
P \
■Studies of the Molecular Basis of the Lysosomal Storage Disorder Fucosidosis

by

Helen Marie Cragg

Thesis submitted for the degree of Doctor of Philosophy

University of London

Division of Biochemistry and Genetics 

Institute of Child Health



ProQuest Number: U541539

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U541539

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Fucosidosis is a rare, autosomal recessive, lysosomal storage disorder resulting from a deficiency 

of the enzyme a-fucosidase. This defect leads to the accumulation in the lysosomes of tissues and 

excretion in urine of fucose-containing oligosaccharides, glycoasparagines, and glycolipids. The 

gene encoding lysosomal a-fucosidase has been mapped to the short arm of chromosome 1 at 

position lp34.1-36.1 and consists of eight exons spanning 23kb ofDNA.

In this thesis the molecular basis of the enzyme defect has been investigated in thirteen fucosidosis 

patients. The residual a-fucosidase activity in extracts of fibroblasts, leukocytes and plasma has 

been characterised and the urinary oligosaccharides investigated by thin layer chromatography. 

Patient DNA was haplotyped using two previously described restriction fragment length 

polymorphisms observed with the restriction enzymes, PvuQ. and BgH. Single strand conformation 

polymorphism analysis (SSCP) was used to screen the 13 fucosidosis patients for mutations. 8 

of the 9 classic fucosidosis patients revealed conformational alterations (89%). These alterations 

were subsequently sequenced resulting in eight new mutations being identified. One mutation, 

P5R, was located in the signal peptide of a-fucosidase. A lObp deletion, G96fs (TAG), resulting 

in a frame shift and the production of a stop codon was also identified in exon 1. Analysis of exon 

3 revealed three frirther mutations, W138X, Y21IX and a Ibp deletion in the donor splice site, 

S216fs(TGA). A g^a point mutation was found in the highly conserved splice site sequences of 

intron 5. Exon 6 contained two mutations, a missense point mutation N329Y and a Ibp insertion, 

Y330fs(TAA), which results in the production of a stop codon. The latter mutation was found 

in the same patient as the P5R mutation, both were homozygous.



A new polymorphism has also been identified in exon 5, Q281R, which has been shown to be 

responsible for the Ful/Fu2 polymorphism of a-fucosidase isoenzymes observed by starch gel 

electrophoresis.

Transient expression of the normal a-fucosidase cDNA in COS cells was established which 

allowed the further investigation of the mutations identified. W138X, S216fs(TAG), and both 

alleles of the polymorphism, Q281R, were created by site directed mutagenesis of normal a- 

fucosidase cDNA and characterisation of the expressed protein was carried out following transient 

expression.
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Chapter 1 : Introduction



1. Introduction

1.1 Lysosomes, lysosomal enzymes and lysosomal storage disorders

1.1.1 Lysosomes

In 1949 de Duve and his colleagues showed during cell fractionation studies on rat liver that a 

membrane-like barrier was limiting the accessibility of the enzyme, acid phosphatase to its 

substrate (de Duve et al., 1955). De Duve himself later isolated a membrane-bound cytoplasmic 

organelle and named it the lysosome. Further observations showed that other enzymes were also 

present in these organelles and that together they were capable of hydrolysing a wide array of 

substances at an acid pH. It was not, however, until 1961 that Novikoff, in de Duve's laboratory, 

actually visualised the lysosome (reviewed by Bainton,1981). Lysosomes are present in all 

eukaryotic cells with the exception of the erythrocytes and other cells that have lost organelles.

The lysosomal system is now known to have an important role in many cellular functions, 

including the processing of proteins, proteolytic activation of hormones and regulation of 

cholesterol synthesis. Its prime function though is as an intracellular digestive system involving 

hydrolytic enzymes which bring about the breakdown of biological macromolecules to their lower 

molecular weight constituents. These macromolecules may be extracellular or intracellular. 

Extracellular material is transported to the lysosome by a process known as heterophagy for 

which there are two routes, pinocytosis and phagocytosis, depending on the nature of the material 

to be transported. Phagocytosis involves the delivery of solid particles whereas pinocytosis 

delivers droplets of extracellular fluid to the lysosome. Both these routes involve the engulfing 

of the extracellular material by the invagination of the plasma membrane to form vesicles, which 

then fuse with the lysosome to form the digestive vacuole. Exogenous material may also enter the 

lysosome by fusion if it is already membrane-bound. Material of intracellular origin enters the



lysosome by autophagy, whereby the material to be digested is isolated in a membrane vacuole, 

an autophagosome. This subsequently acquires lysosomal hydrolases by fusion either with new 

enzyme-containing vacuoles or with secondary lysosomes. The majority of the lower molecular 

weight constituents, resulting from lysosomal digestion, can diffuse through the lysosomal 

membrane into the cytosol of the cell. From here they can be reutilised by the cell. Indigestible 

material accumulates in the lysosome leading to the formation of residual bodies. Some of these 

residual bodies fuse with the plasma membrane resulting in the release of their contents into the 

extracellular space (defecation).

The lysosomal membrane regulates digestion within the lysosome by its ability to generate an acid 

pH, creating the optimal lysosomal hydrolase activity. It also controls the release of breakdown 

products. Generally lysosomes are formed in response to metabolic need.

The lysosome contains at least 60 lysosomal enzymes. The term acid hydrolase is applied to these 

enzymes because of their pH-optima range, between 3.0 - 5.6. These hydrolases are glycoproteins, 

which are synthesised and transported to the lysosome by a well defined route.

1.1.2 Biosynthesis and processing of lysosomal enzymes

Lysosomal hydrolases are synthesised in the form of larger inactive precursors that undergo 

extensive post-translational modification during transport from their site of synthesis, the 

ribosomes associated with the rough endoplasmic reticulum (RER), to the lysosome itself (Von 

Figura and Hasilik, 1986; Komfeld, 1986) (Figure 1.1.2.1).
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The initial step in the biosynthesis of such precursors is the formation of the precursor 

prepropeptide which occurs in the membrane-bound polysomes of the rough endoplasmic 

reticulum. This prepropeptide possesses an amino acid signal sequence which mediates passage 

of the nascent polypeptide through the membrane of the RER into the lumen by interaction with 

a 'signal recognition particle' (Erickson et al., 1984). This signal sequence is then cleaved and 

glycosylation of some asparagine residues in a specific sequence (-Asn-X-Thr-) takes place. 

Where X is any amino acid except proline or aspartic acid (Struck and Lennarz, 1980, Holtzman, 

1989).The glycosylation process is carried out by the transfer en bloc of a large preassembled 

oligosaccharide (Glc3 Ma%GlcNAc2 ) from the lipid carrier, dolichol pyrophosphate, to the 

acceptor, a nascent polypeptide (Hubbard and Ivatt, 1981, Schachter, 1981).

The next stage in the biosynthesis is the processing of the oligosaccharide by the excision of 3 

glucose residues and 1 mannose residue in the RER. The removal of these sugars appears to be 

essential for the transfer of the protein by a vesicular mechanism to the Golgi stack. Once 

transported to the Golgi apparatus the precursor proteins undergo a variety of post-translational 

modifications and are sorted for trafficking to their appropriate destinations.

Up to this stage of the biosynthesis lysosomal, secretory and plasma membrane proteins have 

shared identical processing. However there are two pathways by which targeting of these 

precursors to the lysosomes occurs, either the biosynthetic (intracellular), or the endocytic 

pathway. Each of these pathways dictates its own processing requirements.



There is a greater understanding of the intracellular pathway, which involves the formation and 

exposure of mannose-6 -phosphate groups on the oligosaccharide chains of the precursor protein 

to be located to the lysosome. This is formed by the sequential action of two enzymes. The 

mannose-6 -phosphate groups act as a recognition signal for the binding of the precursor to the 

mannose-6 -phosphate specific receptor protein (MPR), which is located in the Golgi apparatus. 

The subsequent receptor-bound precursor molecule is delivered from the Golgi apparatus to a 

prelysosomal compartment via clathrin-coated vesicles. In this compartment the precursor 

dissociates from the MPR which is then recycled to the Golgi apparatus for further usage. 

Dissociation is thought to be brought about by the decreased pH of the prelysosomal 

compartment which is created by an ATP-driven proton pump.

The endocytic pathway involves the targeting of the precursors into the lysosomes without the 

involvement of the MPR, however, this pathway remains largely unresolved. It is known to exist 

mainly by studies carried out on I-cell disease, which is due to a universal deficiency of the 

enzyme N-acetylglucosaminylphosphotransferase (Figure 1.1.2.1). This enzyme is necessary for 

the formation of the mannose-6 -phosphate group which is essential for the binding of the 

precursor molecule to the MPR. These studies have been able to show that in many cell types and 

tissues, regardless of the enzyme deficiency, normal enzyme activity is present (Owada and 

Neufeld, 1982; Waheed et al., 1982; Gabel et al., 1984). Also further evidence is provided by the 

studies on mutant cell lines which do not possess MPR but have retained the ability to target some 

lysosomal enzymes correctly (Goldberg et al., 1983). Therefore it is quite clear that there is an 

alternative independent parallel pathway for the transport of lysosomal enzymes which does not 

involve the MPR.



1.1.3 Lysosomal catabolism of glycoproteins and glycosphingolipids

1.1.3.1 Glycoproteins

Glycoprotein degradation is thought to be predominantly lysosomal even though 

glycosidases are found in other cellular sites. The initial step in degradation is the 

action of a variety of proteolytic enzymes on the protein core of the glycoprotein. The 

resulting asparagine-linked oligosaccharides are further broken down by the concerted 

action of exoglycosidases, an endohexosaminidase and an aspartyl-N- 

acetylglucosaminidase (Kuranda and Aronson, 1986; Brassait et al., 1987; Aronson 

et al., 1989). This is a bidirectional process which takes place in a coordinated manner 

at both the reducing and the non-reducing ends of the asparagine-linked 

oligosaccharide (Figure 1 . 1 .3.1).

1.1.3.2 Glycosphingolipids

Glycosphingolipids are, as the name implies, sphingolipids with a carbohydrate group 

covalently linked. This carbohydrate chain may consists of as many as 40 sugar 

residues. The role of glycosphingolipids in the cell is thought to be many fold including 

cell surface markers or antigens in cell growth regulation and oncogenesis. 

Glycosphingolipid catabolism again occurs within the lysosome where the carbohydrate 

side chains are sequentially degraded from the non-reducing end by the action of 

specific exoglycosidases.The | exoglycosidases present in the lysosomes that are 

involved in the catabolism process are specific for types of glycoside linkages rather 

than a particular substrate, therefore the same exoglycosidase may be involved in the 

catalysis of the cleavage of similar linkages in both glycoproteins and glycolipids.
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Disorder Enzyme Defect McKusick
Number

1. Deficiency of lysosomal enzymes 

Sphingolipidoses and neutral lipidoses
Fabry

Farber

Gaucher

GMl Gangliosidosis 

GM2 Gangliosidosis 

Tay Sachs 

Sandoff

Krabbe

Metachromatic Leukodystrohy 

Mucolipidosis IV 

Sulphatidosis 

Niemann-Pick

Type A and B 

Type C 

Cholesterol ester storage 

Wolman

Glycogen Metabolism
Pompe Disease 

(Glycogen storage disease II)

a-D-galactosidase A 

Ceramidase 

Glucocerebrosidase 

(3 -D-galactosidase

P-Hexosamindase A (a  subunit)

P-Hexosamindase A and B ( a  and P subunit)

Galactosylceramidase

Arylsulphatase A

Ganglioside neuraminidase

multiple sulphatases

Sphingomyelinase 

Cholesterol estérification 

Acid lipase 

Acid lipase

a-Glucosidase

30150

22800

23080

23050

27280

26880

24520

25010

25265

27220

25720

25722

21500

27800

23230

Glycoprotein Metabolism
Aspartylglucosaminuria

Fucosidosis

a-Mannosidosis

P-Mannosidosis

MucolipidosisI

Schindler

N-aspartyl- P -glucosaminidase 

a-L-fucosidase

a  -D-mannosidase 

P -D-mannosidase 

a  -neuraminidase 

a  -N-acetylgalactosaminidase

20840

23000

24850

24851 

25655 

10417

Mucopolysaccharidoses
Hurler/Scheie (MPS I) 

Hunter (MPS II)

a-Iduronidase

Iduronate-2-sulphate sulphatase

25280

30990



Disorder Enzyme Defect Mc^isick
Number

Mucopolysaccharidoses
Sanfilippo

A(MPS in  A) 

B(MPS III B) 

C(MPS III C) 

D(MPS III D)

Morquio

A(MPS IV A) 

B(MPS IV B) 

Maroteaux-Lamy (MPS VI)

Sly (MPS VII)

Heparin sulphamidase 25290

N-acetyl a-glucosaminidase 25292

Acetyl-Co A: a  -glucosamine N-acetyltransferase 25293

N-acetylglucosamine-6-suIphate sulphatase 25294

N-acetylgalactosamine-6-sulphate sulphatase 25300

P-Galactosidase 25301

Arylsulphatase B

(|M-acetylgalactosamine-sulphate{ sulphatase) 25320

P-Glucuronidase 25322

2. Deficiencies of activating or protective factors
Galactosialidosis

Activator-deficient 

metachromatic leukodystrophy 

GM2 gangliosidosis AB variant

Protective factor of 

P-galactosidase and a-neuraminidase

Sphingolipid activator protein 1 (Saposin B) 

Activator protein of GM2-ganglioside

25654

24990

27275

3. Lysosomal membrane transport defect

Salla Transport of sialic acid

Cystinosis Transport of cystine

VitB12 Transport of Vit B 12

26874

21980

25100

4. Deficiency of enzyme processing and targeting

Mucolipidosis II (I-cell) N-acetylglucosaminylphosphotransferase

Mucolipidosis III

(Pseudo-Hurler polydystrophy) N-acetylglucosaminylphosphotransferase

25250

25260

Table 1.1.4.1 : Table of the classification lysosomal storage disorders.

10



1.1.4 Lysosomal storage disorders

The concept of lysosomal storage disorders was first introduced by Hers in 1965 to explain how 

a deficiency of the lysosomal enzyme, oc-glucosidase (acid maltase), could lead to the fatal 

condition known as Pompe's disease (glycogen storage disease type II). Lysosomal hydrolases 

work in a specific step-wise manner which dictates that the product from one reaction is the 

starting material for the next step in the catabolic pathway. Thus deficient activity of a lysosomal 

enzyme, regardless of the cause, leads to an interruption of the catabolic pathway and the 

intralysosomal accumulation of catabolic intermediates. This is the initial step in the process that 

leads to the often disorder-specific clinical signs of a lysosomal storage disorder. Over the last 30 

years a further 30 lysosomal storage disorders have been recognised (Table 1.1.4.1).

Although Hers' concept still holds true for the majority, some disorders have been shown to result 

from mutations in genes other than the structural gene for a lysosomal catabolic enzyme. A group 

of lysosomal disorders have been shown to be due to a deficiency of an activator or protective 

protein. For example galactosialidosis is caused by a deficiency of a 32kDa protective factor 

which normally stabilizes p-D-galactosidase and a-neuraminidase, and protects them from 

intralysosomal proteolytic degradation (D'Azzo et al., 1982).

Another class of disorders is due to a defect in the lysosomal membrane transport system. In 

cystinosis there is massive accumulation of cystine within lysosomes. This has been suggested to 

be due to failure of a putative cystine transport mechanism. This theory has been confirmed by 

the fact that patients with such a disorder can be treated with cysteamine which leads to formation 

of the mixed disulphide cysteamine-cysteine. This structure has a strong resemblance to lysine and 

is consequently transported out of the lysosome on the cationic amino-acid transporter. Two other
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such defects are a form of vitamin B 1 2  deficiency and Salla disease, which result from a defect 

in the transport of vitamin B12 and sialic acid, respectively. Finally a fourth class of lysosomal 

disorders involves deficiencies of lysosomal enzyme processing and targeting. This class includes 

I-cell disease and its milder variant mucolipidosis III, which both result from a deficiency of the 

enzyme, N-acetylglucosaminylphosphotransferase. This leads to erroneous targeting of the 

enzymes and subsequent loss of intralysosomal enzymatic activity.

Lysosomal storage disorders account for about 15% of all inborn errors of metabolism. They all 

have a recessive pattern of inheritance except two. Hunter and Fabry diseases which are X-linked.

1.2 Fucosidosis

1.2.1 Definition

Fucosidosis results, as the name suggests, from a deficiency of the lysosomal hydrolase a- 

fucosidase, an exoglycosidase. Fucosidosis is commonly classed as one of the glycoproteinoses 

because there is accumulation of fucose-containing oligosaccharides and glycopeptides. However, 

a-fucosidase is also involved in the catabolism of glycolipids and therefore fucose-containing 

glycolipids also accumulate. Hence it should also be considered as a lipidosis.

1.2.2 History

In 1966 Durand described two Italian siblings with a clinical picture of severe progressive cerebral 

degeneration, gradual mental deterioration progressing to dementia, gradual loss of muscle 

strength, spacisticity, tremor and, finally, decerebrate rigidity leading to death before the age of 

5 years (Durand et al., 1966). Radiological abnormalities were thought to be comparable to those 

present in the mucopolysaccharidoses. Storage of both lipids and mucopolysaccharides in
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vacuolated liver and skin cells was also observed in these patients. In 1969 Loeb et al., in Brussels 

observed the same ultrastructure, as seen in Durand's patients, in the liver of a child whose clinical 

symptoms were reminiscent of Hurler's syndrome. Van Hoof and Hers examined the 

mucopolysaccharides stored in the liver of these initial three patients and found they all contained 

a large excess of L-fucose compared to liver from other patients with mucopolysaccharidosis 

(Van Hoof and Hers 1968) As a result the name Mucopolysaccharidosis F, where the F referred 

to fucose, was proposed to describe the disorder. At the same time, after demonstrating the 

accumulation of L-fiacose and fucose-containing sphingolipids in the liver and brain of their 

patients, Durand proposed the term fiicosidosis. Shortly after this definition of fucosidosis. Van 

Hoof and Hers identified a complete absence of the lysosomal acid hydrolase, ot-fucosidase, in a 

liver biopsy from the Belgian patient, thus defining the underlying enzymic defect. Re-examination 

of tissues from Durand's Italian siblings revealed the same enzymic deficiency and it was 

subsequently concluded that all three children suffered from the same lysosomal disorder.

1.2.3 Incidence

The incidence of fucosidosis is extremely low. A recent review based on surveys of the literature 

and an international questionnaire, only identified 77 cases of fucosidosis (Willems et al., 1991). 

There was a panethnic distribution with patients reported in eighteen different countries. 

However, a relatively high incidence of fucosidosis, has been observed in both Italy, where 20 

out of the total 77 patients originate, and in the Mexican-Indian population of Colorado and New 

Mexico, where 8  individuals have been identified. Romeo et al., (1977) suggested that a founder 

effect or an increase in the frequency of the fucosidosis mutation could explain the relatively high 

incidence in the Italian population. However, this explanation has now been excluded as different 

mutations have been identified in the fucosidase gene within this population (Willems et al.,
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1988b; Kretz et al., 1989; Willems et al., 1991). As fucosidosis is an autosomal recessive disorder 

the high inbreeding coefficient found in both the Southern Italian and the Mexican-Indian 

populations may contribute to the high fi-equency of this disease. Additionally, intensive screening 

for fiicosidosis has occurred in both Italy by P.Durand and in Colorado by D Wenger and

S.Goodman. This has undoubtedly resulted in the more efficient identification of patients in these 

areas.

1.2.4 Clinical features

In their review Willems et al., (1991) summarised the main clinical symptoms presented by 

fucosidosis (Table 1.2.4.1). The most prevalent symptom was psychomotor delay. The majority 

of the patients subsequently showed progressive neurological deterioration with the loss of both 

mental and motor abilities. Mental retardation was in fact present in all patients where enough 

data was available, and was usually severe. Other main features consisted of coarse facial features, 

growth retardation, recurrent infection, dysostosis multiplex, visceromegaly and seizures. 

Angiokeratoma when present, is a hallmark of fucosidosis and may offer an easy clue to its 

diagnosis. However, this is not pathognomonic as it has also been reported in other lysosomal 

disorders such as Fabry disease.

Considerable clinical variability has been reported in fucosidosis patients causing Kousseff et al., 

(1973) to divide the disorder into two clinical phenotypes according to severity. Type I patients 

have no vascular lesions, but have rapid psychomotor regression and severe and rapidly 

progressing neurological deterioration which leads to death before the age of 5 years. This group 

includes the original patients described by Durand et al., (1966) but accounts for a minority of 

fucosidosis patients. The majority of fucosidosis patients suffer fi'om the less severe form of the
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disease, Type II. This has a later onset and progresses with a slower neurological deterioration. 

Angiokeratoma is usually present with patients often surviving into the second and third decade. 

Willems et al., (1991) failed to find this delineation of the two clinical forms, instead a broad 

clinical spectrum was observed between the two extremes.

Clinical abnormality__________No. of patients(%)

Mental retardation 73 (95)

Neurologic deterioration 6 8  (8 8 )

Coarse facies 61 (79)

Growth retardation 60 (78)

Recurrent infections 60 (78)

Kyphoscoliosis 51 (6 6 )

Dysostosis multiplex 45 (58)

Angiokeratoma 40 (52)

Joint contractures 37 (48)

Seizures 29 (38)

Visceromegaly 23 (30)

Hearing loss 9(12)

Hernia 7(9)

Loss of visual acuity 5(6)

Table 1 .2.4.1 ; Summary table of the main clinical symptoms shown by fucosidosis 
patients.(Adapted from Willems et al., 1991)
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1.2.5 Pathology

Ultrastructural studies of biopsies and autopsies have shown similar manifestations in most 

'fiicosidosis patients. Extensive vacuolation has been found in fibroblasts, conjunctiva, peripheral 

nerves, liver, brain, pancreas, and skin (Loeb et al., 1969; Freitag et al., 1971; Koussef et al., 

1976; Troost et al., 1977; Komfeld et al., 1977). The contents of the vacuoles are variable and 

limited by a single membrane. The majority of cells contain clear inclusions, with less numerous 

dark dense granular inclusions which are especially found in the brain. From staining experiments 

it is thought that these inclusions probably represent fiicose-rich oligosaccharide chains, either free 

or bound to a peptide. This combination of light and dark vacuoles has not as of yet been 

described in any other lysosomal disorder and seems, therefore, characteristic of fucosidosis. In 

addition to these vacuoles two other pathological features can be seen in some cells. Firstly there 

are large irregular intracellular spaces which are caused by fusion of ruptured vacuoles. Secondly 

inclusion bodies with alternating light and dark lamellae which consist of glycolipids, are 

observed.

1.2.6 Diagnosis

Diagnosis of fucosidosis is based on a combination of clinical symptoms and biochemical analysis. 

Patients with fucosidosis show an accumulation of complex fucose-containing oligosaccharides 

which have a specific pattern of urinary excretion. Thin layer chromatography (TLC) of urinary 

oligosaccharides can be used as a relatively quick and simple screening technique for fucosidosis. 

However, abnormal thin layer chromatography patterns for urinary oligosaccharides are observed 

in other glycoproteinoses. The ability to distinguish conclusively between fiicosidosis and these 

disorders is not always possible on the basis of TLC alone. The definitive diagnostic technique for 

fiicosidosis is the demonstration of a deficiency of a-fucosidase by enzyme assay in white blood
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cells or fibroblasts. This utilises the synthetic fluorigenic substrate, 4-methylumbelliferyl-a-L- 

fucoside which is hydrolysed by a-fucosidase to give a fluorescent product, 4 methylumbelliferone 

which in alkaline solution has a distinct emission spectrum fi'om the unhydrolysed substrate. An 

activity of below 5% of controls in leukocytes and fibroblasts should be taken as a definitive 

diagnosis of fucosidosis.

Enzyme assays have been performed using both tears and saliva which have either diagnosed or
of

confirmed the presence fucosidosis. However, assays can be more reliably performed on
A

fibroblasts, leukocytes, lymphoblasts or tissues obtained by biopsy or autopsy. The assay of 

plasma a-fucosidase is extremely unreliable because of the existence of a low activity 

polymorphism which can result in misdiagnosis (Section 1.3.6.2).

The lack of effective treatment for fucosidosis and the high risk of a family having more than one 

affected child emphasize the important role of prenatal diagnosis. The first successful prenatal 

diagnosis of fucosidosis was performed following amniocentesis in 1976 (Poenaru et al., 1976). 

More recently chorionic villus sampling has been used successfully to diagnose fucosidosis 

(Young et al., 1990). Extreme caution should be exercised when using enzyme assays for prenatal 

diagnosis. Matsuda et al., (1975) misdiagnosed affected twin foetuses as heterozygotes on the 

basis of enzyme activity in amniotic fluid ( 1 0 % of controls) and cultured amniotic fluid cells (30% 

of controls).

A few variant patients have been diagnosed as having fiicosidosis although their a-fucosidase 

activities were much higher than the mean activity for fucosidosis patients reported by Willems 

et al., (1991) (Troost et al., 1976; Blitzer et al., 1985; Sewell et al., 1987; Portoian-Shuhaiber et
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al., 1987). The atypical clinical features and the lack of the characteristic pattern of urinary 

oligosaccharides in some patients may suggest misdiagnosis. The low a-fucosidase activities 

seen in some of these patients may be explained by the low activity polymorphism that is known 

to exist in plasma (Section 1.3.6 .2).

An example of misdiagnosis has been provided by Sewell et al., (1987). Both the patient's serum 

and fibroblast a-fucosidase levels were 1 0 % of controls and urinary oligosaccharide secretion was 

not present. This patient was later correctly diagnosed as having pseudohypoparathyroidism. In 

some cases the low a-fucosidase activity observed may be a secondary effect of an infection. 

Blitzer et al., (1985) reported a patient with abnormal urinary oligosaccharide secretion and low 

a-fucosidase activity, who was subsequently found to have AIDS (Willems et al., 1991).

It can quite clearly be seen that problems can arise when diagnosing fucosidosis on the basis of 

biochemical testing alone. Even more problems occur when carrier status is requested in families 

who are at risk from fiicosidosis. Carriers are defined as having enzyme levels of a-fucosidase 

between those of normal and affected individuals. Each of these three groups, normal, affected, 

and heterozygotes, covers a range of activities. The extremes of these classes overlap causing 

ranges of activity in which diagnosis of genotype is inconclusive. A more reliable method of 

diagnosing the genotype of patients is provided by DNA technology. If the disease-causing 

mutation is not known in a family, intragenic restriction fragment length polymorphisms (RFLPs) 

may be used with a high degree of certainty to establish the carrier status of family members 

(Section 1.4.3.2). However, even more clearcut is the situation where the disease-causing 

mutation is known within a family. A number of relatively quick and simple techniques using small 

amounts of DNA can be used to provide unequivocal genetic information for any member of that
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family. Williamson et al., (1993) described a situation where carrier status for an Algerian family 

had been performed biochemically. When the disease-causing mutation was identified the enzyme 

results were confirmed by DNA analysis in all but one member of the family. One girl who had 

been given an uncertain heterozygote status biochemically was shown to be normal by DNA 

analysis.

1.2.7 Treatment

No effective treatment exists for fucosidosis at present. The transplantation of normal cells or 

tissues into fucosidosis patients was originally thought to be able to provide a source of the 

required normal enzyme. However, the only organ transplant to be performed on fucosidosis 

patients has been two liver engraflments in affected French sibs. Neither of these patients showed 

any clinical improvement or even stabilisation of their condition as a result of the engraflment 

(Willems et al., 1991). It was also thought that lysosomal storage disorders could be treated by 

the administration of exogenous enzyme that could be targeted into the lysosome directly by 

endocytosis. Initial in vitro work performed involving fibroblasts was encouraging. However, 

attempts at in vivo enzyme replacement therapy by the administration of exogenous lysosomal 

enzyme showed no long term improvements. This was in part explained by the lack of knowledge 

about the requirements for receptor-mediated endocytosis. These problems have been addressed 

in enzyme replacement studies for patients with Type I Gaucher disease. Glucocerebrosidase has 

been targeted to macrophages by modification of the glycosylation of the native enzyme to expose 

the mannose residues. These mannose residues bind to macrophages by mannose-specific 

receptors subsequently increasing the targeting of the enzyme (Barton et al., 1990; 1991). An 

interesting development in the quest for enzyme replacement therapy for fucosidosis has been the 

use of galaptin as a transport vehicle for the delivery of a-fucosidase to a-fucosidase-deficient
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cells in vitro (Allen et al., 1990). Galaptin-flicosidase conjugates may be useful for enzyme 

replacement of fucosidosis in cells bearing galaptin receptors. Another possible avenue for the 

treatment of fucosidosis is bone marrow transplantation.

There is an animal model of fucosidosis in English Springer Spaniels. Affected dogs have a severe 

deficiency of the lysosomal a-fucosidase, which was first reported by Hartley et al., (1982). As 

in humans there is accumulation in the tissues and excretion in the urine of fucoglycoconjugates. 

Results of bone marrow transplantation in these dogs have been very encouraging (Taylor et al., 

1988). Enzyme activity levels, about 20% of the normal level were found in neural tissues behind 

the blood brain barrier with the survival of the dogs for seven years and above.

A full length human a-fucosidase cDNA clone has been introduced into a retroviral expression 

vector and subsequently used to infect fibroblasts from a fucosidosis patient. An 80 fold elevation 

in enzyme activity was achieved compared to the level found in normal patient fibroblasts (Anson 

et al., 1990). The dog animal model will also provide a means to extend these gene therapy studies 

by the transplantation of autologous infected bone marrow cells into these dogs. This will allow 

the assessment of the effectiveness of such a treatment for humans.

Fucosidosis is an extremely good candidate for somatic gene therapy because it is a single gene 

defect that is recessive in nature and appears to be ubiquitously expressed. A high degree of 

regulation of expression is not thought to be required, neither is a high level of enzyme activity. 

This is shown by the fact that normal individuals who are homozygous for the low activity 

polymorphism have only between 10-30% of normal enzyme activity in plasma. An important fact 

that is applicable to all forms of therapy that may be considered for possible treatment or cure of
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fucosidosis is the ability to diagnosis the disease before the onset of any detrimental clinical 

symptoms occurs.

1.3 a-Fucosidase.

1.3.1 Definition

In 1961 a new enzyme, appropriately named a-fucosidase (EC 3 .2 .1.51), was described by Lewy 

and McAllen which cleaved a-fucose from glycoproteins, glycolipids and polysaccharides (Lewy 

et al., 1961).

1.3.2 Occurrence

a-Fucosidase has been found in the lysosomes of all human tissues investigated including liver, 

fibroblasts, leukocytes, spleen, kidney and placenta (Robinson and Thorpe, 1973; Zeilke et al., 

1972; Matsuda et al., 1973; Chien and Dawson, 1980; Wiederschain et al., 1971; Alhadeff and 

Janowsky, 1978b).

Expression of the a-fucosidase gene has been shown to commence in the liver of human embryos 

as early as 5 to 7 weeks gestation, as well as being found in amniotic fluid (Wiederschain et al., 

1971). Serum fucosidase activity reaches a peak between the first 10-15 days following birth, it 

remains high during the second month and then slowly decreases from this level till the end of the 

first year. Following the first year and during the remainder of childhood serum a-fucosidase 

activity remains relatively constant (Vaysse et al., 1990). There have been no statistically 

significant sex-related differences reported in the serum a-fucosidase activity. However serum 

a-fucosidase activity gradually increases during pregnancy (Vaysse et al., 1990). Enzyme activity 

levels decrease quickly after delivery and again remain constant.
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1.3.3 Substrate specificity

a-Fucosidase is a lysosomal exoglycosidase which cleaves fucose from the non-reducing end of 

oligosaccharides, glycoproteins and glycolipids. a-Fucosidase cleaves fucose from galactose (a 

1-2 bond) or N-acetylglucosamine (a 1 -2 , a 1-4, a 1 - 6  bond). This is consistent with the storage 

products seen in fucosidosis patients, a-Fucosidase also hydrolyses the artificial fluorigenic 

substrate, 4-methylumbelliferyl-a-L-fucoside (4MU) and the colorigenic substrate, /?-nitrophenyl- 

a-L-fucosidase (PNP), which areconvenientfor the routine assay of a-fiicosidase (Robinson and 

Thorpe, 1974).

1.3.4 Properties of a-fucosidase

1.3.4.1 pH-optimum

a-Fucosidase has a broad pH-activity profile with the first pH-optimum between pH 4.0 and 5.0 

and a second optimum around pH 6.5 (Alhadeff and Janowsky, 1978b; Willems et al., 1981; 

DiCioccio et al., 1982).

1.3.4.2 Michaelis-Menten constant

Km-values have been reported between 0.055mM (Willems et al., 1981) and 0.52mM (Alhadeff 

and Janowsky, 1978b).

1.3.4.3 The active site of a-fucosidase

White et al., (1987) showed that four active sites are present per tetrameric a- 

fucosidase molecule. Kinetic and inhibitor studies suggest that the ionisation state of at least two 

carboxyl groups that are known to be present is important for activity. Proton transfer appears
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to be the rate limiting step in the enzyme reaction. A general acid base mechanism has been 

proposed by White et al., (1987).

1.3.5 Biosynthesis and processing of a-fucosidase

The synthesis and processing of a-fucosidase has been studied by a number of groups mainly by 

pulse chase experiments. All of these gave similar results. The primary translation product 

detected has been shown to be approximately 52kDa in size, which is consistent with the size 

predicted from the cDNA sequence, 51338Da (Occhiodoro et al., 1989). mRNA encoding 

lysosmal enzymes is translated on ribosomes associated with the rough endoplasmic reticulum 

(RER) and the nascent polypeptide is transported into the lumen of the endoplasmic reticulum 

where a signal peptide is cleaved. The polypeptide is glycosylated co-translationally. Therefore, 

even though there is a decrease in size due to signal peptide cleavage, glycosylation of the 

polypeptide results in an overall increase in size from 52kDa to 61-62kDa. Such an increase in 

size would require the addition of 4 to 6  high mannose and / or biantennary complex carbohydrate 

side chains. This is consistent with the fact that four possible glycosylation sites have been 

identified in the cDNA encoding a-fucosidase (O'Brien et al., 1987; Occhiodoro et al., 1989). 

The enzyme leaves the endoplasmic reticulum, and passes into the Golgi apparatus, where the 

carbohydrate side chains are modified resulting in at least one of the glycan chains becoming 

phosphorylated whilst remaining a high mannose chain. This modification is essential for the 

binding of the enzyme to the mannose-6 -phosphate receptor which is neccessary for transport of 

the lysosomal enzyme precursor to the prelysosomal compartment. Once there dissociation of the 

proenzyme from the receptor occurs, mediated by the lower pH and it is transported to the 

lysosomes. It is probable that further proteolysis of the polypeptide occurs. The final polypeptide 

produced is approximately 50 kDa in size and is known to be a subunit of the mature enzyme. At
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least two forms of this subunit have been identified. Laury-Kleintop et al., (1987) resolved two 

a-fucosidase subunits with Mr's of 51,000 and 56,000 by electrophoresis under denaturing 

conditions. These subunits have been shown to aggregate together to form a tetramer which is 

the mature enzyme. Again multiple isoforms have been identified by isoelectric focusing of this 

tetramer in blood and tissues such as liver, placenta, spleen and kidney (Thorpe and Robinson, 

1975; Turner et al., 1974). This suggests different proportions of different subunits aggregate to 

form the multimer.

If liver a-fiicosidase is treated with neuraminidase prior to isoelectric focusing the minor isoforms 

which have a lower pi are lost and novel forms of higher pi appear. This suggest that the 

difference in mobility that is seen in some of the minor forms is due to sialic acid content. This is 

further supported by the attachment of sialic acid catalysed by sialyl transferase to liver a- 

fucosidase treated with neuraminidase. This has shown to result in regeneration of the more acid 

isoenzymes with the original pi, in nearly the same proportion as before neuraminidase treatment 

(Alhadeff et al., 1978a). Since isoelectric focusing is a technique which separates molecules on 

the basis of charge alone, some of the variable bands seen during analysis of a-fucosidase may 

result from a differing number of sialic acids attached to the carbohydrate side chains of the 

subunits during differential processing.

In conclusion, four a-fucosidase subunits of approximately 50kDâ aggregate to form a tetramer. 

Variations in both size and charge of the monomers and the tetramers have been observed. There 

are three possible explanations for this: 1 ) the number of carbohydrate chaim I added at the 

initial stages of processing may vary; 2 ) post translational proteolytic processes that occur in the 

lysosome may vary; 3) finally one explanation for the two very different size subunits, 51 kDa and
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56kDa respectively, may be due to alternative splicing of the a-fucosidase mRNA i.e. the 

polypeptide backbone of the subunits may vary in size.

1.3.6 Polymorphisms of a-fucosidase

1.3.6.1 Common electrophoretic polymorphism of a-fucosidase

Isoelectric focusing of neuraminidase-treated tissues from different individuals has revealed 

further micro variations of a-fiicosidase. Turner et al., (1974) obtained isoelectric focusing 

patterns of a-fiicosidase which fell into three groups. The inheritance of these three phenotypes 

is consistent with segregation of two codominant alleles at a single autosomal locus, named Ful 

and Fu2. Ful has been shown to code for the more cathodal form of the enzyme, Fu2 the anodal 

form and Ful/Fu2 heterozygotes a mixture of the two phenotypes. This electrophoretic 

polymorphism was mapped to lp34.1 in close linkage with the Rh blood group (Comey et al., 

1977; Carrit et al., 1982). It has since been shown to reside within the a-fiicosidase structural 

gene on lp34.1 - lp36.1, as fiicosidosis and the Ful and Fu2, electrophoretic alleles, are allelic 

(Turner et al., 1974; Turner et al., 1978). Additionally strong linkage disequilibrium between the 

polymorphism and the intragenic Pvull RFLP at FUCAl has been shown (Darby et al., 1988). 

The frequency of the Fu2 allele ranges from 0.07 in American blacks to 0.36 in northern 

Europeans, with a mean value of 0.28 for all 3000 individuals that have been studied from 6  

different countries (Willems 1990a). It has been suggested that the production of the three 

isoelectric phenotypes may be the result of a polymorphism at the DNA level in the a-fucosidase 

gene. This would produce micro variations of a-fucosidase due to alterations in the polypeptide 

backbone. This genetic polymorphism is superimposed on the structural microheterogeneity due 

to different post-translational modifications of the polypeptide.
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1.3.6.2 Low plasma activity polymorphism.

In 1973 Ng et al. reported that some phenotypically normal individuals had a low plasma a- 

fucosidase activity. This small percentage of the population have plasma a-fijcosidase activities 

between 10% and 30% of the control mean . Segregation ratios in family studies suggest the low 

activity polymorphism is inherited in an autosomal recessive manner (Eiberg et al., 1984). 

Compiled population studies involving 209 individuals, 8 % of which were homozygous for this 

variant trait, gave mean allele frequencies of 0.72 and 0.28 for the normal and the variant genes 

respectively. Linkage has been demonstrated between the low activity polymorphism and the 

plasminogen locus on chromosome 6  (Eiberg et al., 1984; Murray et al., 1987). In addition to low 

activity in plasma, the variants also show less than 50% of the control mean, a-fucosidase activity 

in cultured fibroblasts (Van Elsen et al., 1983). Leukocyte a-fiicosidase activity, on the other 

hand, is not decreased in the low plasma activity variants. Therefore the assay of leukocyte a- 

fucosidase is the most reliable method for detection of carriers and cases of fiicosidosis.

The a-fucosidase of the low activity individual can be distinguished from the normal a-fucosidase 

by its lower activity and greater heat lability at acidic pH (Willems et al., 1981). In both the 

variant and the normal enzyme activity in fibroblasts and plasma, the monomeric form 

predominates at pH 8.0 and is heat labile. At pH 5.0 the non-variant a-fiicosidase occurs in the 

heat stable aggregated form, whereas the variant enzyme remains in the heat labile less active 

monomeric form. This explains the original observation that the variant enzyme has a lower 

activity and is heat labile at acidic pH. Initially these observations were interpreted as suggesting 

the presence of a structural difference between the variant and the non-variant a-fiicosidase. It 

has since been shown that conversion of the monomeric form to the aggregate mature form is also 

dependent on the concentration of a-fiicosidase. Therefore the differing features of the low
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activity plasma activity polymorphism at acidic pH, can be explained simply by the lower 

concentration of the a-fucosidase and therefore the decrease in the conversion of the monomeric 

form of a-fiicosidase to the aggregated form.

The low activity variants have been shown to have low concentrations of a-fucosidase protein 

in serum compared to non variants, but the specific activity of the two forms was shown to be 

very similar. The plasma low activity polymorphism is the result of decreased amounts of normal 

a-fucosidase which has the same structure and kinetic properties. The molecular basis for this 

polymorphism is not known.

Low activity polymorphisms or pseudodeficiencies have been described in several other lysosomal 

en2 ymes, including aryl sulphatase A (ASA) (Dubois et al., 1977), p-hexosaminidase A (Vidgoff 

et al., 1973), iduronidase (Whitley et al., 1987), galactocerebrosidase (Wenger and Riccardi, 

1976) and a- galactosidase A (Bach et al., 1982). However, a tissue-specific deficiency has only 

been observed in fiicosidosis.

1.4 Molecular genetics

1.4.1 Chromosomal localisation

1.4.1.1 FUCAl

The structural gene for a-fucosidase, designated FUCAl, was originally assigned to chromosome 

1 by Turner et al (1978). This localisation was lat er confirmed by the demonstration of close 

linkage between the a-fucosidase and the Rhesus blood group which was known to reside on 

chromosome 1 (Comey et al., 1977). Carritt et al., (1982) used somatic cell hybrids containing 

human chromosome 1 to localise the a-fucosidase structural gene to the region of lp34. In 1985
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Fukushima et al (1985) made available two partial a-flicosidase cDNA's which were utilised as 

probes for both in situ hybridisation and Southern blot analysis by Fowler et al., (1986) and 

resulting in the fine mapping of the a-fiicosidase structural gene to lp36.1 -  lp34.1.

1.4.1.2 FUCAIL

Southern blot analysis of DNA from cell hybrids has revealed a second site of homology on 

chromosome 2 (Fowler et al., 1986; Carritt and Welch, 1987; Darby et al., 1988; Willems et al., 

1990b). This a-fiicosidase-like site was designated FUCAIL (Fowler et al., 1986). FUCAIL, 

however, does not code for an active a-fucosidase gene, since enzyme activity has been shown 

to segregate with the short arm of chromosome 1, i.e. FUCAl. (Carritt et al., 1982). A genomic 

clone was obtained for FUCAIL and restriction mapping has shown that the clone was co-linear 

with at least 70% of the a-fucosidase cDNA (Carritt et al., 1982). It was suggested that there was 

an absence of introns from the genomic clone which is a characteristic feature of processed 

pseudogenes.

1.4.1.3 FUCA2

The locus FUCA2 is genetically independent of FUCAl. FUCA2 is defined on the basis of 

heritable quantitative variations in plasma a-fiicosidase activity which occurs independently of 

leukocyte or tissue a-fiicosidase levels (Ng et al., 1976). FUCA2 has been linked to the 

plasminogen (PLG) system on chromosome 6  (Eiberg et al., 1984). No hybridisation of the 

FUCAl cDNA probes was observed to any sequence on chromosome 6 , indicating the lack of 

homology between FUCAl and FUCA2 (Fowler et al., 1986; Carritt and Welch 1987). Although 

plasma a-fucosidase activity apparently has a different electrophoretic mobility from that in
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leukocytes or tissues (Ng et al., 1976), it is not clear that the product of FUCA2 locus is a protein 

with a-fiicosidase activity (Section 1.3.6.2). The relationship between FUCAl and FUCA2 is 

unknown, but it has been suggested that FUCA2 may be involved in the control of the release of 

the product of FUCAl locus (Carritt and Welch, 1987).

1.4.2 a-Fucosidase cDNA

In 1984 de Wet et al., constructed a Agtll human hepatoma cDNA library which was 

subsequently screened with rabbit anti - human a-fucosidase antibodies. A clone of 1053bp was 

isolated which coded for 347 amino acids of a-fucosidase, 80 % of the predicted mature enzyme, 

but both the amino and carboxyl-termini of the protein were not identified. O’Brien et al. in 1987 

also isolated several clones from human hepatoma and liver cDNA Agtl 1 libraries. The longest 

clone was shown to encode 1829bp of a-fucosidase cDNA which included an open reading frame 

of 1172bp, and a consensus polyadenylation signal, AATAAA, 28bp upstream from the poly (A)+ 

tail. 4 glycosylation sites were identified but the 5' end of the cDNA still remained unknown 

(O'Brien et al., 1987). Occhiodoro et al., (1989) screened ÀgtlO and Àgtll cDNA libraries 

derived fi’om human liver, placenta and colon using a partial cDNA clone of a-fucosidase and this 

resulted in the remainder of the a-fucosidase cDNA being cloned and sequenced. The complete 

cDNA for a-fucosidase was 2053bp, with an open reading frame of 461 amino acids, 439 

encoding the mature enzyme and a 2 2  amino acid signal peptide.

1.4.3 Gene structure.

I.4.3.1 Restriction endonuclease mapping of genomic FUCAl.

An approximate physical map of genomic FUCAl was constructed using a panel of restriction 

endonuclease (Darby et al., 1988). Southern blots of genomic DNA were hybridised to 3 adjacent
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cDNA probes. The number and localisation of the different exons was estimated by the 

comparison of the DNA fragments obtained by the digestion of genomic DNA with 15 different 

restriction endonucleases. This analysis indicated the presence of at least 7 exons in the genomic 

FUCAl dispersed over 22kb. The majority of this tentative physical map has been confirmed by 

sequence analysis of polymerase chain reaction (PGR) amplified products, which include exons 

and their intron/exon boundaries. However, the region of DNA which was originally designated 

exon 7 has since been shown to consist of 2 exons (Kretz et al., 1992). The genomic FUCAl 

thus has 8  exons dispersed over 2 2 kb.

1.4.3.2 Restriction fragment length polymorphisms (RFLPs)

Two RFLPs have been identified at the FUCAl locus, both with 2 codominant alleles in the 

Hardy-Weinberg equilibrium. The restriction endonuclease PvuW identifies a RFLP with bands 

of either 7.0kb (pi) or 6.0kb (p2) (Darby et al., 1986; 1988; O'Brien et al., 1987). The 

frequencies of these two alleles in the Caucasian population are 0.7 (pi) and 0.3 (p2) (Darby et 

al., 1988). The second RFLP is detected using the restriction enzyme Bgli (Darby et al., 1988). 

Either a 12kb band (bl) or a doublet of 6.5kb and 5.5kb is seen with allele frequencies of 0.63 and 

0.37 respectively in a random, unrelated Caucasian population (Darby et al., 1988).

In the North American Caucasian population it has been shown that there is almost complete 

linkage disequilibrium between the 7kb PvuH allele (pi) and the 12kb Bgli allele (bl) and between 

the 6.0kb PvuW (p2) and the 6.5kb and 5.5kb Bgli (b2) alleles (r+0.94) (Darby et al., 1988). 

However, only moderate linkage disequilibrium between the same alleles was shown in the 

Belgian population (rfO.53) (Willems et al., 1991). Linkage disequilibrium has also been detected 

between the PvuW RFLP and the a-fucosidase isoenzyme polymorphism. The PvwII 7.0kb allele
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(pi) is associated with the Ful phenotype whereas the Pvwll 6.0kb allele (p2) is associated with 

the Fu2 phenotype (Darby et al., 1988).

ThePvMlI and the .0^/1 RFLPs have polymorphism information content (PIC) values of 0.33 and 

0.36 respectively. Combination of these two RFLPs results in a combined PIC value of 0.38, 

indicating their usefulness in prenatal diagnosis.

An additional Bell RFLP can be detected by the use of FUCAl cDNA probes (Willems et al., 

1990b). One allelic fragment co-migrates with an invariant band, and therefore the RFLP is more 

easily detected following double digestion with Bell and PstL This RFLP is not located within the 

a-fiicosidase structural gene but within the FUCAIL locus on chromosome 2. Extensive Southern 

blot analysis has been carried out using a large panel of restriction endonucleases without the 

discovery of further RFLPs (Darby et al., 1988; O'Brien et al., 1987; Willems et al., 1991).

1.4.4 Known mutations in FUCAl

1.4.4.1 Obliteration of ËcoRI restriction site

Southern blot analysis of the structural a-fucosidase gene revealed the first mutation to be 

identified in a fiicosidosis patient. This mutation results in the obliteration of an EcoRl restriction 

site at the 3' end of the gene (Willems et al., 1988b). Subsequent analysis by sequencing of PCR- 

amplified DNA from this region revealed a C- T transition at position 422. This point mutation, 

Q422X, results in the production of a premature stop codon 120bp upstream from the normal 

stop codon (Kretz et al., 1989). To date, five unrelated patients and one sibling pair, have been 

shown to have this mutation. All were homozygous except for the sibling pair who were 

heterozygous, with the second fiicosidosis mutation remaining undetected. Patients with this
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mutation have been shown to have neghgible a-flicosidase CRIM (0.5 - 2.2% of controls) and 

0.02% to 0.05% of normal a-fucosidase activity. The clinical phenotype of the patients carrying 

this mutation homozygously is varied. Some patients showed rapid neurological decline and death 

at the age of 5 years whilst other patients showed a slow neurological decline and survived to over 

20 years of age (Willems et al., 1988).

1.4.4.2 Deletion of the 3’ region of FUCAl

The second mutation identified, again by Southern blot analysis, was the deletion of at least the 

last two exons at the 3' end of FUCAl in two Algerian sibs. The protein, if any, produced in these 

patients would be much shorter than the normal protein. Again enzyme activity and CRIM were 

negligible in both patients (Willems et al., 1991).

1.5 Aims of the project

The main aim of this project was to exploit the newly available technique of PCR and the recently 

discovered genomic structure of the a-fucosidase gene to develop a PCR-based method to detect 

mutations in patients with fiicosidosis.

A second aim was the identification of the molecular basis of the common electrophoretic 

polymorphism of a-fiicosidase that is expressed in many tissues.

To understand the effect of any mutations discovered on the properties of the a-fucosidase, a 

mammalian expression system was investigated, and used to express mutant cDNA's created by 

site-directed mutagenesis. It was hoped that these studies would reveal any genotype / phenotype 

relationships in human fiicosidosis.
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2 Materials and Methods

2.1 Materials

Most laboratory chemicals were supplied by British Drug House, U.K. with the exception of the 
following :

Bacto-Agar was supplied by Difco Laboratories, USA.

G50 Medium grade Sephadex was obtained from Pharmacia.

HEPES (N-hydroxyethylpiperazine-N'-2-ethanesulponic acid), Ampicillin, Proteinase K, Kodak 
XAR-5 X-ray film, BSA (bovine serum albumin), TEMED (N,N,N',N- 
tetramethylethylenediamine), DMSO, polyethylene glycol (PEG)(Mw 8000), Agarose and BHI 
(brain heart infusion) were supplied from Sigma.

Accugel (19:1 acrylamide:bis-acrylamide), and Protogel (39:1 acrylamide:bis-acrylamide) were 
obtained from National Diagnostics.

[a-^^S]dATP and [a-^^P]dCTP (300Ci/mmol) was supplied by ICN Biomedicals Ltd, U.K.

Hybond N+ and Qiagen plasmid preparation kits were supplied by Amersham International pic.

All enzymes and respective buffers used in restriction enzyme digests were obtained from 
Northumbria Biologicals Limited.

Taq polymerase and buffer were supplied by Bioline.

Heat-inactivated fetal calf serum, DMEM (Dulbecco Modified Eagle's Medium), L-glutamine 
(200mM) and Ikb marker were supplied by Gibco-BRL Ltd, UK.

Sequenase Kit version 2.0 was obtained from United States Biochemical.

4-methylumbelliferyl a -L-fiicopyranoside and 4-methylumbelliferyl-2-acetamido-2-deoxy-p-D- 
glucopyranoside were supplied by Koch-Light.

Dyna-M-280-Streptavidin beads were supplied by Dynal.

Altered Sites in vitro Mutagenesis System and pGEM-T Vector cloning system were both 
supplied by Promega.
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2.2 Solutions and media

2.2.1 General Solutions

TE (Tris - EDI A)
lOmM Tris (tris(hydroxymethyl)aminomethane)
ImMEDTA
pH adjusted to 8 . 8  with NaOH

E-bufFer (10 X Tris Acetate)
0.4M Tris Acetate 
lOmM EDTA
pH adjusted to 7.7 with glacial acetic acid

5 X TBE buffer (5 X Tris Borate)
0.45M Tris-HCl 
0.45M boric acid 
O.OIMEDTA (pH 8.0)

20 X Standard Saline Citrate (SSC)
2.9M NaCl
0.3M sodium citrate
pH adjusted to 7.0 with NaOH

Loading buffer
0 .2 % (w/v) Bromophenol blue
O.IMEDTA
50% (v/v) Glycerol

10 X PCR reaction buffer
160mM (NHJ2 SO4

670mM Tris-HCl pH 8 . 8  at 25°C
0.1% (v/v) Tween-20

2.2.2 Sequencing solutions

TES (pH 8.0) 
lOOmM NaCl 
lOmM Tris-HCl 
ImMEDTA

5 X Sequenase reaction buffer 5 X Labelling mix (dGTP)
200mM Tris-HCl 7.5pM dGTP
1 OOmM MgCl2  7.5pM dCTP
250mM NaCl 7.5pM dTTP

35



5 X Labelling mix (dITP)
l5\iM  dITP 
7.5^iM dCTP 
7.5nM dTTP

ddG/T/C/ATP Termination mix (dGTP)
80nM dGTP 
80pM dTTP 
80pM dCTP 
SO\iM dATP 
8^M ddG/T/C/ATP 
50mM NaCl

ddT/C/ATP Termination mix (dITP)
80nM dGTP 
80^M dTTP 
80nM dCTP 
80^M dATP 
8|iM ddG/T/C/ATP 
50mM NaCl

Enzyme dilution buffer
lOmM Tris-HCl 
5mMDTT 
0.5mg/ml BSA

ddGTP Termination mix (dTTP)
lôO^M dITP 
80pM dTTP 
SO\iM dCTP 
80pM dATP 
1.6|iM ddGTP 
50mM NaCl

Stop solution
95% (v/v) Formamide 
20mM EDTA
0.05% (w/v) Bromophenol blue 
0.05% (w/v) Xylene Cyanol FF

2.2.3 Cycle sequencing solutions 

lOX buffer
200mM Tris-HCL (pH 8 .8 ) 
lOOmM KCL, 200mM MgSO^ 
lOOpM (NHJ2 SO4 ,
1% (v/v) Triton 
1 mg/ml BSA 
20pM dATP 
50pM dCTP 
50pM dGTP 
50pM dTTP

Stop dye mix
80% (v/v) Formamide 
50mM Tris (pH 8.3) 
ImMEDTA
0.1% (w/v) Bromophenol blue 
0.1% (w/v) Xylene Cyanol FF

2.2.4 Bacterial media (all solutions were autoclaved before using)

Agar
500ml Bm/LB 
7.5g agar 
Antibiotic

BHI
37g in 1  litre of dH2 0

TYP broth (per litre) 
16g Bacto-tryptone 
16g Bacto-yeast extract 
5gNaCl 
2 .5 g K 2 H P 0 4

LB (Luria-Bertaini) medium (per litre) 
lOg of Bacto-tryptone 
5g Bacto-yeast extract 
5gNaCl
Adjust to pH 7.5 with NaOH
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Medium A
LB supplemented with 
lOmMMgSO^
0 .2 % (w/v) glucose

Medium B
36% (v/v) glycerol 
12% (w/v) PEG MW 75000 
12mM MgSO^ 
in LB

2.2.5 Tissue culture solutions

Growth medium
8 % (v/v) fetal calf serum 
2 % (v/v) newborn fetal calf serum 
2mM glutamine 
60pg/ml benzyl penicillin 
167pg/ml streptomycin sulphate

Nuclei lysis buffer
0.02M Tris 
0.002M EDTA 
0.8M NaCl

Trypsin dilution buffer
6 g/l sodium chloride 
3g/l sodium citrate pH 7.8

2.2.6 Southern blotting and hybridisation solutions

Denaturing solution
1.49M NaCl 
0.5M NaOH

Neutralising solution
1.5M NaCl 
0.5 Tris-HCl 
ImMEDTA

TM solution (pH 8.0)
250pl of IM Tris-HCl 
25pl of IMMgCl^
50pl of IM BME (beta-mercaptoethanol) 
675 pi of water

Oligonucleotide (OL) solution (pH 7.5) 
250pl of hexanucleotides (90 units/ml) 
Ipl of0.25MEDTA 
Ipl of0.25M Tris-HCl

100 X Denbarts solution
2% (w/v) BSA 
2% (v/v) Ficoll 
2% Polyvinylpyrollidone

DTM solution
2pi of 25mM dATP 
2pl of 25mM dGTP 
2pl of 25mM dTTP 
494pl of TM solution

Labelling solution (LS) (pH 6 .6 )
25 pi of IMHepes 
25 pi of DTM solution 
7pl of OL Solution

Hybridisation/prebybridisation solution
10 X Denharts solution
50pg/ml boiled, sonicated salmon sperm

DNA
4XSSC 
1% (w/v) SDS
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2.2.7 Qiagen Plasmid preparation solutions

Buflfer PI (pH 8  0)
50mM Tris-HCL
lOmMEDTA
lOOpl RNase A (lOOpg/ml)

Buffer P3
2.55mM KOAc (pH 4.8 )

Buffer QBT
750mM NaCl 
SOmMMOPS 
15% (v/v) ethanol 
0.15% (v/v) Triton X-100

Buffer P2
200mM NaOH 
1% (w/v) SDS

Buffer QC
IM NaCL 
50mM MOPS 
15% (v/v) ethanol

Buffer QF
1.25MNaCl 
50mMMOPS 
15% (v/v) ethanol

2.2.8 Small scale plasmid preparation solutions

Solution I
25mM Tris
lOmM EDTA (pH 8.0)

Solution in
3M KOAc (pH 4.8)

Solution II
0.2M NaOH 
1% (w/v) SDS

2.2.9 Solutions for site-directed mutagenesis

Phage precipitation solution
3.75M Ammonium acetate (pH 7.5)
20% (w/v) PEG (MW 8000)

Kinase buffer
500mM Tris-HCl (pH 7.5) 
100mMMgCl2 
50mM DTT 
ImM spermidine 
lOmM ATP

Annealing lOX buffer
200mM Tris-HCl (pH 7.5) 
100mMMgCl2 
5 OOmM NaCl

Synthesis lOX buffer
lOOmM Tris-HCl (pH 7.5) 
5mM dNTPs 
lOmM ATP 
20mM DTT
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2.3 Methods

2.3.1 Tissue culture

2.3.1.1 Culture of fibroblasts and COS cells lines

All procedures were carried out aseptically. Fibroblasts and COS cells were grown in sterile 

75cm^ tissue culture flasks in 20ml of growth medium which was changed twice a week. The 

flasks were incubated at 37°C in a 5% CO2  incubator. The flasks were subcultured or harvested 

when the cells reached confluence. The passage number of the cells did not exceed 15.

2.3.1.2 Subculturing and harvesting of fibroblasts and COS Cells

The growth medium was removed and the adhered cells were washed with trypsin dilution buffer. 

Then the cells were covered in a solution of 0.25% (w/v) trypsin dissolved in trypsin dilution 

buflfer and incubated for 5 minutes at 37°C. The flask was agitated to detach the cells so that they 

could be transferred to a sterile tube containing 1ml of growth medium. The cells were either spun 

for 5min at 600g to collect for storage, or distributed among three sterile flasks with 2 0 ml of 

growth medium added for further growth.

2.3.1.3 Storage of cells for subsequent reculture

Fibroblast or COS cell pellets obtained from harvesting were resuspended in 2ml of medium 

containing 7.5 % (v/v) DMSO and left at 4°C for IShrs. The suspension was then frozen in liquid 

nitrogen at -70°C.

2.3.1.4 Storage of fibroblast cells for enzyme assay or DNA extraction

Following harvesting, the fibroblast cell pellet was washed in sterile PBS and spun for 5min and
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then the washing was repeated. The cells were resuspended in 50pi of sterile water and rapidly 

frozen in a dry ice-ethanol bath. The cells were then stored at -20°C until required.

2.3.1.5 Transformation of lymphocytes with Epstein Barr Virus

5ml of fresh blood was collected in heparin and stored at room temperature until required. The 

blood was diluted with RPMI 1640 medium containing 5% (v/v) fetal calf serum to 10 ml. The 

diluted blood was then layered onto 5ml of Ficoll and spun at 2000g for 20min. The layer of 

leukocytes was extracted and washed with RPMI containing 5% (v/v) fetal calf serum and spun 

again at 600g for 7min. The leukocyte pellet was incubated with approximately 20-40 x 10̂  

Epstein Barr virus particles (strain b958) at 37°C for 2hr in 5% CO2

The transformed cells were washed in RPMI containing 5% (v/v) fetal calf serum and spun at 

600g for 7min. The cell pellet was resuspended in 7ml of growth medium. Approximately 1 0  ̂cells 

were added to each well of a sterile culture plate. The surrounding wells were filled with sterile 

water to provide a humid atmosphere. The cells were incubated at 37°C in 5% CO2  for 14 days 

after which they were transferred to sterile tissue culture flasks.

2.3.1.6 Culture of lymphoblast cell lines

The lymphoblasts were grown in sterile 75cm  ̂culture flasks. The RMPI containing 5% (v/v) fetal 

calf serum medium was replaced approximately twice a week. The lymphoblasts were harvested 

by aspiration with a pipette and stored as for fibroblasts.
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2.3.2 Enzyme studies

2.3.2.1 Preparation of cells for assay of enzymes

The fibroblast and COS cell pellets were sonicated for 10 seconds, at an amplitude of 6  in a MSE 

Soniprep ultrasonicator. The lysate was centrifuged at 2 0 0 0 g for 3 minutes and the pellet of cell 

debris discarded.

2.3.2.2 Assay of a-fucosidase activity

a-Fucosidase activity was measured in sonicated cell extracts by incubating 5 pi of the extract with 

95pi of water and lOOpl of 1.6 mmol/1 4-methylumbelliferyl a- L-fucopyranoside in citrate- 

phosphate buffer, pH 4.5 for 30 minutes at 37°C. The reaction was stopped by the addition of 

1.0ml of 0.25mol/l glycine/NaOH, pH 10.4 and the fluorescence of the released 4- 

methylumbelliferone was read at 450nm using an excitation wavelength of 365nm. All assays were 

performed in duplicate. A control of bufifered substrate and water, with no cell extract, was always 

included. This provides the fluorescence of unconverted substrate. The value of the substrate 

blank was subtracted from all other readings. Additionally the fluorescence of a standard of 

1 nanomole of 4-methylumbelliferone was measured for each set of assays and the fluorescence 

of the tests related to this value. Enzyme activity was expressed as nanomoles of 4- 

methylumbelliferone released per milligram of total protein per hour.

2.3.2.3 Assay of p-hexosaminidase activity

The substrate used in the assay was 2.5mmol/l 4-methylumbelliferyl-2-acetamido-2-deoxy-p-D- 

glucopyranoside pH 4.0. 2.5pl of cell extract was mixed with 22. ̂ f  water. 250pl of substrate 

was added and incubated at 37°C for 30 minutes. The reaction was stopped by the addition of 

1ml of 0.25mol/l glycine/ NaOH, pH 10.4. The fluorescence was measured in the same manner
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as for the a-fucosidase assay, with the same controls.

2.3.2.4 Protein determination

The total protein concentration of fibroblasts or COS cell lysates was determined according to 

the method of Bradford et al., (1976). SOOpl of various dilutions of cell extracts were prepared 

and added to an equal volume of Pierce Protein Assay Reagent. The tubes were inverted to mix 

and after 5 minutes the absorbance at 595nm was read against a water blank. A standard curve 

of absorbance against protein concentration was constructed using standard solution of BSA of 

concentrations between 5 and 25pg/ml. The concentration of the unknown samples were then 

read from the standard curve. All assays were performed in duplicate and the absorbance of a 

reagent control containing no protein was subtracted from all readings.

2.3.3 Thin layer chromatography of urinary oligosaccharides

2ml of urine was deionised with Amberlite mixed-bed resin (Duolite MB 6113) and then freeze 

dried. The resultant dry material was resuspended in 50pl of distilled water. Varying amounts of 

treated urines samples were applied as a 1cm band to the bottom of a silica gel TLC plate, using 

a Hamilton syringe. The amount of the sample was related to the creatinine value so that equal 

amounts of creatinine were applied to the plate. The samples were dried between and at the end 

of each application. The silica gel plates were then placed in tanks containing a solution of 

propan-l-ol, acetic acid and water (3:3:2). When the solvent had travelled approximately 10cm 

up the plate, the plate was taken out of the tank and dried before being replaced in the tank. The 

solvent was allowed to reach the top of the plate in the second development. The plate was then 

removed, dried and sprayed with a freshly prepared solution of orcinol (0.2g/100ml) in 5% (v/v) 

sulphuric acid in methanol. The sprayed plate was heated for 10 minutes at 100°C to detect the
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reducing sugars. Fucoglycoconjugate storage products isolated from the brain of a dog affected 

with fiicosidosis were used as standards. Spg of each standard was loaded (Figure 2.3.3.1).

FG2 Gal-GlcNAc-Man-Man-GlcNAc-OH 

Fuc

YG6 Gal-GlcNAc-Man-Man-GlcNAc-GlcNAc-Asn 

Fuc Fuc

Gal-GlcNAc-Man 

FG7 Fuc Man-GlcNAc-GlcNAc-Asn

Gal-GlcNAc-Man Fuc

Fuc

Gal-GlcNAc

Man

FG8
Fuc

Gal-GlcNA^ ^^-G lcN A c-G lcN A c-A sn

Fuc Man Fuc
/

/
Gal-GlcNAc

Fuc

Figure 2.3.3.1 : Proposed structures of fiicoglycoconjugate storage products isolated from the 
brain of a dog used as standards in TLC studies.
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2.3.4 Extraction and precipitation of DNA

2.3.4.1 Extraction of human DNA from blood

DNA was extracted from the nuclei of peripheral leukocytes using th^guanidinium hydrochloride 

method of extraction (Jeanpierre, 1987). All stages were carried out in a safety hood unless 

otherwise stated, and the waste was soaked in 1 0 % (v/v) Chloros before disposal.

Blood was collected in 10ml plastic tubes which contained the anticoagulant, EDTA, and stored 

at -70°C until required. To thaw, the tubes were placed inverted in 50ml Falcon tubes at room 

temperature. The volumes were made up to 50ml with ice-cold, double-distilled water and 

centrifiiged at 4000rpm for 20 minutes at 4°C to separate the leukocyte pellet. The supernatant 

was discarded and 25ml of 0.1% (v/v) Nonidet P40 was added to the precipitate. Samples were 

vortexed until the pellet was completely resuspended and then centrifuged at 4000rpm for 20 min 

at 4 °C. 7ml of 6 M GuCl and 0.5ml 7.5M NH^Ac (pH 7.5) were added to the pellet, which was 

vortexed again until the pellet dissolved. To this 0.5ml of 20% sodium sarkosyl and 150pl of fresh 

Proteinase K (lOmg/ml) were added. The tubes were inverted and then incubated at 60°C for 2hr. 

Following incubation the DNA was precipitated out by adding 17ml of absolute ethanol, and 

spooling it onto the end of a hooked Pasteur pipette and placing it in a Bijoux bottle containing 

1ml T E This was then placed on a rotary table for 16hr at 4°C to redissolve the DNA. 

Reprecipitation of the DNA was carried out by adding lOOpl 3M NaOAc (pH 5.2) and 2ml ice- 

cold ethanol. The DNA was spooled out and air-dried to evaporate any residual alcohol. Finally 

it was redissolved in 1ml of T.E. and stored at -20 °C. The purity of the extracted DNA was 

determined spectrophotometrically by measuring the absorbance at the wavelengths 260nm and 

280nm. A high degree of purity was indicated by a ratio of between 1.8 and 2.0 (Section 2.3.5.1).
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2.3.4 2 Extraction of DNA from cultured cells

DNA was prepared from human fibroblast cell lines and transformed human lymphoblastoid cell 

lines. Fibroblasts from three large flasks (75cm^), or 50ml cultures of lymphoblastoid cells were 

harvested in growth medium and centrifuged at l,200rpm for 5min at room temperature. The 

supernatant was discarded and the pellet was resuspended by flicking the side of the tube. 600pl 

of nuclei lysis buffer, 40pl of 10% (w/v) SDS and 120pl of Proteinase K solution (2mg/ml in 

Proteinase K buffer) were added and mixed by inversion of the tube. The tube was incubated at 

55°C for 2 hours followed by the addition of 200pi of a saturated solution of CH3 COONH4  with 

vigorous shaking to mix. The reaction mixture was allowed to settle for 20min and then the DNA 

was precipitated by the addition of two volumes of absolute ethanol and gently mixed by 

inversion. The DNA was spooled out using a sterile glass pasteur pipette, the tip of which was 

sealed by heating. Excess ethanol was drained off on the side of the tube and the DNA was 

dissolved in 200pl of T.E. and left overnight at room temperature before determining the 

concentration spectrophotometrically (Section 2.3.5.1).

2.3.4.3 Extraction of plasmid DNA

2.3.4.3.1 Small scale preparation

Overnight cultures of 3 ml of bacteria, grown in LB broth containing the appropriate antibiotic, 

were collected by centrifugation and resuspended in 200pl of ice-cold solution I. The cells were 

incubated at room temperature for 5 minutes, then lysed and chromosomal DNA denatured by 

the addition of200pl of freshly prepared solution II. After 5 minutes on ice, the denatured DNA 

was precipitated by the addition of 200pl of ice-cold solution III. After a fiirther 5 minutes, the 

sample was centrifuged (13000rpm, 5 minutes) leaving the plasmid DNA in the supernatant which 

was transferred to a fresh tube. The supernatant was extracted with phenol/chloroform as
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described in Section 2.3.4.4 and the aqueous phase transferred to a fresh tube. Plasmid DNA was 

then precipitated from solution with 2.5 volumes of ethanol.

2.3.4.3.2 Large scale preparation using Qiagen Columns

Large scale extraction of plasmid DNA was carried out using a Qiagen Maxi-prep kit according 

to the manufacturers instructions. An overnight liquid bacterial culture in LB broth (500ml) 

containing the appropriate antibiotic was spun at 6 ,0 0 0 g at 4°C for lOmin in a Sorvall centrifuge. 

The supernatant was discarded and the pellet resuspended in 10ml of PI buffer. P2 buffer (10ml) 

was added and gently mixed and the suspension incubated at room temperature for 5min. Chilled 

P3 buffer (10ml) was added and immediately mixed gently, followed by incubation on ice for 

20min. The extraction mixture was spun at 30,000g at 4®C for 30min and the supernatant was 

promptly recovered and recentrifuged for 15min.

A Qiagen-tip 500 was equilibrated with 10ml of QBT buffer before adding the supernatant which 

was allowed to flow down it by gravity. The tip was washed twice with 30ml of QC buffer, and 

then the DNA was eluted into a clean tube by the addition of 15ml of QF buffer. The DNA was 

precipitated by the addition of 0.7 volumes of isopropanol and spun at 15,000g at 4°C for 30min. 

The DNA pellet was washed with 70% (v/v) ethanol and spun again for lOmin. The pellet was 

dried and resuspended in 300-500pl of T.E.

2.3.4.4 Phenol / chloroform extraction of DNA

The phenol was initially equilibrated using 0.5M Tris-HCl (pH 8.0), to a pH greater than 7.8 in 

order to prevent the DNA dissolving into the organic phase. The phenol was then mixed with 

chloroform and isoamylalcohol in the ratio 25:24:1. To extract DNA from an aqueous solution,

46



an equal volume of equilibrated phenol was added to the sample, mixed together and centrifiiged 

at 2000g for 5 minutes at room temperature. The upper layer containing the DNA was pipetted 

into a clean Eppendorf tube. Traces of phenol in this aqueous layer were removed by twice 

extracting with a solution of chloroform and isoamyl alcohol in the ratio 24:1, as for phenol 

extraction. The DNA was then isolated by ethanol precipitation, as described in Section 2.3.4.6.

2.3.4.5 Extraction of DNA from agarose gel

The DNA fragments to be purified were first separated by electrophoresis through agarose gels 

made with E buffer in the presence of ethidium bromide (Section 2.3.8.1). After a brief 

visualisation under UV light the DNA band required was excised from the gel using a sterile 

scalpel blade. The DNA was then separated from the agarose by one of two methods described 

below.

2.3.4.5.1 Extraction using the Geneclean kit (Stratech Scientific)

This method involved the addition of 3 volumes of sodium iodide (Nal) to the agarose gel slice, 

which was incubated at 48°C for 5 minutes or until the agarose had completely dissociated. Then 

5pi of Glassmilk silica matrix were added, the solution mixed well and left on ice for 15 minutes. 

The DNA-silica complex was pelleted by a brief 30 second spin in a microcentrifiage and all the 

Nal solution removed. The pellet was washed 3 times with ice-cold NEW (NaCl/ethanol/water) 

wash, before elution of the DNA into a suitable volume of T.E. by heating to 48 °C.

2.3.4.5.2 Electroelution

The gel slice containing the DNA was placed in a short length of dialysis tubing, which had 

previously been soaked in buffer. The slice was then placed perpendicular to an electric current

47



with a potential of 75 volts until the DNA was seen to have travelled out of the gel slice on 

inspection under UV light. The gel slice was removed from the tubing and the buffer containing 

the DNA pipetted into an Eppendorf tube. If the DNA solution obtained was too dilute, it was 

concentrated by ethanol precipitation as in Section 2.3.4.6.

2.3.4.6 Ethanol precipitation of DNA

DNA was isolated, purified, and concentrated by ethanol precipitation in the presence of sodium 

acetate. A 1/lOth volume of 3M sodium acetate (pH 5.6) was added to the DNA followed by 2.5 

volumes of absolute ethanol. The mixture was then left at -70 °C for between 0.5-16 hours. The 

precipitate was collected by centrifuging at 2000g for 15 minutes. The supernatant was pipetted 

off and the co-precipitated salt removed by resuspending the pellet in 50pl of 75% (v/v) ethanol 

and recentrifiiging for 10 minutes at 2000g. The supernatant was again removed and the pellet 

air-dried before being resuspended in the required volumes of either T.E. or water.

2.3.5 Determination of DNA concentration

2.3.5.1 Aqueous DNA samples

DNA concentrations were determined spectrophotometrically by measuring the optical density 

(OD) at a wavelength of260nm using a 1cm path length cell. One CD unit is equivalent to 50 and 

40ng of double stranded and single stranded DNA respectively per microlitre.

2.3.5.2 Oligonucleotide primers

The concentration of oligonucleotides was determined either by a computer primer program or 

by a manual calculation. Both required the measurement of the absorbance at a wavelength of 

260nm. The manual calculation was based on the product of the inverse of the extinction

48



coefficients of the nucleotides (x) and the absorbance of the primers at 260nm. The extinction 

coefficients were 15200, 7050, 8400 and 12010 for dATP, dCTP, dTTP, and dGTP respectively. 

The equation used was :

1/x X OD(260nm) = Concentration (moles/litre) 

where x is the product of the extinction coefficient of the nucleotides

2.3.6 Amplification by the polymerase chain reaction (PCR)

Individual exons and their boundaries were amplified using the polymerase chain reaction. The 

reactions were carried out on a Biometra Trioblock Thermoblock PCR machine and according 

to the method of Saiki et al., (1985). All the components of the reaction (Section 2.3.6.1, 2, 3), 

with the exception of the Taq polymerase, were added to a sterile 500pl Eppendorf tube. The 

tubes were placed in the PCR machine and heated to 95°C for approximately 3 minutes. The 

tubes were then cooled to the appropriate annealing temperature for the primers being used and 

2.5units of Taq polymerase were added to the reaction. The machine was programmed to perform 

between 25-35 cycles of heating at three different temperatures for defined periods of primer 

extension, dénaturation and annealing. This was followed by a final extension step of 10 minutes 

at 72°C. The annealing temperature and incubation times chosen were specific for each pair of 

primers. For a list of primers used in this project see Table 2.3.6.1.

2.3.6.1 Non-iabelled PCR reaction mixture

The PCR reaction mixture contained 200pM of dATP ,dCTP ,dOTP and dTTP, in IX Taq 

polymerase buffer, 50pmole of each oligonucleotide primer and approximately 500ng of DNA. 

The reaction mixture was made up to lOOpl with sterile water and overlaid with approximately 

60pl of mineral oil. A negative control consisting of all the reagents except the DNA was set up 

each time.
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Primer
Number

Primer sequence Primer
Position

1 * 5’ GCC GCC CGC GGG CAC CTG CGC GTT AA 3’ 5* Untranslated

2 5' GCC GCC CAG CCC CAC CTC CTG 3' Intron 1

3* 5' TCA GGC ATG CTG GGC AAG TTC A 3' Intron 1

4 5’ GAG GAG GTA CAG AAC TCT TGA CAG 3’ Intron 2

5* 5' AAT GCT AGA ACT GAT TTT CCT TAA 3' Intron 2

6 5' TTA ATG GTA CCC TAT AGG AAG 3’ Intron 3

7* 5’ AAT GGT CCA TAA GAT TTT ACT GTG AAC 3’ Intron 3

8 5’ ACT CCA GAG TTT GGC TCC TTG 3’ Intron 4

9* 5’ GAT GAG GTG GTA GTA AAT GA 3’ Exon 5

10 5’ CGA AAT GAT TTC AGA TTC TTC 3’ Exon 5

11 * 5’ GCT GTC CTG TGC ATT GTA 3’ Intron 4

12 5’ AGC TTT TGA ACA TTA TAT 3’ Intron 5

13* 5' TAA GCA TGA TGC CAG GCT TG 3’ Intron 5

14 5’ AGG AGA TAC CAG TTC CGG AT 3’ Intron 6

15* 5’ GGA GGA AAT GTA TAA AGT TGT ATA TCA 3’ Intron 6

16 5’ AGG GAA GGA AGA AAG GAA GGA T 3' Intron 7

17* 5’ TCC TAC CAT AGT CAG CCT GT 3’ Intron 7

18 5' AAA CAG TGA GCA GCG CCT CT 3' 3’ Non-coding

19 5’ CTG TTG CTG CTG CTG CTC TT 3' cDNA-5’

20 5’ TTT GGC GCT TTT AGA TTG CT 3’ cDNA-3'

21 5' CTG TCA AGG ATG AGG TGG TA 3' cDNA-5’

22 5’ GAC AAT GCC ATG TCA CGA GA 5’ cDNA-3'

23 5* CCT GGG GCT ATC GTC GTG AC 3' Exon 5

24 * 5' TAT AAA ATA ATA CAT ACT GCA TGT TA 3’ Intron 5

25 5' GCT TCA GCT ACG CCG ACT T Exon 1

26 5’ TCG TAC AGC TCT GGC ATT GT Exon 3

Table 2.3.6.2.1 ; Primers used to amplify regions of the a-fucosidase gene by PCR. (* 
biotinylated).
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2.3.6.2 Labelled PCR reaction mixture

The PCR reaction mixture contained 20pM dCTP, 200^iM dATP, dGTP and dTTP, 0.1 ̂ il of 

ct^^P-dCTP (3000Ci/mmol), in IX Taq polymerase buffer, 25pmole of each oligonucleotide 

primer and approximately 500ng of DNA. The reaction mixture was made up to 50 pi with sterile 

water and overlaid with approximately 30pl of mineral oil. A negative control consisting of all the 

reagents except the DNA was again set up each time.

2.3.6.3 Sequencing PCR reaction mixture

The PCR reaction mixture contained 200pM dATP, dCTP, dGTP and dTTP, in IX Taq 

polymerase buffer, 20-30pmole of each oligonucleotide primer, one of which was biotinylated at 

the 5' terminus, and approximately SOOng of DNA. The reaction mixture was made up to lOOpl 

with sterile water and overlaid with approximately 60pi of mineral oil. A negative control 

consisting of all the reagents except the DNA was set up each time.

2.3.7 Digestion by restriction enzymes of genomic DNA, plasmid DNA and PCR products

All digests were performed using buffers supplied by the manufacturers. Digests of genomic 

DNA (5pg) were performed using 20-3OU of restriction enzyme in a volume of 30-50pl for 4-6 

hours. Plasmid DNA and PCR products were digested in the same manner. l-2pg of DNA and 

15 pi were digested for plasmid and PCR products respectively, using 5 units of restriction 

enzyme.

2.3.8 Agarose gel electrophoresis

2.3.8.1 Electrophoresis of digested genomic and plasmid DNA

Digested DNA samples were electrophoresed through a 0.8% (w/v) agarose gel containing
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ethidium bromide. To each digested sample lOpl of loading buffer was added. Ipg of lambda 

DNA digested with either Hindill or BstER was also loaded and used as size markers. 1 x E. 

buffer was used as the running buffer and the gels were electrophoresed at 2 V/cm for 1 2  to 18hr 

at room temperature. The gel was then photographed under ultraviolet light. Plasmid DNA was 

oAen run for a shorter length of time at a slightly higher voltage.

2.3.S.2 Electrophoresis of PCR-amplified products

l.Og of agarose was dissolved in 50ml of 1 x T.B.E. buffer to give a 2% gel. To this 5pl of 

lOmg/ml ethidium bromide was added. lOpl of amplified product was mixed with 2pl of loading 

buffer and applied to the gel. Electrophoresis was carried out for 30 minutes at 75 V. Ipg of Ikb 

ladder was used as a molecular weight marker. After electrophoresis the gel was photographed 

under ultraviolet light.

2.3.9 Southern blot analysis

2.3.9.1 Transfer of DNA from agarose gel to hybond N+

The method used was essentially that described by Southern, (1975). The DNA, which had been 

digested with a restriction enzyme (Section 2.3.7) was electrophoresed through a 20cm x 20cm, 

0.8% agarose gel (Section 2.3.8.1). The DNA in the agarose was denatured by soaking in 

dénaturation solution and shaking for 30min, before being transferred to a nylon membrane 

(Hybond N+) by capillary action as follows. A sponge (30cm x 30cm) soaked in a trough of 20 

X SSC solution was overlaid with 3 MM Whatman paper, which acts as a wick for the transfer of 

the 20 X SSC solution. The gel was then placed on top of this. A piece of Hybond-N+, cut to fit 

the gel exactly, was first soaked in a 2 x SSC solution and placed on the gel. This was followed 

by two pieces of 3MM Whatman paper also soaked in a 2 x SSC solution. At each step care was
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taken to remove any air bubbles that might by trapped between the layers. Strips of cling-film 

were placed from the edge of the Whatman paper to the side of the tray, this prevents the transfer 

of solution bypassing the gel. Finally paper towels were laid on top of the Whatman paper to a 

height of approximately 15cm.

The assembly was left for approximately 15 hours at room temperature, after which time the 

positions of the wells were marked on the filter. The membrane was firstly washed in a 2 x SSC 

solution to remove any adhering agarose then soaked in 0.4M NaOH for 5 minutes to fix the 

DNA to the membrane. Finally the filter was rinsed twice in a 2 x SSC solution and stored at 

room temperature between 3 MM Whatman paper.

2.3.9.2 Preparation of cDNA probes

The a-fucosidase cDNA probes were donated by Dr.J.S.O'Brein; (for a map of the probes used 

see Figure 2.3.9.2.1). The probe insert was separated from the plasmid vector (pUClS) using the 

restriction enzyme EcoRl. A 0.8% agarose minigel was used to separate the cDNA probe from 

the plasmid DNA (Section 2.3.8.1). Using the ultraviolet light box, the required insert was cut out 

from the gel with a sterile scalpel and the DNA extracted from the agarose using 'Geneclean' Kit 

(Section 2.3.4.5.1). When required, the oc-fticosidase full length cDNA probe was cut into smaller 

fragments using restriction enzymes as indicated on Figure 2.3.9.2.1. The restricted fragments 

were separated on an 0.8% agarose minigel and the DNA extracted using 'Geneclean'. The 

concentrations of probes were determined spectrophotometrically (Section 2.3.5.1).
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Figure 2.3 .9.2.1 : Scheme representing the a-fucosidase cDNA. The probes A, B and C were produced by digestion of this cDNA.



2.3.9.3 Radioactive labelling of cDNA probe

Radiolabelling of DNA probes was carried out using a modification of the method of Feinberg and 

Vagelstein (1983). This method involves the annealing of random oligonucleotide sequences to 

denatured probe DNA followed by the extension across the intervening sequences using the 5-3' 

polymerase activity of the large (Klenow) fragment oïEcoli DNA polymerase 1. dCTP is 

included in the extension mix and is incorporated to produce two complementary labelled strands.

50ng of DNA for labelling was placed in an 1.5ml Eppendorf tube and the volume was made up 

to lOpl with water. This was then placed in a boiling water bath for 2 minutes and immediately 

placed on ice to prevent reannealing. The denatured DNA was then added to a pre-chilled mixture 

of 11.4pl LS containing solution, l.Opl BSA (lOmg/ml) and 2.6pl water. To this mix, 3pi of a 

32p_cTp (3000Ci/mmol) was added and the synthesis of DNA was initiated by the addition of 1 pi 

of Klenow fi*agment of DNA polymerase 1. The reaction was left at room temperature for a 

minimum period of 3 hours.

2.3.9.4 Removal of unincorporated nucleotides

A 1ml syringe was plugged with a glass bead and filled with medium grain Sephadex G50, 

preswollen in T.E. The column was washed once with 300pl of T.E. The oligolabelled probe 

DNA was made up to a final volume of 300pi by the addition of T.E. and added to the column. 

The first elutant was discarded and a further 350pl of T.E. was added to the column and the 

elutant collected. The radioactivity of the eluted probe was calculated in dpm/pl using a Bioscan 

QC2000 bench top counter.
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2.3.9.5 Prehybridisation of filters

The filters were stacked in alternate layers with Hybaid mesh and rolled up to form a coil. This 

coil was placed in a large hybridisation bottle with approximately 1 0 ml of hybridisation mix per 

filter. The filters were placed in a Hybaid rotary oven and allowed to prehybridise at 65°C for 

between 1  and 1 2  hours.

2.3.9.6 Hybridisation

The appropriate amount of radiolabelled probe was calculated to give a final beta count of 1 X 

10̂  dpm/ml of hybridisation solution. This was denatured by boiling for 5 minutes, cooled on ice, 

and then added to the filters and hybridisation solution. The filters were hybridized overnight at 

65°C.

2.3.9.7 Washing of labelled filters

The filters were washed in a solution of 3 x SSC containing 0.1% (w/v) SDS on a shaker for 20 

minutes. This low stringency wash was repeated twice. Following this a higher stringency wash 

using a solution of 1 x SSC containing 0.1% (w/v) SDS was performed at room temperature for 

a fiirther 20 minutes. Finally a wash using a solution of 0.5 x SSC containing 0.1% (w/v) SDS 

was performed for 20 minutes at 65 °C. Following washing the filters were wrapped in cling film 

and placed in an X-ray cassette with two intensifying screens.

2.3.9.8 Autoradiography

Radioactive filters were exposed to Kodak X-OMAT AR5 film at -70”C for a period determined 

by the intensity of the radioactive signal. Film was developed using ^ F u ji  RGII X-ray film 

processor.
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2.3.10 Polyacrylamide gel electrophoresis

2.3.10.1 Preparation of large polyacrylamide gel

A pair of BRL glass plates designed to fit a Model S2 Sequencing Gel electrophoresis tank were 

prepared by washing them successively with 2 % (v/v) Mirco detergent, once with distilled water 

and a finally with 70% (v/v) alcohol. The prewashed surface of the smaller of the two plates was 

coated with Repelcote, a siliconizing fluid in order to ensure that on separating the two plates the 

gel would remain in contact with only the larger unsiliconized plate. Three 0.4mm spacers were 

placed down each side of the larger plate and across the bottom edge. Once the Repelcote had 

dried, afl:er approximately 1 0  minutes, the smaller plate was placed on top of the larger plate, 

siliconized surface inwards, and clamped into position with several spring clips.

The polyaciylamide gel solution (the compositions of which are given in Sections 2.3.10.1. 1  and 

2.3.10.1.2) was then made up and mixed thoroughly before being quickly poured between the 

glass plates using a 50ml syringe. Two 14cm vinyl sharkstooth combs (0.4mm thick, 24 lanes) 

were placed with the flat edge approximately 1.5cm into the gel. Spring clips were placed across 

the top of the plates and once set covered in paper towels soaked in 1 x TBE to avoid drying out 

of the gel. The gel was used between 2-24hr after pouring.

Before running the gel the spring clips, the combs and the bottom spacer were removed. The 

polyacrylamide gel was then transferred to a vertical BRL tank (Model S2) and clamped into 

place. The upper and the lower tanks were filled with 1 x TBE buffer. The gel was pre-run at the 

relevant running voltage for approximately 0.5 to 1 Ohr. Prior to the loading of the samples the 

top of the gel was washed with buffer using a 5ml syringe to provide a clean surface. Then the 

sharkstooth combs, with the teeth facing downwards, were placed in between the plates until the
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teeth just penetrated the surface of the gel thus forming wells.

After electrophoresis was complete, the gel assembly was removed from the tank and the smaller 

plate levered away from the larger plate. For/electrophoresis running conditions see Sections 2.3.11 

and 2.3.12.1.4. The gel was blotted onto 3MM Whatman paper and covered in cling-film. The 

gel was dried under vacuum for 3/4 hr on an ATT A Gel Drying Processor AE-3700. After 

removal of the cling-film the gel was exposed overnight to X-ray film at -70°C.

2.3.10.1.1 Composition of a 6% denaturing polyacrylamide gel

A 6 % denaturing polyarylamide gel was prepared by mixing 13.5ml of Accugel (19:1 

acrylamide:bis-acrylamide), 7M urea, 85.82ml of 1 X TBE, 630pi of 10% (w/v) ammonium 

persulphate and finally 52pi of TEMED.

2.3.10.1.2 Composition of a 6% non-denaturing polyacrylamide gel

For SSC? analysis a 6 % non-denaturing gel was used. This was prepared by mixing 18ml of 

Protogel (37.5:1 acrylamide:bis-acrylamide), 18ml of 5 x TBE, 5% glycerol (v/v), 540pl of 10% 

(w/v) ammonium persulphate, 48.9ml of distilled water and finally 56pl of TEMED.

2.3.10.2 8cm by 10cm 5% non-denaturing polyacrylamide gel

A mini Protean II gel system was used to run small 5 % non-denaturing acrylamide gels. This 

system enabled the separation of small fragments of DNA that were produced from restriction 

enzyme digestion of some PCR products. The gel mix typically consisted of 1ml of Accugel (19:1 

acrylamide:bis-acrylamide), 4ml 5 x TBE, 15ml water, 160pi of ammonium persulphate and 56pl 

of TEMED. Once the gel had been set for 15min it was pre-run at 170 V for approximately lOmin
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before applying the samples. The gel was run at 170V for a further 30min. The gels were 

subsequently stained with ethidium bromide and examined in UV light.

2.3.11 Single-stranded conformational polymorphism (SSCP) analysis

Individual exons and their boundaries were amplified using the polymerase chain reaction 

incorporating radiolabelled a-^^-dCTP as described in Section 2.3.6.2. For SSCP analysis, 5pi 

of the radiolabelled PCR reaction was mixed with 40pl of amplification dilution solution. 5 pi of 

this mixture was then mixed with 5 pi of stop solution. The samples were denatured at 94°C for 

5 minutes and placed on ice until required for loading onto a 6 % non-denaturing polyacrylamide 

gel (Section 2.3.10.1).

Electrophoresis was carried out under two sets of conditions, either at 380V at room temperature 

or at 380V at 4°C both for 14-18hr. This maximised the probability of detecting any sequence 

changes.

2.3.12 Sequencing

2.3.12.1 Direct sequencing of PCR-amplified products

Each exon and its boundaries were amplified using approximately 20pmole of each primer, one 

of which was biotinylated at the 5' terminus (Section 2.3.6.3).

2.3.12.1.1 Dynabead preparation

For each PCR reaction to be sequenced, 30pl of Dynabeads were washed twice with lOOpl of 

TES solution to remove the preservatives that are used for the storage of the Dynabeads. Washing 

the beads consisted of placing the Eppendorf tube containing the beads in a magnetic separation
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rack and removing the supernatant. The wash solution was added to the pellet of beads and the 

two mixed. After 30 seconds the Eppendorf tube was replaced in the magnetic rack and the beads 

were again separated from the solution.

2.3.12.1.2 Preparation of single-stranded template

50pi of PCR-amplified product was mixed with the washed beads and incubated at room 

temperature for 5min. The reaction was placed on the magnetic separation rack and the 

supernatant removed from the Dynabeads, to which the double-stranded template had become 

attached. The double-stranded template was then denatured by incubating with lOOpl of O.IM 

NaOH at room temperature for 5min. Following this the unbiotinylated template single-strand was 

removed by again using the magnetic separation rack. The biotinylated single-stranded template 

was then washed twice, firstly with lOOpl of TES and secondly with lOOpl of ddH2 0 , before 

resuspending in 7pl of ddH2 0 . This template was then ready for sequencing as described in 

Section 2.3.12.1.3.

The unbiotinylated single strand was, if required, also prepared for sequencing by ethanol 

precipitation (Section 2.3.4.6). The resulting pellet was resuspended in 7pl of ddH2 0  and 

sequenced as described in Section 2.3.12.1.3.

2.3.12.1.3 Sequencing reaction

The sequencing reaction was carried out according to the manufacturer’s instructions. The reaction 

was divided into three stages, annealing, labelling and chain termination. The first stage, annealing 

of primer to template, involves the addition of 2 pl of sequencing reaction buffer and Spmole of 

primer to the template DNA. This was made up to a final volume of 10pi with dH2 0 . The reaction
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mixture was incubated at 65°C for 2min and then slowly cooled to 30°C in a shallow beaker of 

water over a period of 30min. Once the primer was annealed the template DNA was placed on 

ice until required. The second stage was the labelling reaction in which 1 pi of dithiothreitol 

(DDT), 2pl of labelling mix diluted 1:15 with ddH2 0 , 0.5pl[a-^^S]dATP (l,OOOCi/mmol) and 2 pi 

of Sequenase enzyme diluted 1:8 in enzyme dilution buffer were added to the template DNA. This 

mix was incubated at room temperature for 3 to 5min. The third and final stage was the 

termination step. 2.5pi of the ddGTP, ddATP,ddTTP and ddCTP termination mixes were 

aliquoted into four separate Eppendorf tubes appropriately labelled. These were incubated at 37°C 

for 2min prior to use. When the labelling reaction was complete 3.5 pi of the labelling mixture 

was transferred to each of the ddNTP mixes. Incubation was continued at 37°C for a further 5min 

before terminating by the addition of 4pi of stop solution. Samples were stored at -20°C until 

electrophoretic analysis on a denaturing polyacrylamide gel (Section 2.3.12.1.4).

The range of sequence data obtained could be targeted by altering the concentration of the 

labelling mix and the labelling incubation period. Increasing the dilution of the labelling mix or 

incubation time enabled regions further from the sequencing primer to be sequenced. Conversely 

decreasing both the labelling mix dilution and incubation time resulted in regions closer to the 

primer being sequenced. Secondary structures, which result in premature termination, or 

compressed regions in the sequence were eliminated by the substitution of dGTP nucleotides with 

the analogue dITP nucleotides.

2.3.12.1.4 Electrophoresis of sequencing reactions

A 6 % denaturing polyacrylamide gel was used for electrophoresis of sequencing reactions 

(Section 2.3.10. l).Gels were pre-run for 30min at 60W, or until the plates were uniformly warm,
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to heat the gel to the optimum running conditions, prior to loading samples. The samples were 

then heated at 85°C for 3min, and 3 pi of the sequencing reaction mixture was loaded on to the 

gel. The gel was run at 60W for 2-4 hours, after which time the gel was dried as described in 

Section 2.3.10.1.

2.3.12.2 Cycle sequencing of PCR-amplified products

2.3.12.2.1 Sample preparation

PCR reactions that resulted in a single product were prepared for sequencing by cutting the band 

out of the agarose gel following electrophoresis (Section 2.3.8 .2). The DNA was removed from 

the gel as described in Section 2.3.4.5.2.

2.3.12.2.2 Cycle sequencing reaction

3 pi of the each ddNTPs were added to each of 4 termination tubes. For each DNA template 

(approximately 200finoles) the following was added Ipmole of primer, 4pl of lOX cycle 

sequencing buffer, lOpCi (a-^^S)-dATP, Ipl Exo-pfu polymerase (2.5U) and 4pl DMSO. The 

volume of the reaction mixture was made up to 30 pi with water. 7 pi of the reaction mixture was 

then aliquoted into each of the 4 termination tubes and mixed. The reactions were overlaid with 

mineral oil and cycled through a temperature profile that was the same as the profile used in the 

original PCR. Following the last cycle 5 pi of stop solution was added below the mineral oil. The 

samples were electrophoresed as described in Section 2.3.12.1.4.

2.3.12.3 Cloning of PCR-amplified products in plasmids

PCR products that were difiBcult to sequence were cloned into a pGEM cloning vector according 

to the manufacturer’s instructions. For details of cloning see Section 2.3.13. The samples were
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then sequenced as described in Section 2.3.12.4.

2.3.12.4 Plasmid sequencing

15|il of plasmid (5pg of DNA) was mixed with 5 pi of a solution containing IM NaOH and ImM 

EDTA. This reaction mixture was left at 37°C for 30 minutes and followed by neutralisation by 

the addition of 0.1 volumes of 3M NaAc (pH 5.2). The DNA was then precipitated as described 

in Section 23.4.6. The resulting pellet was resuspended in 14pl of water, 7pl of which was used 

as a template for sequencing as described in Section 2.3.12.1.3.

2.3.13 Cloning DNA fragments into plasmids

When cloning a DNA fragment in to a plasmid a 1:1 molar ratio of plasmid to insert was used.

To calculate the amount of insert to be added to a known amount of plasmid the following

equation was used :

ng of vector X kb size of insert = ng of insert to ligate 
kb size of vector

The insert and vector were ligated in a volume of lOpl with lU of T4 DNA ligase. The reaction 

was left for 3 hours at 15°C.

2.3.14 Production of competent cells

The method used was based on that published by Nishimura et al., (1990). A 10ml culture of the 

cells was grown in BHI overnight. Then 1ml of overnight culture was added to 100ml of pre

warmed Medium A. This culture was grown for 90 minutes until the OD was between 0.3 and 

0.4. The cells were then cooled rapidly on ice for 10 minutes before spinning in a pre-chilled
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centrifuge for 10 minutes at 1500g. The pellet was resuspended in 1ml of Medium A and 5ml of 

Medium B was added and the solutions mixed. The cells were then made into 500pl aliquots and 

stored at -70°. If super-competent cells were required, they were bought from a commercial 

source.

2.3.15 Transformation of plasmid DNA into competent cells

0.05-0.01 pg of plasmid DNA was used per transformation. The competent cells were allowed to 

thaw on ice. The plasmid DNA was added and the mixture allowed to sit on ice for 30 minutes. 

Following heat shock treatment of 40 seconds at 42 °C, the cells were replaced on ice for 5 

minutes. 1ml of LB medium was added and the cells allowed to recover for 1 hour at 37°C, 

before plating on LB plates with the appropriate antibiotic.

2.3.16 Screening a plasmid library

2.3.16.1 Plating out a plasmid library

The library was titrated on small plates to establish the dilution that would provide 100,000 

colonies on a 20cm  ̂plate. 5 nitrocellulose filters were cut to 20cm ,̂ numbered and placed on 1 

day-old large agar plates containing the appropriate antibiotic. The diluted bacteria, in a volume 

of 500pl of LB were applied to the filters using a sterile glass spreader, dispersing the LB evenly 

over the surface of the filter. The plates were incubated overnight at 37°C.

2.3.16.2 Making replica filters

Two replica filters were made for each large plate. The nitrocellulose filters were cut to size and 

numbered. The master filter was peeled off the agar plate and placed on a flat surface with the 

colonies face up. The first replica filter was then placed on top of the master filter and pressed
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down firmly using a heavy glass plate. Orientation of the filter was made by the introduction of 

a series of holes at the edge of the filter using a heated needle. The replica filter was then peeled 

off the master and placed on 3MM paper. This procedure was repeated for the second replica 

filter. The master plate was then replaced on the agar plate and grown for 4 hours at 37°C to 

allow the colonies to recover.

2.3.16.3 Lysis and binding of colonies to the replica nitrocellulose filters

Four large pieces of Whatmann 3MM paper were cut to a size that would accommodate the 

replica filters taken. Each one was soaked in one of the following solutions : 10 % (w/v) SDS, 

denaturing solution (O.SMNaOH, l.SMNaCl), neutralising solution (l.SMNaCl, 0.5M Tris-HCl 

pH 7.4) and a 2 x SSC solution. The replica nitrocellulose filters were placed, colony side 

upwards, on each of the 4 pieces of 3MM paper consecutively, for 3 minutes for the SDS-soaked 

3MM paper and for 5 minutes for the other 3 solutions. The filters were allowed to dry at room 

temperature for 30 minutes before baking at 80°C for 1-2 hours. The filters were probed with a 

radiolabelled cDNA probe A (Figure 2.3.9.3.1). Following hybridisation the filters were washed 

as in Sections 2.3.9.

2.3.16.4 Secondary and tertiary screens

Following autoradiography of the replica filters, colonies in the areas that corresponded to 

positive signals were picked fi'om the master plate. Only positive areas that showed up on both 

replica filters were selected. The selected colonies were diluted 1000 fold in LB and replated out 

for a secondary screen. The procedure followed was the same as that used for the initial screen. 

Positive colonies were selected again following probing with probe A. The procedure repeated 

a final time which resulted in the selection of single positive colonies.

65



2.3.17 Site directed in vitro mutagenesis using pALTER system

The method used was that described by the manufacturers, Promega.

2.3.17.1 Design of mutagenic oligonucleotides

The oligonucleotides were designed to be complementary to the strand of DNA produced in 

Section 2.3.17.3. They were designed to be 19bp in length with a single base mismatch at position 

10, representing the point mutation. For a Ibp deletion the oligonucleotide was 18bp in length 

with the normal base at position 1 0  missing.

2.3.17.2 Phosphorylation of mutagenic oligonucleotide

lOOpmole of mutagenic oligonucleotide was added to 2.5 pi of kinase lOX buffer and 5U of T4 

polynucleotide kinase. The volume was made up to 25 pi by the addition of water. The mixture 

was incubated for 30 minutes at 37°C. This was followed by 10 minutes at 70°C. The reaction 

mixture was stored at -20 °C until required.

2.3.17.3 Making single-stranded template

Individual colonies containing pALTER with an oc-fucosidase cDNA insert were grown overnight 

in the presence of tetracycline. lOOpl of this culture was mixed with 5 ml of TYP broth containing 

ISpg/ml tetracycline and shaken vigorously for 30 minutes at 37°C. The culture was then infected 

with helper phage and shaken for a further 6  hours. The cells were harvested by pelleting at 

12000g for 15 minutes. The supernatant was removed and spun again for 15 minutes. The phage 

was then precipitated from the supernatant by adding 0.25 volumes of phage precipitation 

solution. The mixture was left on ice for 30 minutes before centrifuging at 12000g for 15 minutes. 

The supernatant was then removed and the resulting pellet was resuspended in 400pl of T.E.
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bufifer. The sample was then extracted with chloroform (Section 2.3.4.6 ) and this procedure was 

repeated until no interface was observed. The DNA was precipitated out as in Section 2.3.4. 6  and 

resuspended in 2 0 pl of water.

2.3.17.4 Mutagenesis of the single-stranded DNA

The mutagenesis reaction mixture consisted of the following; 0.05pmol of ss DNA (Section

2.3.17.3); 0.25pmole of ampicillin repair oligonucleotide; 1.25pmole of phosphorylated mutagenic 

oligonucleotide; 2pl of lOXbuffer, made up to a volume of 20pl by the addition of water. The 

reaction mixture was heated to 70 °C for 5 minutes and allowed to cool slowly to room 

temperature. It was then placed on ice and the following added; 3 pi of synthesis lOX buffer; lU 

of T4 DNA polymerase; 2U of T4 DNA ligase; and 5 pi of water. This mixture was incubated 

37°C for 90 minutes.

The synthesis reaction was then transformed into BMH 71-18 mut S competent cells (Section 

2.3.15). The cells were then allowed to grow overnight in 4ml of LB containing 125pg/ml of 

ampicillin. The plasmid was then prepared from the overnight culture (Section 2.3.4.3.1). 0.05- 

0.1 pg of the plasmid DNA was then re-transformed into JMl 09 competent cells (Section 2.3.15) 

and plated on to LB plates containing 125pg ampicillin. These were incubated overnight.

2.3.17.5 Analysis of the mutagenised colonies

The resulting colonies were grown overnight in LB containing 125pg ampicillin and the plasmid 

DNA extracted (Section 2.3.4.3.1). These were analysed by sequencing (Section 2.3.14).
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2.3.18 Expression of cDNA plasmids in COS cells

COS cells were grown to near confluency in a medium sized flask (75cm^), then washed with 

PBS and trypsinised for 5 minutes and the cell suspension split into 3 medium flasks. These cells 

were grown for 48 hours. The cells were then trypsinised again and spun for 5 minutes at 1 0 0 0 - 

ISOOrpm. The medium was discarded and the cells resuspended in 0.8ml of fresh medium per 

sample. The DNA of the construct to be transfected was added to 800pl of COS cells which were 

electroporated at low voltage, 300V, with 600pF capacitance, infinite resistance and infinite pulse 

time. Once the cells had been electroporated they were transferred back into a flask which 

contained 15ml of growth medium and allowed to grow at 37° in 5% CO2  for between 24 and 

48 hours before harvesting (Section 2.4).
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Chapter 3 : Fucosidosis at the protein level
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3.1 Clinical details

3.1.1 Introduction

The clinical picture of fucosidosis is heterogeneous but patients generally show progressive mental 

and motor deterioration, growth retardation, coarse facies, recurrent infections, dysostosis 

multiplex, angiokeratoma corporis difiusum, visceromegaly, and seizures (For review see Willems 

et al., 1991). Thirteen fucosidosis patients are included in this study and they will be referred to 

by their patient number throughout this study (Table 3 .1.1.1).

Patient's name Patient’s Number

C. Baier 1

S. Bhaiyat 2

M. Brandslatter 3

G. Johnston 4

M. Katzaros 5

S. Kulle 6

C. Logan 7

C. Leonard 8

M. Maier 9

A. Moeen 1 0

V. Oldaker 1 1

G. Steinblichler 1 2

MB. 13

Table 3 .1.1.1 : Summary of the fiicosidosis patients analysed in this study with their respective 
reference numbers.
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3.1.2 Patient 1

At the age of 5 years patient 1 exhibited a general developmental retardation without progression. 

There was slight coarsening of the face but no angiokeratoma and no retinitis pigmentosa. There 

is also a mentally retarded sister.

3.1.3 Patient 2

Patient 2 was bom after a normal term delivery in Zambia to distantly related Asian parents. Birth 

weight was 3.8kg. There are five older sibs. Her early milestones were normal. She smiled at 8  

weeks, sat unsupported at 8  months and at 16 months was walking steadily and used three words 

appropriately. From the age of 18 months she gradually became uninterested in toys, started 

mouthing and casting objects, and her language skills deteriorated to grunts and pointing. Her gait 

became progressively more unsteady. The family moved to the UK in 1989. At 6  1/2 she had no 

words but waved 'bye bye' and pointed to indicate her needs. She could finger feed biscuits but 

could not use a spoon. She walked with a broad based gait and fell backwards after every few 

steps. She was not toilet trained. Her weight and height were below the 3rd centile. Her head 

circumference was on the 5th centile. She had coarse facial features, protmding tongue, kyphosis, 

contracture of the right elbow, and hirsutism. There was no hepatosplenomegaly or skin lesions. 

Breathing was noisy owing to upper airway obstruction and a Harrison's sulcus was visible. She 

had thin muscle bulk with normal tone and reflexes. She mouthed continuously and cast objects 

and had no constructive play. There was no comeal clouding and vision was normal. Distraction- 

testing indicated hearing thresholds raised at 50dB bilaterally with fiat tympanograms. At nine 

years she attends a school for children with severe learning difficulties. Her walking had 

deteriorated further. She wears a helmet to prevent head injury and arm splints to deter hand 

chewing. A first cousin died in Zambia aged 4 years. She is reported to have had identical physical
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and developmental problems to patient 2.

3.1.4 Patient 3

Patient 3 was bom on 05-09-1988 following an uneventful birth. He has healthy Austrian 

parents and a normally developed sister who is currently 14 years old. Although he appeared 

to develop normally after birth, retardation soon became obvious. Free walking was achieved 

by 16-18 months, but was always considered uncertain until the age of 7 years. A few words 

were achieved in the patient's earlier years, but now he only says one single word "door". 

Examination at the age of 3 years showed rubeosis faciei and epicanthus. He showed a strange 

carriage with short, contracted neck and unstable walking due to hip lesions. The neurological 

and internal examination did not reveal any abnormalities except marked telangiectasias on the 

buttocks and multiple angiokeratoma on the scrotum, both from birth. Dysplasia of the lumbar 

vertebrae was found upon X-ray. Massive and moderate myopia were seen on the right and left 

eyes respectively, consequently spectacles were provided. This resulted in patient 3 appearing 

less tired and improvements in his playing were seen. He was initially hospitalised under the 

suspicion of myasthenia. However, the combination of telangiectasias, teratoma, severe mental 

developmental retardation and a slightly course facies led to the suspicion of fucosidosis. 

Increased excretion of typical oligosaccharides in the urine and a deficiency of œ-fucosidase 

in serum and cultivated skin fibroblasts were demonstrated. At the age of seven, he has 

generally slowed down and intellectual skills have deteriorated. He plays less and appears very 

tired.
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3.1.5 Patient 4

Patient of Scottish origin. Further clinical details unknown.

3.1.6 Patient 5

Patient of Greek origin. Further clinical details unknown.

3.1.7 Patient 6

Bom 12-08-67. Still alive at the age of 20 years. Female of Turkish Cypriot origin. Further clinical 

details unknown.

3.1.8 Patient 7

The clinical details of patient 7 were reported by Primrose (1972), and MacPhee and Logan 

(1977). The patient was bom following a normal pregnancy and delivery in 1951. Her birth weight 

was 3.6kg. The father of the patient has never been identified and the paternal grandfather could 

not be excluded. His parents were first cousins. The patient's early development was slow but she 

leamt to sit and walk and speak a few words. She developed a skin rash at 5 years and was 

referred to an orthopaedic surgeon at the age of 1 1  years because of deterioration in her ability 

to walk. At the age of 20 years she had moderate flexion contracture of the legs and severe dorsal 

scoliosis but no kyphosis. She has coarse facies. She had occasional single words of indistinct

72



speech and understood some of what was said to her. An extensive red maculo-papular rash was 

present with maximal distribution over the pelvic region. She was still alive at 39 years.

3.1.9 Patient 8

Patient 8  was diagnosed enzymatically at the age of 7 months as having fucosidosis following the 

diagnosis of the disease in his older brother. He had been asymptomatic, although on questioning 

his parents felt that his hearing had recently deteriorated. Examination revealed no significant 

abnormalities, with height, weight and head circumference all on or just below the 97th centile. 

The sibling of patient 8  presented with facial asymmetry and torticollis at the age of 2 months. His 

early development was normal, but he did not sit without support until 1 0  months or crawl until 

12 months. At 18 months a mild spastic diplegia was noted and there was generalised 

developmental delay with particularly poor speech. Persistent rhinitis and glue ear with a 

moderate hearing loss was treated by insertion of grommets, but at 2 2  months bilateral 

sensorineural deafiiess was demonstrated, and he was fitted with hearing aids. His Ruth Griffiths 

assessment showed low progress with developmental quotients (DQ) of 55 and 52 at 22 and 29 

months respectively. At 35 months he was making no developmental progress and fiirther 

investigation lead to the diagnosis of fucosidosis. He deteriorated rapidly after the age of 3 years. 

His development regressed and he was unable to crawl by 44 months of age. His spasticity 

increased, he developed upper airway obstruction and pseudobulbar palsy and was fed via a 

gastrostomy. He had | hepatomegaly but no sple nomegaly, nor did he have angiokeratoma. At the 

age of 6  years he died.
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3.1.10 Patient 9

Patient 9 was bom on 29-04-1977, the first child of Austrian parents whose family history was 

without events. Birth was uneventful, with a weight of 2750g and a length of 50cm. A few 

weeks after birth he showed increased vomiting and a failure to thrive. At 6  months of age, 

statomotor retardation became obvious. Free sitting was achieved at 14 months and free 

walking at 22 months of age. Neurologically, a moderate muscle hypotonia and walking ataxia 

were noticed at 22 months. At 24 months the child was able to speak a few words which were 

soon forgotten a few months later. At 3 years old neither fiirther psychomotor development 

nor psychomotor deterioration were noticed. However, a massive chronically purulent rhinitis 

was prominent. At the age of 7 years his length, weight and head circumference were markedly 

below the 3rd centile. A brachycephaly, broad nasal bridge and kyphoscoliosis were noticed. 

His skin was markedly dry and hair rough. A single small angiokeratoma was found on the 

scrotum and a large inguinal hernia was present. Psychomotor development was massively 

retarded and verbal expression was lacking. Moderate coordination problems were apparent. 

X-ray of the spine revealed flattening and invagation in the ventral area of the 2nd lumbar 

vertebra body. X-ray of the carp alia showed marked retarded bone age. Vacuolised 

lymphocytes were found in a peripheral blood smear. Thyroid function and sweat electrolytes 

were shown to be normal. The complete lack of measurable oe-fucosidase activity in both 

serum and peripheral leukocytes and a pattern of oligosaccharides characteristic of fucosidosis 

in the urine confirmed the diagnosis of fucosidosis. An increase in blood group Le (a /̂b )̂ 

antigens in erythrocyte membranes supported this diagnosis.
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3.1.11 Patient 10

Patient 10 was bom to unrelated parents from Bangladesh. His early development was normal. 

He sat and walked without support at 2 years. He could feed himself with both hands and spoke 

a few words. He lost the ability to walk at 4 years and to stand and sit at 4 - 6  years. At 7 years 

he had a febrile illness with dehydration and two convulsions after which further deterioration was 

seen. At the age of 10 years he was severely mentally retarded and was abnormal looking. He had 

joint contractures at elbows, wrists and knees and marked kyphosis. Angiokeratoma corporis 

diftusum was present at 10 years. He was still living at 15 years. His mother had one miscarriage 

and one daughter with multiple congenital abnormalities at 39 days, prior to the birth of patient 

10. A sibling of normal phenotype has recently been bom, following prenatal testing for 

fucosidosis.

3.1.12 Patient 11

Patient 11 was diagnosed as having fucosidosis at the age of 2 years. At 11 years, she is 

moderately dysmorphic and only slightly mentally retarded. She walks and talks normally and 

attends a normal school. She is of English descent with unrelated parents.
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3.1.13 Patient 12

Patient 12 (male) was the first child of apparently unrelated Austrian parents. Delivery was by 

Caesarean section due to EPH-gestosis. Birth weight, length and head circumference were all 

within the normal range. No comphcations were observed during the first 6  month of life 

besides anhydrocele testis. The first presentation was due to recurrent bronchopneumonia. 

However, enlargement of the abdomen and hepatomegaly were also noted. Delayed 

psychomotor development was not suspected at this stage, with the patient walking unaided 

at the age of 18 months. A mild facial dysmorphy with an elongated philtrum was noticed at 

this stage. At the age of 3 years a progressing lumbal kyphosis as well as an impairment of the 

intellectual and motor capabilities became more evident. He developed basiphobia, swaying 

gait associated with multiple haematoma which were caused by accumulating injuries after 

falling. The only few words the patient had been able to speak since the 2nd year of life were 

forgotten and he became increasingly aphemic. These symptoms led to the screening of urine 

for metabolites associated with an inborn error of metabolism. Characteristic oligosaccharides 

were found and a complete absence of oe-fucosidase activity was demonstrated in cultured skin 

fibroblasts. X-ray of the spine, costae, pelvis, upper and lower extremities showed oval shaped 

vertebral bodies, kyphosis and scoliosis, irregularity of the acetabular roof and proximal 

tapering of the metacarpels as found in dysostosis multiplex. After 3 years of life his general 

condition worsened rapidly. He was unable to rise, developed paralysis of the upper extremities 

and showed several focal convulsions. In the last 3 weeks of his life severe infections of the 

respiratory tract led to dyspnoea and finally to apnoea. He died at the age of 3 years and four 

months.

3.1.14 Patient 13

A female of Belgian origin of unrelated parents. Further clinical details are not known.
74a



3.2 a-Fucosidase activity

3.2.1 Introduction

Fucosidosis is defined as the disease resulting from a deficiency of the lysosomal hydrolase a- 

fucosidase. Negligibly low residual a-fijcosidase activity has been reported in tissues, plasma, 

leukocytes, cultured fibroblasts and lymphoblastoid cell lines of fucosidosis patients (Willems et 

al., 1991). The assay of a-fucosidase in leukocytes and fibroblasts is a convenient and rapid 

method of diagnosis of fucosidosis. This assay utilises the synthetic fiuorogenic substrate, 4- 

methylumbelliferyl-a-L-fucoside which is hydrolysed by a-fucosidase to give a fluorescent 

product, 4 methylumbelliferone. In alkaline solution this product has a distinct emission spectrum 

from the unhydrolysed substrate. An activity level of <5% of the control mean is taken as a 

diagnosis of fucosidosis (Willems et al., 1991). However, a few atypical patients that have higher 

than the definitive 5% of control activity have been described in the literature (Troost et al., 1976; 

Blitzer et al., 1985 ; Sewell et al., 1987 ; Portoian-Shuhaiber et al., 1987; Willems et al., 1991). 

Some of these patients may represent misdiagnosis due to the presence of the low activity 

polymorphism that is expressed in fibroblasts and plasma (Section 1.3.6.2). Diagnosis based on 

cultured fibroblasts and especially plasma is therefore less reliable and definitive diagnosis of 

fiicosidosis must be performed on white blood cells.

In this study the a-fiacosidase activity was assayed in fibroblasts and / or leukocytes from patients 

where material was available. The results are presented as specific activities in nmol/hr/mg of 

protein (Table 3.2.1.1). Where more than one family member was available for study the enzyme 

assay results are presented with the family pedigrees.
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3.2.2 Classic fucosidosis patients

Classic fucosidosis patients have been defined as those who have <5% of the control mean a- 

fijcosidase activity (Willems et al., 1991). Of the 13 fucosidosis patients who were studied, 8  

patients had negligible cc-fucosidase activity in either fibroblasts or leukocytes. These were patient 

2, patient 3, patient 4, patient 7, patient 8 , patient 9, patient 10 and patient 12. These patients can 

therefore be described as classic fucosidosis patients. No material was available for enzyme assay 

studies for patient 13, however, published results reported this patient to have <5% of control 

mean activity (Libert et al., 1976).

Patient's
Number

a-Fucosidase activity 
Fibroblast Leukocyte
(nmol/hr/mg) (nmol/hr/mg)

1 72.0 N/A

2 N/A 0

3 6 . 0 N/A

4 1 . 0 N/A

5 6 6 . 0 N/A

6 364.0 N/A

7 0.3 0

8 0 . 2 0 . 1

9 1 . 0 N/A

1 0 1 . 0 0

1 1 27.0 16.0

1 2 2 . 0 N/A

13 N/A N/A

Normal reference ranges: 27 - 229 (nmol/hr/mg) 30 - 189 (nmol/hr/mg)

Table 3.2.1.1 : a-Fucosidase activity in fibroblasts and leukocytes of fiicosidosis patients.
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3.2.3 Family studies of classic fucosidosis patients

The inheritance of fucosidosis can be followed through the family of an affected individual by 

measuring a-fucosidase activity. This can confirm the presence of fucosidosis in the family and 

also provide important information for family members who could be at risk of carrying the 

mutant a-fucosidase gene. The assay results for the classical fucosidosis patients' families that 

were available for study are shown in Figures 3.2.3.1, 2 and 3. Material was not available from 

the families of patients 1, 3, 4, 7, 9 and 13. The normal reference ranges for the enzyme assay are 

the same as those shown in Table 3 .2 . 1 .1 .

3.2.3.1 Patient 2 family study

It can be seen that, as previously stated patient 2 has zero a-fucosidase activity in leukocytes. Her 

parents have values in leukocytes of 30.0 and 39.0 nmol/hr/mg. These activities are above those 

seen in the patient and at the lower limits of the control reference range, indicating a heterozygous 

a-fiicosidase activity. Sib D.B. has an enzyme activity of 53.0 nmol/hr/mg, which is well within 

the normal reference range and is therefore considered to be homozygous for the normal a- 

flicosidase gene. The remaining sibs have what are considered to be heterozygous enzyme activity 

values as they all are above the patient's activity level and below or just within the normal 

reference range. Also their activities were similar to those of their obligate heterozygote parents. 

However, even though sib SaB had an enzyme activity level that was lower than the maternal 

enzyme level it still reached the lower limits of the normal reference range. Consequently the 

carrier status given was inconclusive.
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a

O□ 0 0 0 •
Su.B. R.B. D.B. N.B. Sa3. HB. AB. Patient 2

30.0 39.0 53.0 22.0 37.0 23.0 24.0 0.0 nmol/hr/mg

Normal reference range 30 - 189 (nmol/hr/mg)

Figure 3.2.3.1.1 : Leukocyte a-flicosidase specific activities in the family of patient 2.

3.2.3.2 Patient 10 family study

Both parents and one sib of patient 10 were available for study (Figure 3.2.3.2.1). Patient 10 has 

negligible a-fiicosidase activity in fibroblasts. This was also found to be the case in leukocytes 

confirming the diagnosis. The parents have enzyme activities of 59.0 and 17.0 nmol/hr/mg in 

fibroblasts intermediate between those of the patient and what is considered a control value. This 

is as to be expected from heterozygotes. The only sib available for study had an activity of 27.0 

nmol/hr/mg, an heterozygote activity.

a-K»
□Patient 10

59.0 17.0 1.30 27.0 nmol/hr/mg

Figure 3.2.3.2.1 ; a-Fucosidase specific activities of fibroblast cultures of patient 10 and family.
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3.2.3.3 Patient 12 family study

Patient 12 had negligible a-fucosidase activity in his fibroblasts and his only sib had a 

heterozygous enzyme activity level (Figure 3.2.3.3.1). Leukocytes were not available fi'om this 

family to confirm this diagnosis. However, presence of the low activity polymorphism was 

disregarded as patient 1 2  had fibroblast a-fucosidase activity lower than that generally seen in the 

low activity polymorphism.

N/A ON/A

Patient 12

38.0 2.0 nmol/hr/mg

Figure 3.2.3.3.1 : a-Fucosidase specific activities of fibroblast cultures of patient 12 and family.

3.2.4 Fucosidosis patients with abnormal a-fucosidase activities

Four patients who were available for study had a-fucosidase activities in their fibroblasts that 

were higher then those expected for classic fucosidosis. They were patients 1 , 5, 6  and 11.

3.2.4.1 Patient 1

The a-fiicosidase activity in the fibroblasts of patient 1 was 40 nmol/hr/mg. This value is higher 

than the a-fucosidase activity typically found in extracts of fibroblasts from fucosidosis patients 

(Willems et al ., 1991). In fact, it is on the lower limit of the normal reference range. A low 

activity polymorphism is found in approximately 1 0 % of the normal population with an activity

79



level of a-fucosidase in fibroblasts of <50% of the control mean (Van Elsen et al., 1983). This 

low activity polymorphism is not expressed in leukocytes. However, leukocytes were not available 

from this patient to exclude a mis-diagnosis due to this polymorphism.

3.2.4.2 Patient 5 and Patient 6

Patients 5 and 6  have a-fiicosidase activities of 66.7 and 364.3 nmol/hr/mg respectively in 

fibroblasts. Again these activities are too high for the patients to be considered as cases of classic 

fucosidosis. The activities are also too high to be explained by the low activity polymorphisms and 

therefore, these cases may represent misdiagnosis of fiicosidosis.

3.2.4.3 Patient 11

263.0
(F)

O
41.0

(F)

Patient 11

27.0 2 years (F)

16.0 2 years (L)

57.0 10 years (L)

120.0 11 years (L)

Activities in nmol/hr/mg, F - Fibroblasts, L - Leukocytes

Figure 3.2.4.3.1 ; a-Fucosidase specific activities of fibroblast cultures and leukocytes of patient 
1 1  at various ages and her family.
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The a-fiicosidase activity in fibroblasts fi'om patient 11 was 27.0nmol/hr/mg at the age of 2 years, 

just below the normal reference range. Several follow up samples have been taken from this 

patient to obtain a correct diagnosis (Figure 3.2.4.3.1). Leukocytes and plasma were also available 

when the patient initially presented as a possible fucosidosis patient and comparable activities 

were seen to those found in fibroblasts at the same age. As leukocytes had been assayed the low 

activity polymorphism was immediately excluded. All these enzyme activities are above those 

typically found in fucosidosis patients. At the age of 5 years the patient had a leukocyte activity 

level that had risen to 59 nmol/hr/mg i.e. within the normal reference range. The following year 

this value had increased still further to 124 nmol/hr/mg. At this time her clinical regression was 

also reported to have slowed. The parents had both fibroblast and leukocyte a-fucosidase 

activities above that expected of obligate heterozygotes and within the normal reference range. 

However, their plasma levels were within the range expected of heterozygotes. Patient 11, 

therefore appears to have had a partial deficiency of a-fiicosidase activity at the age of presenting. 

However, by the age of 11 years the enzyme activity in leukocytes has increased to normal levels. 

This patient is quite clearly an atypical case of fucosidosis.

3.2.5 Thin layer chromatography (TLC) of urinary oligosaccharides

There is accumulation in tissues and excretion in urine of complex flxcose-containing 

oligosaccharides in fucosidosis patients. The urinary ohgosaccharides and glycoasparagines 

produce a characteristic pattern when analysed by TLC with detection with orcinol. Urine was 

available for analysis from the classic fucosidosis patients 2 , 8  and the atypical patient 1 1 .

The total reducing sugar concentration of urine per nmol of creatinine was determined for each 

sample. This enabled analysis and direct comparison of samples which all contained the same
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amounts of creatinine. Standards for glucose (G), fucose (F) and defined fiicoglycoasparagine 

storage products, FG2, 6 , 7 and 8  were also analysed (Figure 2.3.3.1). The urine samples from 

the patients were analysed by TLC and the resulting developed plate is shown in Figure 3.2.5.1.

All three fiicosidosis patients analysed showed a marked increase in the total amount of reducing 

sugar excreted in their urine compared to that of the controls. Figure 3.2.5.1 shows that the 

classic fucosidosis patients, 2  and 8 , both have a similar pattern of oligosaccharides excreted in 

their urine. They have increased excretion of both high molecular weight storage products which 

remain at the origin and low molecular weight products, the majority of which have migrated 

further than the FG2 standard. The low molecular weight product marked with an asterisk on 

Figure 3.2.5.1 was present in all patients analysed and had migrated to just below the glucose

LowMw 
storage 

^ ' products

1 High Mw 
J storage 

products

Glucose Fucose FG7-8 FG6 FG2 C 2 11 8

Patient Number

Figure 3.2.5.1 : TLC of umary oligosaccharides fi'om patients 2, 8  and 11, 
(C represents a control urine.)
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and fiicose markers. This band appeared to be completely absent from the control urine although 

it may in fact be present but at a concentration that is not detectable by this technique. In patient 

8  this extra band appears as a doublet which is not seen in the other fucosidosis patients. The 

atypical fucosidosis patient 1 1 , showed z different overall pattern from both the typical 

fucosidosis patients and the control urines. The amount of high molecular weight oligosaccharides 

present at the origin of the plate in this patient's urine was comparable to that of the control. This 

is not what would be expected from a patient suffering from fucosidosis, in whom there is a build 

up of high molecular weight storage products due to the defective enzyme. However, the same 

additional low molecular weight product (marked with an asterisk on Figure 3.2.5.1) that is seen 

in the classic fucosidosis patients is also seen in this patient. In addition there is clearly excessive 

excretion of very low molecular weight oligosaccharides in this atypical patient when compared 

to the control and the classic patients.

In summary thin layer chromatography of urinary oligosaccharides from the patients available has 

shown that patient 2  and patient 8  have an excretion pattern of oligosaccharides in their urine that 

is typical of patients suffering from the disease fucosidosis whereas patient 1 1  showed a quite 

atypical pattern of excreted oligosaccharides.

3.2.6 Discussion

Of the thirteen patients included in this study, twelve patients had either leukocytes or fibroblasts 

available for analysis. For patient 13, the only material available for analysis was DNA. Out of 

the twelve patients analysed, patients 2, 3, 4, 7, 8 , 9, 10 and 12 had activities of a-fucosidase 

typical of fucosidosis. Patients 2 and 8  also showed typical fucosidosis patterns of excreted 

oligosaccharides in their urine. Patient 10 has also been shown to have a typical oligosaccharide
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pattern similar to that seen in patients 2 and 8 in a previous study (Williamson, 1992).

Clinical details were not available for all patients. The typical patients identified all showed 

differing severities of phenotypes. Patient 2, for example, had an earlier onset of initial symptoms 

(18 months), but a more rapid neurological and mental deterioration was seen in patient 1 0  where 

the initial symptoms were not detected until the age of approximately 4 years. Angiokeratoma was 

present in patients 7 and 10 but not in patient 2.

Enzyme activities in the families of patients 2, 10 and 12 all exhibited an autosomal recessive 

inheritance pattern for the disorder. For example, the parents of patients 2 and 10 all showed 

heterozygous levels of a-fucosidase, as did the sibling of patient 12. The assignment of carrier 

status for fucosidosis among the siblings of patient 2 was ambiguous especially in the case of SaB 

(Figure 3.2.2.1.1).

Several atypical patients have been identified in this study, namely patients 1, 5, 6  and 11. Patient 

1  was shown to have an intermediate enzyme activity level in fibroblasts, which was the only 

material available for analysis. In a previous study GRIM ^alysis of this patient also produced 

intermediate levels, suggesting that a reduced amount of a-fiicosidase which has normal specific 

activity is produced (Williamson, 1992). Van Elsen et al., 1983 found that phenotypically normal 

individuals that are homozygous for the low plasma a-fucosidase activity polymorphism also have 

a reduced fibroblast activity of <50% of controls. Homozygotes for this polymorphism have also 

been shown to have reduced amounts of a-fucosidase of the same specific activity as controls 

(DioCioccio et al., 1986). Therefore patient 1 may be homozygous for this low activity 

polymorphism and have another, as yet unidentified, neurological disorder. This can only be
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resolved by the determination of the leukocyte a-fiicosidase activity in this patient.

Patients 5 and 6  both showed fibroblast oc-fucosidase activity within the normal reference range. 

No other material for analysis and few clinical details were available for these patients. This would 

suggest that either both the patients were misdiagnosed, or the cell lines analysed do not represent 

those of the patients originally diagnosed. Patient 6  in fact showed an elevation of a-fijcosidase 

activity which may indicate the presence of another lysosomal storage disorder (Hers, 1965).

Patient 11 was identified as another atypical patient. At the age of 2 years her leukocyte and to 

a lesser extent fibroblast a-fucosidase activities were low but above those typically found in 

fucosidosis patients (Figure 3.2.4.3.1). At 10 years of age her leukocyte activity had increased to 

that of controls, excluding the presence of the low activity polymorphism. Earlier studies of 

residual fibroblast activity in this patient revealed a slightly altered pH profile with a shift to a less 

acidic pH being observed (Williamson, 1992). This is indicative that the monomeric form of a- 

fucosidase is predominant, suggesting there may be a reduced tendency of the monomeric subunits 

to associate in this patient (Section 1.3.6 .2). This finding is in contrast to that reported by 

Alhadeff and Andrews-Smith (1980) who reported a normal pH activity profile above and no 

activity below pH 4.5, in the residual activity purified fi'om the liver of a fiicosidosis patient. The 

Km value of the a-fiicosidase residual enzyme of this fucosidosis patient was a 4 to 5 fold higher 

than that seen in controls (Alhadeff and Andrew-Smith, 1980). However, a-fucosidase from 

fibroblasts of patient 11 showed a Km value similar to that of controls (Williamson, 1992). 

Troost et al., (1976) also found a similar increase in the value of Km in leukocytes and sera from 

a fucosidosis patient. The enzyme in patient 11 has also been shown to be more thermostable than 

the control enzyme (Williamson, 1992). Again this is in contrast to a marked decrease in
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thermostability seen in a-flicosidase isolated from the liver and leukocytes from two fucosidosis 

patients (Alhadeff and Andrews-Smith, 1980; Dimateo et al., 1976). Immunoprécipitation 

experiments have demonstrated that the a-fucosidase of patient 1 1  was recognised by anti a- 

fucosidase serum (Williamson, 1992). Therefore any putative mutation in the a-fucosidase gene 

does not change epitopes in such a way that they are no longer recognised by antibodies. Also 

results from a two antibody ELISA experiment suggested that patient 11 expressed an increased 

quantity of a-fucosidase of reduced specific activity in fibroblasts at 2 years of age. By 10 years 

of age lymphoblastoid cells from this patient were shown to have a-fucosidase CRIM and activity 

within the normal range (Williamson, 1992). A similar atypical fucosidosis patient has so far not 

been reported.

Subsequent to the submission of this thesis, patient 11 was reassessed because of the apparent 

lack of progress of the disease and the anomalous biochemical results obtained. An alternative 

diagnosis of Reiger syndrome was suggested on the basis of the distinctive maxillary 

hypoplasia, dental anomalies and eye abnormalities. This dominant disorder has been linked to 

a locus on chromosome 4q. This diagnosis would be consistent with the failure to find a 

sequence change in FUCAl, a deficiency of oe-fucosidase and characteristic urinary storage 

products. The deficiency of oe-fucosidase in samples from the young patient remains 

unexplained.
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Chapter 4 : Detection of previously identified 
polymorphisms and mutations in FUCAl
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4 Detection of previously identified polymorphisms and mutations in FUCAl 

4.1 Introduction

The structural gene for a-fucosidase (FUCAl) has been localised to chromosome lp36.1 - 34.1 

(Fowler et al., 1986; Carritt et al., 1987). The a-fucosidase cDNA sequence is 2053bp in length 

with an open reading frame of 461 amino acids, a proposed signal peptide of 22 amino acids, and 

four potential glycosylation sites (Occhiodoro et al., 1989). FUCAl consists of 8  exons dispersed 

over 23kb of DNA and the genomic structure, including intron/exon boundaries has been 

published (Kretz et al., 1989) (Section 1.4).

4.2 Detection of previously identified polymorphisms in FUCAl

Two restriction fragment length polymorphisms (RFLP's) have been identified at the FUCAl 

locus (Darby et al., 1988), each with two codominant alleles in Hardy-Weinberg equilibrium. 

These RFLP's can be detected by Southern blotting of DNA digested with the appropriate 

restriction enzymes and probed with the a-fucosidase cDNA probe A+B (Figure 2.3.9.2.1). The 

restriction endonuclease PvuTL identifies a RFLP with bands of either T.Okb (pi) or 6.0kb (p2) 

with frequencies in the Caucasian population of 0.7 and 0.3 respectively (Darby et al., 1988). The 

second RFLP is detected using the restriction enzyme Bgl\ (Darby et al., 1988), which gives band 

sizes of either 12kb (bl) or a doublet of 6.5kb and 5.5kb (b2) with allele frequencies of 0.62 and

0.37, respectively in the Caucasian population (Darby et al., 1988). Almost complete linkage 

disequilibrium has been shown between the alleles pi and bl, and between p2  and b2  in the 

Caucasian population (Darby et al., 1988). Patients homozygous for the 7kb Pvull and the 12kb 

Bgl\ fragments are of haplotype (1-1) (1-1), while those that are homozygous for the 6 kb PvuH 

and the 6.5 and 5.5kb Bgl\ fragments are of the haplotype (2-2)(2-2). Patients who are 

homozygous for the 7kb PvuIL and the 6.5 and 5 .5kb Bgl\ fragments are of haplotype (l-2)(l-2),
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an d patients homozygous for the 6kb PvuW allele and the 12kb Bgl\ allele are o f  the haplotype 

(2 -l)(2 -l) . Finally, patients who are heterozygous for both RPLPs are o f the haplotype ( l- l)(2 -2 ). 

An example o f  the band pattern seen when looking at these RFLP's is shown in Figure 4.2.1.

PvuVi Digested DNA Bgîi Digested DNA

11
«a - 12.0kb

T.Okb  ^  mrnm ♦ • *---------------^ ------  6.5kb
6.0kb  ►  ^ -------  5.5tb

t
1-2 1-1 1-2 1-1 

Haplotypes

Figure 4.2.1 : Examples o f Pv//II and Bgl\ haplotypes seen on Southern blot analysis o f  
genomic DNA digested with fw /II and Bgl\ and probed with cDNA probe A+B.
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These 2 RFLP’s have been used to construct haplotypes for the 13 fiicosidosis patients in this 

study (Table 4.2.1). However, not enough DNA was available to study patients 1, 7 and 13.

PATIENT

FRAGMENT 

PvuII Bgll FFAPLOTYPE

Patient 1 N/A N/A N/A

Patient 2 1 - 1 1 - 1 (l-D (l-l)

Patient 3 2 - 2 2 - 2 (2-2X2-2)

Patient 4 1 - 1 1 - 1 ( 1 - 1 )( 1 - 1 )

Patient 5 1 - 2 1 - 2 (1-1X2-2)

Patient 6 1 - 2 1 - 2 (1-1X2-2)

Patient 7 N/A N/A N/A

Patient 8 1 - 2 1 - 2 (1-1X2-2)

Patient 9 N/A 1 - 2 N/A

Patient 10 1 - 1 2 - 2 (1-2X1-2)

Patient 11 2 - 2 2 - 2 (2-2X2-2)

Patient 12 N/A 1 - 1 N/A

Patient 13 N/A N/A N/A

Band sizes seen on Southern blot. 

PvuW 1 = T.Okb ; 2 = 6.0kb 

Bgti 1 = 12.0kb ; 2 = 6.5kb + 5.5kb

Table 4.2.1: PvuW and Bgli haplotypes for the 13 fucosidosis patients.
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As can be seen from Table 4.2. 1  patients 2  and 4 are of the haplotype (1-1)(1-1) i.e. homozygous 

for the 7kb PvwII and the 12kb Bgl\ fragments. Patients 3 and 11 had the haplotype (2-2)(2-2)

i.e. homozygous for the 6 kb PvwII and the 6.5 and 5.5kb Bgl\ fragments. Patients 5, 6  and 8  are 

heterozygous for both polymorphisms i.e both the 7.0 and 6.0kb PvwII fragments and both the 

12.0kb and 6.5 and 5.5kb Bgl\ fragments are present. Patient 10 had the 7.0kb PvwII fragment 

and the 6.5 and 5.5kb fragments of the Bgl\ polymorphism. A full haplotype for patients 9 and 

12 was not determined because only results for the Bgl\ RFLP were obtained, for which patient 

9 was heterozygous and patient 12 was homozygous for the bl allele.

Haplotype
12.0/6.5+ 5.5 

PvuH 7.0 / 6.0
( 1-1X2-2)

a
Haplotype

BgH 12.0 /12.0 
/Van 7.0/7.0
( i - iXi- i)

Haplotype
Bgn 12.0/12.0 
Pvwn7.0/7.0
( l-D (l-l)

Figure 4.2.2 : Linkage study of family of patient 2.
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Haplotype 
Sgfl 12.0/6.5+  5.5 
fV«n 7.0 / 6.0
( 1-1X2-2)

a
Haplotype

% /112.0/6.5+ 5.5 
PvuO. 7.0 /  6.0 
( 1-1X2-2)

Haplotype
BglL 6.5 + 5.5 7 6.5 + 5.5 
P v m I I  6 . 0  /  6 . 0  

( 2-2X2-2)

Figure 4.2.3 ; Linkage study of family of patient 11.

The parents of patients 2 and 11 had been available for a previous haplotyping study (Williamson, 

1992) to determine whether the families were informative for linkage studies (Figures 4.2.2 and

4.2.3). The family of patient 11 is fully informative as the disease locus can be seen to segregate 

with the maternal and paternal 6 kb PvuH or the 5.5kb and 6.5kb Bgti alleles. However, the family 

of patient 2 is only partly informative as the disease locus segregates with the paternal T.Okb PvwII 

or the 12.0kb Bgti allele and with one of the two T.Okb PvwII or 12.0kb Bgti maternal alleles. 

This information could be used in these families to provide valuable genetic information for 

members of the families whose disease status is unknown. It could also be used to qualify 

uncertain deductions about genotype based on enzyme assay results that may have been obtained.
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4.3 Detection of previously described mutations in FUCAl

4.3.1 introduction

At the start of this study only two disease-causing mutations had been identified in the a- 

fiicosidase structural gene. A large deletion at the 3'-end of the structural gene (Willems et al., 

1991), and the obliteration of an EcoRl site in exon 8  of FUCAl (O'Brien et al., 1987; Willems 

et al., 1988b; Kretz et al., 1989; Willems et al., 1991). In a study of 21 fucosidosis families 

Willems et al., (1991) reported that in only six of these families, was fucosidosis caused by either 

of these two mutations. Consequently the 13 patients in this study were tested for these two 

mutations.

Ikb marker 

(bp)

506/517

Patients 1-13

Figure 4.3.2.1 ; Agarose gel electrophoresis of PCR-amplified product obtained using primers 15 
and 18 (Table 2.3.6.2.1). These cover exons 7 and 8 , and result in a product of 573bp in all 
patients.
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4.3.2 Deletion of the 3 -end of FUCAl

Southern blot analysis using 4 different restriction enzymes {EcoRX, BglU, Taql and Rsal) and 

two different cDNA probes A+B and C (Figure 2.3.9.2.1) revealed a deletion of approximately 

3.5kb at the 3 -end of the gene. This homozygous mutation was found to be responsible for 

fucosidosis in 2 Algerian sibs resulting from a consanguineous marriage (Willems et al., 1991). 

The presence of this mutation was looked for in the 13 patients in this study. Southern blot 

analysis revealed no such gross deletion. Exons 7 and 8  were also amplified by PGR using primers 

15 and 18 (Table 2.3.6.2.1), resulting in a product of 573bp. If this deletion mutation was present 

in a patient then this PGR reaction would not result in a product. As can be seen in Figure 4.3.2.1 

all thirteen patients produced a PGR-amplified product of573bp, therefore excluding this deletion 

mutation from these patients.

4.3.3 Obliteration of the EcoRl site in exon 8 of FUCAl (Q422X)

The obliteration of the EcoRl site in exon 8  of the a-fucosidase structural gene has been reported 

by several authors (O'Brien et al., 1987; Willems et al., 1988b; Kretz et al., 1989; Willems et al., 

1991). Willems et al., (1991) showed by Southern blot analysis that this mutation was present in 

7 patients from 5 unrelated families. Kretz et al., (1989) showed by PGR and sequence analysis 

that the mutation was a point mutation, G^T, at codon 422, which is the last base of an EcoRL 

restriction site. This single base change results in the generation of a premature stop codon 120bp 

upstream of the normal stop codon.

Exons 7 and 8  were amplified from DNA of our 13 patients, again using primers 15 and 18. This 

resulted in a product of 573bp. Digestion of this product with the enzyme EcoRl in controls 

resulted in the production of bands of407bp and 166bp. Amplified products of exons 7 and 8  for
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the 13 patients were digested with the restriction endonuclease EcoRl. The digests were then 

analysed on a 4% agarose gel, which was stained with ethidium bromide and examined under 

U.V. irradiation (Figure 4.3.3.1). It can be seen from Figure 4.3.3.1 that none of the DNA from 

the patients remained uncut. Therefore the EcoRl site was unaltered in these patients, excluding 

the presence of the point mutation Q422X (TAA) in these patients.

Ikb marker 
(bp)

506/517

(undigested)
2 -13 

Patient number

Figure 4.3.3. 1  : Agarose gel electrophoresis of A’co/?I-digested PCR-amplified product obtained 
by using primers 15 and 18. The products all digested to give fragments of sizes 407bp and 166bp 
in all patients.

4.4 Discussion

The association of two linked alleles more frequently than would be expected by chance is 

described as linkage disequilibrium. Darby et al., (1988) reported almost complete linkage 

disequilibrium between alleles of the Pvull and Bgll RFLP's in FUCAl. A linkage coefficient of
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0.94 was obtained between the PvwII p2 allele and the Bgli b2 alleles, in an unrelated American 

Caucasian population. However, a decreased coefficient of 0.53 was found between the same 

alleles in the Belgian population (Willems et al., 1991). The haplotypes obtained for all the 

patients except patient 1 0  in this study, show such linkage disequilibrium between the two alleles 

p2 and b2. Patient 10 was the exception, as the haplotype obtained was (l-2)(l-2) i.e. 

homozygous for both the pi and b2 alleles. This haplotype is different from any that has been 

described in a fucosidosis patient to date. This probably implies that this patient has a unique 

fucosidosis mutation. The pattern of DNA polymorphisms adjacent to a mutation often remains 

substantially intact for many generations, therefore a particular haplotype can be a clue to a 

particular mutation. This appears to be the case in fucosidosis because the 7 patients with the exon 

8  point mutation, Q422X, all have the haplotype (2-2)(2-2) (Willems et al., 1991). This mutation 

was not a de novo mutation in any of these families, therefore suggesting that this mutation 

occurred only once and was inherited from a common ancestor. Also the Algerian sibs who 

possessed the 3'-deletion mutation both had the haplotype (1-1 )( 1-1). It was thought that looking 

at the haplotypes of fucosidosis patients might provide a clue to the mutations that are present in 

individuals. However, patients 3 and 11, who had the haplotype (2-2)(2-2) have been shown not 

to have the Q422X mutation as did none of the other patients. Patients 2 and 4 do not have the 

3' deletion of FUCAl, as might have been expected from their (1-1)(1-1) haplotype. It can 

therefore be concluded that at least four further disease-causing mutations occur in fucosidosis, 

with the mutation in patient 1 1  being unique to this family.

In families where the disease-causing mutation has not yet been characterised, the Pvuil and Bgti 

RFLP's could be used in prenatal diagnosis. Providing families are informative for linkage, these 

RFLP's have a combined polymorphism content of 0.38 (Darby et al., 1988). They are located
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within the a-fijcosidase structural gene therefore the frequency of homologous recombination will 

be very low, this is an important factor when performing both carrier detection and prenatal 

diagnosis with a high degree of certainty. These RFLP’s therefore, have the potential to decrease 

the percentage of misdiagnosis that occurs when diagnosis is based on enzyme activity assays 

only. They also remove the complication that can occur due to the low activity polymorphism that 

is present when assays are performed on fibroblasts and plasma. The use of RFLP's in diagnosing 

fucosidosis is still not without error. The ideal situation, as in many other diseases, is the 

consistent detection of the disease-causing mutation in the patients and family.

In this and a previous study (Williamson, 1992) no gross gene deletions or rearrangements were 

detected in DNA from the fucosidosis patients on Southern blot analysis using a panel of 

restriction enzymes. It can therefore be concluded that the remaining disease-causing mutations 

in this group of patients are either micro gene deletions and rearrangements or point mutations.
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Chapter 5 : Detection of a new polymorphism and disease-
causing mutations in FUCAl
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5 Identification of a new polymorphism and disease-causing mutations in FUCAl

5.1 The Polymerase Chain Reaction (PCR)

5.1.1 Introduction

The main aim of this project was to develop a simple and efficient method for the identification 

of mutations in the a-fiicosidase gene to investigate the genotype/phenotype relationship in 

fucosidosis. At the start of this study the genomic structure for FUCAl was available, with the 

exception of the flanking regions of exon 5. This allowed the direct analysis of genomic DNA 

fi’om fucosidosis patients. The first step in the analysis was the design of a set of oligonucleotide 

primers which would, under defined conditions, generate reproducible PCR products for each 

of the 8  exons.

5.1.2 Design of oligonucleotide primers

Primer pairs were designed in the intronic sequences either side of exons 1, 2, 3, 4, 6 , 7 and 8 . 

Initially exon 5 was amplified using a pair of exonic primers. However, with the publication of the 

genomic sequence (Kretz et al., 1992) during the latter stages of this project, a pair of intronic 

primers was also designed for this exon.

Primer sequences (18-28bp) were manually selected on the basis of there being a random base 

distribution with no polypyrimidine or purine tracts, an equal proportion of GC to AT bases and 

a lack of complementarity between a pair of primers. In addition sequences with comparable 

(±5°C) and, where possible, high (55°C+) melting temperatures (Tm) were selected.
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5.1.3 Optimisation of PCR

As all the PCR products were to be analysed further, specificity of these products was essential. 

In cases where non-specificity was an initial problem several parameters of the PCR reaction were 

altered. Temperature was found to have the greatest effect on the quality of a PCR product. 

Primer pairs were initially tested at 2-3 °C below their melting temperatures. The temperature was 

then increased until it limited the amount of product produced. The magnesium ion concentration 

also had an effect on the specificity of a PCR, therefore a magnesium titration was performed for 

each primer pair, with magnesium concentrations varying between 0.5mM and 4.0mM. Finally, 

in cases where manipulation of both of the above parameters failed to produce a specific PCR 

product, DMSO was added to a final concentration of 5 to 10% (v/v). The primer pairs and the 

working conditions used in the genomic analysis of the FUCAl gene are listed in Table 5.1.3.1 

below.

Exon

Number

Primer

Pair

Restriction Enzyme 

Digest

PCR 

Product, bp

Temp

°C

DMSO Mg++

(mM)

1 1 , 2 Not 1 194,319 61 1 0 % 1 . 0

2 3 ,4 - 275 57 - 1.5

3 5 ,6 - 290 50 - 1.5

4 7 ,8 - 198 57 - 1.5

5 9 , 10 - 2 0 1 49 - 1.5

5 1 1  , 1 2 - 538 49 - 1.5

6 13, 14 - 315 57 - 1.5

7 15, 16 - 249 61 - 1.5

8 17, 18 - 257 60 - 1.5

Table 5.1.3.1 ; Primers and conditions used to produce PCR products suitable for further analysis.
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5.2 Detection of sequence changes by single-stranded conformational polymorphism 
analysis (SSCP)

5.2.1 Introduction

As already stated, the primary aim of this study was the identification of disease-causing mutations 

in 13 fucosidosis patients. At the time of beginning this study several reports had just been 

published on the use of the technique, single-stranded conformational polymorphism analysis, as 

an effective method of detecting mutations within a region of DNA (Orita et al., 1989a, b). This 

technique is based on the observation that single-stranded DNA molecules will migrate to a 

position in a non-denaturing polyacrylamide gel that is dependent on their conformation. In 

solution the conformation of a single-stranded molecule is thought to depend on both intrastrand 

hydrogen bonds and base stacking. A sequence differing in even a single nucleotide will assume 

a different conformation and will migrate differently on a non-denaturing polyacrylamide gel when 

compared with the normal sequence. SSCP analysis involves the amplification of the exons and 

their flanking regions by the polymerase chain reaction (PCR). The PCR reaction mixture is 

modified by the addition of a dCTP so that products are radiolabelled. The reaction products 

are then denatured and analysed by electrophoresis in a non-denaturing 6 % polyacrylamide gel 

containing 10 % (v/v) glycerol at 340V for approximately 14 hours. The resulting single and 

double-stranded conformations produced are visualised by autoradiography.

The main advantages of the SSCP technique are that it is a relatively quick and simple technique 

for which little manipulation and no purification of PCR products is required.

The optimal size of PCR products to be analysed by SSCP was reported to be <200-250bp (Orita 

et al., 1989b). To avoid the potential problem of missing mutations in long DNA molecules.
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restriction enzymes were used to cleave large PCR products into smaller fragments. Additionally, 

to maximise the possibility of a sequence change affecting the conformations of single-stranded 

molecules, electrophoresis was performed at room temperature and 4°C.

When analysing the autoradiograph from the SSCP analysis of an exon and its flanking regions, 

more than the two expected single-stranded molecules were frequently seen. Often three or four 

single-stranded species were produced and are presumed to represent different conformations of 

the same single-stranded DNA molecules. Some of the single-stranded bands frequently appeared 

more intense than others indicating that some conformations are favoured more than others, or 

that more than one species of single-stranded DNA was migrating to the same position on the gel. 

Prior to electrophoresis, the PCR products were denatured by heating to 94°C and snap-cooled 

on ice. However, some residual double-stranded DNA remained, so in order to differentiate this 

from the single-stranded conformations a single undenatured sample was always analysed.

During the study it became clear that any sequence changes present in the target area of DNA 

could be manifested by an alteration in the band pattern of either or both of the single-stranded 

and the double-stranded conformations when compared with those seen in the normals. The 

nature of the conformational change could often give an indication of the type of sequence 

alteration that was present.

SSCP analysis was performed for all eight exons and their boundaries for the 13 fucosidosis 

patients and a number of controls. A summary of the results is presented in Table 5 .2 .1. 1.
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s

E x o n N u m b e r

Patient 1 2 3 4 5 6 7 8

1 . . _ _

2 _ - -

3 . _ -

4 _ _ -

5 - _ -

6 _ _ _ -

7 _ _ _ -

8 . - -

9 _ _ - -

10 _ -

11 _ _ _ _ -

12 - - - - - - -

13 - - - - - - -

- indicating no conformational changes observed at either room temperature or 4°C. 
^indicating a conformational change was present in the exon.

Table 5.2.1.1 : Summary of the SSCP analysis of all 8  exons for the 13 patients in the study.



5.2.2 SSCP results from the analysis of exon 1

Exon 1 of the a-fiicosidase structural gene was amplified using the primers 1 and 2 giving a PCR 

product of 513bp. On account of the large size of this product samples were digested with the 

restriction enzyme JVoA prior to SSCP analysis (Figure 5.2.2.1). Digestion of exon 1 produced 

fragments of 319bp (fi-agment 1) and 194bp (fragment 2), which due to their smaller size 

increased the probability of any conformational changes that may have been present being 

identified. Analysis of digested exon 1  for the 13 patients revealed conformational changes

Notl

Fngment 1(319 bp) w  Fiaement2(194bp)
^  >■

iPiimerl 1 >
•^HErima:2 1

Figure 5.2.2.1 : The PCR primers used for the amplification of exon 1 and its flanking regions and 
the results of a Notl digestion of the PCR product.

in patients 3 and 10 with the other 11 patients having the same pattern as DNA from normal 

controls (Figure 5.2.2.2). In patient 3 a conformational change was seen in fi-agment 2 which 

covered the 3' end of the exon and the 5’ splice site of exon 1. There was complete loss of the 

normal conformational band pattern for fi-agment 2  in this patient with the production of new 

single and double-stranded conformational patterns. The double-stranded fi-agment 2 was 

positioned lower on the gel when compared with the normal, suggesting a homozygous deletion 

was present in this fragment in patient 3.

1 0 4



M
Undigested
Product

Single Shandcd 
Fragment 1

Double stranded 
Fragment 1

□
□

Single Stranded 
Fragment 2
Double Stranded 
Fragment 2

4 8  1  11 6  9 12 5
Patient Number

3 10 *

(* mother of patient 10)

Figure 5.2.2. 2  : SSCP analysis of A/o/I-digested exon 1 PCR products. Conformational 
changes are present in fragments 1 and 2 in patients 10 and 3, respectively.
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Single stranded 
Conformations

# Double stranded 
Conformations

1 2 3 4 5 7  6  11 8

Patient Number

Figure 5.2.3.1 : SSCP analysis of exon 2 showing conformational changes in the 
single-stranded conformations of patient 7.
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The conformational change seen in patient 10 was in the larger fragment 1, which covered the 3' 

splice site and the majority of exon 1. This homozygous conformational change was only seen in 

the single-stranded products, suggesting a homozygous point mutation. The patterns of bands 

seen in patients 3 and 10 were not seen in any of the 10 controls or the other patients, which all 

had the same pattern. Both the conformational changes were detected when the analysis was 

performed at room temperature and 4°C.

5.2.3 SSCP results from the analysis of exon 2

Exon 2 and its flanking region were amplified using the primers 3 and 4 which produced a PCR 

product of 275bp. The PCR products of this exon was therefore analysed directly without 

restriction digest. Patient 7 was the only patient to show a conformational change when the 

analysis was performed at both room temperature and 4°C. Patient 7 showed the loss of two of 

the four single-stranded conformations seen in the other patients and controls. No change was 

apparent in the double-stranded conformation suggesting a point mutation (Figure 5.2.3.1). Such 

a conformational change was not observed in any of the remaining patients or 1 0  controls 

analysed.

5.2.4 SSCP results from the analysis of exon 3

The PCR product of exon 3 and its boundaries was 290bp and was analysed directly by SSCP at 

both room temperature and 4°C. Patients 4, 9, and 13 all showed conformational changes 

(Figures 5.2.4.1 and 5.2.4.2). Patient 4 showed a shift in both the single-stranded and the double

stranded conformations when analysed at room temperature and 4°C. The double-stranded 

conformations at both running conditions were shifted slightly lower on the gels suggesting a 

small homozygous deletion was present in patient 4. Patient 9 showed the loss of two of the
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Single stranded 
Conformations

V  J*- Double stranded 
Conformations

10 2 13 6  4 1 11
Patient Number

Figure 5.2.4. 1  : SSCP analysis at room temperature of exon 3. Conformational changes are seen 
in both the double and single-stranded conformations in patients 4 and 9. Patient 13 shows a 
conformational change in the double-stranded molecule.
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Controls

Figure 5.2.4.2 ; SSCP analysis of exon 3 at 4°C. Conformational changes are present in patients in 4 and 13.



the four single-stranded conformations seen in controls. A shift in the double-stranded 

conformation was also seen on analysis at room temperature, possibly indicating a small insertion. 

Finally, a third altered conformation pattern was seen in patient 13 where both the single-stranded 

and the double-stranded conformations were altered when analysed at 4°C. However, when the 

same sample was analysed at room temperature no shift was seen in the single-stranded 

conformations, and only a very subtle change was observed in the double-stranded conformation. 

None of these conformational changes were observed in the remaining patients or 10 controls, all 

of which were the same.

5.2.5 SSCP results from the analysis of exon 4

Exon 4 and its flanking region were amplified using the primers 7 and 8 , giving a product of only 

198bp. None of the 13 patients in this study revealed any conformational changes at room 

temperature or 4°C.

5.2.6 SSCP results from the analysis of exon 5

At the beginning of this study the flanking regions of exon 5 were unknown. Consequently 

primers were designed corresponding to the sequences at the 5' and 3' ends of the exon (primers 

9 and 10), resulting in the splice sites of this exon not being analysed (Figure 5.2.63). This initial 

SSCP analysis of this exon involved patients 1,2,7,10,11 and two controls. Patient 11 showed 

a homozygous conformational change while the remaining patients and the controls all showed 

the same conformational pattern (Figure 5.2.6.1). When the intron/exon boundaries of exon 5 

were published (Kretz et al., 1992), a further set of primers for this exon were designed (primers 

11 and 12). SSCP analysis of the whole of the exon including the splice sites was performed for 

all the patients. Patient 2 showed a band pattern that was quite clearly different

1 1 0



ft* #

2 11 1 10 8  6  3
Patient Number

Figure 5.2.6.1 : SSCP analysis of exon 5 using exonic primers at room temperature. Patient 11 
shows a conformational change.

ww
10 2 4 11

Patient Number

Figure 5.2.6.2 : SSCP analysis of exon 5 using intronic primers at room temperature. A 
conformational change is present in patients 2  and 1 1 .
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Figure 5.2.6.3 ; Primers used for PCR of exon 5 and the products of these primers.

from that seen in the other patients and controls. This suggests that a sequence change was 

present in patient 2 in either the 5' or 3' splice sites of this exon. The conformational pattern seen 

in the remaining patients and controls was difficult to interpret but it suggested the presence of 

a polymorphism within the exon. This was indicated as the altered band pattern originally seen in 

patient 11 was subsequently also seen in a control. No other unique band alterations were seen 

in exon 5 in any of the other patients.

5.2.7 SSCP results from the analysis of exon 6

The PCR product of exon 6  was 315bp and was therefore analysed without digestion. Patients 

10 and 12 showed conformational changes (Figure 5.2.7.1). Patient 10 showed a shift in the band 

pattern of the single-stranded conformations. The parents of patient 10 also showed this band 

shift whilst retaining three of the four single-stranded conformations that were seen in controls. 

This is consistent with them being carriers of the sequence change that was homozygous in patient
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10. Patient 12 also showed a homozygous shift in the single-stranded conformations when 

compared with the normal band pattern, indicating a homozygous point mutation. Neither of these 

conformational changes were observed in the remaining patients or 1 0  controls.

Single stranded 
Conformations

5 3 12 10^  g  Ç  1 4 8 6 2

Double stranded 
Confirmations

Patient Number

Figure 5.2.7. 1  : SSCP analysis of exon 6  at 4°C. Conformational changes were present in patients 
12 and 10. The parents of patient 10 also appear heterozygous for the conformational change.

5.2.8 SSCP results from the analysis of exon 7

The PCR product of exon 7 was 249bp and consequently analysed directly. No conformational 

changes were seen in any of the 13 patients when analysed at room temperature and 4°C.
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5.2.9 SSCP results from the analysis of exon 8

Exon 8  was amplified by PCR using the primers 17 and 18. This resulted in a product of 257bp 

which was analysed directly. No conformational changes were detected in any of the patients 

when analysed at room temperature and 4°C.

5.2.10 SSCP results from the analysis of exons 7 and 8  together

Exons 7 and 8  were also analysed together by using the primers 15 and 18. This resulted in a PCR 

product of 573bp (Figure 5.2.10.1), which was analysed at room temperature and 4°C. No 

conformational changes were seen in the 13 patients, confirming the results obtained fi'om the 

analysis of the 2  exons separately.

Primer 15 Primer 17

EXON 7 EXONS

Primer 16 Primer 18

 >
249 bp 257 bp

573 bp

Figure 5.2.10.1 : The primers used for the PCR of exons 7 and 8  both separately and together

5.2.11 Discussion

Since Orita et al., (1989a) first reported the use of single-stranded conformational polymorphism 

(SSCP) to detect mutations, it has become the most widely used technique for mutation analysis. 

The ability to detect sequence alterations with this technique depends not only on the individual 

mutation, but also on the different conditions used for electrophoresis. In theory, it is possible that
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every sequence alteration will require a unique set of conditions for detection. After preliminary 

experiments the conditions developed for the analysis of FUC Al gene mutations in this study 

were 6  % polyacrylamide (37.5:1 acrylamide:bis-acrylamide), 10% (v/v) glycerol, a voltage of 380 

volts and 1 x TBE running buffer. The analysis was performed for approximately 14 hours at both 

room temperature and 4°C. These conditions proved very successful, producing a high rate of 

detection of sequence alterations and needed no further refinements during the study.

A summary of the results obtained from SSCP analysis using these conditions for the 13 

fucosidosis patients is given in Table 5.2.1.1. Of the 13 patients analysed, 9 patients, numbers 2, 

3 , 4,7 ,  8 , 9, 10, 12, and 13, have been classified as classic fucosidosis patients on the basis of 

enzymic assay and their clinical details (Sections 3.1 and 3.2). SSCP alterations have been 

detected in 8  out of 9 of these patients. Patient 8  was the only fucosidosis patient in this study 

who was believed to have a mutation in the FUCAl gene but whose mutation remained 

undetected. Patient 10 was found to have two sequence alterations one in exon 1 and the other 

in exon 6 , both of which appeared homozygous. Neither of these nor any of the other sequence 

alterations detected were present in more than one patient or any of the 1 0  controls.

The remaining 4 patients, numbers 1,5,6, and 11, have been classified as atypical fucosidosis 

patients and did not show any SSCP alterations in any of the 8  exons analysed. The only exception 

was patient 11, in which a band alteration was detected in exon 5 using exonic primers in the early 

stages of the work. Only a limited number of patients was investigated using these primers, which 

initially gave the impression that the homozygous change present in patient 1 1  was unique and 

therefore was possibly the disease-causing mutation. Further analysis of exon 5 using intronic 

primers showed that the conformational change seen in patient 1 1  was also found in controls,
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suggesting that a polymorphism was present. The analysis of this exon was further complicated 

by the existence of a long run of thymines at the 5' end of intron 5. These thymines seemed to 

cause errors in PCR amplification, which resulted in inconsistent SSCP results. This can be 

explained by the phenomenon of PCR slippage.

The advantages of performing electrophoresis at room temperature and 4°C were found to be 

two-fold. Firstly, the running of a second gel clarified any apparent band pattern changes that may 

have been present in the first gel, thereby decreasing the number of false positives due to gel 

artifacts. Secondly some sequence alterations form three dimensional conformations that resolve 

better under one or the other set of conditions. This is seen in exon 3 where at room temperature 

patient 13 showed no alteration in the single-stranded conformational pattern and a very subtle 

migration alteration in the double-stranded molecules which could have been missed quite easily. 

However, at 4°C alterations were clearly seen in both the single and double-stranded 

conformations.

The SSCP analysis of the FUCAl gene in the typical fucosidosis patients resulted in the 

identification of unique conformational alterations in 8  out of 9 patients, i.e. 89% success rate. 

This success rate is similar to that seen in other lysosomal storage disorders. In a study of the 

iduronate sulphate sulphatase gene in 17 Hunter patients, SSCP alterations were found in 14 of 

these 17 patients, i.e. a 82% success rate. All the SSCP alterations resulted in the subsequent 

identification by sequencing of putative disease-causing mutations (S.Goldenfum personal 

communication). Additionally in the a-galactosidase A gene 17 out of 21 Fabry patients showed 

SSCP alterations giving a success rate of 81% (Davies et al., 1994). The electrophoresis 

conditions used for both of the above studies were very similar to those used in this study.
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One important factor that must be considered when interpreting the results obtained from SSCP 

analysis is while few false positives occur, a negative result is not indicative of a normal sequence. 

For a sequence alteration to alter the 3-dimensional conformation of either the double or single

stranded molecules, or both, the sequence actually surrounding the mutation must be such that 

a conformational change is favoured under the analytical conditions used. Consequently the 

conditions used in SSCP analysis may not be informative for a particular sequence alteration 

because a detectable conformational change is not produced. Other mutation detection techniques 

have a much lower incidence of negative results erroneously indicating a normal sequence. These 

techniques include denaturing gradient gel electrophoresis (DGGE), heteroduplex analysis (HA), 

RNase cleavage and chemical mismatch cleavage (CMC)(for review see Grompe 1993). All these 

techniques have their own advantages, for example CMC, not only reliably detects a sequence 

alteration, but also the precise localisation and nature of the change. DGGE is a reliable and rapid 

technique that involves non-radioactive detection, which consequently makes it a safer technique. 

However, these techiques also have aspects of their methodology that are disadvantageous for 

example they may be more complicated to set up initially, require a greater degree of expertise 

or use harmful chemicals.

In conclusion, a method of SSCP analysis has been developed and utilised in this study of the 

FUCAl gene in 9 typical fucosidosis patients with a high rate of detection of sequence alteration,

i.e. 89%. The inability to find any sequence alterations in patients 1 ,5 ,6  and 11, except the 

suggested polymorphism, confirms the strong possibility of misdiagnosis in these patients. The 

next stage of this study was to identify the precise sequence alterations causing the conformational 

changes identified.
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5.3 Identification of sequence alterations

5.3.1 Introduction

The next stage of the study was to identify the sequence alterations which cause the 

conformational changes previously identified. Several different sequencing methods were 

employed including, sequencing PCR products amplified using a biotinylated primer, cloning of 

PCR products followed by sequencing and finally cycle sequencing. All these methods involved 

the synthesis of a DNA strand by a DNA polymerase using a single-stranded template. Synthesis 

was initiated at one site where an oligonucleotide primer was annealed to the template and the 

reaction was terminated by the incorporation of a nucleotide analogue, 2', 3 '-dideoxynucleotide, 

which lacked the 3'OH group that was necessary for chain elongation.

PCR products that had been amplified using a biotinylated oligonucleotide could be isolated by 

binding to streptavidin magnetic beads (Dyna M-280 streptavidin beads, Dynal) because of the 

high affinity that exists between avidin and biotin. The unbiotinylated single-strand was then 

removed by alkaline dénaturation, thus providing a clean single-stranded template. Sequencing 

of this template was performed at 37°C using the enzyme Sequenase T7 DNA polymerase.

Cloning the amplified PCR product into a' t '  tailed plasmid was another means by which a 

sequence was obtained. Amplification of a target region of DNA using the enzyme Taq 

polymerase results in the overhang of a single adenine at the 3' end of each strand synthesised. 

This protruding adenine binds to the complementary thymine of the vector and the insert is ligated 

into the vector. The resulting plasmids containing amplified insert products were replicated and 

purified. The double-stranded plasmid DNA was then denatured by alkaline dénaturation before 

sequencing again using the enzyme Sequenase T7 DNA polymerase. A number of colonies
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containing the amplified product were sequenced to detect any errors that may have been 

produced by the Taq polymerase used during the initial PCR amplification. This method of 

sequencing avoids the problems of secondary structures affecting sequencing and the need for 

large quantities of amplified product, which sometimes occur when sequencing using a 

biotinylated primer.

The final sequencing method used in this study was cycle sequencing. This involved an initial PCR 

amplification of the target DNA using a pair of unbiotinylated primers. A small quantity of this 

reaction was then used for cycle sequencing using a thermally stable DNA polymerase, Exo'Pfu, 

in the presence of only one of the initial PCR primers. The components of the chain termination 

reaction were cycled through a temperature profile consisting of a heat dénaturation, annealing 

and an extension step as in a normal PCR reaction. As a thermally stable DNA polymerase was 

used during cycle sequencing higher reaction temperatures were possible and this decreased the 

formation of secondary structures within the template. As a consequence terminations and 

unreadable sequences commonly seen in low temperature sequencing, were avoided.

The identification of a sequence alteration regardless of the sequencing method employed was 

always carried out at least twice. In cases where the sequence alteration identified affected an 

enzyme restriction site, confirmation was also obtained by the digestion of amphfied DNA from 

the patient and a control with the appropriate restriction enzyme.

5.3.2 Identification of a new polymorphism in FUCAl

Two intragenic polymorphisms which are detected as RFLPs with the restriction enzymes PvwII 

and Bgll are known to be located within FUCAl. In fucosidosis families where the disease-
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causing mutation is not known these RFLPs can be used to provide valuable genetic information 

for family members who may be at risk of carrying an abnormal fucosidosis gene. The exact 

locations of the sequence changes causing these RFLPs are unknown and therefore, they can only 

be detected by Southern blot analysis. This technique is very time-consuming and requires 

relatively large quantities of DNA which are not always available from patients and their families. 

The identification of new polymorphisms that are located within the gene and can be detected by 

PCR analysis followed by enzyme restriction would provide a quick method requiring small 

amounts of DNA for linkage studies within a family.

The SSCP conformational change that was observed in patient 11 during the initial analysis of 

exon 5 was investigated further by cloning and sequencing. A homozygous A^G transition at 

nucleotide 860, which causes the substitution of an arginine for glutamine at codon 281, Q281R, 

was identified in DNA fi’om patient 11 (Figure 5.3.2.1). Since glutamine, a neutral amino acid, 

is replaced by arginine, a basic amino acid, an increase in positive charge accompanies this 

substitution. The A^G substitution creates both a Dsa\ and BsaJl restriction site. DNA from 

patient 1 1  and the other patients was amplified using primers 1 1  and 1 2  and subsequently digested 

with the restriction enzyme, BsaJl. Analysis of the digested products by electrophoresis in 3% 

(w/v) agarose/1% (w/v) Nusieve in the presence of ethidium bromide showed this sequence 

change was present as a polymorphism and not as originally suspected the disease-causing 

mutation in patient 11. This confirms the results obtained by SSCP analysis of exon 5 using 

intronic primers. A schematic representation of the BsaJl digestion of exon 5 is shown in Figure 

5.3.2.2. Patients who were homozygous for the Q281 allele showed a pattern containing bands 

of 35, 92, 143 and 268bp. However individuals homozygous for the Q281R polymorphism
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Q281 Q281R
High Frequency Allele Low Frequency Allele

Figure 5.3.2.1 : Sequence o f exon 5 o f patient 11 revealing a A -  G transition at codon 281. This 
results in a change o f amino acid from glutamine to arginine.

showed the appearance o f  a 56bp band and the concomitant loss o f the 92bp band (Figure 

5.3.2.3). There was also the production o f a 36bp band but this band was not resolved from the 

35bp band by electrophoresis Individuals heterozygous for the two alleles showed the presence 

o f both the 56bp and the 92bp bands.

Q281R was the first exonic polymorphism discovered in the a-fricosidase structural gene. The 

frequency of this polymorphism was investigated in the general population which confirmed that 

the polymorphism was not segregating with fucosidosis. The frequencies o f  the Q281 and Q281R 

alleles were found to be 0.62 and 0.38 respectively both in 27 controls and in 11 patients with 

fucosidosis.

It was also shown that all patients who were homozygous for the Q281R substitution also had 

the P\ni\\ - Bgl\ haplotype, (2-2)(2-2) (Table 5.3.3.1). This suggests there is strong linkage among 

all 3 polymorphisms and that Q281R is inherited concordantly with the (2-2)(2-2) PvuW - Bgl\
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Q281

BsaJ I site

i

BsaJ\ site BsaJl sitei _ _ _ _
268 bp %bp ^ ^ l 4 3 b p

Q281R

BsaJl site
B^a/Isite S^o/Isite BjoJ I sitei  i  i

‘35 bp 268 6 bp 143 bp

Figure 5 .3 .2 .2 : Schematic representation o f the detection o f  the Q281R polymorphism in exon 
5 by PCR using primers 11 and 12, followed by the digestion with the enzyme BsaJl.

X Ikb 1 2 3 4
maiker

8 9 10 11 12

Figure 5 .3 .2.3 ; Detection o f Q281R polymorphism by amplification o f exon 5 and digestion o f  
products with BsaJl., followed by electrophoresis in agarose/Nusieve in the presence o f  ethidium 
bromide. Lanes 1 and 2 patient 11; lanes 3 and 4 Fu2 homozygote; lanes 5 and 6, 7 and 8, 9 and 
10 Ful homozygotes; lanes 11 and 12 Ful/Fu2 heterozygotes. Lanes 1,3,5,7,9, and 11 undigested 
DNA and lanes 2,4,6,8,10, and 12 DNA digested with BsaJl.
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haplotype. The existence of Q281R as a polymorphism was confirmed by Dr Seo, who showed 

that Q281R occurred in both controls and patients (Seo et al., 1993a). It was suggested that the 

Q28IR polymorphism could be responsible for the common electrophoretic polymorphism of a- 

fucosidase, Ful and Fu2, because it causes a charge change (Section 1.3.6.1). The Ful/Fu2 

polymorphism is genetically determined and detected in blood and tissues. It has been mapped to 

the structural gene locus FUCAl (Turner et al., 1978). The minor allele, Fu2, produces more 

cathodal forms of the enzyme which would be consistent with the less frequent allele of the 

Q281R polymorphism, in which arginine, a more positively charged amino acid replaces neutral 

glutamine. To confirm this suggestion DNA fi-om eight persons who had been phenotyped 

previously for the Ful/Fu2 electrophoretic polymorphism was analysed for the Q281R 

polymorphism. Two persons who were homozygous for the Fu2 allele were also homozygous for 

the Q281R allele. Conversely four persons who were homozygous for the Ful allele did not have 

the Q281R allele. Two heterozygotes for the Ful/Fu2 polymorphism were heterozygous for the 

Q281R allele (Figure 5.3.2.3). Therefore, there was complete concordance between the 

electrophoretic Ful allele and the Q281 allele, and similarly between the Fu2 allele and the 

Q281R allele.

Ify as described above, the electrophoretic polymorphism is caused by the Q281R polymorphism 

the fi’equency of the two polymorphisms should be nearly identical in a similar sample population. 

As already stated the fi'equency of the Q281R allele in our sample population of 38 individuals 

was 0.38. A fi’equency range of 0.27-0.5 at a confidence limit of 95% can be predicted for the 

Q281R allele in the population from this sample. A fi'equency of 0.25 was obtained for a much 

smaller sample analysed previously (Seo et al., 1993a). The fi'equency of the Fu2 allele ranges 

fi'om 0.05 in American blacks to 0.36 in northern Europeans, with a mean value of 0.28 for all the
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samples analysed (Willems, 1990a). Therefore, the frequencies of the two polymorphisms are very 

similar although not identical. Therefore it was proposed that the Q281R polymorphism is 

responsible for the electrophoretic Ful/Fu2 polymorphism.

Patient Number BsaJl
Polymorphism

PvuW Haplotype Haplotype

1 A/A N/A N/A

2 A/A 1  - 1 1 - 1

3 G/G 2 - 2 2 - 2

4 A/A 1  - 1 1  - 1

5 A/G 1  - 2 1 - 2

6 A/G 1 - 2 1  - 2

7 N/A N/A N/A

8 A/G 1 - 2 1 - 2

9 A/G N/A 1 - 2

10 A/A 1  - 1 2 - 2

11 G/G 2 - 2 2 - 2

12 A/A N/A 1  - 1

13 N/A N/A N/A

A-Q281;G-Q281R

Table 5.3.3.1 : Comparison of BsaJl polymorphism with PvmII and BgR polymorphisms in the 
thirteen fricosidosis patients.
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5.3.3 Identification of disease causing mutations in FUCAl

5.3.3.1 Exon 1

SSCP analysis o f amplified exon 1 and its flanking regions identified different sequence alterations 

in patients 10 and 3. Location o f  these sequence changes within the exon was aided by the 

digestion of the amplified exon 1 with the restriction enzyme Not\ before analysis (figure 5.2.2.1). 

Patient 10 was shown to have a possible sequence alteration in the larger o f the two digestion 

fragments which covers the majority o f the exon and the 3' splice site. Sequence analysis o f  this 

region revealed a homozygous point mutation, C -G , at codon 5. This homozygous transversion 

replaces the normal amino acid proline, CCG, with arginine, CGG.

Control Patient 10

ITf..,,,-. P 'd

T C

Figure 5.3 .3 .1.1 : Sequence analysis of the 5' region of exon 1 in patient 10 and control. A
homozygous point mutation is present in patient 10 compared with the normal (marked *).
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K)o\

HaelW restriction site 

lost in patient 1 0

Primer 1 y
I  YY yyy

EXONl

33 48 46 19 32 17 10 107

33 94 19 32 17 10 107

Y Y

Primer 2

104 15 82

104 15 82

Control

Patient 10

-HaelR restriction sites

Figure 5.3.3.1.2 : Schematic representation o f  HaelW digestion o f Exon 1 in Patient 10 and Control. Patient 10 loses a restriction site which results in the 
loss o f the 46 and 48bp fragments and the production o f a 94bp fragment.



This P5R mutation was found to affect an HaelW restriction site, therefore confirmation was 

obtained by PCR-amplification o f exon 1 using primers 1 and 2, followed by restriction digest 

with HaelW. HaelW has a recognition cut site o f  GG CC and therefore cuts frequently. A 

schematic representation o f the digestion is shown in Figure 5.3.3.1.2. Electrophoresis o f  the 

digested products on a 5% polyacrylamide gel resulted in the control DNA giving a band pattern 

comprising the following: lOTbp and 104bp, which ran together, 82bp, 48bp and 46bp, which ran 

together and 33bp and 32bp, which again ran together The remaining bands o f 19bp, 17bp, 15bp, 

lObp were not resolved on the gel Electrophoresis under the same conditions o f //arf Ill-digested 

amplified exon 1 o f patient 10, however, resulted in the production o f  an extra band o f 94bp and 

the concomitant loss o f the 48bp and 46bp band This is consistent with there being a single base 

change, C -G , at codon 5 in this patient.

X Undigested I |-rO  COnW pBR322/MpI 
marker —  I  ^  marker

6
Patient 10

Figure 5.3.3.1.3 : Polyacrylamide gel electrophoresis o f HaelW digestion o f amplified exon 1 and 
its boundaries for patient 10 and family compared with a control. Patient 10 shows the production 
of a 94bp band and a concomitant loss o f the 48 and 46bp bands The parents o f patient 10 show 
both the 94bp band and the 48bp and 46bp bands.
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The parents o f patient 10 were also available for analysis, and electrophoresis o f HaelW digestions 

o f amplified exon 1 revealed the presence o f both the normal 46bp and 48bp bands and the novel 

94bp band seen only in patient 10. This is consistent with the parents being heterozygous for this 

point mutation.

Patient 3 revealed the second SSCP band alteration seen in exon 1 which was located in the 

smaller digestion fragment covering the 3' splice site and approximately 130bp o f  the 5' end o f the 

exon. Sequence analysis revealed a homozygous lObp deletion in patient 3 at the 3'end o f exon 

3 (Figure 5.3.3.1.4). The deletion begins at codon 114 and results in a frame shift which changes 

the normal amino acid sequence starting at codon 113 from E E W A N L F Q A A G A K Y V  

t o E T S S R P R A P S M  TERM in patient 3. A sa  result o f the deletion a novel, TAG, stop 

codon is created in frame, 10 amino acids downstream from the site o f the deletion in patient 3. 

This would be expected to lead to termination o f protein synthesis and production o f  a greatly 

truncated protein

Normal

I
Patient 3

0  A T C

Figure 5.3.3.1.4 : Sequence analysis of the 3' region of exon 1 in patient 3 and a control. A lObp
deletion is seen in patient 3 compared with the normal (shown in box).
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5.3.3 2 Exon 2

Patient 7 was the only flicosidosis patient to show a conformational change in exon 2 by SSCP 

analysis. The sequence change in this patient was not identified owing to the lack o f DNA. 

However the majority o f  exon 2 was sequenced for this patient and found to be normal. The 5' 

splice site was not sequenced and this is where the mutation is presumed to be located.

5.3.3.3 Exon 3

SSCP analysis o f  exon 3 and its boundaries revealed sequence alterations in three o f the 

flicosidosis patients. Sequencing o f  this exon revealed the presumed disease-causing mutation in 

all 3 patients The conformational alteration identified in patient 9 suggested a small homozygous 

insertion was present, however, sequence analysis revealed a homozygous point mutation in 

patient 9. The mutation was identified as a G -A  transition at codon 183 which results in the 

substitution o f  the codon TOG, tryptophan, by a stop codon, TGA. Again this will result in the 

termination o f  translation and therefore a truncated protein. No other sequence alteration was 

identified in the exon for this patient.

CONTROL PATIENT 9

c
c
T
T
A*

G
T
G
A
G
A
T

G A T C  G A T C

Figure 5.3.33.1 : Sequence analysis of patient 9 and control DNA for exon 3. A homozygous G
A transition is present in patient 9 (marked *).
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Primer 5

□ z » -

G A Mutation creates 
H i r f l  site

y
EX0N3

119bp

290 bp

Primer 6

171 bp Patient 9 

Control

Figure 5.3.3 3.2 : Schematic representation o f  a digestion o f  amplified exon 3,
using primers 5 and 6, in patient 9 and control

I kb I
ladder

Figure 5.3.3.3.3 ; Electrophoresis o f -digested amplified exon 3 in patient 9 and controls. 
Lane 1, undigested PCR product for patient 3; lane 2, exon 3 PCR product o f  patient 9 digested 
with///>?/I giving products 119bp and ITlbp; lanes 3, 4, 5, 6, 7, exon 3 PCR product o f control 
DNA digested with Hiiifi.

130



This W183 Term (TGA) point mutation creates a unique site within exon 3 and

consequently confirmation of this sequence change was obtained by digestion of the amplified 

product of exon 3 with the restriction enzyme Hirifl, followed by electrophoresis. The novel cut 

site in patient 9 resulted in the production two bands of 120bp and ITObp, whereas the control 

DNA remained undigested (Figure 5.3.3.3 2 and 5.3 3.3.3).

An altered band pattern was revealed by SSCP analysis of exon 3 for patient 13. Sequencing 

revealed a homozygous point mutation, a C-A transversion at codon 211, which results in the 

substitution of the amino acid tyrosine, TAG, by a stop codon, TAA and presumably resulting in 

the premature termination of translation.

CONTROL PATIENT MB

G A T C G A T C

Figure 5.3.3.3.4 : Sequence analysis of patient 13 (patient MB) and control for exon 3, showing
a homozygous point mutation, C- A (marked *) Y21IX.
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Primer 5

n z } ^

c  -► A Mutation obliterates 
R sa I site

EX0N3

Primer 6

290 bp

2 0 2  b p 8 8  b p

^  Patient 13 

Control

Figure 5.3.3.3.5 ; Schematic representation showing amplified exon 3 using primers 5 and 6 , 
digested with the restriction enzyme Rsal for both patient 13 and control .

I kb
ladder

Figure 5.3.3.3 6  : Agarose gel electrophoresis of ÆsnI-digested amplified exon 3, using primers 
5 and 6 , for patient 13 and controls. Lane 1, undigested amplified exon 3; lane 2, amplified exon 
3 digested with Rsal of patient 13, which shows the loss of the Rsal cut site; lanes 3,4,5,6 , 
amplified exon 3 digested with Rsal of control DNA.
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The Y21IX point mutation obliterates the unique Rsal restriction site within exon 3 and therefore 

was verified by the digestion of amplified PCR product of exon 3 with the restriction enzyme 

Rsal. Electrophoresis of the digested products of control DNA resulted in the production of two 

bands of202bp and 8 8 bp, whereas amplified exon 3 from patient 13 remained undigested giving 

a product of 290bp (Figure 5.3.3.3.5 and 5 3.3.3.6).

The third flicosidosis patient who showed an SSCP altered band pattern for exon 3 was patient 

4. Sequence analysis of the whole of the exon 3 revealed a single base pair, A, deletion at codon 

216 (Figure 5.3.3.3.7). Deletion of this single adenine is predicted to have two effects. Firstly it 

results in a frame shift that changes the subsequent amino acid sequence from S K Y P D L in the 

normal to A I N L I TERM in patient 4 resulting in the termination of protein synthesis at this 

point It could also on account of its location at the -2 position of the 3' donor splice site of exon 

3 possibly affect the splicing of this exon. The mutation does not affect an enzyme

restriction cut site and therefore could not be confirmed by any other means except sequencing.

CONTROL PATIENT CJ

'  '
* GÎ I  — —

5t

3' a

C T A G  C T A G

Figure 53.3.3.7 : Sequence analysis of the 3’ end of exon 3 revealing a homozygous Ibp deletion, 
A, at the -2 position of the 3' donor slice site in patient 4 (patient C.J.) (marked *).
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5.3 3.4 Exon 5

SSCP analysis of exon 5 for the flicosidosis patients revealed two possible sequence changes. As 

already described a polymorphism, Q281R, was detected by sequencing which would result in one 

of the SSCP alterations identified (Section 5.3.2). The second band alteration was seen in patient 

2 , however, an alteration was only observed when the exon including the splice site was analysed 

and not when the exon alone was studied It was therefore concluded that the sequence alteration 

was situated in one of the splice sites of exon 5. Sequence analysis of these regions in patient 2 

revealed a homozygous G-A point mutation in the +1 position of the 5' donor splice site of this 

exon. The G-A transition created a novel Taq\ restriction cut site allowing verification by 

restriction digest. Amplification of the 3' region of exon 5 using primers 23 and 24 resulted in a 

product of 269bp. Digestion of this fragment from patient 2 gave two products of 20 Ibp and 

6 8 bp, whereas the fragment from a control remained uncut (Figure 5.3.3.4.2).

NORMAL PATIENT SB

G A T C

Figure 5 .3.3.4.1 : Sequence information from patient 2 and a control for the 5' donor splice site 
of exon 5. The homozygous G-A point mutation in patient 2 (patient SB) is seen at position +1 
of the splice site in the intronic sequence shown in the lower case lettering.
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G “► A Mutation creates 
Primer 23 Taq I site

EX0N5 F
Primer 24

X
201bp 68bp

Patient 2 

Control
269bp

Figure 5.3.3.4. 2  : Schematic representation of amplification of exon 5 using primer pair 23 and 
24, followed by digestion with the restriction enzyme, Taql. The G-A point mutation in patient 
2 creates a unique cut site to produce two products whereas control DNA remains undigested.

kb

396 \  
344  - 
208  /

220  \  
201 / 
1 5 4 \  
134  /

78  -

1kb 1 
ladder

Figure 5.3.3.4.3 : Agarose gel electrophoresis of exon 5 amplified using the primers 23 and 24 
and then digested with the restriction enzyme Taql. Lane 1, undigested amplified exon 5 PCR 
product; lane 2, 3, 4, 5, 6 , 7, 9, 10, amplified exon 5 PCR product for controls digested with 
Taql\ lane 8 , amplified exon 5 PCR product for patient 2 digested with Taql revealing the 
presence of a unique cut site giving products of 2 0 1 bp and 6 8  bp.
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S.3.3.5 Exon 6

SSCP analysis of exon 6  identified possible sequence alterations in both patients 10 and 12. The 

sequencing of exon 6  for patient 1 2  revealed a homozygous point mutation, A^T transversion, 

at codon 329 which changes the amino acid from asparagine, AAC to tyrosine, TAG. As the 

N329Y mutation does not affect a restriction enzyme cut site it could not be confirmed by 

restriction enzyme digest

CONTROL PATIENT 12

A *  ~    T*
G 0 ^

5 ' G g5 '
G A T C  G A T C

Figure 5 3.3.5.1 : Sequence analysis of exon 6  in patient 12 and control. A homozygous point 
mutation A -  T was identified in patient 12.(marked *) compared to the control sequence.

The second conformational change identified in exon 6  was in patient 10. SSCP analysis of this 

exon indicated a small insertion was present in patient 1 0 , which was confirmed by sequence 

analysis. A Ibp insertion was identified at codon 330. The insertion of a thymine at this position 

in the FUCAl gene results in a fi'ame shift creating a premature stop codon, TAA, 9 amino acids 

downstream. The normal amino acid sequence is changed from N Y L L N I G P T K t o N L S  

S E H W T N TERM in patient 10. Again this insertion does not affect an enzyme cut site and
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therefore could not be detected by restriction digestion. The Y330fs(TAA) mutation was the 

second homozygous mutation to be identified in patient 10, the first being P5R in exon 1.

CONTROL PATIENT 10

T C

T
T
C
T
A

T
T*
C
A
A
C
G0

Figure 5.3.3.5.2 : Sequence analysis of exon 6  for patient 10 and a control. A homozygous 1 bp 
insertion, T, is seen in patient 10 compared with the control (marked *).

5.3.4 Discussion

The genetic make up of the human genome is in a constant state of flux, which for the most part 

is harmless resulting in the maintenance of the essential genetic variation of the population. 

However, a relatively small proportion of these mutations prove to be deleterious to the 

individual. There are a wide variety of mechanisms by which these mutations can occur. 

Chromosomal abnormalities can arise through to non-disjunction during meiosis. Large 

rearrangements of DNA can be due to recombination following misalignment, again during 

meiosis, of repeats that occur in the genome e.g. Alu repeats (Makalowski et al., 1994). Recently, 

smaller disease-causing gene alterations have been attributed to the expansion of existing
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trinucleotide repeats, the exact mechanism by which this is achieved is still unknown (Baltes and 

Lehrach 1994). A wide variety of diseases have been shown to be due to micro (<20bp) insertions 

and deletions which are thought to be caused mainly by the local sequence environment. Areas 

which are especially prone to mutations of this type often involve direct and inverted repeats, 

monotonie runs of bases and other sequences which cause pauses or disruptions to the action of 

the DNA polymerase during DNA replication (Krawezak and Cooper 1991). Most commonly, 

disease-causing mutations are due to single base alterations. It has been found that a high 

percentage of this group of mutations has been attributed to the deamination of methylated 

cytosine in a CpG dinucleotide, to produce thymine (Cooper and Youssoufian 1988). As thymine 

is a recognised base, this mutation is not often corrected by the DNA repair mechanism.

A summary of the mutations identified during this study of the 13 flicosidosis patients is shown 

in Table 5.3.4.1. These mutations can be divided in to three groups. Group 1 ; point mutations that 

alter the amino acid. Group 2 ; splice site mutations, and finally Group 3; mutations that result in 

a premature stop codon. The final group may be sub divided further into point mutations and 

small insertions, and deletions which cause a stop codon.

5.3.4. 1  Group 1 - Missense mutations.

The first group of mutations to be discussed are the missense mutations, which can prove the 

most interesting in terms of trying to understand the relationship between the structure and the 

function of a protein. Two point mutations, P5R and N329Y, leading to the alteration of an amino 

acid were found in patients 10 and 12 respectively in this study. The first homozygous missense 

mutation identified was P5R in patient 10. The substitution of proline by arginine, replaces a 

neutral and non-polar amino acid side chain with a basic and polar one. Proline residues disrupt
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Exon

Number

Patient

Number

Sequence Change Mutation Amino Acid 

Change

Restriction Enzyme 

Site

1 1 0 CCG -►CGG P5R Pro ^ Arg Hae\R

1 3 1 0  bp deletion G96fs (TAG) Gly -► Stop -

3 9 TGG ^  TGA W183X Trp -► Stop Hinfi

3 13 TAÇ -► TAA Y211X Tyr -> Stop Rsa I

3 4 AGC-^GC S216fs (TGA) Ser -► Stop -

5 Polymorphism CAG-^ CGG Q281R Gin -► Arg BsaJ I / Dsal

5 2 g-^  a 5' splice site Taql

6 1 2 AAC -► TAC N329Y Asp -►Tyr -

6 1 0 TAT -►TTA 

T insertion

Y330fs(TAA) Tyr -► Stop -

U)

Table 5.3.4.1 ; Sequence changes identified in the FUCAl gene in our group of 13 flicosidosis patients.



ordered secondary structures of polypeptides because of their a-imino acid structure and they 

are usually found in bends and only rarely in a- or P- helices. Arginine also occurs in bends but 

is also found widely in p-helices. This amino acid substitution would therefore be expected to 

disrupt the protein structure markedly. The location of the P5R is very interesting as amino acid 

position 5 is in the fifth codon of the signal peptide of the enzyme a-fucosidase. Human a- 

fucosidase cDNA encodes a signal peptide of 22 amino acids at the N terminus, which shows 

several features in common with those of other signal sequences. It is rich in uncharged, usually 

hydrophobic amino acids with a hydrophobic core consisting exclusively, or very largely, of 

hydrophobic amino acids with no acidic amino acids present. In addition two polar residues flank 

the N-terminal side of the cleavage site (Figure 5.3.4.1.1). Proteins that are destined for the 

ly so some are inserted co-translationally into the membrane of the endoplasmic reticulum (ER) 

before they are transported via the lumen of the ER and the Golgi apparatus to the lysosomes. 

The signal peptide is thought to be actively involved in the co-translational insertion and passage 

through the ER membrane of the polypeptide. This is indicated by the fact that the signal peptide 

is cleaved from the polypeptide once passage through the ER membrane has occurred therefore 

it has no further function in the processing of the polypeptide. The structure of the signal peptide 

is thought to be important for its recognition and insertion into channels of the ER membrane. It 

can be concluded that a mutation that alters the sequence of the signal peptide and its 3- 

dimensional structure, as P5R does, would be predicted to affect the transportation of the a- 

fucosidase polypeptide. This would in turn result in little or no enzyme reaching its target the 

lysosome. The P5R missense mutation was identified in patient 10. This was not the only mutation 

identified in this patient, exon 6  also revealed a homozygous, Y330fs insertion which will be 

discussed later.
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Control M R S R P A G P A L L L L L L F L G A

Patient 10 M R S R R A G  P A L L L L L L F L G A A

Figure 5.3.4.1.1 : 22 amino acid signal peptide o f  human a-fucosidase. Boxed amino acids 
represent the hydrophobic core. Filled boxes represent the 2 polar residues flanking the -2 position 
preceding the cleavage site. The arrow indicates the neutral and non-polar amino acid, proline, 
that is replaced with the basic amino acid, arginine, in patient 10.

A second missense mutation, N329Y, was identified homozygously in exon 6 o f the FUCAl gene 

o f patient 12. The replacement o f an asparagine residue with tyrosine changes the amino acid side 

chain at position 329 from a small neutral one to a large hydrophobic one, which can participate 

in H-bonding and possibly ionic interactions through its phenolic OH group. Although both amino 

acids are weak a-helix breaking side chains, they differ in their effect on p-structures, tyrosine 

favouring formation and asparagine not. Comparison o f the amino acid sequence for a-fucosidase 

between human, rat, Dictyostelmm discoideum (Fisher et al., 1989) and dog (Skelly personal 

communication) reveals that the sequence around the mutated asparagine is highly conserved in 

all four enzymes (Figure 5.3.4.1.2). The N329Y amino acid substitution is located in the middle 

o f this highly conserved sequence with the mutated asparagine itself being conserved in all the 

species. This implies that this region is important in the catalytic mechanism or maintenance o f
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Human

Dog

Rat

D.discoideum

Q T V S L G G

Q T V S L G G

QTI  S L G G

T T V A C G G N

N

N

Y L L N I G P

Y L L N I G P

N YLLN I GP

F L L D V G P

Figure 5.3.4.1.2 ; Comparison of amino acid sequences from human, dog, rat, and Dicty ostelium 
discoideum a-fucosidase. Equivalent amino acids residues are indicated by vertical lines. The 
boxed amino acid represents the amino acid altered in the N329Y mutation.(Adapted from Fisher 
et al., 1989)

the active conformation of the enzyme and that changing the asparagine would inactivate the 

enzyme. The mutation N329Y, was identified in patient 12 who has been shown to have a very 

low a-fucosidase activity in fibroblasts which is a characteristic of a classic fucosidosis patient. 

Further clinical details are not known.

S.3.4.2 Group 2 - Mutations within the splice sites

The second group of mutations identified are mutations located within the splice sites of the a- 

fucosidase gene. The first splice site mutation identified was a homozygous g^a transition at the 

first position of the donor splice site of intron 5 in patient 2, a 9 year old child of distantly related 

Asian parents (Section 3.1.3). The second was a homozygous Ibp deletion at the -2 position of 

the donor splice of intron 3 in patient 4. To understand the effect that a mutation in the splice site 

of a gene may have on the resulting protein, the mechanism of RNA sphcing must be 

discussed.The primary transcript of a gene has the same organisation as the gene and
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is known as the pre-mRNA. The function o f RNA splicing is to remove the introns from the pre- 

mRNA to produce the mRNA. Splicing occurs within the nucleus before the passage o f  the 

resulting mRNA through nuclear pores into the cytoplasm where it is available for translation. 

Removal o f  the introns from the nuclear RNA's involves the recognition o f short consensus 

sequences conserved at the intron /exon boundaries and within introns followed by two sequential 

estérification reactions. These various stages involve a large particulate complex known as the 

spliceosome, which takes the form o f an array o f proteins, the SR proteins the heterogeneous 

nuclear ribonucleoprotein A1 (hnRNP A l)  and the small nuclear ribonucleoproteins (snRNPs), 

U l, U2, U5 and U4/6.

M  5' iiiiiiiiiiiiiiiMiiiiiiiiiiir

gu cacuga c a g

(2)
5' 3'

I I MI I M I I I I I I I I I I I I I I M I I I I I

cacuga c

(D 5- 3-
i i i i i i i i i i i i i i i i i i i i i i i i i i i i i cacuga c

i i i n i i i i i i i i i i i i i i i i i i i i i i i i i

gu

cacuga c a g

Figure S.3.4.2.1 : Scheme representing the 4 stages o f splicing. (1) The pre-mRNA structure with 
the intron still included. (2) Cut the S' site and lariat formation by S' - 2' bond connecting the 
intron S' "g" to the 2' "a" of the branch site. (3) Cut at the 3' site. Intron is released as a lariat. (4) 
Exons are joined and the intron is linearised and degraded. Intron structure is represented by the 
continuous line and exons by broken lines. (Adapted from Lewin 1994)
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Not all stages of splicing are fiilly understood and the following description of splicing as a series 

of four discrete stages is only for the purpose of understanding and does not reflect the exact 

series of events in vivo (Figure 5.3.4.2.1).

The first stage of splicing involves the identification and binding of the Ul snRNP, U2 snRNP and 

various proteins including U2AF and SR, to the 5' splice site, the branch site which is located 18 - 

40 bases upstream from the 3' end of the intron, and the 3' splice site. The main determinant of 

the identity of the 5' splice site is the complementarity between the consensus sequence at the 5' 

end of the intron and the single-stranded 5' terminal 11 nucleotide structure of the Ul snRNP (for 

a review see Horowitz et al., 1994). Complementarity between these two sequences is essential 

for binding. The branch site and the 3' splice site are identified in concert with several proteins 

binding near the 3' splice site and directing the U2 snRNP towards the branch site. The interaction 

between U2 and the branch site is also due to base pairing although often the RNA sequence only 

has limited complementarity. A cut is subsequently made at the 5' end of the intron separating the 

upstream linear exon and the downstream intron/exon molecule. In the second stage the base 'g' 

generated at the 5' terminus of the intron/exon molecule is linked by a 5' - 2' bond to the 2'OH of 

the adenosine of the branch site sequence. The linkage formed holds the intron in a structure that 

is called a lariat. This step involves the Ul, U2, U5, U4/U6 proteins and results in the formation 

of the spliceosome. The third stage is the cutting of the 3' splice site releasing the free intron in 

a lariat form. In the fourth and final stage the lariat intron molecule is linearised and subsequently 

rapidly degraded, whilst the left and right hand exons are ligated together.

There are two possible effects a mutation in the 5' splice site could have on processing of the pre- 

mRNA. Firstly the mutated splice site may not be recognised during splicing resulting in the exon
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being spliced as well as the intron sequences. Secondly as the normal splice site is not recognised 

a cryptic splice site may be recognised. The location of this cryptic splice site will determine its 

effect on the mRNA. If it is located in the exon upstream from the 5' splice site then the exon 

between the cryptic site and the 5' splice site will be removed during splicing. However if the 

cryptic splice site is in the intron then the intronic sequences between the cryptic splice site and 

the 3' end of the upstream exon will be included in the mRNA. The mechanism that defines the 

use of normal or cryptic splice site is not totally known. Two models for 5' splice site 

identification have been proposed. Firstly the proximity effect, which states that in many pre- 

mRNA the 5' splice site closest to the 3' splice site is chosen in preference to those further away 

(Eperon et al., 1993). This could be the result of a scanning mechanism that ensures selection of 

nearby sites, or, of a structure in which the closest 5’ splice site and branch site are juxtaposed, 

but there is no experimental evidence to support this. This mechanism would ensure the correct 

joining of exons in pre-mRNA. A second model, the exon definition model, proposes that 

identification of splice sites is facilitated by interactions across exons, bridging the 3' splice site 

at the 5' end of an exon with the downstream 5' splice site at the 3' end of the same exon 

(Robberson et al., 1990; Niwa et al., 1992). This implies that exon definition occurs rather than 

intron definition. As exons are normally no longer than a few hundred base pairs whereas introns 

can be kilobases in length, this model suggests a way in which a splice site can be located without 

searching the entire pre-mRNA. Exon definition does not explain the joining together of multiple 

exons during splicing, therefore it appears that following exon definition intron definition must 

occur.

Shaprio and Senapathy (1987) have surveyed sequences in the Genebank databank to ascertain 

the most common usage of sequences for the intron/exon splice sites in primates. It was
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discovered that there was a consensus sequence, "gt", for the first two bases of the intron of the 

5' donor splice site and there was a marked preference for certain bases at positions from -2 to 

+ 6  in the intron. A semi-quantative assessment of the consequence of a mutation located within 

the - 2  to + 6  positions of a splice site can be obtained by comparing the statistical estimate for the 

probable use of the normal and mutant splice sites based on the - 2  to + 6  consensus sequence for 

the 5' splice site supplied by Shapiro and Senapathy (1987).

The 5' donor splice of intron 5 of a-fucosidase gene has a likelihood score of the splice site being 

recognised during processing of 8 6  (Figure 5.3.4.2.2). However in patient 2 the g^a transition in 

the +1 base of the intron 5 donor splice site would cause a decrease in this score to 6 8 . It is 

therefore predicted that this mutation would lead to incorrect processing of mRNA and a

Normal

Patient 2

Exon 

-2 -1

Consensus Sequence A G

CO

CO

Intron

+1 +2 +3 +4 +5 +6

g t a/g a g t

g t a a g t

a t a a g t

Likelihood
score

86

68

Figure 5.3.4.2.2 : Schematic representation of the 5' donor splice site of a consensus sequence 
compared to the normal intron 5 of a-fucosidase and patient 2.

146



deficiency of functional enzyme. It is probable that the mutated splice site would not be 

recognised by the Ul snRNP and therefore splicing of the 5' donor splice site would not occur as 

in the normal splice site. There are two possible consequences of this mutation on RNA splicing. 

Firstly the mutant splice site will not be recognised and therefore the exon will not be recognised 

and spliced out as an intronic sequence. This would result in an infi*ame deletion. Secondly the 

splice site will not be recognised but a different sequence may be used as a cryptic splice site 

located in either exon 5 or intron 5. This would result in either some of the exon being spliced out 

or some of the intron included as an exonic sequence and therefore translated. Analysis of the 

sequence of exon 5 revealed no sections of sequence that would be predicted to act as a cryptic 

splice site as they all had a probability of usage lower than the mutated splice site. Therefore if a 

cryptic site is used it must be located in intron 5.

Further evidence that this g-a transition is the putative disease-causing mutation is obtained from 

earlier studies that were performed on patient 2 and her family (Williamson et al., 1993). Original 

analysis of genomic DNA of patient 2 and her family by Southern blotting revealed that DNA 

digested with the restriction enzyme Taq\ and probed with a FUCAl probe A+B (Figure 

2.3.9.2.1) produced an altered pattern. The 5kb band that was observed in all the controls 

disappeared and an extra l.Skb band was observed. Patient 2 was homozygous for this alteration 

and her parents heterozygous. Family studies revealed that this novel 1.8 kb band obtained during 

Taql restriction cosegregated with the mutated fucosidosis allele, indicating strongly that this is 

the disease-causing mutation in this family. The homozygosity of the mutation can be accounted 

for by the parents being distantly related. The clinical symptoms of patient 2 were detected
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between 1 and 3 years of age and were characteristic of flicosidosis. Negligible a-fucosidase 

activity was found in leukocytes. Further analysis of mRNA was not performed because no 

material was available therefore the effect of this splice site mutation on the mRNA remains 

unknown.

There are several published examples of the different effects of a mutation at the +1 position of 

the 5' splice site in lysosomal enzymes. For example Sakuraba et al., (1992) describes a patient 

with Fabry disease in which a g - t  transversion at the invariant +1 position of the 5' donor splice 

site of intron 6  of the a-galactosidase gene constantly resulted in exon 6  being skipped out during 

mRNA processing. This effect has also been found in a non-Finnish patient suffering from 

aspartylglucosaminuria, who had a point mutation in the same + 1  position of the donor splice site 

(Mononen et al., 1992). In Tay Sachs disease Alki et al., 1990 reported that exon 2 is skipped in 

a patient showing a point mutation in the invariant +1 position of the 5’ donor splice site of intron 

2 of the hexosaminidase gene. An interesting situation was seen in 3 different Ehlers Danlos 

patients in the type m  procollagen gene in which the same mutation g-a mutation was identified 

in the same position of the 5' donor splice site, +1, in 3 different exons (Kuivaniemi et al., 1990). 

These 3 identical mutations in introns 16, 42 and 20 induced very different effects on splicing. The 

mutation in intron 16 caused skipping of the preceding exon in 71% of transcripts; in intron 42 

it resulted in the invariant use of a cryptic splice site and the insertion of 30 nucleotides in jframe 

into the mature mRNA and finally the same mutation in intron 20 resulted in the use of a cryptic 

splice site in 53% of transcripts and retention of all the intron sequence in the mature mRNA in 

34% of transcripts. This demonstrates the lack of understanding there is of the splicing mechanism 

for RNA and also the inability to predict with a high degree of certainty the outcome of a 

mutation in a splice site. It is worth noting that the previously described mutations identified in
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splice sites were the disease-causing mutations.

The second identified splice site mutation, a Ibp deletion, S216fs (TGA), in patient 4 was also 

located in a 5' donor splice site, at position -2 of intron 3. This mutation is predicted to have two 

possible effects. Firstly it may affect splicing or alternatively, it may alter the reading fi-ame and 

produce a stop codon upstream from the deletion. As the base at position -2 is deleted it would 

change the splice site sequence at positions -2 and -3. The base that was at position -3 would be 

located at position -2 and there is a new base at the -3 position (Figure 5.3.4.2.3). This change 

would decrease the likelihood score from 94 to 87 ,which would not be expected to affect 

splicing. Therefore the most probable effect of the S216fs mutation would be to alter the reading 

frame. The effect of this type of mutations will be discussed in the next section.

Control

Patient 4

Exon Intron

A CG

Likelihood score

94

87

Figure 5.3.4.2.3 : Schematic representation of the effect of the Ibp deletion in patient 4 ( boxed 
A) on the donor splice site of intron 3.
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5.3.4.3 Group 3 - Mutations causing the production of a premature termination codon 

(PTC)

Originally it was thought that the main effect of a premature termination codon (PTC) was the 

production of a truncated polypeptide during the process of protein synthesis. However, a 

growing amount of evidence suggests that the predominant effects of a PTC are either a severe 

reduction in the level of mRNA and, presumably protein in the cytoplasm, from the mutant allele, 

or, the skipping of the exon in which the PTC is located, during RNA splicing. If the reading 

frame is conserved during this skipping a truncated mRNA, and therefore protein, would be 

produced. A severe deficiency of cystic fibrosis transmembrane conductance regulatory mRNA 

was shown in epithelial cells of cystic fibrosis patients carrying the nonsense mutations R553X 

and W1316X (Hamosh et al., 1991). Examples ofPTC's causing exon skipping have also been 

documented including the skipping of an exon containing a PTC in a patient with Marfan 

Syndrome (Dietz et al., 1993). The same phenomenon was observed for the ornithine ô- 

aminotransferase (OAT) gene in which two different exons containing PTC's were skipped. Two 

mechanism have been proposed to account for these varying effects of PTCs. The first was 

proposed by Urlaub et al., (1989) and is known as the "translational translocation model", in 

which the translational machinery located in the cytoplasm of the cell physically pulls the mRNA 

through the nuclear pores. It is proposed that this physical process is coupled to the process of 

intracytoplasmic translation and therefore the effect of a premature termination codon would be 

incomplete transport of the mRNA and its subsequent degradation. This mechanism is consistent 

with the observation that PTCs in the final or penultimate exon of the triosephosphate isomerase 

gene allow normal translocation and therefore translation of mRNA and result in normal levels 

of mRNA (Cheng et al, 1990). This effect has also been seen in the p globin gene in which a PTC 

at position 145, (normal length 146) results in normal levels of P globin mRNA (Winslow et al.,
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1976). The second model proposed is the "nuclear scanning model" which suggests that RNA is 

screened for the presence of PTCs while in the nuclear compartment (Bell et al., 1988). This may 

occur at the same time as the splice sites are determined i.e. before translocation. This second 

model more readily accommodates the observation that exon skipping of constitutive exons 

containing PTCs occurs in many disorders. It has been suggested that both the above mechanisms 

may occur simultaneously but neither is 1 0 0 % effective, resulting in the varying effects produced 

by a premature stop codon.

5.3.4.3.1 PTC's resulting from point mutations

Two of the mutations identified in this study are point mutations that result in the direct formation 

of a stop codon, W183X in patient 9 and Y211X in patient 13. The effect of these PTC's 

identified in patients 9 and 13 can only be postulated and further study of mRNA and cDNA from 

these patients will be necessary to establish their effect on splicing and translation. It is interesting 

to note that both termination codons identified in this study are located in exon 3 which is one of 

the 3 exons of the a-fucosidase gene which if skipped during mRNA production would result in 

infi-ame deletions. Also, no potential glycosylation sites were located within exon 3. Neither of 

these point mutations is in a CpG island which have in many diseases been a hot spot for such 

mutations. Patient 9 and patient 13 were both shown to have negligible a-fucosidase activity in 

fibroblasts (Section 3.2).

5.3.4.3.2 PTC's resulting from small deletions and insertions.

The effect of these mutations is thought to be similar to the point mutations that create a PTC 

directly. 3 such mutations have been identified in our panel of patients, G96fs (TAG), S261fs 

(TGA) and Y330fs (TAA). The location of these mutation appears to be random, with mutations
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located in exons 1, 3 and 6 . The mechanism by which they occur may not, however, be random 

Krawezak and Cooper (1991) showed that the role of the local DNA sequence environment was 

important in gene deletions. Of the 60 deletions analysed in this study all but one had a direct 

repeat of between 2bp and 8 bp in the immediate vicinity of the mutation. Direct repeats are 

thought to be important in a number of mechanisms which cause pauses or disruption to the 

action of DNA polymerase during replication resulting in the formation of deletion (Krawezak 

and Cooper 1991). The sequences surrounding the two deletions, G96fs(TAG) and S216fs (TGA) 

were analysed. In one case, G96fs(TAG), a 3bp repeat of either GAG or GGA, can be seen in 

exon 1. This repeated area involves two of the lObp that are deleted (Figure 5.3.4.3.2.1)

lObp deletion in patient 3

C C C G G A G G A G T G G G C C G A C C T

3bp repeat

Figure 5 .3 .4.3 .2.1: Scheme representing the lObp deletion in exon 1 of patient 3. A 3bp repeat 
is present that may play a role in the mechanism of the deletion

The effect of these mutations is predicted to be the same as the nonsense mutations, as they all 

result in the production of a stop codon in frame 3' to the mutation. The PTC will either result in 

a truncated protein, exon skipping, or reduced levels of mRNA. Again as in all the mutations 

identified, the effect of the mutation on the mRNA and therefore protein, requires fiirther studies 

on mRNA to be performed.
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In conclusion a variety of mutations have been found in our panel of flicosidosis patients. They 

would be predicted to have very different effects on the mature a-flicosidase enzyme. 

Interestingly all the mutations were found in the homozygous state. Additionally in all cases 

except patient 1 0 , only a single mutation was identified after analysis of all the exons and their 

flanking regions by SSCP analysis. As these mutations are homozygous it is predicted that all the 

patients result from consanguineous marriages or populations in which the concentration of the 

mutant allele is high. Seo et al (1993a; b) have identified some patients that are compound 

heterozygotes but not as many as would be expected compared with other lysosomal storage 

diseases. Patient 10 is an unusual case because she is homozygous for two mutations, P5R and 

Y330fs (TAA). Both of these mutations could be predicted to be disease-causing. This 

identification of a second possible disease-causing mutation emphasises the need to analyse the 

whole exon even if a single sequence change has been identified. The parents of patient 10 are 

both heterozygous for both mutations indicating that both mutations reside on the same 

chromosome. Therefore each parent still has a normal copy of the cc-fucosidase gene and 

heterozygous levels of a-fucosidase activity in their tissues.
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Chapter 6 - Site-directed mutagenesis and expression of
cDNA in COS cells
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6 Site-directed mutagenesis and expression of cDNA in COS cells

6.1 Introduction

Transient expression in mammalian cells and site-directed in vitro mutagenesis are valuable 

techniques especially for the study of RNA splicing of a gene and the effect specific amino acid 

changes have on the structure and fimction of a protein. Transient expression vectors can be used 

as vehicles to express normal and mutated genes. This expression involves the use of cis acting 

control elements, for example promoter/enhancers that have been cloned from the SV40 viral 

genome into the expression vector. Once the vectors are transfected into COS cells the wild type 

SV40 T antigen produced by the COS cells binds to the T-antigen binding site of the expression 

vector resulting in replication and therefore expression of the cloned genes. The expression vector 

used in this study was the plasmid pCDMS.

Site-directed in vitro mutagenesis is used to create site-specific mutations within a gene. One way 

of achieving this is to sub-clone the full length cDNA of a gene into a mutagenesis vector. The 

vector used in this study was the plasmid pALTER-1, which is in fact a phagemid (Lewis and 

Thompson 1990). Therefore single-stranded DNA was produced upon infection with helper 

phage. The pALTER-1 plasmid carries the gene sequences for resistance to both ampicillin and 

tetracycline. However, the plasmid is ampicillin-sensitive because of a frame shift that has been 

introduced into the ampicillin resistance gene. Propagation of the plasmid containing the normal 

full length cDNA of the gene is therefore performed under tetracycline selection only.

The use of pALTER-1 vector in site-directed mutagenesis provides an efficient and relatively 

simple method for selection of oligonucleotide-directed mutants. The system is based on the use 

of two mutagenic oligonucleotides, one to introduce the desired mutation and the other to restore
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Figure 6 1.1 Scheme representing the procedure followed for site-directed m utagenesis o f  the 
full length a-fucosidase cDNA.
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the ampicillin resistant gene in the mutant DNA strand. The procedure is shown in Figure 6.1.1. 

The plasmid pALTER-1 including the cloned cDNA is infected with helper phage and grown in 

the presence of tetracycline. The resulting single-stranded DNA is then purified (Stage 1). The 

two mutagenic oligonucleotides are then annealed simultaneously to this single-stranded template 

and the second strand is synthesised (Stages 2 and 3). The DNA is transformed into repair-minus 

Ecoli cells and the cells are grown in the presence of ampicillin, yielding large numbers of 

colonies. The double-stranded plasmid is then isolated and a second round of transformation is 

performed ensuring the proper segregation of mutant and wild type plasmids and resulting in a 

higher proportion of mutants (Stage 4). Once the mutations have been confirmed they can then 

be sub-cloned back into the transient expression vector and transfected into COS cells so that the 

mutant protein can be identified and studied.

The aim of the next stage of this study was the transient expression of a-fucosidase in COS cells. 

This required the isolation of a full length a-fucosidase cDNA fi'om a pCDMS promonocytic 

leukaemia cDNA library. The expression of this gene was detected by the assay of the resulting 

a-fucosidase enzyme in cell extracts. Mutations were then introduced into the a-fucosidase 

cDN A by in vitro site-directed mutagenesis. This required the sub-cloning of the full length cDN A 

fi'om the expression vector into the pALTER-1 mutagenesis vector. The mutations created were 

Q281R, S216fs(TGA) and W183X. Once mutated the cDNA was then sub-cloned back into the 

original pCDM8  expression vector and subsequently expressed in COS cells.

6.2 Results

6.2.1 Screening of promonocytic leukaemia cDNA library

In the primary screen 500,000 colonies were screened in duplicate with radiolabelled cDNA

probe A (Figure 2.3.9.2.1). 12 positive colonies that appeared in duplicate were picked and
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investigated turther. A 1000 fold dilution was made of these colonies before replating in duplicate. 

The filters were reprobed with the same probe and again positive colonies were selected. These 

were further diluted and replated resulting in single positive colonies being selected following 

probing. Ten single positive colonies were finally selected and cultured.

6.2.2 Identification of positive clones that contained full length a-fucosidase cDNA inserts

l o identify the size o f  the a-fucosidase cDNA insert in the positive clones, the plasmid was 

digested with the restriction enzyme Xba\. There is a single XbaV site in the multiple cloning site 

o f the pCDM8 vector and no sites in the a-fucosidase cDN A. The digests were then analysed by 

electrophoresis on a 0.8% (w/v) agarose gel followed by staining with ethidium bromide. O f the 

10 positive clones selected, 7 had inserts o f  the correct size, 2.1 kb, with the other 3 having 

fragments o f a-fucosidase cDNA o f various lengths (Figure 6.2.2.1).

3 7 kb ) Vector Band

cDNA Insert2.3 kb 
1.9kb

1.4 kb
1.3 kb

Marker Positive clones

Figure 6.2.2.1 : Electrophoresis in 0.8% (w/v) agarose gel followed by staining with ethidium 
bromide to show the results oïXbal digestion o f positive clones selected from the library screen. 
Clones with the correct full length a-fucosidase cDNA have produced bands o f 2.1kb. Marker 
used was XBste.
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6.2.3 Identification of full length a-fucosidase cDNA clones with the correct orientation in 

the expression vector pCDM8

As the a-fucosidase cDNA being selected was to be expressed using the CMV promoter o f  the 

pCDM8 vector, correct orientation with respect to this promoter was essential. To detect the 

orientation o f  the full length a-fucosidase cDNA inserts, a double digest was performed using 

two restriction enzymes one o f which has a site unique to the multiple cloning sequence o f  the 

vector and the other a site found uniquely at the 3' end o f  the a-fucosidase cDNA. The two 

restriction enzymes chosen were HiiidWY and EcoRl. The orientation o f the a-fucosidase cDNA  

insert determined the size o f the products o f this digestion. If the insert was in the correct 

orientation a vector band o f approximately 5kb and a band o f 1260bp was seen, or if it is in the 

incorrect orientation a vector band o f approximately 5.5kb and a smaller band o f  800bp was seen, 

when the digest is analysed by electrophoresis in a 0.8% (w/v) agarose gel stained with ethidium 

bromide.

Vector Band 

cDNA Insert
2.0 kb 
1.5 kb

1.0 kb

0.5 kb

1 kb ladder 

Full length positive clones

Figure 6.2.3.1 : Electrophoresis in a 0.8% (w/v) agarose gel followed by staining with ethidium 
bromide show the results o f HindiW and EcoR\ double digest o f  full length positive clones to 
determine orientation o f inserts in pCDM8 vector.
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6.2.4 Expression of full length a-fucosidase cDNA clone in COS cells

Only 3 full length a-flicosidase cDNA inserts were analysed for the correct orientation and it was 

found that they all had the correct orientation with respect to the promoter in the pCDM8 vector 

(Figure 6.2.3.1). A large scale DNA preparation o f  two o f these correctly sized and orientated 

oG-fucosidase cDNA inserts was performed.The first experiment was to investigate the effects o f  

the length o f culture and concentration o f  transfected cDNA on the level o f expression. This was 

achieved by transfecting by electroporation various amounts o f one o f the large scale preparations 

o f the full length cDNA o f a-fucosidase into COS cells. 5pg and 50pg o f  a-fucosidase cDNA
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Figure 6.2.4.1 ; Specific activity o f a-fucosidase in COS cell extracts for 5pg and 50pg o f  
transfected cDNA after 20 hours and 38 hours culture.

160



Sample
(ftg)

Specific Activity 
o f  a-fucosidase 
(pmol/hr/mg o f  

protein)

Increase in a - 
fucosidase Activity 
relative to control 

( fold )

Specific Activity o f  
p-Hexosaminidase 

(p mol/hr/mg o f  
protein)

Increase in P- 
Hexosaminidase 

Activity relative to 
control

2̂0 18.5 2

3̂8 18.5 2

5zo 1416 76 10 5

538 2089 113 12 6

50,0 892 48 5 2.5

50)g 2148 116 11 5.5

Fable 6.2.4.1 : a-Fucosidase specific activity in COS cell extracts after transfection o f  5pg and 
50pg o f a-fucosidase cDNA . The number o f  hours the cells were left before harvesting are 
shown by the subscript numbers next to the amount o f  sample added.

Fucosidase Activity Hexosaminidase Activity

120

100

S
2< 80

I
ë 60

4 0 -

20

5ug cDNIA for 38hrs 50ug cDNA for 38hrs
5ug cDNA for 20hrs 50ug cDNAfor20 hrs

Figure 6.2.4.2 ; Increase in a-fucosidase specific activity and p-hexosaminidase specific activity 
relative to controls for 5pg and 50pg o f transfected a-fucosidase cDNA grown for 20 and 38 
hours
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were transfected into the COS cells in duplicate with one flask being allowed to grow for 2 0  hours 

and the other for 38 hours. Expression of the a-fiacosidase cDNA was quantified by harvesting 

the COS cells and then lysing them by sonication and assaying the cell extract for a-fiicosidase 

activity. The results of these assays are shown in Table 6.2.4.1. The data are presented in two 

forms, firstly as an increase in a-fucosidase specific activity (Figure 6.2.4.1) and secondly as the 

increase in specific activity relative to the endogenous activity of the COS cells (i.e. no cDNA) 

(Figure 6 .2.4.2). The cell extract was also assayed for another lysosomal enzyme, p- 

hexosamindase, to check whether transfection by electroporation affected the expression of 

endogenous lysosomal enzyme genes. As can been seen in Figure 6 .2.4.2 the p-hexosaminidase 

specific activity increased 2.5-6 fold in all cell extracts. The a-fucosidase specific activity 

increased in all 4 cell extracts, by as much as 116 fold with 5pg of a-fijcosidase cDNA incubated 

for 38 hours. It was apparent that an increase of the amount of a-fucosidase cDNA used for 

transfection did not produce an increase in the amount of enzyme produced. In fact the larger 

amount of cDNA seemed to inhibit uptake of the DNA into the COS cells as the activity was 

approximately a third lower after 20 hours even though 10 times as much of cDNA was used. 

After 38 hours both cell extracts had approximately the same increase in specific activity 

suggesting a plateau of activity had been reached. Therefore it was concluded that using 5pg of 

cDNA and incubating for 20 hours resulted in a satisfactory increase in specific activity of a- 

fucosidase.

6.2.5 Site-directed mutagenesis

Having established that the a-fucosidase expression system worked the next step was the creation 

of mutations within the normal full length cDNA by site-directed mutagenesis. The large scale 

preparation, produced from the second full length clone isolated during the library screen was
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used for this purpose (Section 6.2.1). The method used is explained in Section 6 . 1 . The mutations 

chosen were the polymorphism, Q281R, the point mutation in exon 3, W183X, and the Ibp 

deletion mutation also in exon 3, S216fs(TGA). Oligonucleotides, 19 bp in length, were designed 

complementary to the cDNA produced by the helper phage (Figure 6.1.1). These oligonucleotides 

contained a single base pair mismatch or deletion at position 1 0  according to the nature of the 

mutation to be induced.

6.2.6 Analysis of results of the site-directed mutagenesis

Sequence analysis of the resulting mutagenised clones revealed that the low frequency allele of 

the Q281R polymorphism was present in all the clones (Figure 6.2.6.1). This informed us that the 

clone isolated was homozygous for the low frequency allele, Q281R, and not as initially assumed, 

the high frequency allele, Q281. This meant that an additional oligonucleotide had to be 

synthesised to create an a-fucosidase cDNA which contained the high frequency allele, Q281. 

This and other mutagenesis reactions were shown to be successful. Analysis of the mutagenesis 

reaction that created the point mutation, W183X, showed that 4 out 6  clones had the mutated 

genotype (67 %). This point mutation was detected by Hinfl. enzyme digestion of the amplified 

PCR product of the mutagenised cDNA, using primers 25 and 26. The resulting product was 

315bp which on digestion produces fragments of 211 bp and 140bp from the normal cDNA and 

fragments of 140bp, 126bp and 85bp from the mutant cDNA (Figure 6.2.6.2 ). A 100% success 

rate of mutagenesis for the Ibp deletion mutation, S216fs(TGA), was found in all 6  clones 

analysed by sequencing (Figure 6.2.63 ). Finally, mutagenesis of the low frequency allele, Q281R, 

to the high frequency allele, Q281 was successful in 4 out 6  clones again analysed by sequencing 

(Figure 6 .2.6 .4 ). These a-fucosidase cDNA's were then sub-cloned back into the expression 

vector, pCDM8 , following Xbal digestions. Large scale plasmid preparations were performed for 

each mutation in the vector pCDM8 .
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Q281R

C T A G

Figure 6.2.6.1 : Sequence analysis o f the original a-fucosidase cDNA used in the mutagenesis 
reactions. I his shows the presence o f the low frequency polymorphism allele, Q281R, represented 
by the base G at the position marked*.

iSWl

Ikb 1 
ladder

Figure 6.2.6.2 : Electrophoresis o f  PCR-amplified cDNA using primers 25 and 26 and digested 
with the restriction enz>Tne Hinji. The mutagenised cDN A clone is represented in lane 6 in which 
a unique Hinfl site has been created compared with control cDNA, lanes 2 and 3.
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Figure 6.2.6.3 : Sequence analysis o f the S216fs(TGA) mutation, produced by site-directed 
mutagenesis showing the deletion o f the base A (*) compared to the normal sequence.
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Figure 6.2.6.4 : Sequence analysis o f the high frequency allele, Q281, created by site-directed 
mutagenesis. The Q281 allele is represented by the base A at the position marked *.
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6.2.7 Expression of the mutated a-fucosidase cDNAs iu COS cells

5pg of the four different a-fucosidase cDNAs were then transfected by electroporation into 

separate flasks of COS cells. After culture for 2 0  hours, the cells were harvested and the enzyme 

activity in the cell extracts was measured. No a-fucosidase activity was obtained from any of the 

cell extracts containing the normal or mutated a-fucosidase cDNA. Transfection was repeated 

with the addition of 5pg of a p-galactosidase construct that is known to express in COS cells. The 

p-galactosidase construct was added on its own and with the Q281 a-fucosidase construct, a- 

Fucosidase and p-galactosidase activities were assayed in the resulting cell extracts (Table 6.2.7. 1  

and Figure 6.2.7.1 ). It can quite clearly be seen that the p-galactosidase activity increases in the 

cell extracts from transfection of the p-galactosidase construct on its own and the p-galactosidase 

construct with the Q281 construct. The activity of a-fiicosidase was not elevated in any of the 

cell extracts (Figure 6.2.7.2). This suggests that the transfection and expression are working and 

that the a-fucosidase constructs are not expressing the enzyme presumably because of a defect 

in the construct.
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«-a

cDNA transfected into 

COS cells

P-Galactosidase Activity a-Fucosidase Activity

Fluorescence Increase in fluorescence 

compared to control

Fluorescence Increase in fluorescence 

compared to control

Cos cells only 7 53

p-Galactosidase 99 14 - fold 52 -

a-Fucosidase (Q281) 3 - 48 -

a-Fucosidase (Q281R) 6 - 62 0 . 2

a-Fucosidase (W183X) 7 - 57 0.4

a-Fucosidase (S216fs 

(TGA))

1 0 - 64 0 . 1

P-Galactosidase and 

a-Fucosidase (Q281)

73 1 0 . 5  - foW 53.5 -

Table 6.2.7.1 ; Results of transfection of both the normal and three mutant a-fucosidase constructs and a p-galactosidase construct.
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Figure 6.2.7.1 : Relative a-tücosidase and p-galactosidase activities in COS cells 
transfected with various constructs. These include p-galactosidase cDNA only, a- 
fucosidase containing cDNA the high frequency allele o f the polymorphism (Q281), a- 
fucosidase cDNA containing the low frequency allele o f polymorphism (Q281R), a -  
tucosidase cDNA containing the W183X point mutation, a-fucosidase cDNA containing 
Ibp deletion (S216fs(TGA)) and finally a-fucosidase cDNA containing Q281 allele and the 
p-galactosidase construct
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Figure 6.2.7.2 : Relative increase in a-fucosidase and p-galactosidase activities compared 
to controls, in COS cells transfected with various constructs. These include p-galactosidase 
cDNA only, a-fucosidase containing cDNA the high frequency allele o f the polymorphism 
(Q281), a-fucosidase cDNA containing the low frequency allele o f polymorphism (Q281R), 
a-fucosidase cDNA containing the W183X point mutation,a-fucosidase cDNA containing 
Ibp deletion (S216fs(TGA)) and finally a-fucosidase cDNA containing Q281 allele and the 
p-galactosidase construct.
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6.2.8 Checking the a-fucosidase construct used in the mutagenesis reaction

The hill length a-fucosidase cDN A was sub-cloned into Bluescript via an Xba\ digestion. 

The resulting clone was sequenced using the universal primers T7 and SP6 (Figure 6.2.8.1 

and 6.2.8.2). It can clearly be seen that the a-fucosidase cDNA used for mutagenesis was 

not full length. There are 41bp missing from the 5' end o f  the cDNA which includes part o f  

the signal peptide and the transcription start codon, ATG (Figure 6.2.8.1). The 3' end has 

lost 43bp which include those that code for the polyadenylation signal (Figure 6.2.8.2). 

rherefore it is highly likely that this loss o f  approximately 80bp o f the a-fucosidase cDN A 

has resulted in the lack o f expression o f  the enzyme in the COS cells. The reason for this 

loss, or when it occurred, is unknown and requires further investigation in the future.

I
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I
<T>

I
^̂ base 42

G T C

Figure 6.2.8.1 ; Sequence o f the 5' end o f  the a-fucosidase cDNA construct showing the 
first base being number 42 o f the normal full length cDNA.
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Figure 6.2 .8 .2 : Sequence o f  the 3' end o f the a-fucosidase construct showing the loss o f  
the last 43 bp o f the a-fucosidase cDNA.

6.2.9 Discussion

In summary, an a-fucosidase cDNA construct was expressed in COS cells resulting in as 

much as a 116-fold increase in a-fucosidase specific activity compared to the COS cells 

control Mutagenesis o f  another full length a-fucosidase cDNA clone was successful but 

subsequent expression studies o f these clones were unsuccessful. The reason for this was 

that the construct used during mutagenesis was not full length, with approximately 40bp 

missing from each end. This emphasises the need to check all constructs by sequence 

analysis and not just by restriction digests and electrophoresis. The future work that would
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be required to correct this is relatively minimal. The regions encompassing the created 

mutations would have to be digested out and cassetted into a similarly digested full length 

cDNA. Once this had been performed then transient expression studies could be conducted 

and the resulting protein, if present, could be analysed.
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Chapter 7 : Allogeneic Bone Marrow Transplantation
(BMT) for Fucosidosis
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7 Allogeneic Bone Marrow Transplantation (BMT) for fucosidosis

7.1 Introduction

Transplantation is a form of therapy for genetic diseases which serves either to replace or 

supplement abnormal cells with their normal equivalent, or to act as a source for the normal gene 

product. The only organ transplants which have been performed on fucosidosis patients involved 

liver engraftments in two affected French siblings. Neither of these patients showed any clinical 

improvement or even stabilisation of their condition as a result of the engraffment (Willems et al., 

1991).

Naturally occurring diseases in animals provide a means by which evaluation of a therapy can be 

obtained before human studies. As previously stated in Section 1.2.7, an animal model for 

fucosidosis has been described in a -fucosidase-deficient English springer spaniel dogs (Hartley 

et al., 1982). Bone marrow transplantation has been performed on these dogs with encouraging 

results (Taylor et al., 1988). Numerous dogs have been transplanted with the majority showing 

significant increases in a-fucosidase activity in both blood and cerebral tissue. Bone marrow 

transplantation in these dogs after or just before the expected onset of clinical signs did not 

prevent neurological deterioration, however, bone marrow transplantation at a very early age was 

shown to delay and even prevent clinical disease. Interestingly the transplant resulted in a gradual 

increase in enzyme levels, up to 2 0  % of the normal enzyme activity, in the central nervous system 

by eight months following transplantation. These results encouraged the first bone marrow 

transplantation in a fucosidosis patient to be performed (Vellodi et al., in press). During the course 

of my study I became involved in the biochemical and molecular genetic studies of the patient 

before and after bone marrow transplantation.
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7.2 Case Report

Patient 8 , a seven month old male infant, was diagnosed enzymatically as having fucosidosis 

following the diagnosis of the disease in his older brother. He had been asymptomatic although 

on questioning, his parents, who were unrelated, felt that his hearing had recently deteriorated. 

Examination revealed no significant abnormalities with height, weight and head circumference all 

on or just below the 97th centile. Developmental assessment revealed him to be within normal 

limits, apart from a mild conductive deafness. On the basis of these findings it was felt that he 

would be a suitable candidate for bone marrow transplantation.

The only sibling available was his affected brother, who was showing classic symptoms of 

fucosidosis, therefore a suitable donor was sought in his extended family. Tissue-typing failed to 

find a histocompatible donor consequently a search was initiated for an unrelated donor. Donors 

were tested in a 2 -way mixed lymphocyte culture and a suitable candidate was selected. 

Subsequently differences were found in the DQ antigen, the donor being homozygous for the 

DQl antigen, while the patient had both DQl and DQ2 antigens. The donor was also shown to 

have normal leukocyte a-fucosidase activity.

7.3 Details of bone marrow transplant

Before commencing the bone marrow transplantation, selected skin and gut decontamination was 

performed. As there was a major blood group difference, a partial exchange transfusion was 

carried out the day before the transplant. Prior to the infusion of the bone marrow cells into the 

patient, the marrow was subjected to in vitro T-cell depletion and red cell depletion. Cyclosporin 

was also administered to the patient to prevent host-versus-graft disease.
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The post transplant course was complicated by moderately severe acute cutaneous and 

gastrointestinal GVH disease, which was successfully treated. The patient has been followed up 

for 18 months. During the whole of this period stable engraftment has been documented.

7.4 Results

7.4.1 Pre-bone marrow transplant

7.4.1.1 Biochemical and genetic studies

The a-fucosidase activity in the leukocytes and plasma of the patient was very low (Table 

7.4.1 .1 .1 ) whereas the levels of the reference lysosomal enzymes, leukocyte P-galactosidase and 

plasma P-hexosamin idase, were in the normal reference ranges. These observations are 

consistent with a diagnosis of fucosidosis. Attempts to obtain cerebrospinal fluid were 

unsuccessful. Genetic studies of the patient (patient 8 ) were performed which included 

haplotyping with the two intragenic RFLPs produced by the enzymes PvuH and BgH (Section

1.4.3.2 and Section 4.2). Patient 8  was shown to be of the haplotype (l-l)(2-2). Also he was 

shown to be heterozygous for the newly identified polymorphism, Q281R. The two original 

mutations, Q244X and the deletion of the 3' end of the gene were not identified in this patient. All 

8  exons of FUCAl were analysed by SSCP. Unfortunately no conformational changes were 

found, resulting in the disease causing mutation in this patient not being identified. As none of the 

mutations identified in this study were identified in patient 8  it suggests that a novel disease- 

causing mutation is present.
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oc-Fucosidase Reference enzymes

Leukocyte 

(nmol/hr/mg protein)

Plasma

(nmol/hr/ml)

Leukocyte p-galactosidase 

(nmol/hr/mg protein)

Plasma p-hexosaminidase 

(pmol/hr/ml)

Pre-transplant

-19 days 0 . 1 4.5 417 1 . 6

Post- transplant

+ 2 0  days 6 8 23 447 1.4

+286 days 6 8 115 331 1.5

+377 days 70 123 395 1 . 6

Reference range 30-189 212-1700 198-458 0.5-2.0

< 1
< 1

Table 7.4.1 .1 . 1  : a-Fucosidase activity in leukocytes and plasma before and after the bone marrow transplant compared with reference enzymes.



7.4.1.2 Radiological studies

A skeletal survey revealed no major abnormalities. The results of the MRI scans were suggestive 

of delayed myelination.

7.4.2 Post-bone marrow transplant

7.4.2.1 Clinical progress

Anthropometric measurements have shown a gradual change in all the parameters. At the age of 

21 months (13 post-BMT) the head circumference was just below the 50th centile, while the 

height and weight were just above it.

7.4.2.2 Developmental progress

At six months post-BMT (chronological age 14.5 months), the patient was still functioning in the 

average range of abilities. A decline in the locomotor eye and hand coordination at this stage was 

attributed to the temporary developmental delay frequently observed in children following the 

stressfiil event of BMT. Other signs of this effect were the refusal to drink from a cup, although 

he could hold one, and screaming in elevators.

7.4.2.3 a-Fucosidase activity in leukocytes, plasma and cerebrospinal fluid

The a-fucosidase activity in the leukocytes of the patient 20 days post-transplant was in the range 

found in unaffected controls and has remained at this level (Table 7.4.1.1.1). In contrast the 

activity in plasma has slowly increased over the same period but has not reached the level in the 

controls. Appreciable a-fucosidase activity was detected in a sample of cerebrospinal fluid taken
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377 days after the transplant. The ratio of a-fticosidase activity to an unaffected reference 

enzyme, p-hexosaminidase, was 0.018 in the patient, compared with a range of values in controls 

of0.063 to 0.16. These results indicate that the transplanted cells have colonised and that graft- 

derived enzyme has reached the central nervous system.

7.4 2.4 Urinary oligosaccharide studies

The pattern of excreted oligosaccharides prior to transplant was characteristic of fucosidosis but 

the total amount of excreted material was not excessively heavy. Much larger amounts of fucose 

and low molecular weight oligosaccharides were seen in samples obtained 20 and 91 days after 

transplant. By 286 days, the characteristic larger storage products had almost disappeared and the 

overall level of excreted oligosaccharides had decreased (Figure 7.3.2.4.1). For structural details 

of the FG2 and FG6  standards run on the TLC plate see Figure 2.3.3.1.

7.4.2.5 MRI studies

Results from post-BMT MRI scans indicated that myelination was still proceeding but was 

considerably delayed in relation to the age of the patient.

7.5 Discussion

As an unrelated donor was not available for the bone marrow transplant two initial obstacles had 

to be overcome. The first was the choice of an unrelated donor and the second was the degree 

of matching between the patient and donor. The results of the type II analysis were received only 

after the donor had been tested in mixed lymphocyte culture. By this time the results of the MRI
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Figure 7.4.2.4.1 ; TLC o f urinary oligosaccharides. Lanes 1 and 6 control urine, lanes 2, 3, 4, and 
5 BMT patient -19, +20, +91, and +286 days from the transplantation respectively.

scans were available and there was a risk that the abnormalities noted might be an indication o f  

imminent neurological deterioration. Therefore it was decided to proceed with this donor. Despite 

these problems the follow-up, though relatively short in duration, shows some grounds for 

guarded optimism.

When the patient is compared with his affected sibling, evidence o f clinical improvement is 

apparent. It may be argued that this is due to intrafamilial variation, which has been seen in other 

fucosidosis families (Willems et al., 1988b). However, the patient continues to learn new skills 

and the physical signs appear to have remained unchanged over the last 18 months. Another good 

indication suggesting the success o f the BMT is the enzyme activity increases seen in the tissues 

analysed and especially in the cerebrospinal fluid. Finally, the lack o f further deterioration seen
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on the MRI scans appears to indicate an improvement rather than the expected continual decline, 

particularly with regards to the state of myelination.

It is now believed that there are grounds for recommending bone marrow transplantation as a

therapeutic option in presymptomatic infants with fucosidosis. The additional difficulties of finding

a suitable donor will hopefully soon no longer be a problem, as the human a-fucosidase gene has

been successfully transduced into human fijcosidosis fibroblasts, thus paving the way for the first

trials of gene therapy (Occhiodoro et al., 1992). More than 150 storage disorders have undergone

bone marrow transplantation (for review see Kiivit and Shapirio 1991). The success of these

BMTs especially in lysosomal storage disorders has been varied. For example a number of patients

with Hurlers syndrome have been successfully transplanted throughout the world. However, the

role of BMT as a therapy for patients with MPSn is not so clear, as patients have not been shown
be

to respond very well to BMT. Whether fucosidosis as a disease is going to^amenable to BMT is 

as yet unknown and will require follow up of this and other transplanted patients in the future.
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8  Discussion

Patients 2, 3, 4, 7, 8 , 9, 10, 12 and 13 in this study all had negligible a-fucosidase activity. In spite 

of this apparent homogeneity at the protein level, these patients are both clinically and genetically 

heterogeneous. Each of these patients, except patient 8 , has been shown to have a unique 

mutation. These include deletions in patients 3 and 4, point mutations in patients 2, 9, 10, 12, and 

13, and an insertion in patient 10. For a summary of these mutations see Table 5.3.4.6.1 and 

Figure 8 .1 . Previously it has been reported that a phenotype of a patient can be affected not only 

by the genotype but also by unknown variables, such as environmental factors. This has been 

demonstrated by the report of two siblings suffering from fucosidosis who both carried the same 

homozygous mutation but displayed two very different clinical phenotypes (Willems et al., 

1988b). Therefore it appears that the genotype/phenotype correlation seen in some other 

lysosomal storage disorders, for example Gaucher disease, is not applicable to fucosidosis. This 

may become a problem when considering therapy for patients with fucosidosis. In Gaucher disease 

it has been shown that certain phenotypes of the disease, namely Type 1, respond better to 

treatment by enzyme replacement therapy than others. This phenotype can be predicted from the 

genotype, with the majority of Type I patients carrying the N370S missense mutation. The first 

bone marrow transplantation has been performed on a fucosidosis patient with optimistic signs 

of success. The main determinant of the future success of such treatments will be the ability to 

identify which patients will be suitable candidates for such treatments. This will be all the more 

difficult because of the apparent inability to predict the phenotype of the patient from its genotype. 

When considering enzyme replacement therapy for a patient one important factor will be the effect 

of the disease-causing mutation on the protein produced. If no protein is produced by the mutated 

a-fucosidase DNA then any normal enzyme introduced into the patient will be regarded as 

foreign. This will result in a huge immunogenic response. The main underlying problem however,
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Exon

Number

Sequence Change Mutation Amino Acid 

Change

Restriction Enzyme 

Site

Reference

1 GÜC-GAC G60D Gly -> Asp A ftm Seo et al., 1993a

1 T£G -  TIG S63L Ser -> Leu Seo et al., 1994b

1 £AG -  TAG Q77X(TAG) Gin -  Stop Seo et al., 1993b

2 ÇCG -  CG P141fs(TAG) Pro ^ fs Eael Seo et al., 1993b

2 AAA ^ A K151fs(TGA) Lys -  fs BstXl / Bmpl Seo et al., 1993a

3 TAG -  TAA Y211X(TAA) Try -  Stop Rsal Seo et al., 1993b

3 AG C-GC S216fs(TGA) Ser ^ fs Seo et al., 1993b

5 GAG GG E253fs(TAG) Glu fs Seo et al., 1994a

5 TÇT -  TT S265fs(TAA) Ser -  fs Seo et al., 1993b

6 GAA-TAA E375X(TAA) Glu -  Stop Seo et al., 1993a

6 TGG -  TAG W382X(TAG) Trp -  Stop Hphl Seo et al., 1994b

7 GGA-IGA G401X(TGA) Gly ^ Stop PflMi Seo et al., in press

8 CAA-_TAA Q422X(TAA) Gin -  Stop EcoRl Willems et al., 1988

7+8 DELETION OF EXONS 7AND8 Seo et al., 1993a

00

Table 8 . 1 : Summary of published mutations in the fucosidase gene to date.



as with all other therapies for lysosomal storage diseases, will be the ability to decide when to 

initiate treatment before the onset of clinical symptoms, especially before any neurological 

deterioration has occurred. At present the prediction of the stage and rate at which neurological 

deterioration will occur in a fucosidosis patient is still not possible.

An alternative use for the increase in genetic information that has been obtained for fucosidosis 

is in the provision of genetic counselling. The aim being to determine the carrier status for 

individual family members and also to provide the opportunity for prenatal diagnosis. To date 

definitive diagnosis has been based on enzyme assays. This approach however, often leads to 

ambiguous results because of the ranges of activities covered by the different genotypes especially 

heterozygotes and normals. The first successful prenatal diagnosis was performed following 

amniocentesis (Poenaru et al., 1976). More recently chorionic villus sampling has been used 

successfully to diagnose fucosidosis (Young et al., 1990). However, some errors have occurred. 

Matsuda et al., (1975) misdiagnosed affected twin foetuses as being heterozygotes. Also diagnosis 

of heterozygotes by enzyme assay for family members is difficult for the same reasons. For 

example a misdiagnosis of a normal individual as being heterozygous for the mutant gene has 

occurred in a fucosidosis family (Wilhamson et al., 1993). The definitive genotype for this 

individual was obtained by demonstrating the absence of the putative disease-causing mutation 

that had been identified in the affected sib. This supports the need in this disorder, as is the case 

with many lysosomal disorders, for the identification of the disease-causing mutations in families.

Even though the disease-causing mutation is not known in all famihes, genetic counselling can still 

be offered. This is because two intragenic RFLPs are known within FUCAl. Both can only be 

detected by Southern blot analysis which requires large quantities of DNA and is relatively time
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consuming. These RFLP have a combined PIC value of 0.38, resulting in a large number of 

families being informative. This study has revealed the first intragenic polymorphism ,Q281R. 

This polymorphism can be detected by PGR amplification of exon 5 followed by digestion using 

the enzyme, BsaA or Dsa\. Therefore small volumes of DNA and a shorter period of time are 

required for analysis of this polymorphism which may be useful as an alternative marker at the 

DNA level for genetic screening and counselling. The information value of using this 

polymorphism alone would be predicted to be low but when combined with the other genetic 

markers it would be predicted to provide a better overall PIC for any family requiring counselling.

This Q281R polymorphism has been shown in this study to be the genetic basis of the common 

electrophoretic polymorphism that is seen on isoelectric focusing or electrophoresis of the a- 

fucosidase from various tissues (Section 5.3.2). This finding has also recently been confirmed by 

Yang et al., (1994). Isoelectric focusing profiles were obtained for extracts of COS- 1  cell 

transfected with the Q281R or Q281 polymorphism alleles. The Q281 allele showed the 

phenotype offu l and the allele, Q281R, the phenotype of Fu2 . Additionally 20 human lymphoid 

cell lines were examined for the occurrence of the Q281R polymorphism and expression o ffu l, 

Fu2 and Ful/Fu2 phenotypes. Eight lines with Fu2 were found to be homozygous for Q281R 

mutation. Six lines with Ful were homozygous for the Q281 allele and finally six lines with 

Ful/Fu2 were heterozygous, confirming the observation that the Q281R polymorphism is 

responsible for the common electrophoretic polymorphism of human a-fucosidase.

In many lysosomal disorders there are a number of mutations that are common in certain 

communities, for example approximately 70% of the Ashkenazi Jewish community have an 

insertion of 4bp in exon ll(Myerowitz et al., 1988). This provides a quick and easy screening
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technique for individuals of these communities. However from this study no common mutations 

are apparent. This has also been confirmed by the work of Seo et al., (1993a, 1993b, 1994a, 

1994b), who has published several reports during the later stages of this study detailing a number 

of mutations in the FUCAl gene of fucosidosis patients. A summary of the results is provided in 

Table 8.1. If the location of all the mutations identified is studied in relation to the FUCAl gene 

structure, it is apparent that there are no obvious hot spots for mutation location (Figure 8 . 1 ). 

However, mutations in exon 1 and 6  account for 42% of the total number of known mutations 

(19 in total). Consequently when screening for new mutations, these exons appear to be a good 

starting point. Another point of interest is the observation that no mutations have been located 

within exon 4, the reason for this is unclear.

Two mutations have been identified independently in both this and Seo's studies. The Y221X 

mutation, which was identified in the same patient (Seo et al., 1993b) whereas S216fs(TGA) was 

identified homozygously in this study in patient 4, who is of Scottish origin, and heterozygously 

in a Belgian patient by Seo et al., (1993b). The second fucosidosis mutation has not been 

identified in the latter patient. In summary a total of 19 putative disease-causing mutations have 

been identified in fucosidosis patients to date. The vast majority of these mutations occur 

homozygously indicating the presence of consanguinity in the families. This has been shown to 

be the case for most autosomal recessive lysosomal storage disorders of low incidence.

Little information is known about the structure, especially the active site, of a-fucosidase. 

Biochemical studies of any protein produced by patients carrying different mutations will result 

in the further understanding of the effect of a mutation on protein structure and function. 

Additionally the technique, site-directed mutagenesis, followed by transient expression of the
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Y211X
N329Y

P5R G96fe(TAG) W183X S216fe(TGA)
5' Splice site 

+1 position g-a

cDNA

Y330fe(TAA)

00
00 S63L K151fe(TGA)

G60D P141fKTAG)

S265fs(TAA) 

E253fe(TAG)

E375X(TAA) G401X(TGA) 

W382X(TAG)

Q422X(TAA)

Deletion of exons 7 & 8

Figure 8 .1 ; Scheme of a-fucosidase cDNA showing all mutations known to date. Mutations shown above the cDNA are reported in this study, whilst 
those shown below are mutations which have been reported by others (Willems et al., 1988; Seo et al., 1993 a,b; 1994 a,b).



mutated gene in COS cells may provide further information. Confirmation of disease-causing 

mutations and the study of the resulting protein can be obtained by this technique. Site-directed 

mutagenesis could also be used to create site-specific mutations in the a-fucosidase gene which 

could result in the identification of areas in the gene that are essential for protein function. For 

example identification of glycosylation sites by knocking out the putative N-glycosylation sequons 

and examining the resulting protein.

Site-directed mutagenesis has recently been used to confirm the presence of a disease-causing 

mutation in a patient of Italian decent by Seo et al., (1994b). The mutation identified was S63L, 

a missense mutation which results in the substitution of the amino acid serine by leucine. Transient 

expression of this mutation resulted in the production of no detectable enzyme therefore it was 

proposed that this mutation was disease-causing. The same technique has been used to show that 

the G60D missense mutation is also disease-causing, again by the lack of production of detectable 

enzyme activity.

The mutation S63L is located within an amino acid region that is conserved among the species, 

slime mould, rat and human. This led to the original prediction that it was the disease-causing 

mutation. The mutation N329Y identified in this study in patient 12 is also in a conserved amino 

acid region of the a-fucosidase protein, suggesting that it is the disease-causing mutation in this 

patient. This would be interesting to confirm by transient expression studies. Another interesting 

mutation is the missense mutation, P5R, in the signal peptide. This is the first mutation to be 

identified in the signal peptide and the effect it has on targeting the enzyme to lysosomes would 

be interesting to study. It would be predicted to affect the transport of the nascent polypeptide 

through the ER membrane and therefore its transport to the lysosome. Patient 10 was also shown
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to have a second homozygous mutation in exon 6 . A Ibp insertion that results in the production 

of a stop codon 9 amino acids downstream. This would also be predicted to be a disease-causing 

mutation, emphasising the need to look at the entire gene of an individual and not to assume that 

the first sequence change identified is the disease-causing mutation. The parents of patient 10 are 

heterozygous for both mutations. This indicates that both mutations are on the same chromosome, 

and that they have one normal allele and, therefore, a normal phenotype. The parentsare reported 

to be consanguineous which would explain this rare event.

There do not appear to be any characteristic sequences of DNA or amino acids associated 

with lysosomal enzymes. The homology between the amino acid sequences of two unrelated 

human lysosomal enzymes is usually 40-45%. However, there is a strong sequence homology 

between lysosomal enzymes that catalyse the same or very similar reactions. There is 60% 

homology between the coding regions of the genes for the a- and p- subunits of N-acetyl-p- 

hexosaminidase, which are located on chromosome 15 and 5, respectively (Neufeld et al., 

1989). a-Galactosidase and N-acetylgalactosaminidase (formerly called a-galactosidase B 

because of its activity towards a-galactosidic linkages) show 60% homology at the gene level 

and 47% for the deduced amino acid sequences (Wang et al., 1990). There are many areas of 

identical and conserved amino acid matches within the various human lysosomal sulphatases, 

galactose-3-sulphatase (arylsulphatase A), N-acetylgalactosamine-4-sulphatase 

(arylsulphatase B), iduronate-2-sulphate sulphatase and glucosamine-6 -sulphatase (Wilson 

et al., 1990). The amino acid sequences of human steroid sulphatase and sea urchin 

arylsulphatase are also highly homologous with the lysosomal sulphatases, suggesting that 

this family of enzymes has evolved from a common ancestral gene. Similarity in sequence 

between the human lysosomal enzyme and its counterpart from other vertebrates, eukaryotes
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or even prokaryotes is general for those enzymes studied (Neufeld, 1991), This provides 

strong support for a common evolutionary origin for a particular enzymic activity.

We have compared the amino acid sequence of human a-fucosidase with the sequences of 

five other human lysosomal enzymes. The homology was 43.6% for a-mannosidase, 43.3% 

for a-galactosidase, 42.7% for N-acetylgalactosaminidase and 43.2% and 41.3% for the a- 

and p- subunits, respectively, of N-acetyl- p -hexosaminidase. These values are remarkably 

similar and typical for human lysosomal enzymes of distinct specificity, albeit in the same 

catabolic pathways. As anticipated the homologies between the human and rat and slime 

mould a-fucosidase amino acid sequences, are much higher 90% and 65% respectively 

(Fisher et al., 1989). Some of the exons of the dog a-fucosidase gene have identical 

sequences to the corresponding human exons (B Skelly, personal communication). It is 

assumed that the retention of these conserved sequences is essential for the function or 

structure of the enzyme. All of the novel mutations described in this thesis, except P5R, occur 

in sequences conserved in all 3 mammalian species. This adds support to the proposition that 

they are the disease-causing mutations in these patients. It is interesting that the least 

conserved region is the signal peptide sequence, in which the P5R mutation lies. To our 

knowledge only one other putative disease-causing mutation has been reported in the signal 

peptide sequence of a human lysosomal enzyme. This is a Ibp deletion (C) in codon 15 of the 

iduronate-2 -sulphate-sulphatase gene in an 18 year old male patient with a mild form of 

Hunter disease (Hopwood et al., 1993). No other information about this case is available but 

it is possible that mutations in parts of the signal peptide may not be too deleterious. It may 

also be significant that the fucosidosis patient with the P5R mutation is homozygous for an 

allele containing a ffameshift mutation in exon 6  as well as P5R. The ffameshift mutation
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may have a more serious effect on the a-fucosidase activity. Expression of the two mutations 

separately could resolve this question and throw more light on the role of the signal peptide 

sequence.

One structural feature that is common to all soluble lysosomal proteins is the conformational 

motif recognised by the GlcNAc-1-phosphotransferase that catalyses the transfer of phospho- 

N-acetylglucosamine from UDPGlcNAc to high-mannose glycans (Baranski, Faust and 

Komfeld, 1991). A single lysine residue and a sequence of 27 amino acids were found to be 

necessary for the binding of the phosphotransferase and subsequent phosphorylation of 

oligosaccharide chains of a chimeric glycopepsinogen. Lysine is a common determinant for 

phosphorylation of lysosomal enzymes because acétylation of lysines by sulpho-N- 

hydroxysuccinimide acetate inhibits phosphorylation without altering the conformation of 

several lysosomal enzymes (Cuozzo and Sahagian, 1994). As very few lysosomal enzymes 

have been crystallised and analysed by X-ray diffraction it is not known whether there are any 

other common structural motifs in lysosomal enzymes. The accumulation of 

genotype/phenotype correlations will prove very useful for understanding the relationship 

between a newly obtained three dimensional structure and the various functions of the 

structure of a lysosomal enzyme.

In conclusion this study has resulted in the identification of the first intragenic polymorphism 

and 8  new mutations in 7 patients. It has resulted in an increase in the number of known 

mutations in the a-fucosidase gene by 42%, thereby increasing our knowledge of the gene 

itself. However, no genotype/phenotype correlation seems apparent with the mutations 

identified.
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Abstract
Fucosidosis is a rare, autosom al reces
sive, lysosom al storage disease, resulting 
from  a deficiency o f the enzym e «-fucosi
dase (EC 3.2.1.51). It is characterised  
clinically by progressive m ental and 
m otor deterioration, growth retardation, 
coarse facies, and often recurrent infec
tions, but the course o f the disease is 
variable. The gene encoding lysosom al a- 
fucosidase has been mapped to the short 
arm  o f chrom osom e 1 at position lp34.1- 
36.1 and has been called FUCA l. Two 
m utations causing disease have been de
scribed previously, a C-^T change in 
exon S giving rise to a prem ature, in 
fram e TA A stop codon, and a deletion o f  
at least two exons from  the 3' end o f the 
gene.

In this paper we present evidence that a 
homozygous G ^ A  transition in the first 
position o f the S' splice site o f intron 5 o f  
FUCAl is the disease causing m utation  
in a 9 year old child o f distantly related  
parents. A new banding pattern was 
detected in the patient by Southern blot
ting o f genomic DNA using TagI restric
tion and a cDNA FUCAl probe. The 
patient was homozygous for this pattern. 
Three sibs with «-fucosidase activity be
low the normal reference range and both 
parents were heterozygous. This pattern 
was not detected in 26 other fucosidosis 
patients and has not been found in any 
controls. The m utation was localised by 
a com bination o f  restriction mapping 
using different cDNA probes, single 
stranded conform ational polym orphism  
analysis o f exons and flanking regions 
amplified by the polym erase chain reac
tion, and by direct sequencing o f the am 
plified sequence. In view o f the nature o f 
the m utation, its cosegregation with the 
disease m utation and its absence in con
trols, it is probable that this 5' splice site 
m utation causes fucosidosis in this child. 
( J  M ed  Genet 1993;30:218-23)

Fucosidosis is a rare, autosomal recessive, 
lysosomal storage disorder caused by a defi
ciency of the enzyme a-L-fucosidase (EC 
3.2.1.51).' The deficiency of a-L-fucosidase 
results in the accumulation in lysosomes of 
tissues and excretion in urine of oligosacchar
ides, glycoasparagines, and glycolipids con
taining fucose. A review of 77 patients with 
fucosidosis has recently been published.^ The 
clinical picture of fucosidosis is heterogeneous 
but patients generally show progressive mental 
and motor deterioration, growth retardation.

coarse facies, recurrent infections, dysostosis 
multiplex, angiokeratoma corporis diffusum, 
visceromegaly, and seizures.^

T he gene encoding human a-fucosidase has 
been mapped to the short arm of chromosome 
1 in lp34 .1-36.1 and has been called 
F U C A l . T h e  cDNA sequence is 2053bp 
long with an open reading frame of 461 amino 
acids, a proposed signal peptide of 22 amino 
acids, and four potential glycosylation sites.^ 
T he a-fucosidase gene is composed of eight 
exons spanning 23 kb of D N A  and the geno
mic structure, including all the intron/exon 
boundaries, has been published.®

To date, two mutations that result in fucosi
dosis have been described. A single base 
change, C ->T, which obliterates an EcoRI site 
in the cDNA has been identified in seven 
patients from five unrelated sibships.^’® This 
transition gives rise to a prem ature, in frame 
TAA stop codon encoding a truncated fucosi
dase protein. The second mutation, which is 
responsible for fucosidosis in two Algerian 
sibs, is a deletion of at least two exons at the 3' 
end of the a-fucosidase structural gene.^ The 
existence of at least two other mutations is 
indicated by haplotype analysis based on res
triction fragment length polymorphisms.^ Ex
tensive Southern blot analysis in our and other 
laboratories has not shown any other major 
gene deletions or insertions in FU C A l of 
patients, thus indicating that the majority of 
cases of fucosidosis are most likely caused by 
point mutations.

We report here on the characterisation of a 
point m utation in the 5' splice site of exon 5 of 
a new patient with fucosidosis. We have used 
Southern blot analysis and single strand con
formation polymorphism (SSCP) analysis of 
PCR amplified sequences to localise the m uta
tion and direct sequencing to characterise the 
nature of the mutation.

M aterials and methods
C L IN IC A L  D E T A IL S

The proband (SB) was born after a normal 
term delivery in Zambia to distantly related 
Asian parents. Birth weight was 3800 g. There 
are five normal older sibs. H er early milestones 
were normal. She smiled at 8 weeks, sat unsup
ported at 8 months, and at 16 months was 
walking steadily and used three words appro
priately. From  the age of 18 months she 
gradually became uninterested in toys, started 
mouthing and casting objects, and her lan
guage skills deteriorated to grunts and point
ing. H er gait became progressively more 
unsteady. The family moved to the U K  in 
1989. At 6J years she had no words bu t waved 
‘bye bye’ and pointed to indicate her needs.
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Figure 1 a-fucosidase cD N A  probes. The numbers correspond to the different exons of 
F U C A l.^

c l l  or EcoRI to generate fragments A, B, and 
C (fig 1). T he fragments were separated by 
electrophoresis in agarose and the D NA 
extracted from the agarose using ‘Geneclean’ 
(BIO 101). T he probes were generated by 
labelling the fragments by the random hexa- 
nucleotide procedure'" using dC T P
(Amersham International).

She could finger feed a biscuit but could not 
use a spoon. She walked on a broad gait and 
fell backwards after every few steps. She was 
not toilet trained. H er weight and height were 
below the 3rd centile. Head circumference was 
on the 5th centile. She had coarse facial 
features, protruding tongue, kyphosis, con
tracture of the right elbow, and hirsutism. 
T here was no hepatosplenomegaly or skin 
lesions. Breathing was noisy owing to upper 
airway obstruction and a H arrison’s sulcus was 
visible. She had a thin muscle bulk with nor
mal tone and reflexes. She continuously 
m outhed and cast objects and had no construc
tive play. T here  was no corneal clouding and 
vision was normal. D istraction testing indi
cated hearing thresholds raised at 50 dB bila
terally with flat tympanograms. Currently, 
aged 9 years, she attends a school for children 
with severe learning difficulties. H er walking 
has deteriorated further. She wears a helmet to 
prevent head injury and arm splints to deter 
hand chewing. A first cousin died in Zambia 
aged 4 years. She is reported to have had 
identical physical and developmental problems 
to SB.

SO U T H E R N  BLO T A NA LY SIS 

Genomic D NA was isolated from peripheral 
blood leucocytes by using the guanidinium 
chloride extraction p ro c e d u re .D N A  (10 pg) 
from members of the index family, 25 controls, 
and 26 other unrelated fucosidosis patients 
was digested with Taql, Bgll,  or EcoRI res
triction endonuclease according to the m anu
facturer’s instructions. T he resulting frag
m ents were separated on an 0 8 to 1% agarose 
gel and transferred to a nylon membrane by 
standard procedures." T he blots were then 
hybridised with the radiolabelled oc-fucosidase 
cD N A  probes. Prehybridisation and hybridis
ations were carried out in 10 x D enhard t’s 
solution, containing 4 x S S C , 50 pg ml de
natured salmon sperm D N A, and 1% (w v) 
sodium dodecyl sulphate (SDS) for 16 hours at 
65°C. Filters were washed twice for 20 minutes 
at room tem perature i n  3 x SSC containing 
0 1 %  (w;v) SDS. T his was followed by a 
higher stringency wash at 65°C for 30 minutes 
in 0 5 X SSC containing 0 1 %  (w v) SDS. T he 
mem brane was wrapped in ‘cling film’ and 
placed in an x ray cassette with Kodak Xero- 
mat film for 24 hours to a week.

ASSAY OF LEU CO CY TE 0(-FUCOSIDASE 

Leucocytes were isolated from heparinised 
blood as described previously.^ a-fucosidase 
activity was measured in sonicated cell extracts 
by incubating 5 pi of the extract with 95 pi of 
H ,0  and 100 pi of 16  mmol 1 4-m ethylum bel- 
liferyl a-L-fucopyranoside in citrate-phos- 
phate buffer, pH  4 5 (M elford Laboratories, 
Haverhill, Suffolk, UK) for 30 m inutes at 
37°C. T he reaction was stopped by the addi
tion of 2 3 ml of 0 25 mol 1 glycine N aO H , 
pH  10 4 and the fluorescence of the released 4- 
m ethylum belliferone was read at 440 nm using 
an excitation wavelength of 365 nm. One unit 
of activity equals a rate of hydrolysis of 1 nmol 
per hour per mg of protein. Protein was 
m easured using the m ethod of Lowry et a P  
with hum an serum album in as the standard.

t( - f u c o s i d a s e  c d n a  p r o b e s

H um an fucosidase cD N A ," encoding the
major part of F U C A l, was digested with Hiii-

Strnctures o f primers used fo r P C R  and sequencing.

P rim er N o Sequence Exon in tron

1 5' TA A  O C A  EGA T O C  C A G  G C 'F  T G In tron  5
2 5' A G G  A G A  FAC C A G  F T C  C G G  A T In tron  6
3 5' G A T  G A G  G 'F G  G 'FA  G 'FA  AA'F GA Exon 5
4 5' GAA A FG  A T T  T C A  G A 'F 'F C T  T C Exon 5
5* 5' C C T  G G G  G C T  A FC  G T C  G T G  AC Exon 5
6 5' T A 'F  AAA A T A  A'FA CAT ACT' G C A  FGT FA In tron  5

* B iotinvla ted  at the 5' end.

PO LY M ER A SE C H A IN  R EA C TIO N  (P C R ) ANA LY SIS 

Exons 5 and 6 and their flanking regions were 
amplified by PCR using the prim ers in the 
table and fig 2. T he primers were synthesised 
on an Applied Biosystems 381A DNA synthe
siser, using D M !-b io tin -C 6 -P A  for prim er 5 
(Cam bridge Research Biochemicals L td, 
N orthw ich, Cheshire, U K ), according to the 
m anufacturer’s instructions. Genomic DNA 
(500 ng) in a total volume of 100 pi was de
natured at 94°C for 10 m inutes, after which 2 5 
units of Taq polymerase (Promega) were 
added and the mixture was held at 54°C for 
five minutes. T his was followed by 30 cycles of 
one m inute at 72°C, one m inute at 94°C, and 
30 seconds at 54°C. T he amplified DNA was 
analysed by electrophoresis on a 15%  agarose 
gel and visualised by staining with ethidium 
brom ide; 20 pi of amplified product was 
digested with Taql according to the m anufac
tu re r’s instructions (NBL, Fram lington, 
N orthum berland, UK) and analysed by elec
trophoresis on a 2% agarose gel followed by 
staining with ethidium bromide.

S IN G L E  STRANDED C O N F O R M A T IO N A L  

P O L Y M O R P H IS M  (S S C P )"  A N A LY SIS 

Exons 5 and 6 and the exon 5 intron 5 bound
ary of the a-fucosidase gene were amplified by 
PCR using the primers and conditions already 
described. T he reaction was carried out in a
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Exon 4 I I Exon 5 J 1 I I Exon 6

1 8  kb _3 2 kb_
Taq\ site

Figure 2 Primers used in the location o f the new T aq l mutation.

new  Taq\ site 
Taql site

S u B RB

Ô
DB

volume of 50 |il using 500 ng of D N A , 25 pmol 
of each prim er, 0 2 mmol 1 dC T P , 2 mmol/1 
dA T P, dG T P , d T T P , 0-1 pi of dC T P. T he 
amplified products were analysed by electro
phoresis of 10 pi on a 15%  agarose gel, fol
lowed by ethidium  bromide staining. Five pi of 
the PCR product was diluted with 40 pi of 
10 mmol/1 ED TA /0 1% SDS and 5 pi of this 
was further diluted with 5 pi of gel loading 
buffer (80% formamide/89 mmol, 1 T ris/ 
2 mmol/1 ED TA /89 mmol/1 boric acid, pH  8 0, 
with bromophenol blue and xylene cyanol 
added as indicator dyes). T he D N A  samples 
were denatured by heating at 95°C for three 
m inutes and then placed on ice. Aliquots of 
2 5 pi were loaded onto a non-denaturing 6% 
polyacrylamide gel (Protogel Lablogic) con
taining 5% glycerol. Electrophoresis was car
ried out at 4°C for 12 hours at 360 volts and 
then the gels were dried and exposed to x ray 
film w ithout intensifying screen.

SE Q U E N C IN G

T he exon 5/intron 5 boundary was amplified 
by PCR using prim ers 5 and 6 (table, fig 2) 
under the conditions already described. T he 
reaction was carried out in a volume of 100 pi 
containing 5 pmol of each prim er, 2 mmol 1 
dN T P s, reaction buffer (Promega), and 500 ng 
of patient DNA. Fifty pi of the amplified pro
duct was mixed with 30 pi of magnetic Dynal 
M -280 streptavidin beads (Dynal, U K) and 
incubated at room tem perature for five 
m inutes and then placed in a magnetic rack. 
T he beads with the bound double stranded 
amplified product were then incubated with 
015  mol/1 N aO H  for five minutes to produce 
single stranded molecules. T he biotinylated 
single strand attached to the beads and the 
unbiotinylated single strand in the supernatant 
were separated. Two volumes of absolute etha-

NB S a B HB AB SB

3 0 0 39 0  53 0 22 0 37 0 23 0 24 0 0 0

Leucocyte 
a-fucosidase  

activity 
(nmol/h/mg)

Taqlband  
size pattern

Figure 3 Family pedigree with oc-fucosidase enzyme activity as compared to Taql 
Southern blot pattern o f F U C A l. Normal reference range o f ot-fucosidase in leucocytes 
30-189 nm olih’mg.

1 8/5 0 1 8/5 0 5 0/5 0 1 8/5 0 5 0/5 0 1 8/5 0 1 8/5 0 1 8 /18

nol and 1/10 volume of 3 mol/1 sodium acetate, 
pH 5 6, were added to the supernatant which 
was stored at — 20°C for 12 hours and then 
centrifuged in a bench centrifuge for 15 
minutes to recover the precipitated D N A . 
W ater (7 pi) was added to the pellet and the 
D NA sequenced using the Sequenase kit 
(United States Biochemical Corporation) 
according to the m anufacturer’s protocol and 
5 pmol of the 5' biotinylated prim er 5. T he 
samples were heated to 85°C for two m inutes 
before 2 pi was applied to a 6% denaturing 
polyacrylamide gel (Accugel, Lablogic) and 
electrophoresis was carried out at 55 W  on a 
ERL (model 2) sequencing apparatus for two 
to two and a half hours. T he gel was fixed in 
10% methanol and 12% acetic acid for 30 
m inutes, then dried and exposed to x ray film 
at -7 0 °C .

R e s u lt s
a-L -F U C O S ID A S E  A C T IV IT Y  

T he o(-L-fucosidase activity in the leucocytes 
from members of the family is shown in fig 3. 
No activity could be detected in the patient 
(SB) consistent with the diagnosis of fucosido
sis. Both parents had levels of activity at the 
lower end of the control reference range, and 
three of the five sibs had activity lower than 
normal. A nother sib, SaB, had similar activity 
to her parents and one sib, DB, had normal 
activity.

SO U TH ER N  BLO T A NA LY SIS 

Cenom ic D N A  was extracted from white 
blood cells of SB, digested with four different 
restriction endonucleases, and analysed by 
Southern blotting using probes A, A + B, B, 
and C. No abnormalities were seen after diges
tion with Bglll ,  EcoRl, or P vu l l .  T he normal 
pattern obtained with ifcoRI excludes both the 
m utation obliterating an FcoRI site in exon 8̂ * 
and the deletion at the 3' end, which is charac
terised by an extra junction fragment of 12 kb.^

SB was homozygous for the 12 0 kb allele of 
the Bglll  R F L P  and the 7 0 kb allele of the 
P vu l l  R F L P  (haplotype 1-1).'" Almost com
plete linkage disequilibrium  has been found 
between these two polymorphism s in N orth 
American Caucasians but a significantly lower 
disequilibrium  was found in Belgian Cauca
sians.' T he two sibs with a 3' deletion of 
FU C A L  also had haplotype 1-1.

W hen Taql digested genomic D N A  from 
SB was analysed using probe B, the 5 0 kb 
band which had been observed in all controls 
disappeared and an extra 1 8 kb band was 
observed (fig 4). SB appears to be homozygous 
for a new Taql restriction site, which has not 
been detected in any control samples or other 
patients by us or others.^ T he parents showed 
both the normal 5 0 kb and the aberrant 18  kb 
band. T he new Taql restriction site cosegre
gated with the fucosidosis allele in the family 
of SB (fig 3). T he abnormal Taql restriction 
pattern was not present in 26 additional unre
lated fucosidosis patients, nor in the control 
population (n = 25). T he parents and three of
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3 ^
3 0 3 Ü I 0

*- 7 7 kb

5 4
5 0

3 3

2 4 

18

10

Figure 4 Southern blot analysis o f T aq l digested D N A  
from  the fam ily  o f the patient hybridised to ot-fucosidase 
cD N A  probe B. F, fa ther; A1, mother; S B , patient; 
A B , D B , FIB, N B , and S a B , sibs o f patient; C, 
control.

the patient’s sibs were heterozygous for this 
Taql restriction pattern. T he sib DB, who had 
the highest activity, and the sib SaB, whose 
activity was similar to that of her parents, were 
not heterozygous for the Taql polymorphism .

the new Taql site. Probe C, which covers the 
3' end of exon 8 and the 3' non-coding region, 
only hybridises to the 2 4 kb fragment. As no 
Taql sites are present in exon 7, intron 7, and 
exon 8, according to the published sequence 
the 2 4 kb fragment must span exons 7 and 8. 
As the 2 4 kb fragment is intact in patient SB, 
the new Taql site cannot be in exons 7 and 8 or 
intron 7. T he absence of the 2 4 kb Taql 
fragment in patients with the 3' deletion that 
includes exons 7 and 8̂  supports this conclu
sion. Exon 4 can also be excluded for the 
following reason. Exon 4 is only 106 bp long 
and there is a Taql site 158 bp upstream . As 
the new Taql site has to be 18 or 3 2 kb from 
an existing Taql site, it cannot be in or flank
ing exon 4. For these reasons the 5 kb Taql 
fragment in normal D N A , which is split by the 
new Taql site, must span exon 5 or 6. T h is was 
investigated by amplifying exons 5 and 6 and 
their flanking regions from the patient and 
controls by PCR (fig 2) and analysing the 
amplified molecules for sequence differences.

A N A LY SIS OF EXON 6
Prim ers complementary to 5' and 3' intronic 
sequences flanking exon 6 (prim ers 1 and 2 in 
the table and fig 2) were used to prepare 
amplified DNA from SB and a control. Both 
amplification products failed to cut with Taql, 
indicating that the new 7a^I site in SB is not in 
exon 6. F urther evidence that a new Taql site 
or another sequence change was not present in 
exon 6 of SB was obtained by SSCP analysis of 
the amplified products from SB and controls 
(fig 5A). Confirmation of the identity of the 
sequences of exon 6 and its flanking regions in 
SB and controls was obtained by direct 
sequencing of the amplified products and com 
parison with the published sequence.

L O C A L IS A T IO N  O F TH E  N E W  Taql R E S T R IC T IO N  

SITE

T he sequence change producing the new Taql 
site appears to be associated with an allele 
causing a deficiency of a-fucosidase. T he new 
Taql site results in the loss of a 5 0 kb band 
and the generation of a new 1 8 kb band. It was 
not possible to localise the new Taql site by 
direct restriction mapping because the sizes of 
some of the intronic sequences are not known. 
However, it was possible to deduce which 
section of the gene corresponded to the 5 kb 
fragment by the use of probes that cover dif
ferent regions of the cDNA sequence and 
knowledge of the sequence. T he new Taql site 
was not observed after hybridisation with 
probe A which covers exons 1, 2, and part of 3, 
indicating that it is not in this region of the 
gene. T he 5 4 kb Taql band is much less 
intense than other bands when probe B is used 
for hybridisation but of comparable intensity 
when probe A + B is used. T he H i n d i  site 
separating probes A and B is in exon 3, 5 bp 
upstream  from the 3' end of exon 3 (fig 1 ). This 
suggests that the 5 4 kb fragment spans exon 3. 
T he 5 4 kb fragment is unaffected in patient 
SB, thereby excluding exon 3 as the location of

A N A LY SIS O F EXON 5

DNA from the patient and controls was am pli
fied using primers specific for the 5' and 3' 
ends of exon 5 (prim ers 3 and 4 in the table and 
fig 2). T here are no Taql sites in the 5' and 3' 
ends of exon 5 covered by the prim ers, accord
ing to the published sequence. T h e  amplified 
material from both sources consistently failed 
to be cut by Taql,  suggesting that the new 
Taql site was not in exon 5. SSCP analysis of 
amplified exon 5 from SB and controls also 
indicated that the sequence of exon 5 was the 
same in the patient and controls. T his was 
confirmed by direct sequencing of the am pli
fied products.

A N A LY SIS OF IN T R O N  5

T o amplify across the 5' splice site of intron 5, 
primers were synthesised specific for the m id
dle of exon 5 and a sequence in intron 5 
(prim ers 5 and 6 in the table and fig 2), which 
should result in a 269 bp product. T he am pli
fied product from controls did not cut with 
Taql,  whereas the product from SB was cut 
into two unequal fragments (fig 6). As the 
exonic portion of the PCR product was 201 bp
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Taql site of T C G A  at the exon 5 intron 5 
boundary and is consistent with the approxim 
ate sizes of the digestion fragments obtained 
with Taql from the amplified material.

kb

396 \ 
344 ; 
298 ' 
220  \ 
201  / 
154 ' 
134 ' 

75 ■

1 2 3 4 5

à t

1 2 3 4
Figure 5 Single stranded conformational polymorphism 
analysis o f amplified exons 5 and 6. (A )  Exon 6. 1 ,2 , 
and 5, controls; 3, patient S B ;  4, fucosidosis patient 
icith a different exon 6 mutation (positive control). (B )  
Exon 5. I and 3, controls; 2, patient S B ;  4, fucosidosis 
patient with a different exon 5 mutation (positive 
control). See M aterials and methods and results for  
details.

in length and this was not cleaved by Taql, the 
new Taql site must be in the first 68 bases of 
intron 5. SSCP confirmed that there was a 
difference in sequences of the amplified pro
ducts obtained with these prim ers from SB 
and controls (fig 5B). Sequencing showed a 
single base transition from G to A in SB at the 
first base in intron 5 (fig 7). T his creates a new

W Vy#

-  269 bp
-  201 bp

-  68 bp

1 kb 1 2
ladder

9 10

Eigure 6 T aq l digestion o f P C R  amplified exon 5. 1 and 2 and 3 and 4; controls, 
respectively undigested and digested with T aql; 5 and 6 and 9 and 10: other 
fucosidosis patients, undigested and digested; 7 and 8, patient S B , undigested and 
digested.

D is c u s s io n
O ur patient with fucosidosis does not have 
either of the two previously described disease 
causing m utations in the or-fucosidase gene, 
the 3' deletion or the prem ature term ination 
signal in exon 8. However, she is homozygous 
for a new Taql polymorphism owing to a g ^ a  
transition at position + 1 of the exon 5 intron 
5' splice site. T his caused the loss of a 5 0 kb 
band and the appearance of a new 18 kb band. 
I t is assumed that a 3 2 kb band is also gener
ated but that it is undetectable on the blot, 
either because it comigrates with the 3 3 kb 
band, or more likely, because it is an intronic 
sequence and therefore not detectable with the 
cDNA probe. T he absence of this sequence 
change in controls and its cosegregation with 
the enzyme deficiency in the family strongly 
suggest that it is the disease causing m utation 
in this child. T he sequence g t is highly con
served at the 5' splice site of mammalian 
i n t r o n s . A  m utation of the g at the + 1 
position of a 5' splicing site consistently leads 
to abnormal processing of messenger RNA, 
either exon skipping or activation of a cryptic 
splice site.“  5' splice site m utations have been 
reported in genes for several other human 
lysosomal enzymes. These m utations lead to 
an almost complete deficiency of the enzyme 
when they occur homozygously in patients. A 
g ^ a  transition in the 5' splice site of intron 2 
of the a chain of (3-hexosaminidase has been 
found in a com pound heterozygote with Tay- 
Sachs disease.^* T runcated m RNA lacking 
exon 2 is produced along with normal length 
mRNA from the normal allele. One of the two 
major m utations responsible for Tay-Sachs 
disease in Ashkenazi Jews is a g ^ c  transver
sion in the 5' splice site of intron 12 of the same 
gene, which leads to no detectable mRNA.^^“̂ ‘* 
In metachrom atic leucodystrophy, g->a tran 
sitions in the + 1 5' splice site of introns 2" and 
3-  ̂ are present in m utant arylsulphatase A 
alleles associated with the more severe, early 
onset, late infantile form of the disease. A g ^ t  
transversion in the + 1 position of the 5' splice 
site of intron 6 of o(-galactosidase resulted 
exclusively in skipping of exon 6 in a patient 
with Fabry disease.^" A patient w ith Gaucher 
disease was also found to have a 5' splice site 
m utation in intron 2 of the (3-glucocerebrosi- 
dase gene.^^

T he possible consequence of a m utation in 
an intron 5' splice site can be assessed semi- 
quantitatively by com paring the statistical esti
mates for the probable use of the normal and 
m utant splice s i te s .B a s e d  on the —2 to + 6  
consensus sequence for a 5' splice site, the g ^ a  
transition in the exon 5 donor splice site of ot- 
fucosidase would cause a decrease in the likeli
hood score from 86 to 68. All the other 5' splice 
site m utations in lysosomal enzyme genes led 
to a very similar drop in the calculated likeli
hood score for the use of the splice site. T his
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Normal Patient SB

G A T C

Figure 7 Sequencing o f part o f exon 5 and 5' flanking region, amplified by P C R  
showing the g~*a substitution in S B .

Strongly supports our suggestion that the m u
tation at the + 1 position of the 5' splice site of 
intron 5 is the disease causing m utation in our 
patient. It would be expected to lead to incor
rect processing of m RNA and a deficiency of 
functional enzyme. U nfortunately it has not 
been possible to study the m RNA or enzymic 
protein in this family.

T o  date only three disease causing m uta
tions have been fully characterised in cases of 
fucosidosis. Therefore it is not yet possible to 
correlate the genotype with clinical phenotype. 
Like the patients with the 3' deletion or 
prem ature stop codon in exon 8, our patient 
has negligible ot-fucosidase activity in her 
white blood cells and clinical symptoms were 
detected between 1 and 2 years of age. H istori
cally fucosidosis was classified into type 1, 
which was characterised by a rapidly progres
sive neurological deterioration and death 
before the age of 5 years, and type 2, which had 
a slower progression. However, patients 
homozygous for the m utation in exon 8 have 
been classified as both type 1 and type 2 on 
clinical c r ite r ia .^ T h e re fo re  it is possible that 
other factors contribute to the course of the 
disease.
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A b stract
A n alysis  o f  a large tub erous sc lerosis  
p ed igree con firm ed  linkage to a locus on  
the lon g arm  o f  ch rom osom e 9, w ith  
reco m b in a tio n  events p lacin g  the d isease  
gene d ista l to gelso lin  and p rox im al to 
d op am in e /1-hydroxylase.
( J  M ed Genet 1993;30:224-7)

Linkage analysis in tuberous sclerosis (TSC ) is 
complicated by locus heterogeneity,'^ making 
it difficult to distinguish recombination from 
non-linkage and to identify appropriate flank
ing markers. T h e  problem is exacerbated by 
the paucity of large affected pedigrees.

Despite these difficulties a num ber of stud
ies have established the existence of a T S C  
locus on distal 9q ( T S C l )  and have used a 
variety of analytical approaches to define con
fidence intervals for the position of this locus.'■*’ 
However, the validity of these approaches is 
undeterm ined and therefore haplotype analy
sis in large pedigrees which independently

support linkage remains the simplest and least 
error prone m ethod for defining the interval 
which contains the T S C l gene.

We have used 16 polym orphic m arkers from 
distal 9q to study a four generation chrom o
some 9 linked family segregating for tuberous 
sclerosis (two point analysis, T S C  versus 
A S S ,  generates a lod score of 3 86 at 9 =  0, 
assuming 98% penetrance). M arkers flanking 
the T S C l  locus have been identified by key 
recombination events in the haplotypes gener
ated.

M ethods
C L IN IC A L  ASSESSM ENT O F F A M IL Y  M EM BERS 

All family members have been clinically 
assessed for signs of tuberous sclerosis. At risk 
subjects without definitive diagnostic signs (as 
defined by Gomez^) were investigated by der- 
matological examination with W ood’s light, 
indirect ophthalmoscopy, renal ultrasound 
scan, brain C T  scan, and skeletal survey before 
being ascribed normal status. Apparently un-

III

IV

Figure I Chromosome 9 linked tuberous sclerosis pedigree. Affected subjects are represented by solid diamonds and  + ' — refers to the diagnostic 
signs as follows. (1) Adenoma sebaceum. (2) Periungual fibromaf s j . (3) Shagreen patch ( es ). (4) Hypopigmented macules. 15) Retinal 
phakom a(ta ). (6) Seizures. (7) M ental retardation. (8) Brain tumour. i9 ) Renal cysts. 110} Renal angiomyolipoma ( ta j . (11)  Renal 
adenocarcinoma. ( 121 Periventricular calcification on brain C T  scan.
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approval for screening random  schizophrenics 
for mutations was granted by Lothian Area 
H ealth Authority before the initiation of this 
study.
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Further family with 
autosomal dominant 
patent ductus arteriosus

Occasionally, families have been reported 
w ith apparent autosom al dom inant in
heritance of a patent ductus arteriosus (PD A), 
although the condition usually appears to be 
sporadic.' " We report a further family with 
eight affected m em bers in two generations.

T he pedigree is shown in the figure. T he 
grandfather (IT ) died suddenly after a tooth 
extraction at the age o f 40; his wife died of 
old age. Il l was diagnosed and operated 
upon for a PDA at the age o f 35 years. Despite 
having a sister with a PD A  and two children 
requiring PDA ligations, it was not until she 
b rought her third affected child into hospital 
that she herself was exam ined. M ild right

ventricular hypertrophy was found and a 
small PD A  was closed. She also had coeliac 
disease. II 2 has been in good health all his 
life. Because of the family history of patent 
ductus arteriosus he sought a cardiology opin
ion at the age o f 54 years. A PDA was found 
with m oderate biventricular dilatation and he 
was operated on successfully. II 4 had been 
a sickly child throughout her life bu t becam e 
progressively less well in her teenage years. 
At the age o f 18 years bacterial endocarditis 
and a PD A  were diagnosed. Both were even
tually successfully treated. In later life she 
developed m yasthenia gravis, scleroderm a, 
and R eynaud’s phenom enon. I ll 2 was re
ferred to a cardiologist at the age o f 7 years 
with an asym ptom atic m urm ur. After two 
years o f follow up, ventriculomegaly began to 
develop and the PDA was ligated. I ll 4 was 
diagnosed as having a PDA at the age o f 5 
years, had  always been mildly exercise re
stricted, had ventriculomegaly, and was op
erated on at 6 years. I ll 5 was found to have 
an asym ptom atic m urm ur at the age o f 6 
years and her PDA was tied at 6  ̂ years. She 
also had coeliac disease. I ll 6 had frequent 
upper respiratory tract infections as a young 
child and was exercise restricted. At the age 
of 4 years he was referred to a cardiologist 
who found a typical PDA m urm ur. He was 
operated on at the age o f 4~ years. His karyo
type is norm al. H IT ?  was referred to a car
diologist at the age of 3 years for an 
asym ptom atic m urm ur. A PDA was diag
nosed and ligated forthwith.

Family m em bers are o f norm al appearance 
and intelligence and have no sym ptom s sug
gestive o f a prostaglandin m etabolic defect, 
such as atopy or difficulties during labour. 
A lthough all occurrences of PDA have been 
inherited from an affected m other in this 
family, patem al-offspring transm ission has 
been described previously.'’ *̂’ T he PDAs 
found in this family were not unusual in their 
position and varied greatly in the sym p
tom atology they caused.

T he em pirical recurrence risk for a PDA is 
3% w hether it is a parent or a sib that is 
affected.^ M ost cases are thought to be the 
result of polygenic/m ultifactorial inheritance. 
In families such as this, where so many m em 
bers are affected, autosom al dom inant in
heritance seems likely and the recurrence risk 
is probably 50%. In order to give realistic 
recurrence risks to a family where a child has 
a PDA, the facial phenotype described by 
Davidson® should be sought, and both par
e n t’s cardiovascular systems should be ex
am ined. Referral to a cardiologist of any 
children born to a family with possible auto

IV □

Family pedigree.

somal dom inant PDA seems sensible w hether 
or not they have a detectable m urm ur.
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Molecular basis of the 
common electrophoretic 
polymorphism (Ful/Fu2) 
in human a-L-fucosidase
o(-L-fucosidase (E C .3 .2 .1.51) is a lysosomal 
hydrolase involved in the catabolism  of 
fucose-containing glycolipids and glyco
proteins. A deficiency of this enzyme leads to 
the lysosomal storage disease, fucosidosis.'^ 
oi-L-fucosidase exists as m ultiple m olecular 
forms, which can be separated by various 
procedures.”  T he precise m olecular basis of 
this heterogeneity is not understood bu t it is 
probably post-translational. All the forms are 
encoded by a single locus on the short arm 
of chrom osom e 1 at lp 3 4 .1 - lp 3 6 .1 which 
encodes the structural gene for the enzyme, 
F U C A l’ ® T he enzyme shows a genetically 
determ ined, com m on, electrophoretic poly
m orphism  (F u l/F u 2 ), which can be detected 
in blood and tissues’ and m aps to the struc
tural gene locus (FUCAl).® T he m inor allele, 
Fu2, produces m ore cathodal forms of the 
enzyme.

T he structural gene for a-L-fucosidase has 
been isolated and sequenced.’ "’ It is 23 kb in 
length and has eight exons. Tw o com m on 
RFLPs obtained with PvuW and BgR are in 
alm ost com plete linkage disequilibrium  and 
can be used to haplotype subjects." Several 
disease-causing m utations have been iden
tified in patients with fucosidosis.’ ' ’ ”  In ad
dition, an A to G  transition in exon 5 causing 
substitution o f an arginine for glutam ine, 
Q 281R, has been found homozygously in 
both patients and controls, indicating it is a 
polym orphism  rather than a disease-causing 
m u ta tio n .'’ All homozygotes for this sub
stitution showed the R FL P LhjuW-BgH haplo
type, 2-2, 2-2. It was postulated that Q 2 8 IR  
might be the m olecular basis o f the F u l/F u 2  
electrophoretic polym orphism .'’ Evidence to 
support that suggestion is presented in this 
paper.

T he Q 281R polym orphism  creates a new 
site for the restriction enzymes Dsal and B sa jl 
in exon 5. It can be readily detected by ampli
fying exon 5 with the two prim ers used for 
m utation analysis (F42 and F43 in reference 
14), followed by digestion with Dsal or BsaJl 
(fig 1 ). Analysis of the B sajl digestion prod
ucts by electrophoresis in 3% agarose (BRL)/
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Figure I Diagram showing the detection o f the polymorphism in exon 5 o f F U C A L
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Figure 2 Detection o f Q281R polymorphism by amplification o f exon 5 by PCR and digestion o f 
products with Bsajfl, followed by electrophoresis in agar/Nusieve in ethidium bromide. Genomic 
D N A  from persons o f known F ul/F u2  genotype was analysed.Lane I, /.Ikb ladder; lanes 2 and 3 
fucosidosis patient; lanes 4 and 5 Fu2 homozygote; lanes 6 and 7, 8 and 9, and 10 and 11 F ul 
homozygotes; lanes 12 and 13 F ullF u2  heterozygote. Lanes 2, 4, 6, 8, 10, and 12 undigested D N A  
and lanes 3, 5, 7, 9, 11, and 13 D N A  digested with BsaJI.

1% Nusieve (Flowgen) in the presence of 
ethidium  brom ide shows the appearance of a 
56 bp band and the concom itant loss o f a 
92 bp band (fig I). T he bands obtained with 
Dsal have different sizes'"* (fig 1). Rep
resentative analyses are shown in fig 2. DNA 
from eight persons who had been phenotyped 
previously for the F u l/F u 2  electrophoretic 
polymorphism® was analysed for the Q 2 8 IR  
polym orphism . Two persons who were hom o
zygous for the Fu2 allele were also hom o
zygous for the Q 281R  allele. Conversely four 
persons who were hom ozygous for the F u l 
allele did not have the Q 281R  allele. Two 
heterozygotes for the F u l/F u 2  polym orphism  
were heterozygous for the Q 281R  allele. A 
fucosidosis patient hom ozygous for the 
Q 281R  polym orphism  (lanes 2 and 3 in fig 
2) had the PvuU-BgH haplotype, 2-2, 2-2. 
T he frequency of the Q 281R  allele was 0 38 
both in 27 controls and in 11 patients with 
fucosidosis. A frequency range of 0 27 -0  50 
at a confidence limit of 95%  is predicted 
for the Q 281R  allele in the population from 
analysis o f this sample. A frequency of 0 25 
was obtained for a smaller sam ple analysed 
previously.'"* T he frequency o f the Fu2 allele 
ranges from 0 05 in Am erican blacks to 0 36 
in northern  Europeans, with a m ean value of 
0 28 for all the samples analysed.'®

T he com plete concordance o f the DNA 
genotypes and protein phenotypes together 
with the fact that the glutam ine to arginine

substitution causes an increase in positive 
charge supports the notion that Q 281R  is 
the causative substitution for the F u l/F u 2  
polym orphism . T he Q 281R  polym orphism  
was discovered during m utation analysis of 
patients w ith fucosidosis. It was originally 
thought to be a disease-causing m utation, 
because of the nature of the resulting am ino 
acid change. Although the m utation does 
affect the electrophoretic mobility of the en
zyme it does not appear to affect its catalytic 
function. T his illustrates the im portance of 
checking the norm al population for sequence 
changes found in patients and for relating 
them  to known phenotypic variations.
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