gene and their flanking sequences were amplified using the primers shown in Table 2.2, 

Chapter 2, and were subjected to SSCP analysis as a first step in the screening for small 

mutations. The amplification of each exon and the sizes of the PCR products are shown in 

Figure 3.3. Exon 9, because of its large PCR product, was digested to smaller fragments 

using the restriction enzyme BamHl prior to SSCP analysis. The PCR products of exons 1-8 

were analysed directly. Initially, radiolabelled SSCP was carried out by incorporation of a -  

^^PdCTP (3000Ci/mmol) in the PCR reaction mixture. The PCR products were then 

subjected to electrophoresis in 6% polyacrylamide gel in the cold room (4°C) and at room 

temperature (20°C). In addition, a non-radiolabelling procedure was also used. It is based 

on electrophoresis of PCR products in IX MDE (mutation detection enhancer) gel with or 

without glycerol in the cold room followed by detection of DNA by a silver staining 

protocol (see material and methods for detailed description of the techniques employed). 

Table 3.1. summarises the SSCP changes found in the IDS gene for each patient.

Every PCR-amplified product showing a mobility shift by SSCP analysis was 

sequenced directly using the magnetic beads technology (Dynal). The primers used for 

sequencing were the same ones used for the PCR reactions, except for exon 1 where a 

nested primer was used as a sequencing primer. As a rule, the 5' primer was always 

biotinylated and the 3' primer used as the sequencing primer. The identification of a 

sequence alteration was always confirmed by repeating the experiment. In cases where an 

enzyme restriction site was affected by the sequence change, digestion of PCR-amplified 

products was also used to confirm the findings and for carrier detection in family members. 

SSCP was also used for carrier detection when an enzyme restriction site was not affected. 

Prior to the publication of the intron/exon boundaries of the IDS gene, RT-PCR was used 

for mutation analysis and carrier detection in one family. In the rest of this chapter, the 

mutations in each patient are presented exon by exon and the application of this information
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to family studies is described.

Figure 3.3 Amplification of exons 1-9 of the IDS gene

Electrophoresis of amplified exons 1-9 from control DNA in 1.5% agarose gel, stained with 
ethidium bromide. Lanes 1-9, exons 1-9 of the IDS gene. M, X Ikb DNA size marker
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Table 3.1 SSCP changes found in this study

Exonl Exon2 Exon3 Exon4 ExonS Exon6 Exon? ExonS Exon9

ACC/T

1ACC/T

The filled boxes indicate the exons were an SSCP change was found in each patient. Patients HI, H 2 and H22 
(not shown in this table) have a complete deletion o f the IDS gene. Patient H24 has a deletion o f  exon 4. 
Patients H 31 and H32, no SSCP changes were found. ACT and ACC represent the polymorphic pattern seen  
in exon 4.

86



Chapter 3. Mutation analysis in patients with Hunter disease

3.2.1. Mutations detected in exon I

SSCP changes were detected in exon 1 in two patients, HI 1 and H I3 (Figure 3.4). 

All the remaining 29 patients analysed for this exon showed a normal band pattern when 

compared to normal controls. Sequencing with the 3' non-biotinylated primer was especially 

difficult in this region of the gene which is a very C-rich region. For that reason, the 3' 

primer was biotinylated and a nested 5' primer was used as a sequencing primer.

I 2 3 4 5 6 7 8 9 10 11 12

t ..

Figure 3.4 Radiolabelled SSCP analysis of exon 1.

Lanes 1-8 are Hunter patients. Lanes 9-12 are normal controls. Band shifts were detected in 
lanes 4 and 8 in DNA from patients HI 1 and H I3 respectively.
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Patient H I 1
I  genomic

A g -► t transversion at position +1 of intron 1 (IVSl+1) was found when^ DNA 

from this patient was sequenced (Figure 3.5). The mutation destroys the 5'_donor splice site 

of exon 1. RT-PCR was performed to see if the mutation affected mRNA. When the RT- 

PCR-amplified product for primers cDNA7 and cDNA8 (Table2.3, Figure 2.2, Chapter 2) 

was analysed by electrophoresis in a 1% agarose gel stained with ethidium bromide a faster 

running and less intense band was seen when compared with normal controls and the 

patient's mother, indicating a smaller product (Fig 3.6). Sequencing of the RT-PCR product 

using nested primer cDNA6 showed that deletion of 63 nucleotides from position 164 to 

227 had occurred (Fig 3.7). It was deduced that an alternative splice site was used upstream 

of the original splice site causing deletion of these 63 nucleotides. The 63 deleted 

nucleotidesare in frame and do not cause a frame shift. The mother does not appear to use 

the alternative splice site by cDNA analysis, although carrier status was shown by SSCP 

analysis of genomic DNA (Figure 3.8). It is possible that the mRNA from the mutant allele 

has a very reduced stability.
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NORMAL CONTROL PATIENT H ll

Figure 3.5 Sequencing of an amplified fragment of exon 1 from genomic DNA from 
patient H ll.

A g —► t transition at position +1 in intron 1 is indicated by arrow in patient HI 1 when 
compared to a normal control.

M 1 2 3 4

Figure 3.6 RT-PCR of fragment 4 from cDNA from patient H ll

Electrophoresis of ethidium bromide-stained agarose gel showing the PCR products of 
cDNA amplified with primers cDNA7 and cDNA8. Lane 1, normal control. Lane 2, another 
patient with Hunter disease. Lane 3, mother of patient H l l .  Lane 4, patient HI 1. M, A. Ikb 
DNA size marker.
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Patient HIMother of patient HI 1

G exonG exonl

A exon2A exon2

Figure 3.7 Sequencing of RT-PCR product of a fragment corresponding to exons 1 and 
2 from cDNA from patient H ll and his mother

The position of the first 63 deleted nucleotides in patient HI 1 is indicated by arrow. The 
mother shows the the normal sequence only.

3 4

Figure 3.8 Radiolabelled SSCP analysis of PCR-amplified fragment from exon 1

The shifted band in lane 3 is due to the presence of the IVS+l g t mutation in patient H l l .  
His mother, lane 2, is shown to be a carrier for this mutation. Lanes 1 and 4 are normal 
controls.
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Patient H13

An insertion of one base pair (A) between nucleotides 206 and 207 was identified by 

direct sequencing of the amplified fragment of genomic DNA in this patient (Fig 3.9) after 

the observation of an altered mobility shift by SSCP analysis of exon 1. The mutation is 

predicted to cause a frameshift altering 18 amino acids and creating a stop codon within exon 

2 (2«TQANSTTDALNVLLIIVDD to NAGQLDHRCSERSSHHRGX)

PATIENT H I3NORMAL CONTROL

Figure 3.9 Sequencing of amplified fragment of exon 1 from genomic DNA from patient 
H13

A Ibp insertion of nucleotide A is indicated by arrow in patient HI 3
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Several family members were available for carrier detection and were tested for the 

presence of the mutation found in the index case. As the mutation does not alter a restriction 

enzyme site, carrier detection in family members was made by SSCP analysis (Figure 3.10). 

Four female relatives, lanes 9, 10, 12 and 15, corresponding to an older sister, mother, 

grandmother and grandmother's sister were shown to be carriers for the Ibp insertion in exon 

1. It is likely that the mutation was present in the greatgrandmother as two affected great 

uncles were reported

Pedigree o f family o f patient HI 3

10,

12

9 ®  11 O

1 5 0

Numbers shown on the left hand side of the figures refer to the lane number on the SSCP gel 
The two pedigrees have common maternal grandparents

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Figure 3.10 Non-radiolabelled SSCP analysis for detection of carriers of the mutation 
found in patient H13

Lanes 1-2 and 17-18, normal controls. Lanes 3-16, relatives of patient HI 3 shown in the 
pedigree above by the same number.
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3.2.2 Mutations detected in exon 2

Three patients, H6, H I5 and H3, showed a conformational change by radiolabelled 

SSCP analysis of the PCR-amplified fragment of exon 2 (Fig 3.11). In patients H3 and 

H6, the band shift was observed in the single strands while in patient H I5 a very subtle 

change was observed in the double strand and no changes were seen in the single strands. 

The remaining 28 patients analysed for this exon had band patterns identical to the normal 

controls suggesting that a sequence change was not present in this region of the IDS gene.

Patient H6

An A-> G transition at position 311 in the cDNA was detected after sequencing of
c

genomic DNA (Fig 3.12). This transition is predicted to cause a missense mutation by 

changing amino acid 63 from asparagine (AAT) to aspartic acid (GÀT) (N63D). T h i s  

mutation abolishes a restriction site for the enzyme Ssp I (AAT i ATT), which was used to 

confirm the mutation in the index case and for carrier detection in one family member. PCR- 

amplified DNA from the mutant allele remains undigested and a 220bp product is observed 

in agarose gel electrophoresis, while the amplified normal allele is digested to fragments of 

116 and 104 bp. These fragments are not separated under the conditions used for the gel mix 

and are seen as a single thick band. The relative of patient H6 tested, a female cousin, was 

shown to be a carrier for the N63D mutation by the presence of both the undigested and 

digested bands (Figure 3.13).
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(a)

4

(b)

6 10 11

Figure 3.11 Radiolabelled SSCP analysis of PCR-amplified fragment from exon 2.

(a) Lane 1 is a normal control. Lanes 2-7 are patients with Hunter disease. Band shifts were 
detected in lanes 2 and 3 in DNA from patients H6 and H3 respectively.

(b) Lane 1, patient HIS. Lanes 2-8, other patients with Hunter disease. Lanes9-11, normal 
controls.
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NORMAL CONTRO: PATIENT H6

A-> G

C T A G C T A G

Figure 3.12 Sequencing of amplified fragment from exon 2 from genomic DNA of 
patient H6

The A—►G transition in this patient is indicated by arrow

1 2 3 4 M

Figure 3.13 Agarose gel electrophoresis of PCR amplifîed fragment of exon 2 digested 
with Ssp I for detection of carriers for the mutation found in patient H6.

Lane 1, patient H6. Lane 2, female relative of patient H6. Lanes 3-4, normal controls. M, X 
1 kb DNA size marker.
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Patient H15

This is a female patient who is one of a pair of identical twins. She was previously 

reported to show discordant expression of a mutant X-chromosome through nonrandom X- 

inactivation which was shown by Southern blotting using the M27p probe. Her twin sister 

had a normal pattern of X-inactivation and did not show clinical signs of the disease 

(Winchester et ah, 1992). Here, she was further analysed at the DNA level. Sequencing of 

an amplified fragment of genomic DNA from exon 2 showed a complex band pattern from 

nucleotide 247 when compared to normal control (Figure 3.14) From this nucleotide position 

onwards, double bands were observed across the gel which was an indication that a deletion 

or insertion in the mutant X-chromosome has caused a frame shift. Consequently, 

heterozygosity was seen in each lane of the sequencing gel. It became clear, after comparison 

of the two sequences, that the mutation in patient HI 5 is a deletion o f one nucleotide, C, 

at position 247. This mutation would be expected to cause a frameshift and to create a stop 

codon 18 amino acids downstream , within the same exon (LIIVDDLRPSLGCYGDKLV 

to LSSWMTCAPPWAVMGISWX)

NORMAL CONTROL

C T A G

5' 5'
C C T
T TC
T T T
C C T
T T C
C C T 4 -
A A
T T
C C
A A
T T
C C
G G
T T
G G
G G
3’ 3'

PATIENT H15

A G

Figure 3.14 Sequencing of amplified fragment of exon 2 from genomic DNA from 

patient HIS

The normal sequence is shown in the left hand panel. The deletion point is indicated by an 
arrow and both sequences observed in patient's H I5 DNA are shown in the right hand panel.
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This mutation abolishes a restricton site for the enzyme Msl I (CAPyNNiNNPiiTG) and 

PCR of exon 2 followed by digestion with this enzyme was used to analyse famiily members 

for the presence of the deletion found in the index case. A heterozygous pattern was 

observed for some of the individuals tested, including male relatives and an unaffected male 

control, and was an indication o f partial digestion rather than heterozygosity (Figure 3.15). 

The same analysis was repeated increasing the amount of enzyme and decreasing the 

amount of PCR product used in the digestion and the same results were observed. 

Consequently, this enzyme has proven not to be efficient for carrier detection in  this family 

and for that reason, sequencing o f all family members was performed. The results for the 

sequencing reactions are shown in Figure 3.16. The twin sister showed the same sequencing 

pattern observed in the index case, indicating a carrier status for the Ibp deletion. All other 

family members showed the same sequencing pattem observed in normal controls, 

indicating that they were not carriers for the mutation found in patient HIS.

Figure 3.15 Agarose gel electrophoresis of amplified exon 2 followed by digestion with 
Msl I for detection of carriers for the mutation found in patient HIS.

Lane 1 is the patient's mother. Lanes 2 and 3 are patient H 15 and her twin sister. Lanes 4-7 
are the father, the brother, one sister and one half sister. Lane 8 is a digested male control 
and Lane 9 is an undigested male control.
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Pedigree o f family o f patient HI 5

65 73 4

2

Figure 3.16 Sequencing of amplified fragment from genomic DNA from exon 2 for 
detection of carriers for the mutation found in patient HIS.

The family members analysed are shown in the pedigree above and are indicated by the same 
numbers in the sequencing gels.
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Patient H3

A deletion of eight nucleotides from position 305 to 312 was identified by sequencing 

amplified exon 2 from genomic DNA from this patient (Figure 3.18). This deletion results 

in substitution of tyrosine for serine in the first affected codon, 61, and creates a stop signal 

in the next codon (SP to YX).

Prior to the publication of the intron/exon boundaries for the IDS gene RT-PCR of RNA 

from cultured fibroblasts from an aborted fetus from this family, which had been diagnosed 

enzymically as suffering from Hunter disease, was performed (Goldenfum et al., 1993). The 

entire coding region of the IDS gene was amplified as two overlaping fragments, 1 and 2 

(Figure 2.2, Chapter 2). The mutation was detected initially by an altered restriction pattem 

for the Sau 961-digestion of cDNA (Figure 3.17a). It was predicted from the sizes of the 

restriction fragments and from inspection of the published cDNA sequence that this 

sequence change had affected the specific Sau 961 restriction site (Gi GNCC) at nucleotides 

303-307. Therefore, primers were designed to amplify this region of the cDNA, fragment 

3 (Figure 2.2, Chapter 2). The mutation was also confirmed by an altered mobility shift in 

SSCP (Figure 3.17b) and sequencing (Figure 3.18).

To show that the deletion was not an artifact of RT-PCR and selective cloning, the region 

containing the putative deletion was re-amplified independently from cDNA from the fetus 

and a normal control. The products were digested withy4/w I (AGiCT), which has restriction 

sites either side of the deletion. The resulting fragments were analysed by electrophoresis 

in a 13% non-denaturing polyacrylamide gel which will resolve bands differing by only a 

few bases. According to the cDNA sequence this digestion should yield 2 fragments of 118 

and 111 bp in the control and of 118 and 103 in the mutant. The smaller band in the mutant 

clearly ran faster, consistent with a deletion of 8 bp (Figure 3.19).
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338—
230—
165—

— 230

(b)

1 2 3

.. J

Figure 3.17 (a) Digestion with Sau 961 of amplified cDNA fragment 1 from fetus H3

Lanes 1 and 2, normal controls. Lane 3, affected fetus. The normal cDNA was digested to 
338, 230 and 165 bp fragments whereas the mutant cDNA was digested to 495 and 230 bp 
fragments

(b) SSCP analysis of amplified cDNA fragment 1 from fetus H3

Lanel, normal control. Lane 2, affected fetus. Lane 3, another Hunter patient. The altered 
mobility shift is indicated by arrow.
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5'
G
A
G
G
T «-
C
C
C
C
A
A
A4-
T
A
T
T
3'

N orm al Control

C T A G

Patient H3

Xv

C T A G

Fetus H3

C T A G

Figure 3.18 Sequencing of amplified fragment from exon 2 from genomic DNA from 
patient H3 (a) and cDNA from fetus H3 (b)

The 8 deleted nucleotides are indicated by arrows in the normal control sequence

M M

Figure 3.19 Non-denaturing polyacrylamide gel electrophoresis of amplified cDNA 
from fetus H3 (fragment 1 in figure 2.2) digested with A/m I and Sau 961

Lanes 1 and 2 are PCR-amplified fragment 1 digested with Sau 961 for a normal control and 
the affected fetus respectively. Lanes 3-4 are PCR-amplifed fragment 1 digested with A/w 
I from the normal control and the affected fetus respectively. M, À Ikb DNA size marker.
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Carrier detection in the mother of patient H3 was made by restriction analysis of an 

amplified DNA fragment from exon 2 with the enzyme Sau 961 (Figure 3.20). Normal DNA 

is digested to 106 and 114 bp fragments, which cannot be separated in a 2% agarose gel and 

are seen as a strong single band. The mutant DNA remains undigested because o f the loss 

of a Sau 961 restriction site. A subtle difference in the sizes of the normal undigested control 

and the mutant undigested band is observed due to the 8bp deletion in the patient's DNA. 

The mother was shown to be heterozygous for the mutant and normal alleles and the 220 and 

212 undigested bands, which also cannot be separated in agarose gel are observed as a 

smear. A faint doublet (106+114 bp) was observed in digested amplified DNA fragment 

from the mother which can be an indication that the mutant DNA is preferentialy amplified 

by PCR or that the PCR product is only partially digested.

Pedigree o f family o f  patientH3

220bp—-

114/106bp—

M

Figure 3.20 Agarose gel electrophoresis of PCR-amplified fragment from exon 2 
digested with Sau 961 for detection of carriers for the mutation found in patient H3

Lane 1, patient's DNA amplified fragment digested with Sau 961. Lane 2, DNA amplified 
fragment from the patient's mother digested with Sau 961. Lane 3, undigested normal control 
DNA. Lane 4, normal control DNA digested with Sau 961. M, Ikb DNA size marker.
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3.2.3 Mutations detected in exon 3

Amplified genomic DNA from four of the 30 patients analysed by SSCP, H7, HIO, H25 

and H26, showed an altered mobility band in exon 3 (Figure 3.21). Three of them, H7, HIO 

and H25, showed a complex pattem of bands which consisted of the normal bands and bands 

with altered mobility when SSCP was performed using the MDE gel and silver staining. 

This must be due to the presence of two superimposed sequences and is characteristic of 

heterozygosity. All three patients are males and would be expected to show only the altered 

bands corresponding to the mutant chromosome. Obligate heterozygous mothers were 

available for analysis for two of the patients who showed an SSCP change (H7 and HIO). 

The patterns of bands observed by SSCP analysis were identical for the index cases and 

their mothers, with both having bands corresponding to the normal gene and to a mutant 

gene. This heterogeneity was never observed in DNA of patients following amplification of 

exons 1, 2 and 4 to 9. Sequencing of genomic DNA firom patients H7, HIO and H25 

confirmed that they were heterozygous for a mutant and the wild type sequences (Figure 

3.22). The same pattem was observed in their mothers. Furthermore, sequencing of all the 

Hunter patients showing an SSCP change in exon 3 and controls, except patient H26, were 

heterozygous at position +12 in the 5' intervening sequence of intron 3 (Fig 3.23).

The co-amplification of two different sequences is an indication of the presence of two 

X-chromosomes or of two copies of the gene, such as a functional gene and a pseudogene. 

As karyotypically normal male subjects (e.g. one X-chromosome only) were being studied, 

the latter explanation is probably correct. Evidence for the presence of a paitialy duplicated 

sequence of IDS in the genome as a non-expressed pseudogene (Rathman et al., 1995) 

containing sequences highly homologous to exons 2 and 3 and introns 2, 3 and 7 was 

reported during the final stages of this work (Bondeson et al.,. 1995a). The pseudogene is 

thought not to be transcribed as the heterozygosity seen at gDNA level is not seen in cDNA 

from patients (Rathman et al., 1995). Sequencing from cDNA would, therefore, allow 

detection of only the mutant allele in the patients showing an SSCP change. However, for 

those patients where RNA was not available (H7 and H25), it was necessary to develop a 

procedure for amplification and sequencing of exon 3 which would allow identification of

103



Chapter 3. Mutation analysis in patients with Hunter disease

changes that were present only in the functional gene.

1 2 3 4 5 6 7 8

Figure 3.21 Non-radiolabelled SSCP analysis of PCR amplified fragments of exon 3

Lanes 1 and 8 are normal controls. Lane 2, patient H26. Lanes 3-4, patient H7 and his 
mother. Lanes 5-6, patient HIO and his mother. Lane 7, patient H25
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(a) 5'
C
c
c

«-C/G-»
G
A
G
3’

(b)

C T A G

5’
G
G
C

♦"A/G-4
G
G
A
3' C T A G

(c)

c-

Figure 3.22Sequencing of amplified exon 3 from genomic DNA from patients showing 
an SSCP change in exon 3

(a) Patient H7 and his mother (b) Patient HIO and his mother (c) normal control 
Heterozygosity is indicated by filled arrow in the affected patients and their mothers and the 
corresponding position is also indicated by white arrows in the male control
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t/c

Figure 3.23 Sequencing of amplified fragment of exon3/intron 3 boundary

The exonic sequence is indicated by capital letters and the intronic sequence by small letters. The last 
nucleotide in the intronic sequence corresponds to position +12 in intron 3. Heterozygosity at position 542+12  
is observed in (b) normal male control and (c) patient HIO and is indicated by bold letters in the right column. 
Patient H26 (a) shows deletion o f  the c nucleotide in this position indicated by arrow.

apparent
The^T/C heterozygosity seen at position 542+12 has been shown to be due to the 

presence of a T in this position in the functional gene and a C in the corresponding position 

in the pseudogene (Rathman et al., 1995). The presence o f the C nucleotide creates a 

restriction site for the enzyme Maell (AiCGT)which will digest the pseudogene but not the 

functional gene. By subjecting genomic DNA to digestion with Maell prior to amplification 

by PCR with primers flanking the restriction site, it is possible to avoid amplification of the 

pseudogene by PCR of genomic DNA. The PCR product was then sequenced using newly 

designed nested primers, which contained the T nucleotide as the last base in the 3' end to 

ensure further that only the functional gene sequence was amplified (Figure 3.24).
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GENOMIC DNA

functional gene 
5' CCTGgtactgctccatgt

Mae II digestion (AiCGT) H

undigested functional gene 
5' CCTGgtactgctccatgt

P C R  amplification with exon 3 primers il 

(primers will bind to undigested functional gene only)

pseudogene 
5' CCTGgtactgctccacgt

digested pseudogene 
5' CCTGgtactgctccas^cgt

Sequencing using nested primer* (5' AAGAG AACC C AG ACT CT GGAC A 3')

<3=*

Figure 3.24 Strategy used to amplify exon 3 of the functional gene selectively

The strategy devised to avoid amplification of the pseudogene was applied to analysis 

of these patients and changes were observed in the sequence of exon 3 in each of the 

patients. This suggests that the changes must be present in the fhnctional gene and were not 

"polymorphisms" in the pseudogene. For patient HIO, the mutation in the functional gene 

was confirmed by demonstrating the same sequence change in cDNA. For the remaining two 

patients, RNA was not available for RT-PCR analysis.
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Patient H7

A C-> G transversion at nucleotide 381 in exon 3, which would change proline to 

arginine at codon 86 (CÇG -► CGG/P86R) was detected (Figure 3.25). This mutation has 

been reported previously (Bunge et al., 1993) and is located in a region of high homology 

among sulphatases. The mother of patient H7 was shown to be a carrier of the P86R 

mutation by sequencing of genomic DNA.

The mutation in patient H7 creates a restriction site for the enzyme Nla IV (GGN i NCC) 

which was used to digest PCR-amplified fragments from exon 3 for detection of carriers 

within this family. The wild type allele remains undigested to give a band of 267 bp in 

agarose gel electrophoresis whereas the mutant allele yields two products of 215 bp and 52 

bp. The latter is not observed in agarose gel electrophoresis because of its small size. The 

family pedigree and the results of carrier detection by enzyme restriction analysis are 

shown in Figure 3.26. The mother was, again, confirmed to be a carrier for the mutation 

found in the index case by the presence of 267 and 215 bp fragments in agarose gel 

electrophoresis while only the undigested 267 bp fragment was observed in her two sisters, 

indicating that they were not carriers for the P86R mutation.
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NORMAL CONTROL PATIENT H7

C-»G

Figure 3.25 Sequencing of amplified exon 3 from genomic DNA from patient H7 after 
prior digestion with Mae II

The arrow indicates the nucleotide change in patient H7

Pedigree of family H7

C(-) ( # C(+) M

267bp— 
215bp—

Figure 3.26 Agarose gel electrophoresis of amplified exon 3 after digestion with Nla IV
C are normal controls undigested (-) or digested (+) with Nla IV. M is a X, Ikb DNA size 
marker
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Patient H25

A G-^ A transition at position 387 was detected by sequencing of genomic DNA from 

this patient (Fig 3.27). It would change arginine to histidine at codon 88 (CGC 

CAC/R88H). This mutation is in a CpG dinucleotide and also a region^which is highly 

conserved among sulphatases. Interestingly, this mutation creates a restriction site for the 

enzyme Mae 11 which is the same enzyme used to digest the pseudogene by the strategy 

described above. However, PCR amplification of genomic DNA from this patient was 

observed after digestion with Mae 11 indicating that the functional gene may be only 

partially digested. Partial digestion by Mae 11 of the pseudogene was not observed for any 

other patient or control because heterozygosity was not seen in sequencing after prior 

digestion.

NORMAL CONTROL PATIENT H25

G-»A

Figure 3.27 Sequencing of amplified exon 3 from genomic DNA from patient H25 
after prior digestion with Mae II
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Patient HIO

The sequencing of DNA from this patient showed an A-> G transition at position 407 

which would change arginine to glycine at codon 95 (AGG-> GGG/R95G) (Fig 3.28), which 

is also in a region of conserved sequence among different sulphatases. His mother was 

shown to be a carrier for the R95G mutation by sequencing of genomic DNA and cDNA.

NORMAL CONTROL PATIENT HIO

Figure 3.28 Sequencing of amplified exon 3 from genomic DNA from patient HIO after 
prior digestion with Mae II
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Patient H26

One of the patients (H26) showed an SSCP pattern which was similar to only part of the 

pattern of bands seen in the normal controls (Figure 3.21, Lane 2). This could be an 

indication of a deletion of one of the two co-existing sequences ^(functional and 

pseudogene). Sequencing of genomic DNA revealed that he did not have the nucleotide C 

at position 542+12, which corresponds to the pseudogene sequence, but no other sequence 

changes were found for this exon. Digestion of the exon 3 PCR product from this patient 

with Mae II has confirmed that he did not have the nucleotide sequence corresponding to the 

pseudogene (Figure 3.29). This patient also showed an SSCP change in exon 7 where a 

putative disease-causing mutation was identified (see section 3.3.7).

M 1 2 3 4

— 267
—  222

- + - +

Figure 3.29 Agarose gel electrophoresis of amplified exon 3 from patient H26 followed 

by digestion with Mae II

(-) indicates undigested PCR product. Lanes I and 3, patient H26 and a normal control 
respectively
(+) indicates digested PCR product . Lanes 2 and 4, patient H26 and a normal control 
respectively
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3.2.4 Mutations detected in exon 4

All the patients except those with complete deletion of the gene and patient H24 gave 

the expected PCR product. No amplification of exon 4 specifically was observed for patient 

H24. The PCR product obtained by amplification of exon 4 was analysed directly by SSCP 

and the only conformational change found in patients and controls was related to a 

previously reported silent polymorphism in this region (Flomen et ah, 1992). The 

polymorphism could not be detected when radiolabelled SSCP was performed, either in the 

cold room or at room temperature, but it was readly detected when the PCR products were 

analysed by electrophoresis in an MDE gel followed by silver staining (Figure 3.30).

A total of 34 controls (23 males and 11 females) or 45 chromosomes were analysed. 26 

control chromosomes (58%) showed the upper band pattern related to the nucleotide 

sequence ACC and 19 control chromosomes (42%) showed the lower band pattern related 

to the nucleotide sequence ACT. For 28 male patients the polymorphic pattern was 

determined. This excluded the ones with complete deletion of IDS, HI, H2 and H22, the one 

with deletion of exon 4, H24, the female patient, H I5, and patient H21 who were 

heterozygous for this polymorphism. 18 chromosomes (64%) showed the pattern related to 

the ACC sequence and 9 (32%) showed the pattern related to the ACT sequence.

As heterozygosity in this region of the gene has not been observed before in any other 

male patients and controls, it is possible that an extra X-chromosome is present in patient 

H21, possibly related to a 47,XXY karyotype (Klinefelter syndrome). This possibility was 

investigated further by using probes for detecting highly polymorphic dinucleotide repeats 

from the X-chromosome and by comparing the patterns observed in females and males 

controls. Unfortunately, no material from any other family members was available to 

compare the alleles present and segregation within the family. For 3 of the probes used 

(DXS1002, STR45 and STR50) he did show a pattern which suggested heterozygosity and 

indicated the presence of two X-chromosomes as this pattern was not observed in male 

controls (Figure 3.31). The presence of the Y chromosome was confirmed by PCR 

amplification of a segment of the X-Y homologous gene, amelogenin (Figure 3.32). The
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observation of a two band pattern after electrophoresis in polyacn-damide gel indicates the 

presence of X and Y chromosomes while a single band (lower band) indicates the presence 

of X-chromosome(s) only as seen in a female control. Contamination o f the sample from 

patient H21 by female cells cannot be excluded by this test because it does not indicate the 

number of X chromosomes present,

(a)

1 2 3 4  5 6 7  8 9

(b)

1 2 3 4  5 6 7 8 9  10 11

Figure 3.30 Comparison of two methods for SSCP analysis of amplified exon 4 for 
detection of the C-> T polymorphism at codon 146

Lanes 1-9 in (a) radiolabelled SSCP analysis and 1-11 in (b) non-radiolabelled SSCP 
analysis are female controls.
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(a)
1 2 3

M 1 2 3 4 5 6

m m
(b) (d)

(e)

(c)

»
Figure 3.31 CA repeats of 3 polymorphic markers on 4he X-chromosome from 
amplified DNA from patient H21

(a) DXS1002, Lane 1 is patient H21 Lane 2 is a heterozygote control Lane 3 is a 
homozygote control (b) STR 50 (c) STR 45, Lanes 1 and 2 are male and female controls 
respectively, Lane 3 is patient H21 (d) STR 49 and (e) STR 44, Lanes 4 and 5 are female 
and male controls respectively. Lane 6 is patient H 21
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1 2 3 M

112 bp 
106 bp

Figure 3.32 Polyacrylamide gel electrophoresis of amplified DNA fragment from a 
segment of the amelogenin gene for detection of the presence of the Y-chromosome in 
patient H21

Lane 1, male control. Lane 2, patient H21. Lane 3, female control
The sizes of the PCR-amplified products are shown in the right hand side of the figure. The 
112 bp product corresponds to the presence of the Y-chromosome while the 106bp product 
corresponds to the X-chromosome
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Patient H24

DNA from this patient failed to give an amplification product using the primers 

designed to amplify exon 4 (Figure 3.33), whereas all other exons amplified successfully. 

This suggests that patient H24 has a deletion of exon 4. cDNA from this patient was 

amplified by RT-PCR but none of the primers used to amplify the IDS gene, fragments 1 and 

2 in Fig.2.2, Chapter 2, gave a PCR product (Figure 3.34a and b). Two other X-linked genes 

(a-galactosidase A and HPRT) were amplified to check the ability of the cDNA to work as 

a template and both gave positive reactions (Figure 3.34c and d). It is possible that the 

deletion of exon 4 has caused the mRNA to be very unstable and therefore it was not 

possible to amplify it by RT-PCR.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 M

Figure 3.33 Electrophoresis of amplified exon 4 in ethidium bromide stained agarose 
gel

Lanes I-IO are Hunter patients, lack of amplification was observed in lanes 5 and 10 
corresponding to patients H22, with complete deletion of IDS gene, and H24. Lanes 11-13 
are normal controls. Lane 14, control lacking DNA. M, X I kb DNA size marker
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(a)
1 2 3 4 5 M

(b)
1 2  3 M

Figure 3.34 Electrophoresis of (a/b) two overlapping cDNA fragments of the IDS gene 
and two control fragments of the (c) a-galactosidase A gene and (d) HPRT gene in 
ethidium bromide stained agarose gel

Lane 1 in (a) is patient H24. Lanes 2-4 are other Hunter patients and lane 5 is a normal 
control. Lane 6 is no DNA control. In (b) lane 1 is patient H24. Lane 2 is a normal control 
and lane 3 is no DNA control. In (c) and (d), Lane I is a normal control. Lane 2 is patient 
H24 and Lane 3 is a control lacking DNA. M, X Ikb DNA marker.
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3.2 .5  M utations d etected  in exon  5

Band shifts were detected by SSCP analysis in amplified exon 5 from two patients, 

HIS and H20 (Figure 3.35).

(a)

1 2 3 4 5

(b)

1 2 3 4 5

Figure 3.35 Radiolabelled SSCP analysis of amplified exon 5 from genomic DNA 
from patients HIS and H20

(a) Lanes 1-4 are Hunter patients. Shifted bands were observed in lane 2 corresponding to 
patient H20. Lane 5 is a normal control
(b) Lanes 1-4 are normal controls. Lane 5, patient HIS
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As the band shift seen in DNA from patient HI 8 was very subtle (Fig. 3.35, lane 5) 

and the PCR produet from exon 5 is relatively big for SSCP analysis (332 bp), the PCR 

products from exon 5 were digested withv4W prior to SSCP analysis yielding fragments of 

136 and 196bp. When the digested products were analysed by non-radiolabelled SSCP 

analysis with silver staining the shift present in DNA from patient HIS was more evident, 

confirming the previous finding, and a third patient, H33, was detected with bands of altered 

mobility, which were not seen in the undigested PCR product (Figure3. 36).

(a)

1 2 3 4 5 6 7

(b)

1 2 3 4 5 6 7

Figure 3.36 Non-radiolabelled SSCP analysis of PCR products from exon 5 digested 
with yl vu I

(a) single stranded fragments (b) double stranded fragments'
Lanes 1, 6 and 7 are normal controls. Lane 4 is patient H33. Lane 5 is patient HIS. Lanes 
2-3 are other patients with Hunter disease
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In view of the presence in this exon of a recurrent mutation . R172X, which has been 

detected among patients of different origin elsewhere, it was decided to screen for this 

mutation in the patients showing an SSCP change for exon 5. This mutation causes a C 

T transition at nucleotide 638 changing arginine at codon 172 to a stop codon (ÇGA -►TGA) 

and abolishes a Taq I restriction site which can be detected by digesting PCR-amplified 

DNA from exon 5. The undigested PCR product, seen as a 332 bp band after agarose gel 

electrophoresis indicates the presence of the R172X mutation. This was observed in one 

patient, HIS, presenting an SSCP change in this exon (Figure 3.37). The normal control and 

other patients with an SSCP change in exon 5 were digested to 257 and 75bp products 

indicating that the patients had different mutations causing the conformational changes 

observed.

332bp— 
257bp—

Figure 3.37 Agarose gel electrophoresis of amplified exon 5 digested with Taq I for 
detection of the R172X mutation

Lanes 1-3 are Hunter patients. The undigested band was observed in lane 1 corresponding 
to patient HIS. Lane 4 is a normal control
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Patient H18

Taq I digestion of exon 5 had suggested the presence of the R172X mutation, in this 

patient. This was confirmed by sequencing amplified exon 5 and finding a C-^T transition 

at nucleotide 638 (Figure 3.38).

Carrier detection in this family was made by restriction digestion with Taq I 

(Figure3.39). The patient's mother was shown to be a carrier for the mutation R172X as her 

digested amplified DNA yielded 3 bands of 332, 257 and 75bp after agarose gel 

electrophoresis. The maternal aunt was not a carrier for this mutation because her amplifed 

DNA was fully digested to 257 and 75bp products which give the same band pattern as 

observed in normal controls.

NORMAL CONTROL PAT ENT H 8

C T A G

Figure 3.38 Sequencing of amplified exon 5 from genomic DNA from patient H18

The nucleotide change is indicated by arrow
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Pedigree of family of patient Hi 8

i

1 2 3 4 5 6 M

75bp—

Figure 3.39 Agarose gel alectrophoresis of amplified exon 5 after digestion with Taq I 
for detection of carriers for the mutation R172X found in patient H18

Lane 1, undigested control. Lanes 2-3 digested control DNA. Lanes 4-5, DNA from relatives 
o f patient HI 8 shown in the pedigree above by the same number. Lane 6 is patient HIS
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Patient H20

A G-» C transversion at position 737 in cDNA was observed by direct sequencing 

of a PCR-amplified fragment from exon 5 (Figure 3.40). The mutation changes an alanine 

to proline at codon 205 (GCC->CCC/A205P) and would be predicted to alter the 

conformation of the enzyme.

Prior to the identification of the sequence change by sequencing of amplified DNA, 

carrier detection was requested for family members. Therefore it was performed on the basis 

of the conformational change observed in radiolabelled SSCP (Figure 3.41). The patient's 

mother was a carrier for the A205P mutation as two bands, one corresponding to the mutant 

allele seen in the index case DNA and the other to the normal pattern seen in controls, were 

observed by SSCP analysis. The patient's sister and maternal aunt were not carriers for the 

mutation as a single band corresponding to the normal allele was observed.

NORMAL CONTROL PATIENT H20

Figure 3.40 Sequencing of amplified exon 5 from genomic DNA from patient H20

The nucleotide change is indicated by arrow
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Family H20

1 2  3 4

Figure 3.41 Radiolabelled SSCP analysis of amplified exon 5 for detection of carriers 
for the mutation A205P in family H20

Lane 1, patient H20. Lanes 2-4, are relatives of patient H20, the mother, sister and maternal 
aunt respectively. Lane 5 is a normal control
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3 .2 .6  M u tation s  detected  in exon 6

An SSCP change was detected in exon 6 only in patient H21 (Figure 3.42). All the 

other patients analysed for this exon presented with a band pattern which was similar to the 

pattern observed in the normal controls. The band pattern observed in patient H21 was 

consistent with heterozygosity for the wild and a mutant sequence, he had already been 

considered to be karyotypically abnormal, e. g., he was shown to be heterozygous for the 

polymorphism in exon 4 indicating the presence of two X-chromosomes and this was 

confirmed by the analysis of polymorphic markers on the X-chromosome (section 3.2.4).

1 2

Figure 3.42 Non-radiolabelled SSCP analysis of exon 6 followed by silver staining

Lane 1, normal control. Lane 2, patient H21
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Patient H21

Sequencing of amplified genomic DNA revealed this patient heterozygous for a C 

—► A transversion at nucleotide 919 (Figure 3.43), confirming the SSCP analysis. This 

mutation would change asparagine to lysine at codon 265 (AA£->AAA/N265K). The 

presence o f a pseudogene including exon 6 of the IDS cannot be ruled out. He was also 

heterozygous for the T,^  ̂ polymorphism in exon 4.Unfortunately, material for RNA 

extraction and cDNA analysis was not available to investigate this possibility.

NORMAL CONTROL PATIENT H21

C-4A

Figure 3.43 Sequencing of amplified exon 6 from genomic DNA from patient H21

Heterozygosity for the C-^A transversion at nucleotide 919 and for the normal sequence is 
indicated by arrow
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3.3.7 Mutations detected in exon 7

SSCP analysis of amplified exon 7 showed altered mobility bands in four patients, 

H16, H26, HI 7 and HI 4. Two of them, HI 6 and H26, showed a very subtle shift when 

non-radiolabelled SSCP was performed in the presence of glycerol, which could easily be 

misinterpreted as a normal pattern (Figure 3.44a). Different conditions of SSCP analysis 

were used to analyse the same amplified PCR-fragments but no changes were detected 

(Figure 3.44b). For that reason, PCR-amplified fragments for exon 7 were subjected to 

digestion with Hae III (GGiCC), which has two recognition sites, at nucleotides 1058 and 

1093 and yields products of 96, 44 and 35 bp, to increase the possibility of detecting a 

mobility shift. The two patients, H I6 and H26, showed the same conformational change in 

the fragment corresponding to the 44-bp digestion product, vdth both conditions of SSCP, 

indicating the presence of a sequence change in the 3' end of exon 7 (Figure 3.45). Patients 

H I7 and H14 showed altered band patterns with any of the conditions used, with and 

without glycerol, in the undigested product (Figure 3.44). The other 25 patients analysed for 

sequence changes in exon 7 showed a band pattern which was the same as the one found in 

normal controls.
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(a)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

(b)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 3.44 Non-radiolabelled SSCP analysis of amplified exon 7 with two different 
conditions of electrophoresis: (a) MDE gel with glycerol and (b) MDE gel without 
glycerol

Lanes 1,12 and 17 are normal controls. Lanes 6 and 7 are patients H26 and H I6. Lane 8 
is patient HI 7. Lane 13 is patient HI 4. Lanes 14-16 are relatives of patient HI 4. Lanes 2- 
5 and 9-12 are other patients with Hunter disease.
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(a)
1 2 3 4  5 6 7 8 9

(b)

1 2 3 4 5 6 7 8 9

Figure 3.45 Non-radiolabelled SSCP analysis of amplified exon 7 digested with Hae 
III with two different conditions of electrophoresis: (a) MDE gel with glycerol and 
(b) MDE gel without glycerol

Lane 1, normal control. Lanes 5 and 6 are patients H26 and H16 respectively. Lanes 2-3 
and 7-9 are other patients with Hunter disease
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Patient H16

Sequencing of genomic DNA from this patient did not allow reading of the last 20 

bp from the 3' end of exon 7 because of the proximity of the sequencing primers. As no 

sequencing changes were detected elsewhere, sequencing of amplified cDJNA covering the 

exon 7/exon 8 boundary was performed and revealed a C-> T transition at position 1122 

(Figure 3.46). This mutation changes a serine to leucine at codon 333 (TCG-+TTG/S333L) 

and has previously been described in two unrelated patients (Flomen et al., 1992; Sukegawa 

et al. 1995).

This mutation creates a restriction site for Sty I (CiC[A/T][A/T]GG) which was used 

to confirm the sequence change in an independent PCR-amplified fragment from genomic 

DNA from this patient and for detection of carriers in this family (Figure 3.47). The 220 bp 

PCR-product is digested to 156 and 64 bp fragments in the mutant allele while the normal 

allele remains undigested. The mother of patient H I6 was shown to be a carrier for the 

mutation found in the index case as seen by the presence of two bands in agarose gel 

electrophoresis, corresponding to the sizes predicted for the undigested 220 bp and digested 

156 bp products. The 64 bp fragment is too small to be seen with the electrophoresis 

conditions used here. Three other family members, the sister, grandmother and maternal 

great aunt were shown not to be carriers for the S333L mutation because they showed the 

undigested product only.

Patient H26

SSCP changes were present in both amplified exons 3 and 7 from this patient. The 

SSCP change detected in exon 3 for this patient was shown to be due to a deletion of the 

pseudogene and therefore believed not to affect the enzyme activity (see section 3.2.3). The 

band shift observed in exon 7 was the same as that seen in patient H I6 (Figure 3.45). The 

sequence change in exon 7 in patient H26 was confirmed to be the S333L mutation by 

restriction analysis with Sty I (Figure 3.47). It is predicted that this is the disease-causing 

mutation in this patient because the same mutation has been shown previously by 

expression studies to give no detectable iduronate-sulphatase activity (Sukegawa et al., 

1995).
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Patient H17

The same problem found on sequencing genomic DNA from patient H16 occurred 

in this patient. For that reason, sequencing of amplified cDNA was performed and a G-> 

T transversion at nucleotide 1124 was observed (Figure 3.46). This is a novel mutation 

changing aspartic acid to tyrosine at codon 334 (GAT-+TAT/D334Y).

NORMAL CONTROL PATIENT H I7PAT ENT H 6

Figure 3.46 Sequencing of amplified exon 7 from cDNA from patients H16 and H17

The normal sequence is shown in the columns flanking the normal control. The left arrow 
indicates the substitution in patient H I6 and the right arrow indicates the substitution in 
patient H I7.
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Family H I6

1 2 3 4 5 6 7 M

64bp—

Figure 3.47 Agarose gel electrophoresis analysis for detection of carriers for the 
mutation found in patient H16 (S333L)

Lane 1, undigested PCR product from exon 7. Lanes 2-8, PCR-product from exon 7 digested 
with Sty I. Patients H26 and H I6 are shown in lanes 4 and 5 respectively. Lanes 2-3 and 6-7 
are family members from patient HI 6. The numbers shown in the pedigree above correspond 
to the lane number in the gel. Lane 8 is a normal control.
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Patient H14

The index case was an aborted fetus who was previously diagnosed as having the 

Hunter syndrome based on enzyme measurements. A one base pair deletion was detected 

at nucleotide 1061 after sequencing of PCR-amplified exon 7 (Figure 3.48J. This mutation 

would be expected to cause a frame shift altering two aminoacids before creating a stop 

codon within exon 7. This mutation causes the loss of a restriction site for the enzyme Hae 

III and digestion of amplified exon 7 was used to confirm the mutation in an independent 

PCR-amplified fragment as well as being used for carrier detection in members of this 

family. However, SSCP analysis was also used for carrier detection . It gave better results 

and was, therefore, the method of choice for detection of carriers for the mutation found in 

the index case (Figure 3.49).

NORM AL CONTROL PATIENT H I4

Figure 3.48 Sequencing of amplified exon 7 from genomic DNA from patient H14

The arrow indicates the deleted nucleotide and the beginning of the frame shift
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Pedigree o f family H I4

O

1 2  3 4  5 6  7

Figure 3.49 Non-radiolabelled SSCP analysis of amplified exon 7 for detection of 
carriers of the mutation found in patient H14

The lane numbers 1, patient H14, 3, the heterozygous cousin, 4, the aunt and 5, the 
homozygous cousin, in the gel correspond to the family members shown in the pedigree 
above. Lanes 2, 6 and 7 are normal controls. DNA from the mother was not available for 
analysis.
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3.2.8 Mutations detected in exon 8

Three patients, H8, H9 and H23, showed altered band patterns after SSCP analysis 

of PCR-amplified fragments from exon 8. Amplified products from exon-8 from patients 

H8 and H9 showed the same band shift in radiolabelled SSCP gel and were expected to have 

the same sequence change (Figure 3.50). DNA from patient H23 was analysed by non- 

radiolabelled SSCP and the band pattern observed was predicted to be due to a small 

deletion (Figure 3.51). The other 23 Hunter patients analysed for sequence changes in exon 

7 had a band pattern which was the same as the one observed in normal controls.

Patients H8 and H9

A C-^ T transition at position 1246 was detected by sequencing the amplified 

genomic DNA from exon 8 from both patients (Figure 3.52). This is a silent mutation at 

codon 374 (GGC-^GGT/G374G) which has been described in 7 unrelated patients (Flomen 

et al., 1992; Bunge et al., 1992; Popowska et al., 1995; Ben Simon-Schiff et al., 1995). It has 

been shown to create a new donor splice site within exon 8 and to lead to deletion of 60 bp 

from the cDNA. It occurs in a region which is highly homologous among sulphatases and 

is also in a CpG dinucleotide. This substitution creates a restriction site for the enzyme Hph 

I (GGTGA[N]g i) which was exploited to confirm the presence of the mutation by digestion 

of amplified exon 8 from independent PCR reactions from the patients. It was also used to 

check for the carrier status of their mothers (Figure 3.53). The mutant allele is digested to 

102,94 and 82 bp fragments while the normal allele is digested to 196 and 82 bp fragments. 

Both mothers showed the 196 bp fragment and a triplet corresponding to the 102, 94 and 82 

bp fragments, bands after restriction analysis with Hph I indicating that they are carriers for 

the splice site mutation detected in the index cases.
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Figure 3.50 Radiolabelled SSCP analysis of amplified exon 8 from patients H8 and H9

Shifted bands are observed in lanes 2 and 3 in DNA from patients H8 and H9, respectively. 
Lanes 1, 4 and 5 are normal controls.

1 2 3 4 5 6 7 8 9  10 11

Figure 3.51 Non-radiolabelled SSCP analysis of amplified exon 8 from patient H23

Shifted bands are observed in lane 8 corresponding to patient H23. Lanes 1-7 are other 
patients with Hunter disease. Lanes 9-11 are normal controls
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PATIENT H8 PATIENT H9 N O R M A L  CO NTR OL

Figure 3.52 Sequencing of amplified exon 8 from genomic DNA from patients H8 and 
H9

The nucleotide substitution is bold and starred and the position is indicated by an arrow in 
the gel

Family H8 Family H9

C+ C- M

—278bp 

— 196bp

— 102/94/82

Figure 3.53 Agarose gel electrophoresis of amplified exon 8 digested with Hph I for 
detection of carriers for the mutation found in patients H8 and H9

The lanes in the gel correspond to the family members as indicated in the pedigree above. 
C+ is a normal control digested with Hph I and C- is an undigested normal control
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Patient H23

The index case in this family was an aborted fetus which had been identified 

previously as suffering from Hunter disease by enzyme assay. A 1 base pair deletion was 

observed at position 1146 after sequencing of exon 8 from amplified genomic DNA (Figure 

3.54). This sequence change is predicted to cause a frameshift altering 18 amino acids 

before creating a stop codon within exon 8 (̂ '‘"‘EWAKYSNFDVATHVFLIFY to 

DMENGPNTAILMLLPMFPX). A restriction site for Mae III (iGTNAC) is created by this 

sequence change which was used to confirm the mutation in an independent PCR-amplified 

fragment (Figure 3.55). No family members were available for carrier detection analysis.

Normal control Patient H23

A4-

Figure 3.54 Sequencing of amplified exon 8 from genomic DNA from patient H23

The deleted nucleotide is indicated by arrow in the normal sequence
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M

298bp— 
220/201 bp—

75bp—

Figure 3.55 Agarose gel electrophoresis of amplified exon 8 digested with Mae III for 
confirmation of the sequence change found in patient H23

Lanes 1 and 2 are patient H23 undigested and digested with Mae III respectively. Lanes 3 
and 4 are normal control undigested and digested with Mae III respectively
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3.3.9 Mutations detected in exon 9

Owing to the large size of the PCR product obtained after amplification of exon 9 

(533 bp), PCR-amplified fragments were digested with the restriction-enzyme BamHl 

(GlGATCC) before being subjected to SSCP analysis. The digested product yielded two 

fragments of 185 and 348 bp, which increased the probability of detecting any 

conformational changes because of their smaller size. The digested and undigested PCR 

products were analysed separately but there were no cases where a conformational change 

was seen in the digested product but not in the undigested one. For one of the patients, H29, 

SSCP analysis of the digested product revealed a very subtle conformational change while 

analysis of the undigested product revealed a distinct altered mobility. The advantage of 

using digested-PCR products was a better separation of the bands after electrophoresis, as 

well as allowing more precise localization of the sequence change by identifying changes 

either in the 5' end of the exon, represented by the smaller digestion product of 185 bp, or 

in the 3' end of the exon, represented by the larger digestion product of 348 bp. SSCP 

changes were detected in patients H19, H5, H12, H27, H30, H34, H29 and H4 (Figures 3.56 

and 3.57). Patients H5 and H12 showed the same pattern of altered bands in radiolabelled 

SSCP analysis which suggests that they have the same mutation. Interestingly, a 

conformational change could not be detected for one of the patients, H27, when non- 

radiolabelled SSCP analysis was performed (Fig. 3.58), on either the digested or undigested 

PCR fragments. All the remaining 21 patients analysed for exon 9 showed a normal band 

pattern and were believed not to have a sequence change in exon 9.
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Figure 3.56 Radiolabelled SSCP analysis of undigested amplified exon 9.

Lanes 1-7 are family members of patient H4. A band shift was observed in lanes 1 and 3 corresponding to patient H4 and his brother. 
The mother, lane 2, was heterozygous for the shifted and normal bands. Lanes 9 and 11, patients H5 and H I2. Lane 10, H12 patient's 
mother. Lane 12, patient H19. Lane 14, patient H27. Lane 17, patient H28. Lane 19, patient H30. Lane 20, patient H29. Lanes 8 and 13 
are normal controls. Lanes 15, 16, 18 and 21-24, other patients with Himter disease.
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1 2 3 4 5 6  7 8 9  10 11

348bp fragment

185bp fragment

Figure 3.57 Radiolabelled SSCP analysis of amplified exon 9 digested with BamHl

Lane 1, patient H27. Lane 4, patient H28. Lane 6, patient H30. Lane 7, patient H29. Lanes 
2, 3, 5 and 8-10 are other patients with Hunter disease.

1 2 3 4 5 6 7 8 9 10 11 12 13

348bp fragment

185bp fragment

Figure 3.58 Non-radiolabelled SSCP analysis of amplified exon 9 digested with BamHl

Lane 3, patient H34, Lane 13, patient H27. Lanes 1, 2 and 4-8, other patients with Hunter 
disease. Lanes 9-12, normal controls.
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Patient H19

A C-> T transition at position 1526 was observed after amplified genomic DNA 

from this patient was sequenced (Figure 3.59). This missense mutation changes an arginine 

to tryptophan in codon 468 (ÇGG->TGG/R468W) which has been described in 4 unrelated 

patients (Grotty et al., 1992; Popowska et al., 1995; Schroder et al., 1995; Jonsson et al., 

1995). This mutation is in a CpG island in the 3' end of the gene where these islands are 

presumed to be methylated. A restriction site for MspI (CiCGG) is abolished by this 

sequence change, which was used to confirm the mutation in an independently PCR- 

amplified fragment.

Patients H5 and H12

A G-> A transversion at position 1527 was detected after sequencing of genomic 

DNA from these patients. It changes arginine to glutamine at codon 468 (CGG-^CAG, 

R468Q) (Figure 3.59). This is also a recurrent mutation in a CpG island in the 3' end of the 

gene and has been reported in 2 unrelated patients (Whitley et al., 1993; Li et al., 1995). 

This mutation abolishes a restriction site for Msp\ (CiCGG) which was used to confirm the 

mutation in an independently PCR-amplified fragment and for detection of carriers within 

these families. The undigested mutant allele gives a 533 bp PCR product, while the normal 

allele is digested to two fiagments o f239 and 294 bp. Two members of the family of patient 

H5 were available for carrier detection analysis, the mother and the grandmother. Both were 

shown not to be carriers for the R468Q mutation found in the index case because their PCR- 

amplified products from exon 9 were totally digested to two smaller fragments (Figure 3.60). 

This suggests that the mutation is a "de novo" mutation in the index case. The mother of 

patient H 12 is a carrier of the same mutation as both the digested and undigested products 

were observed after electrophoresis indicating heterozygosity for the normal and mutatnt 

alleles (Figure 3.60). DNA from anj affected fetus from this family, which was diagnosed as 

having Hunter disease by enzyme assay, was also analysed for the presence of the R468Q 

mutation and was shown to be iaffectedas its PCR product from exon 9 remained undigested.
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Patient H5

C T A G

Patient H12

C T A G

Normal control

C T A G

5’
T
A
T
C
C
C
C-&T
G
G
C
C
T
3’

.Patient H 19

C T A G

Figure 3.59 Sequencing of amplified exon 9 from genomic DNA from patients H19 
(R468W) and H5 and H12 (R468Q)

Pedigree o f  family H5 Pedigree o f  family HI 2

C(-) C(+)

C(+) M

Figure 3.60 Agarose gel electrophoresis of amplified exon 9 digested with M sp\ for detection of 
carriers for the mutation R468Q found in patients H5 and H12

(a) Family members o f  patient H5.
(b) Family members o f  patient H12
C(-), undigested normal control C(+), digested normal control M, X. Ikb DNA size marker.
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Patient H4

Sequencing of amplified exon 9 from genomic DNA from this patient showed a one 

base pair deletion at position 1557 (Figure 3.61), which causes a frame shift and is predicted 

to alter 4 aminoacids before creating a premature stop codon within exon 9 (“̂^^DKPSL to 

ASRVX). A restriction site for CaCSl (GCNiNGC) is created by this sequence change and 

was used to confirm the mutation in the index case and for carrier detection in several family 

members (Figure 3.62). The mutant allele is digested to 261, 205 and 67 bp fragments while 

the normal allele remains undigested. The 67bp fragment is not seen in the agarose gel after 

electrophoresis. The patient's brother was also affected by this mutation as his PCR product 

was completely digested by CaCSI. His mother was shown to be a carrier for the normal and 

mutant alleles as indicated by the presence of undigested and digested PCR products in 

agarose gel electrophoresis. Interestingly, the maternal grandmother was not a carrier for the 

mutation found in the index case and this is likely to be a "de novo" mutation in the patient's 

mother. Four other relatives were analysed for the presence of this mutation and were found 

not to be carriers (see pedigree in Figure 3.62).

NORMAL CONTROL j 5’ \  PATIENT H4
j T

G
/ G

/ A
/ A

/ T
/ T

/ C

5 5 ^ '  — / T
--------- 5 ^ 7 G

A t-
C
A

Z g -  \ A
G /  M - —

C T A G \ C /  C T A G

\ 3' /

Figure 3.61 Sequencing of amplified exon 9 from genomic DNA from patient H4

The deleted nucleotide is indicated by arrow.
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Pedigree o f family H4

C(+) C(-) M

533bp—

285 ;̂:::

M  imp- %  ■
iH i I H M  IMM* MBI i É i *

Figure 3.62 Agarose gel electrophoresis of amplified exon 9 digested with CaC 81 for 
detection of carriers for the mutation (1557del) found in patient H4

The lanes in the gel correspond to the family members in the pedigree shown above.
C(-), undigested normal control C(+), digested normal control M, Ikb DNA size 
marker
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During the course of this study, a number of recurrent mutations in exon 9 have been 

identified among patients of unrelated origin. For that reason, it was decided to screen the 

remaining patients, H34, H30, H29 and H27, presenting an SSCP change in this exon, for 

these mutations before sequencing. The PCR amplified fragments were digested with Taql, 

which detects mutation R443X and Mspl, which detects mutations R468L, R468G, R468Q 

and R468W. Patients H34 and H30 showed altered band patterns using this approach and 

are discussed below. The other patients, H29 and H27, showed a normal pattern of digestion 

with both enzymes suggesting that mutation R443X and the ones affecting codon 468 were 

not present (Fig. 3.63).

Patient H34

For this patient, analysis of the PCR fragments produced by digestion with Mspl, 

revealed a shorter fragment after electrophoresis in agarose gel, when compared to the 

normal digested control (Figure 3.63). This suggested that a deletion of a few base pairs had 

occurred in the 5' end of the exon which is represented by the 185bp digestion product. After 

sequencing of amplified exon 9 from genomic DNA from H3 4, a 14 bp del from nucleotide 

1328 to 1341 was detected (Figure 3.64). This deletion would be expected to cause a 

frameshift from codon 402 and to create a stop signal at codon 425, 23 aminoacids 

d o w n s t r e a m  C ^ ^ ^ ^ E L V S L F P T L A G L A G L Q V P P R C P V P  to 

FSHAGWTCRTAGSTSLPRSFISRX)

Patient H30

Digestion of PCR amplified exon 9 from this patient with Taq I, resulted in the 

detection of a 533bp band after electrophoresis in agarose gel stained with ethidium 

bromide. This was an indication of the presence of the R443X (CGA-+TGA) mutation which 

abolishes a restriction site for Taq I (Fig 3.63). Sequencing of gDNA confirmed the presence 

of this mutation (Figure 3.65).
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(a)

1 2 3 4 5 6 7 8 9  10 11

532bp— 
369bp— 
164bp—

(b)

1 2 3 4 M

Figure 3.63 Agarose gel electrophoresis of amplified exon 9 digested with (a) Taql and 
(b) Mspl for detection of R443X and mutations affecting the R468 codon respectively

(a) Lane 1 is an undigested control. Lane 5 is patient H30. Lanes 1-3 are patients H34, H29 
and H27. Lanes 6-10 are normal controls.
(b) A faster running band is observed in lane 2 corresponding to patient H34. Lane 1 is a 
normal control. Lanes 3 and 4 are patients H29 and H27.

NORMAL CONTROL PATIENT H34

Figure 3.64 Sequencing of amplified exon 9 from genomic DNA from patient H34
The 14 deleted nucleotides are indicated by arrows
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NORMAL CONTROL

C T A G

PATIENT H30

C T A G

Figure 3.65 Sequencing of amplified exon 9 from genomic DNA from patient H30
The nucleotide substitution C~* T is indicated by arrow

Patient H29

Sequencing of amplified exon 9 from genomic DNA from this patient showed a 9 

bp deletion from nucleotide 1477 to 1485 (Figure 3.66). The 9 deleted nucleotides are in 

frame, causing deletion of 3 amino acids YLP) but no premature stop codon. No 

family members were available for detection of carriers.

NORMAL CONTROL PATIENT H29

3

T A G

Figure 3.66 Sequencing of amplified exon 9 from genomic DNA from patient H29
The 9 deleted nucleotides are indicated by arrows
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Patient H27

Sequencing of the PCR-amplified exon 9 from genomic DNA from this patient 

detected a T-» G transversion at nucleotide 1578 (Figure 3.67). This substitution changes 

isoleucine to arginine at codon 485 (ATA->AGA, I485R) which has been identified in 

another severe patient of unrelated origin (Schroder et al., 1994). The mutation does not 

affect a restriction enzyme site and carrier detection for this family was made by 

radiolabelled SSCP analysis (Figure 3.68). The patient's sister was shown not to be a carrier 

for the I485R mutation as only the normal band pattern was observed by SSCP analysis. No 

other family members were available for carrier detection.

NORMAL CONTROL PAT ENT H27

C T A G

Figure 3.67 Sequencing of amplified exon 9 from genomic DNA from patient H27

The nucleotide substitution T-*Gis indicated by arrow
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Patient H28
Sequencing of DNA from this patient was not performed because of completion of 

the project but carrier detection was made by radiolabelled SSCP analysis for his mother 

(Fig. 3.68).

Family of patient H27

Cl

Family o f patient H28

C2 C3

Figure 3.68 Radiolabelled SSCP analysis of amplified exon 9 digested with BamVil for 
detection of carriers for the mutation found in patient H27,1485R, and for the altered 
mobilty shift found in patient H28.

The lanes in the gel correspond to the family members shown in the pedigrees above.
C l, C2 and C3 are normal controls. The band pattern correspond to the 348bp fragment 
resulting from the digestion with BamH  I .
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3.3 Detection of mutations in patients who did not show 

an SSCP change after amplification of the 9 exons 

comprising the IDS gene

SSCP analysis failed to detect any altered mobility shift in DNA from patients H31 

and H33 with the conditions used here. A possible explanation for this could be that the 

gene had undergone a rearrangement which leaves the sequences of the exons and flanking 

regions intact. Several rearrangements in the IDS gene have been reported in the literature 

after Southern blot analysis of genomic DNA (Hopwood et al., 1993). Some of them were 

shown to be caused by intragenic recombination between homologous regions of the 

functional and pseudogene. One report suggests that 13% of Hunter patients have an 

inversion between exon 3 of the IDS gene and intron 7 of the pseudogene (Bondeson et al., 

1995a). It was decided to analyse patients H3I and H32 for this common inversion by using 

PCR of the breakpoints involved in the inversion. Two pairs o f primers which amplify the 

proximal and distal breakpoints and DNA from a patient with this inversion were kindly 

provided by M.L. Bondeson. PCR amplification of the region flanking the distal breakpoint 

indicated that both patients did not have this rearrangement (Figure 3.69).

1 2 3 4 M

Figure 3.69 Agarose gel electrophoresis of the amplified region flanking the distal 
breakpoint of a common inversion in the IDS gene

Lanes 1 and 2 are patients H31 and H32. Lane 3 is a control patient with the inversion. Lane 
4 is a control lacking DNA. M, A. Ikb DNA size marker.
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3.4 Discussion

3.4.1 Efficiency of the protocol used for mutation analysis in the IDS gene

SSCP analysis has been widely used to identify mutations and polymorphisms 

because of its simplicity and versatility and a variety of conditions have been used to 

improve the sensitivity of the test (Orita et al., 1989; Hayashi, 1991; Sheffield et al., 1993). 

In the beginning of this work, radiolabelled SSCP analysis was chosen to screen for 

mutations in Hunter patients. The initial conditions were a 6% polyacrylamide gel with 5% 

glycerol and electrophoresis was carried out at room temperature in IxTBE running buffer. 

For the patients who did not show a conformational change with these conditions, the same 

gel mix was used but the electrophoresis was performed at 4°C to increase the chance of 

detecting a band shift. These conditions did not reveal any additional band shifts. In the 

later stages of this project, a non-radiolabelled SSCP technique using MDE as a gel mix was 

introduced into our laboratory and this method was used to confirm the changes found with 

the previous technique or to screen new patients and the ones who did not present an SSCP 

change with the former method. Electrophoresis was always performed at 4°C but in the 

presence or absence of 10% glycerol. In general, electrophoresis without glycerol was more 

informative because the bands were sharper and the separation was clearer. Apart from 

parameters such as temperature, percentage of acrylamide, ionic strength of the 

electrophoretic buffer and glycerol concentration, the size of the PCR product to be analysed 

by SSCP has also been reported to have a dramatic effect on the sensitivity to detect 

conformational changes that can be visualized in the gel (Sheffield et al., 1993). Generally, 

decreased sensitivity was observed with increasing size of the PCR product.

The exons analysed here for detection of mutations in the Hunter gene, except exon 

9, had PCR product sizes in the range of 220 to 332 bp and were believed to be suitable for 

SSCP analysis (Table 2.2). The product of amplification for exon 9 was 533 bp long and, 

therefore, based on the observations mentioned above, it was-decided to digest the exon 9 

PCR-product to smaller fragments of 185 and 348bp prior to SSCP analysis, which
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theoretically should increase the chance of detecting a conformational change. Interestingly, 

all the SSCP changes in exon 9 were detected in the undigested PCR product. In exon 9 

from patient H29, a band shift was clearly seen in undigested product and barely seen when 

digested PCR product was analysed. This could be due to the fact that the enzyme restriction 

site was very close to the mutation site, within 20 bp pairs. For some exons, the SSCP 

change observed after analysis of undigested PCR products was very subtle and could be 

very easily misinterpreted as a normal pattern as seen for exon 5 in patient HI 8 and for exon 

7 in patients H I6 and H26. For that reason some exons were also subjected to digestion 

prior to SSCP analysis. Exon 5 (332 bp) was digested to 136 and 196 bp fragments and exon 

7, originally with a PCR-product size o f220 bp, was digested to bands of 35, 89 and 96 bp. 

In exon 5, the subtle change observed in patient HI8 was strikingly apparent in the 196 bp 

fragment and another change which had not been visualised before was observed in the 196 

bp fragment, for patient H33. In exon 7, the very subtle change observed in patients H I6 and 

H26 was readily detected in the 89bp digestion fragment in the presence or absence of 

glycerol, whereas the change was not observed in the undigested product in the absence of 

glycerol. Generally, digestion of larger PCR-products improved the visualisation of a 

difference between wild and mutant sequences and allowed the detection of new sequence 

changes which were not observed in undigested PCR-products. This increased the chance 

of detecting a conformational change by SSCP analysis when different concentrations of 

glycerol were used in the gel mix. The sensitivity of detection of band shifts did not appear 

to vary with different types of mutations, because transversions, transitions, deletions and 

insertions gave similarly good band separation which agrees with the observations made by 

Sheffield et al. (1993). Interestingly, three of the mutations which gave very subtle band 

patterns in SSCP prior to digestion of PCR-products were C-+T transitions, two of them 

being substitutions of arginine by a stop codon in patients HI 8 and H30.

Overall, in this study, radiolabelled SSCP analysis with digestion of PCR-products 

in specific cases, detected all the mutations found, apart from the polymorphism in exon 4 

but did not resolve the complex band pattern seen in exon 3 due to the presence of PCR 

products from the pseudogene and functional gene. On the other hand, non-radiolabelled 

SSCP failed to detect the mutation in exon 9 found in patient H27, which also does not
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affect a restriction enzyme site. When comparing the separation of the bands in the SSCP 

gel, it is likely that the differences observed among the two techniques used are related to 

the different gel mixes used and not to the sensitivity of detection of nucleic acids by the use 

of radioactivity or silver staining. In terms of sharpness of the bands, in most of the cases 

the pattern of bands observed in the non-radiolabelled SSCP was much clearer than the ones 

observed in the radiolabelled SSCP probably due to the refraction effect which occurs when 

the radioactivity passes from the gel to the X-ray. This makes silver staining a more suitable 

approach. The advantages of using non-radiolabelled SSCP analysis are the avoidance of 

the use of radioactivity and the production of the results in a shorter period of time because 

long periods of exposure to X-ray film, from overnight up to 10 days, are not required. 

Moreover, one single PCR reaction can be used for both SSCP analysis and direct 

sequencing which saves a considerable amount of time and reagents.

Conformational changes due to a mutation altering the folded structure of (fre^otem^ 

were seen in 28 out of 30 patients (excluding the three complete deletions of IDS and the 

patient with a deletion of exon 4) analysed by SSCP. Two patients failed to show a 

conformational change in SSCP with any of the conditions used. This indicates a success 

rate of 93% with the conditions used here. Screening for mutations in two other lysosomal 

storage disorders, fiicosidosis and Fabry, has been carried out by SSCP analysis in our 

laboratory. For fiicosidosis the success rate was claimed to be 89% in 8 patients analysed 

(Cragg 1995-PhD thesis) using radiolabelled SSCP analysis at two different temperatures, 

while for Fabry disease it was 87% for 30 patients analysed (Davies, 1995-PhD thesis) 

using radiolabelled SSCP analysis at room temperature only. Both authors used digestion 

of PCR products when necessary. The disadvantages of SSCP are that a negative result 

cannot exclude a mutation and that its sensitivity varies for each DNA segment analysed.
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3.4.2 Concentration and distribution of the different types of mutations 

found in the IDS gene

Complete deletions and big rearrangements

Three patients with a complete deletion of the IDS gene were detected which 

accounts for 9% of the patients analysed in the present work. This compares with studies 

made elsewhere where the frequency of frill deletions varies from 4-17% according to the 

ethnic origin and the size of the sample analysed. The frequency of the big rearrangements 

found in the Hunter gene varies from 5.5-30%. Pooling all those data together, of the 319 

Hunter patients analysed to date (Hopwood et al., 1993), 4% were found to have a frill 

deletion and 15% a partial deletion or rearrangement accounting for 19% of all MPS II 

patients studied. Very few partial deletions have been characterized at cDNA level. One 

patient had a deletion of exons 3-7 (Bunge et al., 1993), another two patients had the same 

deletion including exons 5-7 (Ben Simon-Schiff et al., 1995) and one patient had a deletion 

spanning exons 4-9 (Popowska et al., 1995). One patient from this study had a deletion of 

the whole of exon 4 which caused the mRNA to be very unstable. Steén-Bondeson et al., 

(1992) suggested that there is a region which is prone to structural alterations within the IDS 

gene. This could be due to recombinational events between AIu sequences or between 

homologous sequences present in the functional gene and pseudogene causing an inversion 

of the gene (Bondeson et al., 1995). This phenomenon has been reported to occur in about 

13% of the Hunter patients analysed in Sweden (Bondeson et al., 1995a) and in 4 out of 7 

patients analysed in France (Bozon, et al., 1995), who had partial rearrangements detected 

by Southern blotting. No conformational changes were seen by SSCP analysis in patients 

H31 and H32 studied here,. If the mutation in these patients was of the latter type, all the 

exons would be present and successfully amplified by PCR. They were analysed for the 

presence of this common inversion but it was not detected. The presence of other major 

rearrangements in the IDS gene cannot be ruled out because Southern blotting was not 

performed in DNA from these patients,. Alternatively, another two possibilities exist to 

explain why an SSCP change was not detected: i. the primers used did not amplify an 

intronic sequence where the mutation could be present, ii. the mutation did not cause a 

detectable conformational change with the conditions used in the present work.
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All exons, except those in patients H28 and H33, in which an SSCP change was 

found were sequenced and a sequence change identified. A summary of the small mutations 

detected in the course of this work is shown in Table 3.2. They include point mutations 

altering an amino acid or creating a premature stop codon, splice site mutations, small 

deletions and insertions which can cause a frameshift and also create a premature stop codon. 

The distribution of these and other reported mutations in the IDS gene is shown in Figure 

3.70.

Small rearrangements

Eight small deletions or insertions were found among our patients and they account 

for 31% (8/26) of the small mutations found in this study. This is comparable with of all 

the published data on mutations in the IDS gene where 21% of the small mutations are 

deletions or insertions of a few (1-17) base pairs. Seven of the small rearrangements found 

in this study are predicted to create a firameshift and the formation of a new close stop 

codon. The mechanism by which a small rearrangement (e.g. deletion or insertion of one or 

a few hundred nucleotides) may arise is usually explained by the presence of two closely 

related sequences (repeats) which can cause unequal intrachromosomal crossing over by 

mispairing upon breakage of single-stranded DNA which leads to slipping of the DNA 

polymerase during replication followed by repair synthesis (Efstratiadis et al., 1980; Roth 

et al., 1985). Another mechanism could result from the presence o f , inverted repeats or 

palindromic sequences which can cause the looping out of single-stranded DNA and account 

for small rearrangements. It is known that repetitive elements within human DNA are a 

significant source of instability. If sequences flanking the deletions or insertions do not 

contain repeat motifs it is possible that the mutation is caused by a random event of cleavage 

and rejoining of the chromosome which by chance came into close physical contact. Table 

3.3 lists all the small rearrangements found here and lObp flanking regions each side. 

Interestingly, there is no obvious pattern of repeat elements in the close vicinity of these 

rearrangements and it is very likely that they occurred by chance, contrary to what happens 

in the a-galactosidase A gene (J. Davies, personal communication), where most of the small
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Table 3.2 Summary of mutations found in this study
Patient Mutation Exon Effect on 

protein
IDS activity 

(pmol/h/mgp)
Phenotype

P h y s i c a l
Handicap

Mental Handicap

Missense H6 3"A-* G* 2 N63D 2.0 mild mild
H7 G* 3 P86R zero severe severe

H25 ""G-4 A 3 R88H 1.0 severe severe
HIO G 3 R95G na - -
H20 “ ’G-> C 5 A205P 2.0 mild mild
H21 '̂’C-»A 6 N265K 2.0 severe severe
H16 I122ç>_̂  Y* 7 S333L na severe severe
H26 1122ç_, Y* 7 S333L na AF AF
H17 II24G->Y 7 D334Y 10" severe severe
H19 I526ç>_̂  Y* 9 R468W 2.0 severe severe
H5 '"^G-K A* 9 R468Q 2.0 severe severe

H12 '” ’G-+ A* 9 R468Q 5.0 - -
H27 G* 9 I485R 3.0 severe severe

Nonsense H18 638ç>_̂  Y* 5 R172X 2.0
H30 145lçi_̂  Y* 9 R443X zero mild mild

Splice H ll IVSl+lg-^t 1 del 63 nt zero - -
site H8 1246 (2—» t* 8 del 60 nt 2.0 mild moderate

H9 1246 t* 8 del 60 nt 7.0 unknown unknown

Small
insertions

H13 206/207 ins A 1 fs,18aa,X 15 very mild 
(BMT)

normal

Small H15 ^^del 2 fs,18aa,X 12.0 mild mild
deletions H3 '°5-3i2del8 2 fs,laa,X 3.0 severe severe

H14 ““’del 7 fe,2aa,X na AF AF
H23 "̂ ®del 8 fs,18aa,X na moderate mild
H34 '” ®-'” ’dell4 9 £s,23aa,X 17* severe severe
H29 I477-1485jJel9 9 del 3 aa na AF AF
H4 '” ’del 9 fs,4aa,X zero mild moderately

severe

Deletion 
of exon

H24 del exon4 4 fs,28aa,X na severe severe

Complete HI deletion IDS no protein na severe severe
deletion H2

H22
deletion IDS 
deletion IDS

no protein 
no protein

na
na

severe
unknown

severe
unknown

The numbers shown in superscript in the "Mutation" column refer to the cDNA numbers 
according to Wilson et al., 1990
X, termination codon na, not available BMT, Bone Marrow Transplantation AF, aborted 
fetus fs, frame shift # IDS activity measured in fibroblasts otherwise in plasma * mutations 
reported in more than one unrelated patient
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P160R
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L221P
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H229Y
817del
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IV7-2 a-g 
S333L 
IV7+1 del2

IV8-1 g-c
W337R
W345X
W345K
A346V
K347T
P358R
1168del
G374sp
E375X
Q389X

rv+isp
82ins

247del
305del8
N63D

P86R
R88H
R95G

del exon R172X
A205P

N265K S333Lx2 
D334Y 
1061 del

G374sp x2 
I146del

rv-ig-a
L410P
C422G
1393ins2
S426X
1436del
1443 ins
R443X
R468W
R468G
R468Q
R468L
P469H
Q474X
W475X
D478G
I485R
W502S
E521V
Y523C
1704 ms 14
Q531X

1328dell4
R443X
1477del9
R468W
R468Q x2
1557del
I48^R

f

Mutations found in this study r
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rearrangements are explained by the presence of direct repeats. It is probable that the 

rearrangements occuring in patients HI4, H23 and HI3 are due to slipped mispairing during 

replication of the repeated cytosine or adenine nucleotides (underlined in Table 3.3). In 

patient H29, the presence of two CC repeats could have lead to skipping of the 9 nucleotides 

by mispairing.

Table 3.3 Small rearrangements detected in this study

Patient Deletion and flanking region

H15

H3

H14

H23

H34

H29

H4

H13

ACGTTCTTCTCATCATCGTGG

GCTGGTGAGGTCCCCAAATATTGACCAA

ACAGGTCGGCCGCCTCTTGA

GCTCTAGGTGAACATGGAGAA

GGACCTTGTGGAACTTGTGTCTCTTTTTCCCACG

AAGAGGATCCGTACCTCCCTGGTAATCCC

TGGAATTCTGACAAGCCGAGT

GGATCCGAAAACGCAGGCCAA

Bold letters indicate the deleted (or inserted in patient HI3) nucleotides and underlined letters shows possible 

motifs involved with the presence of rearrangements

The small rearrangements observed here seem to be spread all over the gene with no 

obvious cluster for this kind of mutation. Assuming that both deletions and duplications 

can be caused by unequal crossing over, it would be expected that both types of mutations 

would have a similar frequency. Nevertheless, in a number of genes the number of deletions 

causing disease is much higher, especially in X-linked genes such as dystrophin, HPRT, 

Factor VIII and a-galactosidase, which suggests that there is another mechanism which is 

specific for deletions (Tuddenham et al., 1991).
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Point mutations

Thirteen different point mutations (11 missense and 2 nonsense) were identified 

here, with two of them, S333L and R468Q occurring in two different families. Together, 

they represent 58% (15/26) of all the small mutations found in this study. This is also 

comparable with the frequency of 43% obtained by pooling together the data obtained 

from all the mutations found in the IDS gene so far. Seven of these mutations, including 

S333L, R468Q, R468W, R172X and R443X found among our patients, have been identified 

in at least 4 patients of unrelated origin and represent recurrent mutations in the IDS gene 

(Table 3.4). Other mutations were also found to be recurrent, including P86R, I485R and the 

new mutation N63D described in this work which was recently reported in a scientific 

meeting in another unrelated patient. Nevertheless these sites are not considered to be hot 

spots for mutations because they have been found in only two unrelated patients and are not 

located in CpG dinucleotides. The P86R mutation is in a region which is highly conserved 

among sulphatases. The point mutations which are considered to be hot spots in the IDS 

gene, except the G-^T and C-»G substitutions in codon 468. are all C-^T or G-^A (on the 

complementary DNA strand) transitions in CpG dinucleotides which are known to be the 

most susceptible sequence to single base substitutions because of méthylation of cytosine 

and the ability of this base to undergo spontaneous deamination to thymine (Cooper and 

Krawczak, 1990). The frequency of these hot spots in our sample is 3.8% for mutations 

R172X and R443X, 8% for mutations S333L and G374sp and 11% for mutations in codon 

468. Together they represent 35% (9/26) of the small mutations found in this study which 

is almost the same frequency found when pooling all the data reported so far (31%).

Only one of the 6 new missense mutations found in this study involved substitution 

in a CpG dinucleotide (R88H, G-^A). Three of them (R88H, R95G and D334Y) were 

located in sequences which are highly conserved among sulphatases, two in exon 3 and one 

in exon 7. The other mutations are located in sequences which do not exhibit any special 

features such as high homology or uniqueness for IDS. The asparagine residues in N63D 

and N265K, in exons 2 and 6 respectively, are not part of putative glycosylation sites.
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Table 3.4 Recurrent mutations in the IDS gene

Mutation CpG Conserved
aminoacid

Restriction 
Enzyme Site

Phenotype Reference

N63D
E2

' no no - mild
mild

Goldenfum et al., 1995* 
Villani et al.,I995

P86R
E3

no yes - severe
severe

Bunge et al., 1993 
Goldenfum et al., 1995*

R172X
E5

yes no -TaqI unknown
severe
severe

unknown

Flomenetal., 1992 
Bunge et al., 1993 

Jonsson et al., 1995 
Goldenfum, this study*

S333L
E7

yes yes +StyI unknown
severe

severe/unknown

Flomen et al., 1992 
Sukegawa et al., 1993 

Goldenfum, this study*

G374sp
E8

yes yes + HphI unknown 
mild (2x) 

mild 
mild (3x) 

mild /unknown 
unknown

Flomen et al., 1992 
Bunge et al., 1992 

Popowska et al., 1995 
Ben Simon-Schiff et al.,I995 

Goldenfum et al., 1995* 
Wilsom et al., unpublished

R443X
E9

yes yes -TaqI intermediate 
intermediate 
severe (2X) 

mild 
mild

Bunge et al., 1992 
Sukegawa et al., 1992 
Froissart et al., 1993 

Goldenfum, this study* 
Coll et al., 1995

W475X
E9

no no - intermediate
unknown?

Bunge et al., 1992 
Grosso et al., 1995

R468W
E9

yes no - MspI mild
severe
severe
mild

severe

Crotty et al., 1992 
Popowska et al., 1995 
Schroder et al., 1995 
Jonsson et al., 1995 

Goldenfum et al., 1995*

R468Q
E9

yes no - MspI severe 
AF (mild) 

severe/interm 
severe (2x)

Whitley et al., 1993 
Li et al., 1995 

Goldenfum et al., 1995* 
Sukegawa et al., 1995

R468L
E9

yes no - MspI severe
mild

Sukegawa et al., 1995 
Grosso et al.,1995

R468G
E9

yes no - MspI severe : 
severe

Sukegawa et al., 1995 
Villani et al., 1995

I485R
E9

no no - severe
severe

Schroder et al., 1995 
Goldenfum, this study*

Q389X no no - severe
severe

Jonsson et al., 1995 
Villani et al., 1995

* This study
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Splice site mutations

A consensus sequence (Shapiro and Senapathy, 1987) in the region flanking the 

intron/exon boundaries ensures the precision and effectiveness of the splice site and 

consequently removal of the introns. If a mutation occurs in these nucleotide sequences, it 

will affect splicing and can result in complete loss of the mRNA, skipping of an exon by the 

use of an alternative splice site further downstream or low amounts of mRNA being 

produced by the usage of the original splice site at low frequency.

Two splice site mutations were found among our patients. The 1246C-> T creates a 

new splice site within exon 8 with the original splice site intact. It has been shown to cause 

deletion of 20 amino acids (Flomen et al., 1992) which are not in a region of homology 

among sulphatases. The €-► T substitution in genomic DNA is in a CpG island and also in 

a region which is highly conserved among sulphatases. To date, 10 patients have been found 

with this mutation, including ours, which is by far the most common recurrent mutation 

found in unrelated Hunter patients making this codon a "hot spot" in the IDS gene with a 

frequency of 8% of all patients with smsill mutations in the IDS gene. The other one, 

IVSl+lg->t, destroys the 5' donor splice site which causes an alternative splice site to be 

used upstream of the exon 1/exon 2 boundary. The use of this cryptic splice site causes the 

deletion of 63 nucleotides (21 amino acids) which are in frame and does not destroy the 

original open reading frame. The original splice site has a frequency of 66.4 while the 

mutant one has a frequency of 48 according to the analysis of Shapiro and Senapathy (1987). 

The alternative splice site used within exon 1 has a frequency of 66.2 which is almost 

identical to that of the splice site in the wild type allele.

Distribution o f mutations in the IDS gene

Figure 3.71 shows the distribution of all the mutations found in the Hunter gene so 

far, exon by exon. It is striking that exon 3 has the highest frequency of mutations found in 

the IDS gene, (approximately 1 mutation per 9 base pairs). This could be related to the 

occurrence of the highest number of homologous sequences in this exon of the IDS gene or 

could reflect its : functional importance. The opposite is true for exon 6 which has the
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lowest concentration of mutations, 1 mutation per 34 base pairs, and is the only exon which 

docs not have any highly conserved sequences among the different sulphatases. Some 

clusters of highly homologous regions among sulphatases are located between amino acids 

38-97 (exons 2 and 3), 127-140 (exon 3), 297-336 (exon 7) and 372-427 (exons 8 and 9) in 

the IDS protein corresponding to approximately 31% of the sequence. Thirty three per cent 

of all the mutations found so far are located within these regions indicating that the mutation 

frequency is not greater in these conserved sequences. The reason for the the low frequency 

o f mutations found in exon 6 is still unclear. Although 25 mutations have been found in 

exon 9 (1 mutation per 19 base pairs), its large size and the higher number of CpG islands, 

the majority of which are thought to be methylated, can account for this finding.

exons

exon8 fr '

exon7 -

exonS -

exonS

exon4

exonS

exonZ

exon1

0.5 1.5 2.5 3.5

Figure 3.71 Distribution of mutations in the IDS gene

The X axis represents the number of mutations per 34 base pairs in each exon, relative to one for exon 6, 
which has the lowest concentration.
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3.4.3 Genotype/ Phenotype correlation according to the type of mutations 

found

Point mutations

(a) Missense Mutations

Six unique missense mutations were identified in this study, two of them, N63D and 

A205P, led to a mild phenotype of the disease. The N63D mutation changes a neutral and 

polar amino acid to a negatively charged one and would be expected to alter the 

conformation or stability of the protein. It is not located in a region which is highly 

conserved among sulphatases and therefore the change caused might just have a minor 

effect on the function of the enzyme. Interestingly , this mutation has also been recently 

reported in a scientific meeting to be found in an unrelated patient with the same phenotype 

(Villani et al., 1995). On the other hand, the A205P mutation changes a small neutral 

hydrophobic amino acid side chain to an imino acid, a substitution which would be expected 

to have a major effect on local protein folding and stability. All the other patients with 

missense mutations for whom detailed clinical information was available had severe 

phenotypes. The R88H mutation changes one polar basic amino acid side chain for another 

in an amino acid sequence which is conserved in all seven sulphatases that have been 

cloned and compared. It is likely that it is important for maintaining the active site or 

structural integrity of the protein. The other mutations, R95G, D334Y and N265K, change 

the charge on the amino acid side chain. Two of them, R95G and D334Y, are located in 

sequences which are highly conserved among sulphatases, in exons 3 and 7 respectively. 

The asparagine residue in N265K is not part of a putative glycosylation site. All three 

patients with these mutations have the severe phenotype.

A number of recurrent mutations have been identified among our patients. The 

R468W mutation was detected in one patient who presented with the severe form of the 

disease. It changes a polar basic amino acid for a neutral and hydrophobic one which would 

be expected to alter the conformation and stability of the protein. Another 4 unrelated 

patients have been reported to have this same mutation and to have mild (Crotty et al., 1992; 

Jonsson et al., 1995) or severe (Popowska et al., 1995; Schroder et al., 1995) phenotypes.
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The R468Q mutation, in the same codon as R468W, changes a polar basic amino acid for 

a polar and uncharged one, which would also be predicted to alter the conformation of the 

protein. Two unrelated patients were found in this study with this mutation but the 

phenotype was only available for one of them who presented with a severe phenotype. 

Another four patients have been reported elsewhere with the R468Q mutation with the 

severe (Whitley et al., 1993; Sukegawa et al., 1995) or mild phenotype (Li et al., 1995). 

Two other recurrent mutations have been found in this same codon, R468L and R468G, but 

they were not detected among our patients. One of them, R468L, also occurs in patients 

with different clinical severity (Sukegawa et al., 1995; Villani et al., 1995) while the R468G 

has only been reported in two severe patients so far (Hopwood et al., 1993; Villani et al., 

1995).

Three other recurrent mutations, which have always been reported to be found in 

patients with the severe clinical phenotype, were identified here. The P86R mutation changes 

an imino acid to a polar basic amino acid side chain which is expected to have a major effect 

on local protein folding and stability. The S333L and I485R mutations change the polarity 

of the amino acid side chains which is expected to affect the stability of the protein; the latter 

also has an effect on protein charge.

Some of the recurrent missense mutations in the IDS gene (S333L, R468Q, R468L) 

have been fully characterized and expressed in mammalian cells. The iduronate-sulphatase 

activity in transfected fibroblasts was severely reduced when compared with normal 

controls, confirming that they are likely to be the disease-causing mutations (Sukegawa et 

al., 1995). Western blotting analysis of cells transfected with these missense mutant cDNAs 

has detected a 73-kD protein while the mature protein, 45-56kD seen in the normal control, 

was not detected suggesting that the precursor protein is not processed to the mature forms.

The phenotypes of patients with missense mutations vary from mild to severe forms 

and the residual activity of the enzyme does not appear to correlate with clinical severity, 

making phenotype/genotype correlation still unclear.
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(b) Nonsense Mutations

Both nonsense mutations identified in this study are recurrent mutations in the IDS 

gene. The R172X mutation in exon 5 was found in a patient with an unknown phenotype, 

but it has been reported in three other patients, two of them presenting with the severe form 

of the disease (Flomen et ai., 1992; Bunge et al., 1993; Jonsson et al., 1995). Possible 

explanations for the severe phenotype observed could be (a) the production of a greatly 

truncated protein by the use of the new termination codon at the beginning of exon 5, or

(b) the skipping of the mutant exon 5 by a system which would activate an alternative 

splicing mechanism to specifically remove a stop codon (Dietz et al., 1993). Although the 

latter mechanism would not cause a frame shift in patient HI 8 because exon 5 is in frame, 

it would delete a 27 amino acid sequence which is unique for IDS and believed to be 

important for its function. It was not possible to perform mRNA analysis in cells from this 

patient to investigate these predictions. The R443X mutation in exon 9 has been found in 6 

unrelated patients, including ours, H30, who presented with a mild phenotype. The other 

5 patients have intermediate (Bunge et al., 1992; Sukegawa et al., 1995), severe (Froissart 

et al., 1993) or mild (Coll et al., 1995) phenotypes. The effect of this mutation in IDS cannot 

be explained by exon skipping because exon 9 is the last exon in the IDS gene. It is very 

likely that it produces a truncated protein because Western blotting analysis of cells 

transfected with the mutant cDNA detected a smaller precursor protein of 59kD (Sukegawa 

et al., 1995).

Splice site mutations

Patients H8 and H9 with the 1246C-^ T mutation have mild and unknown 

phenotypes respectively. All the patients reported with this mutation for whom clinical 

details were available presented with the mild form of the disease (see Table 3.4). This 

mutation has been fully characterized and it is likely that the remaining inframe sequence 

may produce sufficient IDS activity to enable the observed mild phenotype or that a small 

amount of correctly spliced mRNA is produced (Hopwood et al., 1993).

The clinical information available for patient HI 1, with the IVSl+lg-^t, mutation 

was not enough to classify him according to physical and mental involvement. Nevertheless,
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it is known that he does not have neurological involvement or short stature and is now 15 

years old, possibly suggesting a mild or moderate phenotype. This can be explained by the 

fact that the deleted amino acids are part of the signal peptide (amino acids 14 to 25) plus 

the amino acids which are removed (amino acids 26 to 33) from the proprotein in the 

maturation process and mutations in this region of the gene are believed to be more tolerable 

since the signal peptide is cleaved from the mature protein and does not appear to have a 

catalytic involvement, but it would probably affect its intracellular transport. Figure 3.72 

represents the event leading to the destruction of the donor splice site in patient H ll.

Small insertions and deletions

A deletion of 9 nucleotides in patient H29 does not cause a frame shift, instead, 3 

amino acids are deleted (YLP) and the open reading frame of the mutant mRNA is expected 

to be restored. The patient's phenotype is unknown but the mutation would be predicted to 

give rise to a mild clinical involvement because the 3 deleted amino acids are not in a 

region of homology among sulphatases. Two patients, H3 and H34, with deletions of 8 and 

14 amino acids respectively present with severe clinical pictures. In patient H3, the creation 

of a termination codon very early in the gene (within exon 2) would be expected to cause a 

severe Hunter phenotype as the consequence of a major truncated protein or exon skipping. 

The 14 deleted nucleotides in patient H34 are not in frame and alter 23 amino acids, 4 of

them being part of a region of high homology among sulphatases  In

addition, a stop codon would be created at position 425, just 4 amino acids before a region 

which is unique for IDS ('‘̂ “ELCREGKNLLKHFR) and may represent a region of 

functional importance for IDS.

Two deletions of one nucleotide were detected in patients HI 5 and H23, with a mild 

phenotype. Patient HI 5 is a female and is one of a pair of identical twins. X-inactivation 

studies have previously shown a pattern of skewed inactivation in the index case while her 

twin sister had a normal pattern of X-inactivation (Winchester et. al., 1992). The same study 

has shown that the active X-chromosome in the patient was derived from her father. There 

are two possibilities to explain those findings: i. the mutation is a de novo mutation, which 

is expected in 33% of cases of X-linked diseases, or ii. the father is a germline mosaic.
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Unfortunately, no further material could be obtained to investigate this hypothesis. The 

deleted nucleotide is part of an amino acid codon (L41, CTC—►CTJ which is highly 

conserved among sulphatases and it is predicted to cause a frameshift and early termination 

within the same exon. Nevertheless we can speculate that the mild phenotype in this patient 

is due to the presence of a small amount of normal mRNA which provides a residual 

activity of 12 nmoles/h/mg of protein, usually not observed in male affected patients.

The deletion in patient H23 is also predicted to create early termination after 

alteration of 18 amino acids and to decrease the length of the polypeptide by 33% of that of 

the wild-type. It is possible that the alternative stop codon is read through. It is interesting 

to observe that both patients do not have cardiac or neurological involvement and that 

expression of different transcripts representing alternative forms of IDS in different tissues 

may be an explanation for the observed mild phenotype.

A one base pair deletion in exon 9 at nucleotide 1557 (D478, GAC-+ G_C) in patient 

H4, causes an intermediate phenotype with mild physical involvement and moderately 

severe mental handicap. This could be explained by the presence of the early termination 

codon created after 4 altered amino acids, which will decrease the lengh of the polypeptide 

by 12% when compared with the wild type. It could be speculated that the truncated protein 

bears all the regions that are functionally important for IDS. Nevertheless, the IDS activity 

in this patient is undetectable.

A one base pair deletion at nucleotide 1061(R313, CGC—► _GC) was observed in 

DNA extracted from cultured fibroblasts from an aborted fetus, H I4, previously diagnosed 

as having Hunter disease based on enzyme assays. The mutation is predicted to cause a 

frame shift and early termination after 2 altered amino acids in exon 7 which bears a number 

of homologous regions among sulphatases. The phenotype of the index case for this fetus 

is unknown.

Patient H24 has a deletion of the whole of exon 4, which is the smallest exon in the 

IDS gene. Although the majority of the sequence of exon 4 does not encode regions that
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are highly conserved among sulphatases, the first amino acid (G140) is identical in all seven 

sulphatases which have been cloned and compared (Tomatsu et a l, 1991) and is part of a 

putative catalytic site in mouse IDS. Deletion of exon 4 probably also affects the stability 

of the mRNA because no detectable mRNA was found in patient H24, with a severe form 

of the disease, by analysis of cDNA.

The one base pair insertion in exon 1(T28, ACG-^AACG), which is predicted to 

create a premature translational stop codon after 18 altered amino acids is observed in a 

patient with a very mild clinical phenotype, H I3. This mutation would be predicted to give 

rise to a severe phenotype if the premature stop signal is used at codon 46 which would 

create a greatly truncated protein with a reduced open reading frame of approximately 85% 

of that of the wild type. Patient HI 3 was subjected to bone marrow transplant in an early 

stage of the development of the disease, which has produced enzyme activity of 15 nmoles, 

h'h mg of protein'^ in white blood cells and the observed very mild phenotype, which 

consists of hepatosplenomegaly and joint stiffness. Retrospective analysis of his pedigree 

has shown that two grandmatemal brothers, who died in their late teens, suffered ftrom the 

severe form of the disease, based on observations of family pictures and information. It is 

likely that they had the same mutation observed in patient H I3 because it cosegregates in 

the family for at least three generations. In that case, the prediction of a severe phenotype 

could be due to early termination or skipping of exon 1 and it is likely that patient HI 3 has 

been benefited ft"om BMT.

Complete deletion and big rearrangements

All the patients with a complete deletion of the IDS gene or a gross rearrangement 

for whom clinical information is available have a severe phenotype. Two of the patients, 

with complete deletion of the gene, diagnosed in this work were analysed for the extent of 

the deletion to check if adjacent genes were also deleted and if they could have any influence 

on the severity of the disease. Gene X (Timms et al., 1995) which is the first gene located 

40 kb distal to the IDS gene was present in both patients HI and H22 which indicates that 

the deletion does not extend to other genes in the telomeric region of the X-chromosome. 

A regions of the FRAXA gene located in the Xq27.3 also appeared to be present in
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patients HI and H22 indicating that the deletion does not affect other genes surrounding 

IDS.

Conclusion

In conclusion, all the sequence changes found are predicted to be the disease-causing 

mutations because they cause frame-shifts, create stop codons, change in the charge of an 

amino acid side chain or affect the splicing of mRNA. Moreover, the exon containing the 

sequence change was fully sequenced and no other sequence changes were found. They are 

not considered to be polymorphisms because they were not found in DNA from a large 

number of normal alleles (45) and alleles from other patients and co-segregate in families 

with at least one Hunter member. Also, the majority of these mutations are located in areas 

which are highly conserved among sulphatases and/or in CpG dinucleotides which are 

considered to be hot spots for mutations. The patients' phenotypes vary from mild to severe 

but the residual activity of the enzyme does not appear to correlate with clinical severity. 

This could be explained by the use of artificial substrate for the enzyme measurements which 

may not give a true reflection of the activity in vivo towards natural substrates. Other 

factors may also be affecting the severity of the disease as for example, polymorphisms in 

the same copy of the gene as suggested for Hurler disease (Hopwood, 1995). To date, in the 

IDS gene, only one polymorphism, T146T, has been detected which is located in a putative 

glycosylation site. It was characterized for all the patients in this study to see if it had any 

effect regarding the different clinical phenotypes observed. No correlation was observed 

between types of mutation and the presence of the different polymorphic alleles and it did 

not have any effect on the clinical severity or residual activity of the enzyme.

A reason for the clinical heterogeneity associated with the same or different 

mutations occurring in the same codon could be the presence of the same mutations in 

different transcripts of the gene. It has been reported that some tissues express a different 

transcript that may encode an IDS-Iike enzyme which is identical to the previously described 

one, except for the absence of the 207 carboxy terminal amino acids which are replaced by 

7 amino acids located within exon 7 of the IDS gene (Bondeson et al., 1995). The
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accumulation of the undegraded substrate in different tissues expressing different IDS 

transcripts could lead to a different clinical severity of the disease. The presence of two 

different transcripts for the IDS gene was also described in mouse and man at the genetic 

level (Daniele et al., 1993) and the expression of these transcripts was analysed in murine 

tissues and in several human cell lines (Daniele and Di Natale, 1995). The "original" IDS 

transcript was detected in all samples examined, as expected for a constitutively expressed 

gene and the new IDS transcript (MTA13) was expressed in murine brain, liver, spleen, 

lung, kidney and testis but not in heart. It was expressed in some of the human cell lines 

tested. Interestingly, different substitutions in conserved domains of the Factor VIII gene 

were also reported to occur in more than one patient of different origin and to cause different 

clinical severity of the disease (Diamond et al., 1992). Their explanation for this variation 

was i. that other loci may influence the expression or activity of Factor VIII or ii. that a 

second mutation or polymorphic variant was present which could influence the clinical 

phenotype but was undetected by the screening methods used.

Although an SSCP change was found in two different exons, from patient H26, it 

has been shown that one of the changes was related to a deletion of the pseudogene. In all 

the other DNA samples analysed SSCP changes were found in only one exon in each patient. 

The exon showing the SSCP change was fully sequenced and did not contain any other 

sequence changes. Although same mutations have been observed in several patients, our 

results confirm that most families have unique mutations and, therefore, will require analysis 

of their individual mutations before carrier analysis and prenatal diagnosis can be offered 

for family members. The normal range of activity between imaffected individuals is very 

broad and it is likely that affected patients will also show a range of activity making 

correlation of mutation and residual activity very difficult.
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3.4.4 Detection of carriers for Hunter disease

Correlation between enzyme activity and genotype

The problems surrounding identification of carriers in X-linked diseases have been 

discussed in Chapter 1. It has been shown that carrier detection based on enzyme assays is 

unreliable because of random X-inactivation which gives rise to an overlap between 

genetically defined carriers and unaffected family members and normal controls. 

Additionally, in the case of Hunter disease, different batches of the substrate used for the 

enzyme assay give different reference ranges of activity (E. Young, personal 

communication) which makes comparison between values obtained for families assayed at 

a different time difficult. Figure 3.73 shows some of the genetically defined carriers analysed 

in this study for whom enzyme activity was determined in comparison to unaffected female 

relatives and unrelated controls.. It is noteworthy that the genetically defined carriers have 

activities, using the first batch of substrate, which are very similar to normal female 

relatives. Using the second batch of substrate an overlap between genetically defined female 

carriers and normal female relatives is observed which is not as marked as the one seen in 

the first group. This could be a reflection of the expertise developed with time for the 

performance of the assay which is rather complicated. Nevertheless it is believed that 

results on the carrier status of female relatives based on enzyme activity only would be 

unreliable with both of the substrate batches used. It is likely that misdiagnosis will occur, 

contrary to what was as shown in other reports (Ben Simon-Schiff et al., 1993) where assay 

assay of the IDS activity in serum was found to be very reliable and identified 91% of the 

female carriers. DNA studies allow segregation analysis of the mutation in the family with 

apparently no false positive or negative results. Additionally, it detects the mutation 

regardless of the status of X-inactivation. However, care has to be taken when analysing 

DNA extracted from cultured cells from female relatives because it is known that cloning 

of a certain population of cells can occur in culture. This could result in populations of cells 

expressing either the active or the inactive X only and could lead to misdiagnosis.
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Figure 3.73 IDS activity in plasma of genetically defîned carriers, unaffected female 
relatives and unrelated controls

Two different normal reference ranges are shown according to the substrate batch used, 
144-545 pmol/h/mg of protein (1) and 67-454 pmol/h/mg of protein (2), and are indicated 
in columns Al and A2 respectively. Columns B1 and B2 are the normal female relatives 
and columns Cl and C2 are the genetically defined carrier female relatives for each batch 
of substrate respectively. The closed circles indicate the median value for each group.
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Frequency of de novo mutations in patients and their mothers

For 17 of the Hunter patients analysed in this study, some family members were 

available for carrier detection. Fourteen family studies included at least the patient's mother. 

For four of these families (H4, H5, HI 3 and HI 6), the patient's grandmother was also tested 

for the presence of the mutation found in the index case. In two of them (H4 and HI 6) the 

mutation was a de novo mutation in the patient's mother as the grandmother was shown not 

to carry the sequence change. In one (H5) the mutation was a new mutation in the patient 

and it was not present in the mother and grandmother. The mutation was present in the 

mother and grandmother and also in several other female relatives tested in the family of 

patient H I3. In another patient, HIS, the mutation was found in the index case and her 

identical twin, but not in the other relatives tested, including the mother. One explanation 

of this observation, as discussed in section 3.5.3, is that the mutation was a new mutation in 

the twin sisters. The frequency of spontaneous mutations found in the mothers of the 

Hunter patients in this study was 14%. The same frequency of de novo mutations was found 

in the patients. Other studies have revealed rates of spontaneous mutations in the patients 

of 5.9% (Nakamura et al., 1987), 23% (Chase et al., 1986) and 33% (Hopwood et al., 1982) 

but comparison v^th the one found in this study is difficult because they were based on 

analysis of the IDS activity in hair root cells. In all other families tested, except that of 

patient H27, there was at least one female relative carrying the mutation that was present 

in the index case. In conclusion molecular genetic analysis of Hunter disease is going to be 

extremely useful for avoiding unnecessary prenatal diagnosis due to uncertainty of carrier 

status, e.g., when the mutation found in the index case is not present in the mother or in other 

female relatives
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3.4.5 Suggested protocol for mutation analysis in Hunter patients

To take into account the relatively high number of recurrent mutations found in the 

course of this work, a new strategy is proposed for mutation analysis in Hunter disease:

O Screen first for big deletions by amplification of the 5'- and 3 - ends of the gene by PCR. 

This is a quick and reliable procedure and detected 9% of the patients analysed in this 

study.

@ Analyse genomic DNA for the following recurrent mutations, R172X, S333L, G374sp, 

R443X, R468W, R468 Q, R468L and R468G in "hot spots". These mutations affect a 

restriction enzyme site and screening can easily be performed in PCR-amplified products 

from exons 5, 7, 8 and 9 followed by digestion with specific enzymes. Such mutations 

accounted for 26% of the patients reported here. The four mutations in codon 468 of exon 

9 disrupt the same restriction site for Msp I and it would be impossible to distinguish them 

using this approach. SSCP analysis which gives distinct band patterns for at least two of 

them detected here (R468W and R468Q) would be needed.

35% of the patients reported here would have been detected using this strategy as 

would a similar proportion of the mutations reported by other groups.

© For the patients in whom a complete deletion or recurrent mutation cannot be detected, 

SSCP analysis of the same PCR-amplified fi*agments from exons 5, 7, 8 and 9 from © and 

from exon 3 which is the exon with the highest concentration of mutations should be 

performed. This would detect another 35% of the patients from this study and brings to a 

total of 70% the patients detected in the first three steps of the suggested protocol. Special 

care should he taken when analysing exon 3 because of the presence of the pseudogene in 

the same PCR product. A strategy to deal with this situation has been described in section 

3.3, which was found to be very reliable.

O Analyse the remaining exons, 1 ,2 ,4,and 6 by SSCP. 20% of the patients in the present
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Study were detected by this procedure.

® Large rearrangements were not detected in this study, except for the deletion of the whole 

of exon 4 in one patient. Nevertheless, they are the cause of Hunter disease in 15% of the 

patients analysed so far by Southern blotting. If Southern blotting is not possible, a rapid 

PCR- based assay is available to detecte a relatively common inversion (13% of the patients 

analysed in Sweden) between closely related sequences in the IDS functional gene and 

pseudogene.

© If automated sequencing could be performed, the SSCP analysis from steps ® and O 

would not be necessary and instead, sequencing of all the exons comprising the IDS gene 

would be performed. This would probably have detected the mutations in the two patients 

where an SSCP change was not observed in this study. However, if this facility is not 

available, the protocol suggested above is reliable and detected the majority (>94%) of the 

causative sequence changes in this study.
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Chapter 4

Pseudodeficiency of arylsulphatase A: 
strategy for clarification of genotype in 
families of subjects with low ASA activity 
and neurological symptoms

The occurrence of clinically healthy individuals presenting with a greatly reduced 

enzyme activity (pseudodeficiency) is a well known phenomenon among lysosomal 

hydrolases (Thomas, 1994). Such pseudodeficiencies have been reported for at least nine 

lysosomal hydrolases and for some, the incidence of alleles causing a pseudodeficiency is 

very high among the normal population. Because of this high fi’equency, there is also a high 

chance that a disease allele is going to occur on the background of a pseudodeficiency 

allele, thus complicating the interpretation of results in subjects who are heterozygous for 

a pseudodeficiency and a disease allele. A large group of subjects who had been referred to 

our laboratory with indications of a neurodegenerative disorder were found to have 

arylsulphatase A (ASA) activities below or on the borderline of the established normal 

reference range (22-70 nmol. h '. mg of protein '). They were investigated for the presence 

of the pseudodeficiency allele of ASA. The group included patients with MLD and some 

of their close relatives.
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4.1 Molecular detection of the pseudodeficiency allele 
based on amplification of the two mutations in the same 
PCR product

At the beginning of this work, the pseudodeficiency of arylsulphatase A was 

described to be due to two A-+G mutations in different positions of the ASA gene, N350S 

or PDl, which causes the loss of an N-glycosylation site and does not affect enzyme activity 

and 1524+95A-^G or PD2, which results in a non-functional polyadenylation signal. Both 

mutations were believed to occur always together in the same allele. This allele was called 

the "PD allele" and a non-radioactive assay based on amplification of the two mutations in 

the same PCR product was developed (Gieselmann, 1991). The PCR strategy was based on 

the ARMS technique. Two pairs of primers were designed to amplify the fragment of the 

ASA gene between nucleotides 1788 and 2725. The two pairs of primers are both 

mismatched in the 3' end in order to bind either to the normal sequence or to the PD allele. 

Figure 4.1 shows a schematic representation of the ASA gene and the location and sequence 

of the oligonucleotide primers used. Control primers were used to amplify simultaneously 

in the same reaction mixture a region of the ASA gene which did not contain the two 

mutations associated with the PD allele to check for the ability of the DNA to serve as a 

template. For each patient, two PCR reactions were used. One with the pair of primers 

which would bind to the PD allele (Ser/A-), if the two mutations are present, and the other 

with the pair of primers which would bind to the wild type allele (Asn/A+), if  the two 

mutations are absent. At the same time, the control pair of primers (26/27) was used in each 

PCR reaction. The conditions used in our laboratory for the PCR reactions were modified 

slightly as follows:

PCR reactions were carried out in a total volume of 100 pi containing 0.1-1 pg of(
genomic DNA, the KCl buffer, 50pmoles of primers Asn, A+ (for the wild type), Ser, A- 

(for the PD allele) and 20 pmoles of primers 26 and 27 (for the control sequence). After an 

initial dénaturation step of 10 min at 94®C, 2.5U of Tb^-DNA polymerase were added 

through the overlay of mineral oil. Thirty cycles of dénaturation at 94°C for 1 min, annealing 

at 58.5°C for 1 min and elongation at 72®C for 1 min were performed. The PCR products
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were analysed by electrophoresis in a minigel of 1% agarose as described in Chapter 2, 

section 2.5.4. Figure 4.2 shows an example of the PCR products for each different 

genotype.

ATG

TT

Normal allele

: Pseudadefic iency allele

Control fragment

27

ON A*

ON Ser  

ON A*

ON 27 

ON 26

7 7 6n t

no AAT  
Asn 

pd ACT 
Ser;

26
Asn
Ser

no AATAAC

pd  ̂ AGTAAC  

\

■
TGA AATAAC

9 9 5 n f

A*
A*

ON Asn ^GGCAGCCCTGGCTGGGGCCCCACTGCCAAA’ ’

SGTCACAGCTGCAAGTCTCCACTGGTGTAAT^

^GGCAGCCCTGGCTGGGGCCCCACTGCCAAG^'

5'GTCACAGCTGCAAGTCTCCACTGGTGTAAC^

5‘a TGACCTCATGGCCGACGCCCAGCGCCAGG^

^AGGGTTCCAAGGAGAGGGCCTGCGGACTGA^'

Figure 4.1 ASA gene structure and oligonucleotide sequences used for amplification of 
the "PD allele" (After Gieselmann, 1991)

ON, oligonucleotide primer
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oligonucleotide primers no pd no pd no pd M

995bp— 
774bp—

genotype PD-/PD- PD-/PD+ PD+/PD+

Figure 4.2 Agarose gel electrophoresis of amplified fragments containing the PD allele 
or the normal allele

PD+/PD+, homozygosity for the PD allele 
PD-/PD+, heterozygosity for the normal and PD allele 
PD-/PD-, homozygosity for the normal allele
The sizes of the amplified fragments are indicated in the left side of the figure. The 774 bp 
band represents the internal control, the 955 bp band represents the normal allele (PD-) 
and/or the PD allele (PD+). M, X Ikb DNA size marker, no, pair of primers used to amplify 
the normal sequence, pd, pair of primers used to amplify the "PD allele"
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If an individual is homozygous for the PD allele, a 995 bp product is observed after 

agarose gel electrophoresis when the primers designed to amplify the PD allele are used and 

no PCR product is observed when the primers designed to amplify the wild type allele are 

used. For an individual who is homozygous for the normal sequence, a PCR product is 

observed with primers which amplify the wild type allele and no PCR product is observed 

with primers which amplify the PD allele. Heterozygous subjects have amplification 

products with both pairs of primers. The 774bp PCR product resulting from amplification 

with primers 26 and 27 amplifies in both PCR reactions and serves as an internal control.

Sixty six subjects with ASA activity below or just above the normal reference range 

were screened for the presence of the PD allele using the strategy described above (Fig. 4.3). 

16 were homozygous for the PD allele with a range of ASA activity of 4.3-14.3 

nmol.hrhmg ' (% ±sd)i. There was no evidence of metachromasia in these subjects, except in 

one person with MLD who had ASA activity of 3.5 nmol.hr'\mg'% suggesting that MLD 

was not the cause of their neurological symptoms. One of these individuals was a girl who 

had been diagnosed as having MLD in 1979 (aged 2) on the basis of her low ASA activity. 

34 cases were heterozygous for the PD and the normal alleles with ASA values of 13-21 

nmol.hr‘hmg'*(R ±isa) Three individuals from this group had very low ASA activities of 2, 

3 and 2.8 and were not included in the calculation for the activity range. One of them is a 

known MLD carrier and is a compound heterozygote for an MLD and the PD allele. The 

other two are brothers who did not have clinical symptoms of MLD but could be carriers 

of an MLD allele. Another subject had an ASA value of 30 which is considered to be well 

into the normal range. He was included in this study because he is the father of two sibs who 

are homozygous for the PD allele (Figure 4.15). 16 subjects were homozygous for the 

normal allele with ASA values of 14-20 nmol.hr'hmg'* (% isd ). Two individuals in this group 

who had particularly low ASA activities of 0.57 and 1.9 nmol.hr hmg'' are MLD patients. 

The relationship between the different phenotypes and ASA activity is shown ir» Figure 4.3. 

There is an tremendous overlap of ASA activity between the three groups of genotypes, 

specially for groups (b) and (c) where a complete overlap is observed. It was expected that 

subjects who are homozygous for the PD allele would have much lower ASA activities than 

the heterozygous and/or normal group. This prompted the question of whether the genotype
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observed in group (a) was genuine, and provoked further analysis.

60

V 50

40

I
a 30

0)
S5 20 
<

10
n=17

n=37

n=100

n=15

PD+/PD+
(a)

PD genotypes

PD+/PD-
(b)

PD-/PD-
(c) (d)

Figure 4.3 Correlation between ASA activity and the three different genotypes 
determined hy the analysis of the PD allele in the same PCR product

PD+/PD+(a) corresponds to homozygosity for the "PD allele", PD+/PD- (b) corresponds to 
heterozygosity for the PD and the normal allele and PD-/PD- corresponds to homozygosity 
for the normal sequence, (d) is the normal reference range. Closed circles are subjects who 
were not included in the activity range for a given genotype. -

185



Chapter 4. Pseudodeficiency o f arylsulphatase A

4.2 Molecular detection of the pseudodeficiency allele 
based on amplification of the two mutations in separate 
PCR reactions

In the course of this work, evidence for the occurrence of the glycosylation site 

mutation (PDl) without the polyadenylation site mutation (PD2) was reported. This 

genotype cannot be detected by the mismatch method described above because it detects the 

presence or absence of the two mutations in the same PCR product. For that reason, and 

because of the overlap observed between the different genotypes in Figure 4.3, it was 

decided to re-analyse all the subjects who had been analysed for the presence of the "PD 

allele" by using PCR reactions specific for each of the two mutations (PDl and PD2) 

separately. Furthermore, another 43 patients were tested directly by this new method giving 

a total of 112 individuals whose ASA activity was below or on the borderline of the normal 

reference range, including subjects with neurological symptoms, MLD patients and some 

of their close relatives. The sequences of the oligonucleotide primers used and the PCR 

conditions were provided prior to publication by M.B. Salamon and were reported later 

(Salamon et al., 1994, Table 2.3). Genomic DNA was amplified as two separate fragments 

containing either the PDl or the PD2 mutations and their flanking sequences followed by 

digestion with Mae 111. Digestion of the PCR product containing the region which flanks 

the PDl mutation (132bp) with Mae 111 gives 3 distinct band patterns as seen in Figure 4.4. 

Homozygotes for the PDl mutation will show fragments of 28,31 and 73 bp. Homozygotes 

for the normal allele will show fragments of 28 and 104bp and heterozygotes for the PDl 

and normal alleles will show fragments of 28,31, 73 and 104 bp. Digestion of the PCR 

product which contains the region flanking the PD2 mutation (3 01 bp) with the same 

restriction enzyme yields fragments of 123 and 178bp for an individual who is homozygous 

for the normal allele and 25, 123 and 153 bp fragments for a homozygote for the PD2 

mutation. Subjects who are heterozygous for the PD2 and normal alleles will show digested 

fragments of 25,123,153 and 178 bp. The small fragments resulting from digestion of both 

PCR products (25, 28 and 31bp) are too small to be retained in an agarose gel after 

electrophoresis and therefore only the larger fragments of 104 and 73bp (PDl) and 178, 153 

and 123bp (PD2) are be seen (Figure 4.5a and b)
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Figure 4.4 Schematic representation of the digestion with Mae III of the amplified 
products flanking the two mutations associated with the pseudodeficiency of ASA

1 2 3
(a)

5 6 8 9 1 2

(b)

5 6 8 9

Figure 4.5 Agarose gel electrophoresis of digestion products of amplified fragments 
containing the sites for the (a) PDl and (h) PD2 mutations.

(a) Lanes 1 and 2 are subjects who are homozygous for the normal allele. Lanes 3, 4 and 7 
are subjects who are homozygous for the PDl mutation. Lanes 5 ,6 ,8  and 9 are subjects who 
are heterozygous for the PDl mutation and a normal allele.

(a) Lane 2 is an individual who is homozygous for the normal allele. Lanes 3 , 4 , 6  and 7 are 
subjects who are homozygous for the PD2 mutation. Lanes 1, 5, 8 and 9 are subjects who 
are heterozygous for the PD2 mutation and a normal allele.
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This method allowed identification of the two different mutations separately in 

contrast to the method for the detection of the PD allele containing both mutations. Six 

different genotypes were identified resulting fi"om the use of this protocol. The relationship 

between ASA enzyme activity and the different genotypes detected is shown in Fig. 4.6. 

Subjects who are homozygous for both PDl and PD2, i.e. homozygous for the PD allele, 

(la) all had activity below 12 nmol.hr''.mg '. This group included two MLD patients, who 

had ASA activities of 0 and 3.5 nmol.hr '.mg '. Three individuals who were formerly 

identified as having the PD+/PD+ genotype (Figure 4.3a) were in fact homozygous for the 

PDl mutation and heterozygous for the PD2 mutation supporting the findings of the 

occurrence of the PDl mutation alone. Moreover, another 5 subjects were identified with 

this same genotype who had not been analysed previously for the presence of the PD allele 

using the technique described in section 5.1. The range of activity for subjects who are 

homozygous for PDl but heterozygous for PD2 was 9-20 nmol.hr '.mg ' (Fig. 4.6b), 

showing that it is the PD2 mutation that lowers the activity and clarifying the big overlap 

seen between groups (a) and (b) in Figure 4.3. It also shows that the ranges of activities in 

patients homozygous and heterozygous for PD2 overlap.

The activity in the majority of subjects who were heterozygous for both mutations 

was in the range 8-25 nmol.hr '.mg'' (Fig. 4.6c), similar to that in the previous group. Four 

individuals (A, B, C and D) had much lower activity, in the range found in MLD patients. 

Two of them were compound heterozygotes for the PD allele and an MLD allele. The 

activity in individual E is well into the normal range and must represent the upper tail of the 

distribution of activity for subjects carrying a single copy of the PD2 mutation. Two 

individuals were heterozygous for PDl alone (Fig. 4.6d). One of them (G) is an MLD 

patient and had been found with a PD-/PD- genotype based on detection of the PD allele by 

amplification of the two mutations in the same PCR product. The other subject (F) was the 

father of a boy with low ASA. The normal activity shows that the PDl mutation alone does 

not affect ASA activity.

Interestingly, one subject (H, Fig.4.6e) was found to be heterozygous for the PD2 

mutation alone. Previous results based on amplification of the two PD mutations in the same
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PCR product had shown a PD-/PD- genotype. Her ASA activity was comparable to other 

individuals carrying one copy of this mutation in a PD allele, suggesting that the presence 

of the second mutation, PDl, in the same chromosome does not affect the activity. As this 

was an unusual genotype, DNA from this subject was analysed further. Exon 6, which 

contains PDl, and the 3' untranslated region of the ASA gene, which contains PD2, were 

amplified and analysed for sequence changes by the single strand conformation 

polymorphism (SSCP) analysis. This individual was found to be heterozygous for a 

sequence change in the 3'-untranslated region and the conformational change associated with 

PDl in exon 6, was not detected (Figure 4.7). Sequencing of the amplified 3' untranslated 

region confirmed that the patient was heterozygous for the G-^A transition at base 1524+95, 

responsible for the PD2 mutation (Figure 4.8). In view of the discovery of an isolated PD2 

mutation, the DNA from the subjects heterozygous for PDl and PD2 was analysed for the 

combined PD allele. All of those tested were heterozygous for the PD and normal alleles, 

showing that the PDl and PD2 mutations were on the same chromosome.

26 individuals with low ASA activity did not have either the PDl or the PD2 

mutation (Fig. 4.6f). The low ASA activity may be due to other mutations affecting the ASA 

gene or may represent the lower range of the normal activity. 1, J and K are known MLD 

patients. One of these individuals, vyith ASA of 16.5 nmol.hr'*.mg* (L) is an obligate carrier 

for an MLD mutation . Two individuals with activities below 9 nmol.hr'^.mg'*, have 

osteogenesis imperfecta and no clinical symptoms of MLD. The normal reference range of 

ASA activity previously established in our laboratory is shown in (g). None of these 100 

normal subjects were tested for the presence of PD mutations.
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Fig. 4.6 Relationship between ASA activity and the different genotypes detected by 
amplification of PDl and PD2 mutations separately

The corresponding genotypes as determined by detection of the "PD allele" are shown inside 
the figure for each of the different groups.
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(a)
1 2  3 4

(b)
1 2  3 4

Figure 4.7 SSCP analysis for the presence of PDl and PD2 mutations

Non-radiolabelled SSCP analysis was carried out to detect (a) the PDl mutation in exon 6 
and (b) the PD2 mutation in the 3' untranslated region
(a) Lane 4 is subject H. Lanes 1 and 5 are normal controls homozygous for the normal allele. 
Lanes 2 and 3 are subjects homozygous for the PDl mutation
(b) Lane 1 is a homozygous for the PD2 mutation. Lane 2 is subject H. Lane 3 is a subject 
heterozygous for the PD2 mutation and lane 4 is a normal control homozygous for the 
normal allele

Subject H Normal control

sa* ^

Figure 4.8 Sequencing of the amplified 3' untranslated region of the ASA gene 
containing the site for the PD2 mutation

* heterozygous position # artifactual band across all 4 tracks in both sequences

191



Chapter 4. Pseudodeficiency o f  arylsulphatase A

4.3 Detection of the PDl and PD2 mutations in families 
carrying an MLD allele

Three of the families analysed in this study carried both MLD and PD mutations. 

The value of knowing the PD-AS A genotype for genetic counselling in these families (A, 

B and C) is illustrated in Figures 4.9-4.11. The low activity in the mother in family A 

(Figure 4.9) is due to her being heterozygous for the MLD and PD alleles. The father has a 

chromosome carrying the PDl mutation and an MLD mutation. The daughter is homozygous 

for an MLD mutation and heterozygous for the PDl mutation. Both were detected as PD- 

/PD- individuals when analysis for the presence of the "PD allele" was performed as 

described in section 4.1. The mother is heterozygous for an MLD mutation and also 

heterozygous for the PDl and PD2 mutations. Analysis of the "PD allele" has confirmed that 

the two PD mutation are in the same chromosome. Consequently, it is concluded that her 

MLD and PD mutations are present in different chromosomes because her daughter does not 

inherit the "PD allele". The potential fetal genotypes from this couple are shown. It would 

be possible to distinguish between the 2 fetal genotypes that would give rise to very low 

ASA activities by testing for the PD2 mutation. Its presence would exclude diagnosis of 

MLD because it is not on the same maternal chromosome as the maternal MLD mutation.

In contrast in family B (Figure 4.10), testing for the PD2 allele (or a combination of 

P D l, PD2 and PD) would not distinguish between the two fetal genotypes with low ASA 

activity. This is because a PD2 mutation and an MLD mutation occur on the same 

chromosome, which is present in both parents in this consanguineous family. The 

sulphatide-loading test was used in the diagnostic laboratory to confirm the diagnosis of 

MLD in the index case and would be needed to distinguish between a fetus homozygous for 

MLD and one homozygous for the PD and heterozygous for MLD, if the MLD mutation is
t

not known.
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Figure 4.9 Identification of the PD genotypes in family A

Vertical lines represent the ASA gene. The different mutations in the ASA gene are 
represented by: #  MLD,# PD 1, □  PD2. The presence of PD 1 and PD2 mutations in the 
same allele constitutes the PD allele. The number shown inside the pedigrees is the 
values of ASA activity in nmol.hr-1 .mg-1.
ASA=arylsulphatase A.

A S A A S A
B

A S A
3.5

Possible fetal genotypes 

Family B

II
ASA normal

SLT

1/2 very
normal low

normal affected normal normal

Figure 4.10 Identification of the PD genotypes in: family B

Vertical lines represent the ASA gene. The different mutations in the ASA gene 
are represented by: #MLD, ■ PDl, F] PD2. The presence of PDl and PD2 
mutations in the same allele constitutes the PD allele. The number shown inside 
the pedigrees is the values of ASA activity in nmol.hr-1.mg-1.
ASA= arylsulphatase A SLT= sulphatide loading test
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In family C (Figure 4.11), prenatal diagnosis can also be performed on the basis of 

the presence of the PD mutations. The very low ASA activity in the father is due to the 

presence of an MLD mutation and the two PD mutations in different chromosomes. Analysis 

of the presence of the two PD mutations as described in section 4.2 has confirmed the 

presence of PDl and PD2 on the same chromosome. Very low activity in the fetus could be 

due to homozygosity for an MLD allele, which will give a normal genotype for the PD 

mutations, or compound heterozygosity for an MLD mutation and the PD allele, which will 

give a genotype heterozygous for the PDl and PD2 mutations. The same genotype would 

be observed in a fetus v^th ASA activity which is 1/2 of the normal values but will be due 

to heterozygosity for an MLD mutation or for the PD allele.

A S A A S A
16.5c

Possible fetal genotypes 

Family C

Î Î
ÎI Î Î  41 4Î

A C A  1 /2  y « y  1 /2  very
A o A  normal low normal low

Figure 4.11 Identification of the PD genotypes in family C

Vertical lines represent the ASA gene. The different mutations in the ASA gene 
are represented by: #  MLD, ■ PDl, D PD2. The presence of PDl and PD2 
mutations in the same allele constitutes the PD allele. The number shown inside 
the pedigree is the values of ASA activity in nmol.hr-1.mg-1.
ASA= arylsulphatase A
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4.4 Usefulness of detection of the PDl and PD2 mutations 
in families who do not carry MLD alleles

Retrospective genotyping of patients previously diagnosed as MLD has revealed 

examples of misdiagnosis (Fig.4.13A). The PD homozygous girl was diagnosed as having 

MLD in 1979 (aged 2 years) on the basis of her low ASA activity. This diagnosis was 

queried when she was reviewed clinically in 1992. Both her parents were found to be 

heterozygous for the PD allele, with her father having an ASA value of 30 nmol. h '. mg of 

protein 'K Her brother, who has similar neurological problems, was also homozygous for 

the PD allele. Prenatal diagnosis could be easily performed in this family and very low ASA 

activities would be explained on the basis of homozygosity for the PD2 mutation.

In family B (Figure 4.13B), the son has ASA activity consistent with being 

heterozygous for the PD allele. Testing for the presence of the PD allele would confirm this 

hypothesis but would fail to reveal the presence of the PDl mutation in his paternal ASA 

allele which does not lower activity. Likewise his father would appear to be homozygous 

for the normal sequence by the amplification of the two mutations in the same PCR product. 

This benign allele (PDl) is not important diagnostically but the detection of an allele with 

PD2 alone emphasises the need to detect this mutation separately.
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A S A 'A SA

A SA A SAÂSA

A S A

Fig. 4.12 Identification o f the PD genotypes in families who do not carry M LD  
mutations

Vertical lines represent the ASA gene. The different mutations in the ASA gene are 
represented by: ■ PDl andG PD2. The presence of PDl and PD2 mutations in the same 
allele constitutes the PD allele. The number shown inside the pedigrees is the ASA activity 
in nmol.h'\mg'\ ASA= arylsulphatase A.
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4.5 Discussion

One of the major problems in the diagnosis of MLD is whether a deficiency of ASA 

observed by using artificial substrates to measure enzyme activity is the result of MLD or 

the PD allele. Because of the high frequency of this allele in the normal population and 

because it is far more frequent than alleles causing MLD, it is possible that patients with 

ASA pseudodeficiency and neurological symptoms of unknown origin will be misdiagnosed 

as having MLD. A solution for the differential diagnosis of MLD and a pseudodeficiency 

in these cases, is to apply DNA technology to detect the presence of the two mutations 

associated with the pseudodeficiency. When the test that amplifies the two mutations in the 

same PCR-product (Gieselmann, 1991) is used, there is a tremendous overlap among the 

ranges of ASA activities for the three different genotypes. It would be expected that 

individuals who are homozygous for the PD allele would have very low ASA activity due 

to homozygosity for the polyadenylation mutation which causes 90% reduction in the 

enzyme. Nevertheless, individuals with this genotype were detected with very high ASA 

activities compared td heterozygotes for the PD allele or homozygotes for the normal allele. 

By detecting the two mutations separately, some subjects showing a PD+/PD+ genotype 

were in fact homozygous for the PDl allele but heterozygous for the PD2 allele, which 

explains the high ASA activity in these individuals because the N-glycosylation mutation 

does not affect the synthesis, stability or catalytic properties of the enzyme and consequently 

does not lower enzyme activity. When the two groups, PD2+/+ and PD2+/-, were separated 

using the approach described in section 4.2, the overlap was smaller confirming that it is the 

PD2 mutation that lowers ASA activity. Individuals who are homozygous for PDl and 

heterozygous for PD2 still show a very marked overlap with individuals who are 

heterozygous for PDl and PD2, confirming that homozygosity for the PDl mutation does 

not lower enzyme activity. Moreover, these two groups (b and d in Figure 4.6) also overlap 

with the group of subjects who did not carry any of the PD mutations. One explanation for 

this is that these individuals are carriers of an MLD allele, but none of them was tested for 

the presence of MLD mutations. The subjects with very low activities in this group were 

confirmed MLD patients. The inconsistencies observed here between enzyme and molecular 

data make complete discrimination based on enzyme activity determination impossible and
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emphasise the need for molecular biological techniques to help to solve this problem.

There were two cases where one of the parents of an MLD patient also carried the 

PD allele on a different chromosome (the mother in family A and the father in family C). 

They were designated as compound heterozygotes for a PD and an MLD allele and their 

enzyme activity levels were much lower than the range observed for PD heterozygotes or 

MLD heterozygotes only. Interestingly, in another family, one of the parents (father in 

family B) was heterozygous for an MLD allele and homozygous for the PD allele and his 

ASA activity was not as low as the ones observed for the compound heterozygotes. When 

compared to their non-compound heterozygous partners, these subjects had ASA activities 

of 5-5.5 lower. The ASA activity of the father in Figure 4.10 was 3 times lower than that of 

his wife. This complicates prenatal diagnosis in these families based on enzyme 

measurements because very low ASA activities could be due to homozygosity for an MLD 

allele, compound heterozygosity for a PD allele and an MLD allele or homozygosity for 

both. DNA analysis could aid prenatal diagnosis in these families if the MLD mutation was 

known in the index case and if the parents had been previously analysed and the phases of 

the MLD and PD mutations identified. If this is not possible, the sulphatide loading test 

which allows an accurate measure of the cell's ability to metabolize radiolabelled cerebroside 

sulphate, the natural sustrate for ASA, has to be used to solve the problem.

Heterozygosity for PD and MLD alleles was also shown by Molzer et al. (1995) but

the subjects had also high sulphatide excretion and some neurological symptoms, e.g.

hyperreflexia and abnormal scores in the Benton test, which could indicate that this group

could be susceptible to microorganic brain damage. In another group of 16 individuals who

were compound heterozygous for the PD and an MLD allele, 2 showed neurological

symptoms and 2 neurological lesions by MRl, which were not associated with the ones seen
(

in MLD patients (Penzien et al., 1993). Although the majority of them did not develop a 

progressive neurological disorder, a senile form of MLD in old age cannot be ruled out. A 

compound heterozygote for hereditary tyrosinemia type 1 (HTl) due to a deficiency of 

fumarylacetoacetase (FAH) and a pseudodeficiency allele had succinylacetone excretion 

levels much higher than the ones observed in subjects homozygous for the pseudodeficiency
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allele or ordinary heterozygotes for HTl. It was suggested that the pseudodeficiency 

mutation causes in vivo depression of FAH activity and it may be possible that such 

individuals could be prone to liver disease (Rootwelt et al., 1994).

In one patient, the PD2 mutation was observed without the presence of the PDl 

mutation. There are several possible mechanisms to explain how the two mutations 

associated \vith pseudodeficiency have arisen and why, in the case described here, the PD2 

mutation has occurred on its own:

O The PDl mutation was found singly in separate alleles in several cases and has a higher 

frequency both in normal healthy people and in the group with low ASA activity. This could 

be an indication that it arose first. The PD2 mutation could have arisen later in an allele 

containing the PDl mutation and due to a lack of recombination between the two 

mutations, because they are very closely located in the gene, or due to some selective 

advantage, the two mutations together were allowed to persist for longer in the population.

© The PD2 mutation could have occurred de novo in an allele not containing the PDl 

mutation, as a more recent event in the evolution, after it had occurred in the background 

of the PDl allele, and that is why this mutation is detected alone at a lower frequency.

® It is also possible that the PD2 mutation had occurred later in another allele and that 

recombinational events had brought the two mutations together in the same allele.

If haplotype analysis could be performed in the members of the patient's family with 

the different genotypes, associations between the specific mutation and a specific haplotype 

could explain its origin.

Because the PDl mutation does not lower enzyme activity, as shown by transfection 

studies in which the mutant PDl allele was expressed in cultured cells (Gieselmann et al., 

1989), it is very likely a polymorphism and it is probably not essential for the 

pseudodeficiency. Based on this observation and on results presented here, the strategy now 

for cases with low ASA and neurological symptoms but no indication of MLD is to detect
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the PD2 mutation separately to clarify the cause of low ASA. For those families carrying 

both MLD and PD mutations, testing for PDl and PD2 and the MLD mutation (s), if known, 

can clarify the basis of the low ASA activity. If family studies cannot reveal the phase of 

the 2 mutations for a heterozygous patient, then the PD test (i.e. for the allele containing 

both PDl and PD2) is applied. When the MLD mutation(s) is not known or it is in the same 

allele as the PD2 mutation, the sulphatide loading test has to be used to resolve future 

prenatal diagnosis in these families.

The frequencies of the PDl and PD2 mutations in the group analysed here are 49% 

and 45% respectively, which is significantly higher than the frequencies of 17.5% and 13% 

found for the normal population (Barth et al., 1994). This is expected because subjects were 

selected on the basis of their low ASA activity. In a group of patients with dystonia where 

ASA enzyme activity was lower then the values obtained in the control group and in a group 

presenting neurological diseases other than movement disorders (Montagna et al., meeting 

abstract), DNA analysis showed that 27% were homozygous and 27% were heterozygous 

for the PD allele, indicating a frequency of 39% for the PD allele in this group. Because 

frequencies of 7.3-19% for the PD allele have been found in the normal population 

(Hohenschutz et al., 1989; Schaap et al., 1981; Nelson 1991; Barth et al., 1994), it has been 

suggested that PD-ASA is a factor which could predispose to this type of neurological 

disturbance.
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Concluding remarks
Contribution of molecular genetic techniques to improve diagnosis of 
lysosomal storage disorders

In the course of this work, several situations were experienced where biochemical 

techniques alone could not resolve the patient's and/or family diagnosis. First of all, the use 

of synthetic substrate to measure iduronate-sulphatase activity has been proved to be 

sufficiently reliable to diagnose the index case in each family but it would not be 

trustworthy for the detection of female carriers within these families because of non-random 

X-inactivation. A big overlap between the range of activity shown in heterozygous and 

normal individuals is observed and makes carrier detection based on enzyme assay very 

difficult. In this case, molecular analysis has a straightforward practical application and can 

provide genuine information on the carrier state which is extremely reliable. In this thesis 

two different techniques were used to provide information regarding the carrier status of 

Hunter patient's relatives, enzyme restriction analysis and SSCP of PCR-amplified gene 

sequences, which were proved to be extremely useful. In the case of ambiguous result using 

one of these techniques a confirmation with the second technique was always informative 

and conclusive providing reliable diagnosis for all family men^bers tested. Also, because 

of the extremel y high molecular heterogeneity found among Hunter patients and because 

most of the mutations are familial, the genotype determination will be very important for a 

better understanding of the pathogenesis of the disease and for considering preliminary steps 

toward gene therapy.
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Secondly, for the lysosomal enzyme arylsulphatase A, reduced levels of enzyme 

activity were found to have a very high frequency in the normal population, 

pseudodeficiency of ASA. This can result in subjects, who present with neurological 

symptoms which are not related to metachromatic leukodystrophy, being diagnosed as such 

and consequently this could lead to unnecessary prenatal diagnosis, abortions and/or 

invasive treatment resulting jfrom a false positive diagnosis . DNA analysis of the mutations 

related to pseudodeficiency would clarify low ASA activity in these families and provide 

accurate conclusions on the cause of this event. Because of the high frequency of the 

pseudodeficiency in the normal population, patients or carriers of metachromatic 

leukodystrophy are also likely to carry pseudodeficiency mutation(s). This also complicates 

accurate diagnosis, as discussed in chapter 4, because low ASA activity could be due to 

homozygosity for an MLD mutation, homozygosity for a PD2 mutation or compound 

heterozygosity for an MLD and a PD allele. In these cases, DNA analysis will not always 

prove to be satisfactory, mainly for prenatal diagnosis, and to distinguish between different 

genotypes that can cause enzyme deficiency the aid of biochemical techniques, such as the 

sulphatide loading test, would be necessary to settle the diagnosis.

Future work

Much work still remains to be done concerning the IDS protein structure and its 

functional active sites. Pooling together data on mutation detection in the IDS

gene and comparing with other sulphatases will help understanding which are the regions 

that are most likely to be involved with this biological function. The lack of information on 

the three-dimensional structure of IDS makes it difficult to understand precisely the effect 

of the many mutations found on the transport and function of the enzyme. This will 

hopehilly be solved by the development of overexpression vectors which can produce large 

amounts of the intact enzyme necessary for stmctural studies. Expression of the several 

mutations found in the IDS gene would also be important to clarify the mechanism causing 

the, reduction of enzyme activity
I

After the findings of different transcripts encoding an IDS-like protein, a vast
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amount of research concerning the expression of these transcripts in different tissues will 

be of inestimable importance for the understanding of different clinical manifestations of 

the same disease-causing mutation. Analysis of RNA by Northern blot from Hunter patients 

whose mutations have been identified will give valuable information regarding this matter. 

Also, the production of knock out mice will aid in the histological analysis on the 

accumulation of undigested material in several tissues and organs.

Concerning the field of pseudodeficiency of ASA, it would be interesting to 

analyse the presence of the two mutations which are associated with this event in the normal 

population and compare the range of enzyme activity with the one obtained for the group of 

subjects presenting with neurological symptoms unrelated to MLD. This would give a clue 

on whether low enzyme activity can be related with neurological manifestations.
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