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ABSTRACT

Anderson-Fabry disease is the lysosomal storage disorder resulting from a
deficiency of o—galactosidase A (E.C. 3.2.1.22.), which cleaves a-linked galactose
residues from the non-reducing ends of oligosaccharide chains. Loss of activity
leads to the progressive accumulation of partially catabolised glycosphingolipids in
the lysosomes of all cells but particularly those of the vascular endothelium. The
o—galactosidase A gene, which is located at Xq22, spans 12kb and has 7 exons.
The disease affects an estimated 1/40 000 and there is no cure. Although
hemizygotes can be diagnosed reliably by demonstrating a deficiency of o-
galactosidase A, heterozygote detection is unreliable due to mosaicism in the
pattern of a-galactosidase A expression, caused by random inactivation of the X-
chromosome.

The aims of this study were to develop methods for mutation detection, which
would allow conclusive identification of heterozygotes and a study of the
relationship between the genotype and the phenotype. Mutation analysis by a
combination of single strand conformation polymorphism (SSCP) analysis and
sequencing has detected 6 polymorphisms in the non-coding regions of the a-
galactosidase A gene and 26 different, putative disease-causing mutations in 28
out of 30 unrelated Fabry patients. The polymorphisms were present in 7/61
unaffected males and in 4/30 Fabry patients. The mutations consisted of 16
missense, 5 nonsense, one splice site, 3 small deletion and 1 insertion mutation,
25 of which had not been identified previously. Two of these mutations were not
detected by SSCP analysis but were found by sequencing. The mutations in 2
families were not identified by these methods.

The effects of the mutations on the a-galactosidase A activity were investigated by
studying the residual activity in cultured cells from the patients and by the
transient expression of mutated cDNA in COS-1 cells. Only 1 out of the 9 cell
cultures had detectable activity, from a patient with the N215S mutation and a
presumed, mild phenotype. Six missense mutations found in this study and a
further 3, found by others, were transiently expressed from cDNA in COS-1 cells.
No a-galactosidase A activity was produced by 5 mutant constructs, R49L, R112H,
V269A, V316E and Q327K, while 4, G35R, Q279E, R301Q and G361R, produced
low activity, compared with the wild-type c¢cDNA. Mutations that produced
detectable intracellular o-galactosidase A activity, G35R, Q269E and R301Q, were
found in patients with variant phenotypes.



The identification of 26 different mutations in 28 families and of 6 polymorphisms
within the o-galactosidase A gene has allowed accurate carrier detection and a
study of the relationship between genotype and phenotype. This will improve

patient management and indicate those most likely to benefit from enzyme therapy
in the future.
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1. INTRODUCTION

1.1 THE LYSOSOMAL SYSTEM

The anabolic and catabolic processes within the cell are in a dynamic state of flux
and involve a vast number of enzymes and accessory proteins that act in a
coordinated manner. All of these proteins are encoded by the genome and a defect
in a single protein can cause severe pathological effects if there is not a
compensatory mechanism to maintain the normal metabolic processes. Since the
primary defect is in the gene sequence it can be inherited.

Enzyme-catalysed processes occur both extracellularly and intracellularly. Within
cells enzymes are distributed in specific compartments or organelles. This
concentrates the enzymes that are involved in a particular function into a small,
membrane-bound space and serves several purposes. It allows the amount and
types of substrate which are acted upon by these proteins to be controlled and it
increases the reaction efficiencies by bringing the substrate and enzymes into
closer proximity. The organelle membranes allow ion gradients to be established to
facilitate metabolic reactions. One such organelle is the lysosome, whose primary
function is the catabolism of macromolecules. It contains a characteristic set of
enzymes and accessory proteins which collectively have the capacity to catalyse the
breakdown of most naturally occurring macromolecules to their constituent
monomeric components. These can then pass through the lysosomal membrane
and be reutilised by the cell. A defect in a particular lysosomal protein will create a
metabolic block and the resultant partially degraded substrates will progressively
accumulate in the lysosomes because they cannot pass through the lysosomal
membrane. This results in the pathological condition known as a lysosomal
storage disease.

Lysosomes are found in all cell types in humans, except erythrocytes. They were
first identified by ultracentrifugation, as vesicles containing latent acid
phosphatase activity (de Duve et al, 1955). They were subsequently shown to be
identical to particles that stained positive for acid phosphatase, which had been
detected by light and electron microscopy (Novikoff et al, 1956). Since their
discovery, extensive research has revealed much of the cell biological and
bilochemical processes involved in the formation and function of the lysosome
(Holtzmann, 1989; Kornfeld, S et al, 1989; Winchester, 1992). From these studies
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it has become clear that the lysosomal fraction is heterogeneous, reflecting the
different cellular functions of the lysosomal system. This heterogeneity has
complicated the definition of the lysosome. Terms such as multivesicular bodies,
autophagosomes, primary lysosomes and secondary lysosomes have been used to
describe the morphologically different forms of the lysosome. However, lysosomes
can be defined more precisely by their biochemical description as organelles with
an intraluminal pH of 4.5-5.5 that contain lysosomal hydrolases and characteristic
membrane proteins. In addition, unlike the acidic, pre-lysosomal compartments,
they do not contain mannose 6-phosphate receptors. Lysosomes have also been
defined functionally as the organelles that are the final destination for soluble,
endocytosed proteins. For many macromolecules, the mature lysosome is the
metabolic endpoint from which their constituents can be reutilised in further
anabolic processes or excreted. However, for some compounds, such as cholesterol
(Goldstein et al., 1977) and vitamin B2 (Idriss et al., 1991), the lysosome plays an
essential role in their processing for metabolic use. Knowledge of the lysosomal
system, its catalytic activities and transport systems, is essential in understanding
the pathology of lysosomal storage diseases.

1.1.1 Tran f he | m h nd h h

Materials for degradation reach the lysosome by either autophagy, for the digestion
of materials from within the cell, or heterophagy, for the digestion of exogenous
materials (Holtzmann, 1989; Winchester, 1992).

Autophagy occurs continuously, as observed from histological studies and three
non-selective mechanisms have been described (Seglen et al, 1992; Dice, 1992).
In microphagy the lysosomal membrane invaginates to internalise cytoplasmic
constituents directly, while in macroautophagy whole organelles and large portions
of the surrounding cytoplasm are engulfed to form membrane-bound vacuoles
called autophagosomes. Subsequently, their contents are degraded in the
lysosome. In crinophagy, mature secretory granules fuse with lysosomes or pre-
lysosomal structures for degradation. A fourth process for degradation of
cytoplasmic proteins is not included in the invagination processes of autophagy
and is specific for certain proteins that possess a specific peptide sequence (Lys-
Phe-Glu-Arg-Gln, or KFERQ). The mechanism involves direct transport though the
lipid bilayer of the lysosome, aided by a chaperone, a member of the Hsp70 family
of heat shock proteins (Chiang et al., 1989).
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Heterophagy is more selective than autophagy and multiple processes are involved
in transport across the plasma membrane and into the lysosomes. Materials are
internalised into the cell by endocytosis, an invagination of the plasma membrane.
Two endocytic mechanisms operate. Phagocytosis is involved in the uptake of large
solid materials such as cell debris and bacteria, leading to the formation of
phagosomes, vesicles of 1-2um in diameter, while pinocytosis refers to the uptake
of fluids, forming smaller vesicles of ~0.1um in diameter. Phagocytosis is probably
not constitutive and may involve specific receptors that on binding ligand induce
the internalisation of membrane to form the phagosome. The phagosome fuses or
is engulfed by the lysosome for destruction and this mechanism of heterophagy is
commonly used by macrophages for digesting foreign materials. Pinocytosis does
occur constitutively and can be a non-specific uptake mechanism, forming fluid
phase pinocytosis vesicles which ultimately become part of the lysosome.
Pinocytosis can also be selective when uptake is mediated by receptors clustered in
clathrin-coated pits. Coated vesicles are formed and the receptors are often
recycled whilst their ligand is transported, via endosomes, to the lysosome.
Receptors have been found that bind specific carbohydrate moieties including
mannose 6-phosphate, low density lipoprotein (LDL), oz-macroglobulin, EGF,
insulin, the constant region (FJ of IgG antibodies and human chorlonic
gonadotrophin (HCG) (Winchester, 1992).

Therefore, there is a continuous flow of extracellular and cytoplasmic material into
the lysosomes, by both specific and non-specific mechanisms. The details of these
mechanisms are not fully understood.

1.1. Im

The lysosomal membrane is a typical phospholipid bilayer membrane, although its
protein content is different from that of other membranes (Burnside et al., 1982).
Its major function is to compartmentalise the catabolic processes, thereby limiting
degradation of macromolecules to those that are transported into the lysosomes
and protecting the cell against destruction. Specific systems for transport of small
molecules across the membrane are known, including those for certain
monosaccharides, vitamin Bi2 (cobalamin), calcium, folate derivatives, phosphate,
sulphate, chloride, nucleosides and amino acids (Pisoni et al., 1991; Chou et al,
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1992). A Mg2+-ATPase proton pump resides in the lysosomal membrane and this is
responsible for maintaining the acidic interior of the lysosome (Arai et al., 1993).

A set of proteins, known as lysosome-associated membrane proteins (LAMPS),
lysosome glycoproteins (Igps) or lysosome integral membrane proteins (LIMPS) are
found predominantly in the membranes of lysosomes. At least four of these, IgpA,
lgpB, LIMP1 and LIMP II are known to possess specific amino acid sequences that
are required for their transport to the lysosome (Williams et al., 1990; Harter et al.,
1992; Ogata et al, 1994) and they are either transported via the plasma membrane
or directly from the Golgi to the lysosome (Honing et al, 1995). They are not
known to perform catalytic activity and their proposed function is to protect the
membrane from autodigestion (Fukada, M, 1991; Peters et al., 1994).

113 L i

The interfor of the lysosome holds about 50 different glycosylated hydrolytic
enzymes whose pH optima range from 3.5-5.5 (Barrett et al, 1977; Winchester,
1992). These enzymes can be grouped into several classes: proteases, nucleases,
lipases, glycosidases, sulphatases and phosphatases and, collectively, they can
degrade most macromolecules. Most of the glycosidases are exohydrolases and so
degradation of a particular carbohydrate chain requires multiple enzymes to act in
a specific order for its breakdown into monosaccharide units. Each enzyme may
operate in several pathways for the degradation of different oligosaccharide chains,
causing cleavage of a particular glycosidic bond.

Deficiencies of most of the lysosomal enzymes have been shown to cause disease,
indicating the importance of the lysosomal system. It also suggests that they do
not have overlapping specificities, which could compensate for the insufficiency of
individual enzymes. However, deficiencies of proteases and nucleases have not
been found and this may reflect either overlapping specificities in these groups of
lysosomal enzymes or it may indicate that the resulting phenotype is lethal in
utero.

In addition to the hydrolases, a protective protein (Galjart et al, 1988) and five
sphingolipid activator proteins (Furst et al, 1992; Kishimoto et al, 1992) exist to
aid in catabolism (table 1),
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Accessory protein

Function

Enzymes activated or
protected

Saposin A

activator

B-glucosylceramidase
B-galactosylceramidase

Saposin B

activator

o-galactosidase A
B-galactosidase
B-glucosylceramidase
arylsulphatase A
sphingomyelinase

Saposin C

activator

B-glucosylceramidase
B-galactosylceramidase
sphingomyelinase

Saposin D

activator

sphingomyelinase

GM2-activator

activator

B-hexosaminidase A (a
heterodimeric protein
composed of an a and B
chain)

Protective protein
(carboxypeptidase L)

protector

B-galactosidase and
sialidase form a complex
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Four of the activator proteins are derived from a common precursor protein,
prosaposin, which is encoded by a single genetic locus. Saposins A, B (SAP-1), C
(SAP-2) and D are released from prosaposin by proteolysis in the lysosome. They
are highly homologous and thought to be evolutionarily related. Defects in
saposins B and C and prosaposin have been shown to cause lysosomal storage

diseases.

nd in llular f rotein

1.1.3.1.1 Processing of lysosomal proteins in the ER and Golgi system

Lysosomai proteins are synthesised on ribosomes that are attached to the rough
endoplasmic reticulum (ER) and their transport into the ER and Golgi has been
studied by cell biological methods and microscopy, combined with
immunodetection. The steps involved are indicated in figure 1 (Kornfeld, R et al,
1985). As with all proteins processed in the ER, an N-terminal, hydrophobic signal
peptide of about 20-30 amino acids is cotranslationally translocated across the ER
membrane (Walter et al, 1984; Simon et al, 1991). The signal peptide is then
cleaved in the ER and N-linked glycosylation is initlated. A pre-assembled
oligosaccharide is transferred to some asparagine residues which are part of the
recognition sequence Asn-X-Thr or Ser sites. 'X is any amino acid, although sites
containing proline or aspartic acid are rarely glycosylated (Aubert et al., 1976). In
the ER, disulphide bond formation, protein folding and oligomerisation occur and 3
glucose units and a mannose residue are removed from the oligosaccharide chains
by specific ER glycosidases.

From the ER, the lysosomal enzyme precursors are transported to the Golgi
compartments in vesicles for further processing. Proteins destined for lysosomes
are phosphorylated at certain mannose residues and this acts as unique marker for
transport to the lysosome. Phosphorylation occurs as a 2 step enzymic process in
which GlcNAc-1-P is transferred from UDP-GLcNAc to the 6 position of mannose to
form Man 6-P-GlcNAc and then GIcNAc is removed to form Man 6-P. The first step
is thought to occur in a post ER/pre-Golgi compartment and the second in the cis
Golgl (Lazzarino et al., 1988, 1989; Kornfeld, S et al., 1989).
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Ficure 1: Post-translational Drocessing and transport Ot [YSOSOmal enZYfTIfiS
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Filled triangles, squares and diamonds are glucose, N-acetylglucosamine and sialic acid
residues, respectively. Open circles are mannose residues. ‘P’ are phosphate moieties and

‘Dor is the carbohydrate donor, dolichol (Komfeld R, etal., 1985).
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The mechanism for recognising lysosomal enzymes for mannose 6-phosphorylation
is unknown. No conserved, linear protein sequences have been implicated but
mutation studies support the hypothesis that the location of amino acids in the
tertiary structure, ie. the local conformation, is important (Kornfeld, S, 1989;
Kornfeld, S et al, 1989; Baranski et al, 1990). Modification of surface lysine
residues on lysosomal proteins, by binding to sulpho-N-hydroxysuccinamide,
inhibits phosphorylation of numerous lysosomal enzymes, indicating the
importance of lysine in the recognition process (Cuozzo et al., 1994).

N-linked glycans that do not acquire the Man-6-P marker can be further modified
in the Golgi apparatus by glycosidases and glycosyltransferases that sequentially
remove and add monosaccharide units. In addition, both the protein, at tyrosine
residues (Huttner et al, 1988) and the sugar components can be sulphated
(Braulke et al, 1987). The resultant oligosaccharides may be complex, high
mannose or hybrid in structure (von Figura et al., 1986) and depending on the cell
type, the post-translational processing may modify a single protein
heterogeneously, as seen for many lysosomal enzymes, for example, f-
hexosaminidase (Sonderfeld-Fresco et al., 1989).

In the terminal trans compartment of the Golgi, lysosomal proteins with the man-6-
P marker bind to receptors specific for Man-6-P and are segregated from other
glycoproteins which travel to the plasma membrane for incorporation or secretion
(Kornfeld, R et al., 1985; Kornfeld, S et al., 1989).

1.1.3.1.2 Transport of lysosomal proteins with mannose 6-phosphate

The presence of a specific recognition marker for some lysosomal proteins was first
discovered in 1977 (Kaplan et al, 1977) based on the observation that in I-cell
disease (mucolipidosis type II, Hasilik et al, 1981; Ben-Yoseph et al, 1986)
phosphorylation at the mannose residues is defective and many lysosomal enzymes
are mislocalised. Two specific mannose 6-phosphate receptors (MPR) have now
been identified and cloned (Dahms et al, 1989). One is a 46kDa Ca2?+-dependent
receptor (CD-MPR46) and the other is a cation-independent receptor (CI-MPR300)
of 250-300kDa, which also binds insulin-like growth factor 2 (IGF2), Kornfeld, S,
1992. The two receptors are found together in the pre-lysosomal compartment, the
plasma membrane and the Golgi apparatus of most cell types. The reason for
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having two proteins with apparently the same function is unknown, as is the
significance of the bifunctional IGF2/MPR300 protein.

The MPR-lysosomal protein complex is transported from the Golgi, probably by a
vesicular transport mechanism, to form part of a pre-lysosomal or late endosomal
compartment. The pH of this compartment is lower than that in the Golgi and
causes dissociation of the complex. The receptor is recycled to the Golgi or to the
plasma membrane, while the enzyme is channelled to the lysosomes.

Although the major fraction of lysosomal enzymes is transported directly to the
lysosome by the MPR pathway, a proportion is secreted constitutively, in low
amounts (Rosenfeld et al, 1982; Zuhlsdorf et al, 1983). If this protein is
phosphorylated at mannose residues then it can be re-captured by binding to the
MPRs in the plasma membrane of the same or an adjacent cell, followed by
endocytosis and delivery to the lysosome.

1.1.3.1.3 Transport of lysosomal proteins independently of the MPRs

Evidence for the transport of lysosomal enzymes by mechanisms independent of
the MPR transport system has come from the study of different cell types from I-cell
patients, in which MPR transport cannot operate. In I-cell fibroblasts, multiple
enzymes are deficient in the lysosomes due to their lack of transport, while in
hepatocytes, leukocytes and Kupffer cells, the same enzymes reach nearly normal
levels in the lysosomes, indicating the presence of alternative, cell-specific
transport systems {Owada et al, 1982; Kornfeld, S, 1986). In addition, in normal
cells a few lysosomal enzymes, including acetyl Co A: a-glucosaminide N-acetyl-
transferase, some proteinases (e.g. cathepsin M), B-glucocerebrosidase (Willemsen
et al., 1987; Aerts et al, 1988) and lysosomal acid phosphatase (Gottschalk et al.,
1989) are not phosphorylated and transported by the MPRs. These proteins are all
membrane-bound or membrane-associated and are transported by a different,
unknown mechanism. In the case of lysosomal acid phosphatase, its membrane-
bound precursor has been shown, by mutagenesis studies, to possess a peptide
sequence that is required for targeting to the lysosome (Krentler et al, 1986;
Williams et al, 1990; Harter et al, 1992). Once it reaches the lysosome, its
precursor is subjected to two steps of proteolytic cleavage to release the active,
soluble phosphatase into the lysosomal lumen (Gottschalk et al., 1989).
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Secreted lysosomal enzymes may also be transported to the lysosomes by
endocytosis (Mellman, 1987), perhaps mediated by receptors for galactose,
mannose and N-acetylglucosamine (Hasilik, 1992), on glycoproteins. Other,
uncharacterised endocytic mechanisms may also exist (Koster et al., 1994).

1.13.2 P lqi pri ingof | mal en

Once the lysosomal proteins reach the pre-lysosomal vesicles and the lysosome
they are often processed further (Hasilik, 1992). The oligosaccharides may be
trimmed, as with the a-chain of B-hexosaminidase, which is modified both in the
Golgl apparatus and during lysosome biosynthesis, to produce heterogeneously
glycosylated enzyme (Little et al, 1988). Some lysosomal enzymes are subjected to
partial proteolysis after transport from the Golgi, for example, iduronate 2-
sulphatase (Bielicki et al, 1990; Wilson et al., 1990), lysosomal acid GM2-activator
and P-hexosaminidase (Hubbes et al, 1989; Mahuran, 1990). This generates
increased heterogeneity in the number of forms that exist for a single enzyme but
for most of the lysosomal enzymes, it is not necessary for generation of enzymic
activity. The activity of a few proteins is dependent on cleavage. The proteases,
cathepsins D, L, B and H are believed to autocatalyse their own peptide
fragmentation (Hasilik, 1992). The prosaposin polypeptide also requires proteolytic
cleavage to form saposins A, B, C and D (Furst et al., 1992}, section 1.1.3.
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1.2 LYSOSOMAL STORAGE DISEASES

Lysosomal storage diseases (LSDs) were first recognised in 1965 (Hers, 1965). The
biochemical defect in Pompe’s disease was identified as a deficiency of a single
enzyme, of a-glucosidase. This caused a metabolic block, resulting in the
progressive accumulation of undegraded glycogen within the lysosomes and an
increase in lysosome size and number. Subsequently, many other clinically
described diseases were recognised as LSDs, in which either partially or fully
catabolised substances accumulated in the lysosome. Most were caused by a
primary defect in a specific lysosomal hydrolase, table 2 (Neufeld, 1991). However,
in a few disorders, the deficient catabolic activity was secondary to a defect in
another protein. For example, in I-cell disease the lack of mannose 6-
phosphorylation caused mislocalisation of multiple enzymes in fibroblasts. Lack of
an accessory protein cofactor, such as saposin B or the protective protein for B-
galactosidase and sialidase also leads to enzymic deficiencies. Transport defects
result in abnormal storage of fully catabolised in the lysosomes, as in cystinosis, in
which cobalamin transport is deficient. In one LSD, sulphatidosis, in which there
is a deficiency of several sulphatases, the underlying defect is unknown.

LSDs account for 15% of known inherited metabolic diseases. All are inherited as
autosomal recessive disorders, except for Fabry and Hunter diseases which are X-
linked. Historically, LSDs were classified by the predominant type of enzyme
substrates that accumulated, Lie. sphingolipids,  glycoproteins  or
mucopolysaccharides. The clinical pathology is dependent on the type, cellular
location and rate of transport of the storage products to the lysosome. Now the
primary protein defects for all but four LSDs are known. The observed enzyme
deficiencies in sulphatidosis and mucolipidosis IV are secondary to an unknown
defect, as is the defective cholesterol esterification observed in Niemann-Pick C. In
a fourth disorder, Batten disease, subunit ¢ of the mitochondrial ATP synthase
complex accumulates in the lysosomes and is believed to occur due to defective
degradation of subunit ¢ (Ezaki et al., 1995). Since the protein defects are known
~ for most LSDs, they can be classified more precisely as hydrolase defects or defects
in membrane transport, lysosome targeting, substrate activators or protective
proteins, table 2 (Scriver et al., 1989; Neufeld, 1991).
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Disease Protein Deficiency Gene size Reference, gene
(No. Exons) (or cDNA)
Sphingolipid
Fabry a-D-galactosidase A 12kb (7) Kornreich, 1989
Farber Ceramidase - - .
Gaucher B-glucocerebrosidase 7.6kb (11) Horowitz, 1989
GM1 gangliosidosis B-D-galactosidase >62.5kb (16) | Morreau, 1991
Tay-Sachs (GM2 gangliosidosis) | B-hexosaminidase A, (o chain) 35-40kb (14) | Proia, 1987
Sandhoff (GM2 gangliosidosis) B-hexosaminidase A,B (B chain) 45kb (14) Neote, 1988
Krabbe B-galactosylcerebrosidase - (Chen, 1993)
Metachromatic leukodystrophy Arylsulphatase A 3.2kb (8) Kreysing, 1990
Mucolipidosis IV Ganglioside sialidase (secondary) - -
Niemann-Pick, types A and B Sphingomyelinase 4.7kb (6) Schuchman, 1992
Niemann-Pick, type C (Cholesterol esterification) - -
Schindler o-N-acetylgalactosaminidase 13.7kb (9) | Wang, 1991
Glycoproteinoses
Aspartylglucosaminuria N-aspartyl-B-glucosaminidase 13kb (9) Park, 1991
Fucosldosis o-L-fucosidase 23kb (8) Kretz, 1992
a-Mannosidosis a-D-mannosidase - (Nebes, 1994)
B-Mannosidosis B-D-mannosidase - -
Sialidosis (Mucolipidosis [) N-acetyl-a-neuraminidase - -
(sialidase)
Mucopolysaccharidoses
Hunter (MPS I1) Iduronate-2-sulphatase 24kb (9) Flomen, 1993
Wilson, 1993
Hurler/Scheie (MPS |) a-L-iduronidase 8kb (14) Scott, 1992
Maroteaux-Lamy (MPS VI) GalNAc-4-sulphatase <24kb (8) Modaressi, 1993
(arylsulphatase B)
Morquio A (MPS IV, A) N-GalNAc-6-sulphatase 40kb (14) Morris, 1994
Morquio B (MPS IV, B) B-D-galactosidase <62.5kb (16) | Mormeau, 1991
Sanfilippo, A (MPSIII, A) Heparan N-sulphatase - -
Sanfilippo, B (MPSIII, B) a-N-acetylglucosaminidase - -
Sanfilippo, C (MPSI|, C) AcetylCoA: a-glucosaminide N- - -
transferase
Sanfilippo, D (MPSIII, D) GlcNAc 6-sulphatase - (Robertson, 1988)
Sly (MPS ViI) B-glucuronidase 21kb (12) Miller, 1990;
Shipley, 1991
Acces tein disord
Galactosialidosis Protective protein for p- - (Galjart, 1988)
galactosidase & sialidase
GM2 gangliosidosis GM2 activator (for B- 15kb (3) Klima, 1991
(AB variant) hexosaminidase A)
Sphingolipid activator disorders Deficiency of one or more 20kb (13) Rorman, 1992
(multiple enzymes affected) saposins, A,B,CorD
er sto| i e
Pompe (glycogenosis II) a-glucosidase 20kb (20) Hoefsloot, 1990
Wolman disease Acid lipase 36kb (10) Anderson, 1994
Sulphatidosis Multiple sulphatases - -
Batten (Ceroid lipofuscinosis) Unknown - -
Membrane transport defects
Cystinosis Cystine transporter - -
Sialic acid storage (eg. Salla) Sialic acid transporter - -
Methylmalonic aciduria variant Vit B12 (cobalamin) transport - -

Lysosome targeting defect
| cell disease (Mucolipidosis Il) &
Pseudo-Hurler (Mucolipidosis I1I)

N-acetylglucosaminyi-
phosphotransferase

33




There is phenotypic heterogeneity in all the disorders. This can result from the
existence of residual enzyme activity towards one or more types of substrate and
therefore differences in the amount and sometimes the type of accumulated
substrate. For example, a deficiency of B-galactosidase can cause two clinically
distinct diseases. GM1 gangliosidosis occurs in those with negligible activity for
gangliosides whist in Morquio B (MPS IV, B), the defect only seems to affect the
breakdown of glycosaminoglycans.

The biochemical and clinical heterogeneity of the LSDs can, in part, be attributed
to heterogeneity of the underlying genetic defects. Many of the genes and/ or
cDNA nucleotide sequences for lysosomal proteins are known (table 2) and the
genetic defects in many patients have been identified. The value of this
information is apparent in studies of patients with Gaucher disease. Like other
LSDs, Gaucher disease is clinically variable in severity and is sub-classified into 3
groups, the milder type 1 non-neuronopathic form and the more severe types 2 and
3, which are neuronopathic., Mutation analysis has identified four common
mutations and genotype-phenotype correlation has shown that all patients
homozygous for the N370S mutation had the mildest, type 1 form of Gaucher
disease. Three other mutations, L444P, an insertion mutation 84GG and a splice
site mutation IVS2(+1) were found predominantly in patients with the more severe
types 2 and 3 (Grabowski, 1993). This information is important in family
counselling and has allowed efficient screening programmes to be developed for
carrier detection. Knowledge of the ethnic origin of patients is also important in
some diseases. In the Ashkenazi-Jewish population, Gaucher disease affects about
1:450, 94-97% of whom have one of the four common mutations. Detection of
these same four mutations in non-Jewish populations identifies fewer carriers.
Another example is aspartylglucosaminuria, which is relatively rare, except in the
Finnish population. Its incidence in Finland is an estimated 1:3600 and the C163S
mutation is found in 98% of these patients (Mononen et al, 1993). Therefore,
knowledge of the ethnic origin, the presence of common mutations and the severity
of symptoms associated with specific mutations are of value for carrier screening
and counselling,

There is no cure for the majority of lysosomal storage diseases and treatment is
palliative. The progression of disease has been successfully reduced in two
disorders, cystinosis, which is treated using cysteamine and type 1 Gaucher
disease, treated by enzyme replacement. Cysteamine reacts with the storage
product, cystine, to form a mixed disulphide and cysteine, which can then be
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transported out of the lysosomes, thus preventing accumulation (Markello et al,
1993). Patients with non-neuronopathic type 1 Gaucher disease have been
successfully treated with a modified form of the deficient enzyme,
glucocerebrosidase (Barton et al., 1991; Barranger et al, 1993). The commercially
available enzyme, ceredase, is purified from placenta and the oligosaccharide side-
chains of the enzyme are degraded to expose terminal mannose residues. This
form of the enzyme more efficiently endocytosed by macrophages, the major site for
substrate degradation, than the native enzyme (Furbish et al, 1981). Recently, a
recombinant form of glucocerebrosidase, secreted from CHO cells, has proved
useful in treatment (Grabowski et al, 1995). Thus, knowledge of the primary
defect, the properties of the enzyme or protein, the sites of storage product
accumulation and methods for targeting exogenous, therapeutic substances, have
enabled the development of effective therapy in these two LSDs. Characterisation
of the residual activity and cross-reacting material in cells from patients with LSDs
and expression of mutated cDNAs in mammalian cells have provided some insight
into the effect of mutations on the activity, stability, processing and transport of
some enzymes (e.g. Weitz et al, 1992; Oshima et al, 1994). Future therapeutic
strategies may be influenced by information gained from these types of studies.

Therapy in LSDs other than Gaucher and cystinosis has been attempted by a
variety of methods. Most recent studies have been aimed at replacing the deficient
enzyme. Enzyme therapy may become available for several lysosomal diseases, in
addition to Gaucher disease and will be facilitated by the development of methods
for large scale production of recombinant enzymes. A major disadvantage of this
strategy is that it relies upon repeat administration of enzyme. In some LSDs, such
as Hurler (Hopwood et al., 1993b), MPS VI (Krivit et al, 1984) and others (Hobbs,
1990), bone marrow transplants (BMT) have provided a continuous source of
enzyme and partial metabolic correction in human and animal models, with
enzyme activity present in numerous tissues, including the neurons and glia of the
central nervous system (Walkley et al., 1994). The success of BMT is limited by the
availability of histocompatible tissue and has a high mortality rate due to infection
and organ rejection. This problem may be circumvented by gene therapy.
Although gene therapy for LSDs has not yet been tested in humans, preliminary
studies are in progress. Retroviral vectors have been used to introduce a corrective
cDNA sequence into cultured cells with an enzyme deficiency, for example, in
lymphoblastoid cells from a Hunter patient (Braun et al., 1993) and fibroblasts from
a patient with metachromatic leukodystrophy (Rommerskirch et al, 1991),
resulting in expression of the deficient enzyme. Recently, autologous bone marrow

35



from the murine model of Gaucher was transfected with a corrective retroviral
vector and these cells were transplanted back into the mice. The modified cells
successfully infiltrated the liver, lung, brain, spinal cord and macrophages,
producing recombinant enzyme (Krall et al, 1994). This approach may allow
treatment of the neuronopathic forms of Gaucher disease, currently untreatable by
enzyme therapy and has been approved for clinical trial. In another study, B-
glucuronidase cDNA was transferred into MPS VII, murine fibroblasts, which were
subsequently embedded into a matrix of rat collagen and polytetra-fluoroethylene
fibres. This neo-organ matrix was transplanted back into the peritoneal cavity of
the MPS VII mouse ., producing complete metabolic correction in the liver
and spleen (Moullier et al., 1993). Treatment of numerous LSDs by these methods
is imminent. The extent of success will rely upon the ability of the enzyme to reach
its target, its catalytic activity and stability. The patient must also be
immunologically tolerant to the enzyme (Hobbs, 1990) and since patients with a
absence of protein, such as those with a complete deletion, may not be tolerant it is
important to establish the nature and effects of mutations in patients requiring
treatment.

At the start of this study, genetic information regarding the LSD, Fabry disease,
was limited. Although the gene had been cloned, specific defects in patients had
been determined in only 13 cases. No common mutations had been identified and
genetic methods for carrier detection had not been developed. There was no
information regarding the correlation of genotype with phenotype. Since there is
no effective therapy for this disorder, carrier detection and counselling is
important. Therefore a study of the molecular genetics of Fabry disease was
undertaken to develop methods for the detection of mutations and carriers.
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1.3 FABRY DISEASE

1.3.1_Introduction

Fabry disease, also known as Anderson-Fabry disease or angiokeratoma corporis
diffusum (McKusick No. 30150) is an inherited lysosomal storage disease which is
estimated to affect 1 in 40,000 panethnically. It is caused by a deficiency of o-
galactosidase A (E.C. 3.2.1.22), a lysosomal hydrolase, which catalyses the removal
of terminal a-galactosyl residues from the non-reducing ends of neutral
glycosphingolipids. It results in the progressive accumulation of
glycosphingolipids, terminated in a-linked galactose, in the lysosomes of many
body tissues and fluids but predominantly in the vascular endothelium. Fabry
disease is X-chromosome-linked, consistent with the localisation of the a-
galactosidase A gene at Xq22 (Desnick et al., 1989).

Anderson-Fabry disease was first described clinically in male patients in 1898 by
the British surgeon, Anderson (1898), and independently in the same year by the
German physician, Fabry (1898). Since their early clinical observations, the
description has been extended to include the following major diagnostic symptoms,
which are present to varying degrees of severity in different patients (Desnick et al.,
1989; Morgan et al., 1990; Radcliffe et al., 1990).

1. Angiokeratomas are skin lesions that are dark-red to blue in colour. They
are often observed in clusters between the umbilicus and knees, exhibiting
bilateral symmetry and are also found in the oral mucosa and conjunctiva.

2. Peripheral (autonomic) nerve system manifestations include burning pains
in the hands and feet. The pain may be either acute, episodic crises, usually
induced by exercise, stress and temperature changes, or constant
discomfort, acroparesthesias.

3. Ocular features, such as corneal dystrophy, conjuctival and retinal vascular
lesions are seen.

4. Hypohidrosis, deficient perspiration.
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5. Cardiovascular deposition of glycosphingolipids can result in
electrocardiographic (ECG) abnormalities, angina, myocardial ischaemia and
heart failure.

6. Cerebrovascular involvement which can cause neurologic symptoms.
Transient ischaemic attacks, hemiplegia, haemorrhagic lesions and
thrombosis may occur. Personality and behavioural changes, confusion and
disorientation can also occur and may be caused by an electrolyte imbalance
as a result of either renal insufficiency or cerebral damage.

7.Kidney complications include proteinuria and progressively impaired renal

function.

Other clinical features of the disease are found in some Fabry patients. These
include gastrointestinal malfunction (Rowe et al, 1974), anaemia, due to decreased
erythrocyte survival (Krivit et al, 1968), lymphoedema (Gemignani et al, 1979),
retarded growth and late onset of puberty (Desnick et al., 1989).

In patients with the typical clinical picture, symptoms begin during childhood or
teenage years, with angiokeratoma, acroparesthesia and ocular features.
Cerebrovascular, cardiovascular and renal malfunction occur at a later stage and
may cause death, which occurs at an average age of 41 years (Columbi et al., 1967),
if untreated. In this group of patients, the residual activity of a-galactosidase is

negligible.

Eighteen atypical hemizygotes with mild or limited sets of symptoms have been
described. Their residual a-galactosidase A activity ranged from 1-37% of the
normal, where measured (table 3). Of these, one had no symptoms, one had
retarded growth and skin dysplasia, another had acroparesthesias only, five had
proteinuria only, nine had cardiac involvement only and one was milder but no
details were available.
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Table 3: Phen enzym ivities and mutations in ical hemizygot
Age Phenotype in hemizygote Mutation o-galactosidase A activity* Other comments (references)
(yn)
Material % normal
- Dutch patient with retarded growth and P146S Leukocytes 7% of highest | (Ploos van Amstel et al., 1994)
ectodermal dysplasia only. normal value
56 Persian patient with mild proteinuria only. R112H No enzyme assays. Sibling was severely affected and
died. (Eng et al., 1994)
42 ltalian patient with reumatoid arthritis and N215S Fibroblasts 37% (Bishop et al., 1981; Eng et al., 1993)
proteinuria only (renal involvement). Platelets 17%
Liver 17%
Lymphocytes 11%
Granulocytes | 9%
Plasma 1%
Urine 1%
63 Czech patient died, at age 63, of cardiac N215S No enzyme assays. (Elleder et al., 1990; Eng et al., 1993)
malfunction. No renal involvement or other Glycosphingolipid deposition
symptoms. found in heart only.
63 German patient had cardiac involvement only. | N215S No enzyme assays. (Eng et al., 1993)
63 Japanese patient died of cardiac Q279E Lymphoblasts | 3.8% (Nagao et al., 1991; Ishii et al., 1992)
complications aged 64. No other symptoms. Plasma 3%
54 Japanese patient with cardiomyopathy as the | M296V Lymphoblasts | 25.1% (von Scheidt et al., 1991)
only symptom. Plasma 12.5%
Fibroblasts 9.2%
Lymphocytes | 4%
Granulocytes | 1.4%
52 Japanese patient with cardiomyopathy as the | R301Q Lymphoblasts | 3.6% (Sakaruba et al., 1990; Nagao et al.,
only symptom. Plasma 1.6% 1991, Ishii et al., 1992)
- Danish, milder symptoms R301Q No enzyme assays (Madsen et al., 1995)
50s | English, pulmonary & cardiac symptoms only. | 1208d3 No enzyme assays (Eng et al., 1993)




Table 3, cont.: Pheno

es and enzyme activities and mutations in atypical hemizygotes

Age Phenotype in hemizygote Mutation a-galactosidase A activity* Other comments (references)
(yr)
Material % normal
- Japanese patient with cardiomyopathy only. - - (Yamamoto et al., 1989)
58 Japanese patient with cardiac involvement - No enzyme assay. (Ogawa et al., 1990)
only Glycosphingolipid accumulation
in heart only
71 Japanese patient with cardiac involement only | - No enzyme assay. (Ogawa et al., 1990)
Glycosphingolipid accumulation
in heart only
51 Arab male with no symptoms - Leukocytes 12% (o-gal.A & | Daughter had renal problems (Bach,
B) et al. 1982)
Fibroblasts 23%, natural
substrate used
26 Japanese patient with acroparesthesias only. | - Fibroblasts No activity with | (Kobayashi et al., 1985)
artificial
substrate.
Residual
activity is seen
using natural
substrate
39 Italian patient with proteinuria only. - Leukocytes 30.5% (a-gal.A | (Clarke et al., 1971)
& B)
Fibroblasts 20% (o-gal.A) | (Romeo et al., 1975)
48 Canadian patient with proteinuria only. - Leukocytes 16.5% (a-gal.A | (Clarke et al., 1971)
& B)

* = a-galactosidase A activity only, measured using the artificial substrate 4-methylumbelliferyl-a-D-galactopyranoside, except where the natural substrate,

ceramide trihexoside, was used as indicated. Where indicated, a-galactosidase A and B activities were measured simultaneously.




3.2.2 mptoms in femal roz.

Heterozygotes are either asymptomatic or show attenuated classic clinical
symptoms. This is presumed to be caused by variations in the X-inactivation
pattern and therefore expression of the defective and normal copies of the gene.
About 70% have corneal dystrophy, 30% angiokeratoma and less than 10% suffer
infrequent acroparesthesias. Other more severe, late onset symptoms are seen
rarely (Desnick et al., 1989). Many heterozygotes with atypical phenotypes have
been reported, including two sisters, one with proteinuria as the only symptom and
the other with haematuria (Chen, HC et al., 1990). In a pair of monozygotic twins
one sister was asymptomatic and the other was affected (Levade et al, 1991).

The enzyme activities in these females range from values within the normal range
(Avila et al, 1973) to undetectable (Desnick et al, 1973, 1989), so making
heterozygote detection by enzyme assay difficult.

.3.2.3 Histological examination

Histological examination provides evidence for the pathology in Fabry patients.
Accumulation of glycosphingolipids in Fabry patients has been observed in the
lysosomes of almost all tissues examined, with the exception of the hepatocytes,
liver sinus endothelial cells and alveolar macrophages (Desnick et al., 1989). They
are also excreted into the urine. The glycosphingolipid deposits are crystalline and
birefringent. They can be observed by polarising microscopy and show a 'Maltese
cross’ configuration. Glycosphingolipids can also be stained histochemically
(Farragina et al., 1981) and ultrastructural studies have shown the presence of
concentric, lamellar lipid inclusions and other atypical deposits in the lysosomes of
Fabry patients (Hashimoto et al., 1976; Elleder et al., 1990b).

1.3.3 Biochemical A:

The biochemical nature of Fabry disease was not investigated until about 1950,

when it was discovered that the disease was characterised by the accumulation of
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lipids. In 1963 the undegraded storage products were identified as the neutral
glycosphingolipids, whose structures are indicated in figure 2 (Sweeley et al,
1963).

Two glycosphingolipid substrates for a-galactosidase A are found in all individuals.
Globotriaosylceramide is the major substrate and in Fabry hemizygotes it
accumulates to abnormally high proportions in most tissues and cells, except for
the erythrocytes, which do not have lysosomes. In particular the vascular
endothelium, muscle, kidney, lymph nodes, heart, prostate and autonomic ganglia
are affected. Galabiosylceramide is less widely distributed but is elevated in the
kidney, pancreas, heart, lung, urine and autonomic ganglia of Fabry hemizygotes
(Desnick et al, 1989). These observations fit with the clinical picture, in which
involvement of the kidney, heart, nerve and vascular tissues are responsible for the
major clinical manifestations.

Three additional glycosphingolipids are found in some individuals. Those with
blood groups AB and B produce the B or Bl antigens, which contain terminal a-
linked galactose and these have been found to accumulate in the epithelial tissues
of the stomach, intestine and pancreas of Fabry hemizygotes (Wherret et al., 1973).
The third blood group substrate is the P; antigen but its accumulation in Fabry
patients has not been investigated. The presence of these blood group substances
in some individuals may increase the substrate load on the catabolic system and
could explain why Fabry hemizygotes and heterozygotes with the AB or B blood
groups are more severely affected than those without (Kint et al, 1973). An
additional variation in the substrate synthesis system is the existence of two
alternative a-galactosyltransferases, the B! and B2 enzymes, that produce the group
B antigens (Yoshida, 1983). The B2 enzyme is found in black and Oriental groups
and in the heterozygous AB blood type the B2 transferase has a sufficiently high
activity to produce nearly as much B antigen as a blood group B homozygote with
the B! enzyme. The significance of these factors in Fabry patients has not been
investigated.

Analysis of the storage products by histological examination of tissue biopsies is
often indicative of Fabry disease. Excretion of elevated amounts of storage product,
globotriaosylceramide, in the wurine is also diagnostically useful. Neutral
glycosphingolipids can be easily detected by separation using thin layer
chromatography and comparison with normal controls (Schlinder et al., 1990).
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Gal (1) Cartéohhayigrate

TT?HT Ceramide

o—cI:—(I: - cI: - C-CI)—(CHZ),z — CH,
H NH H H

|
O=C — (CH,),.., — CH,

(B) The struct fH i tral i hingolipid

Name Chemical structure (C=ceramide)

Globotriaosylceramide Gal (a1->4) Gal (B1->4) Gle (B1->1")-C
Galabiosylceramide Gal (a1->4) Gal (B1->1')-C
Blood group B antigen Gal (a1->3) Gal (2<-1aFuc) (B1->3) GlcNAc (B1->3) Gal

Blood group B1 antigen

Blood group P, antigen

(B1->4) Gl (B-1->1)-C

Gal (u1->3) Gal (2<-1aFuc) (B1->4) GlcNAc (B1->3) Gal
(B1->4) Gle (B-1->1°)-C

Gal (a1->4) Gal (B1->4) GlcNAc (B1->3) Gal (B1->4) Glc
(B-1->1)-C
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They can be measured quantitatively by densitometric scanning of the plates and
by gas-liquid chromatography (Hozumi et al., 1990; Ogawa et al., 1990).

In normal individuals, glycosphingolipids are found in the plasma membranes of all
cells and are usually present in small quantities, about 5% of the total lipid,
although higher concentrations are found in neuronal cells and the apical
membranes of epithelial cells (Hoekstra et al, 1992). The catabolic enzymic
activities required to degrade the storage products found in Fabry disease are
indicated in figure 3. The primary source of the neutral glycosphingolipids is de
novo synthesis (Hoekstra et al, 1992; Sandhoff et al, 1992) in the liver (Brown et
al, 1981). A second major source is believed to be senescent erythrocytes (Dawson
et al., 1970; Desnick et al., 1989), whose primary site of synthesis is in the bone
marrow. The lack of significant pathology in the liver and bone marrow of Fabry
patients indicates that they are not major catabolic sites.

1.3. The function and pr i -qgal i
1.3.3.2.1 Alpha-galactosidase A deficiency in Fabry patients

The deficient enzyme in Fabry patients was found to be a ceramide trihexosidase
(Brady et al, 1967) thereby explaining the accumulation of ceramide trihexoside in the
disease. In 1970 this enzyme was shown to catalyse the hydrolysis of a-
galactosidic linkages in 4-methylumbelliferyl-a-D-galactosylpyranoside (4MU-a-gal)
and the p-nitrophenyl analogue, permitting the use of these substrates for the
diagnosis of Fabry disease. Leukocytes from Fabry patients were deficient in this
activity (Kint, 1970). The hydrolase activity detected by these artificial substrates
consisted of two component enzymes named o-galactosidase A and B. Purification
of the B form showed that it was actually an a-N-acetylgalactosaminidase with
activity towards synthetic substrates with o-galactosidic linkages (Elleder et al,
1990b; Ogawa et al, 1990). It has since been renamed «o-N-
acetylgalactosaminidase. It is not affected in Fabry disease. The A form is the true
o-galactosidase and is the activity deficient in Fabry disease. Diagnosis of Fabry
hemizygotes, in both classic cases and variants, is achieved by demonstrating a
decrease in the rate of hydrolysis of the artificial substrate 4MU-a-gal, relative to
the normal activity (Kint, 1970). A more accurate assay uses the same substrate
but in the presence of N-acetylgalactosamine, an inhibitor of a-galactosidase B
(Mayes et al., 1980).



Blood bst B1 glycolipid

Gala1->3Gal(2<-1aFuc)B1->4GIcNAcB1->3Galp1->4Glc1->1Cer |

o-Galactosidase A
(-Gal)
v

Gal(2<-1aFuc)B1->4GIcNAcB1->3Galf1->4Glcp1->1Cer

o-L-Fucosidase

GalNAcB1->3Gal10->4Galp1->4GlcB1->1Cer (-Fuc)
v
B-N-Acetylhexosaminidase GalB1->4GIcNACB1->3Galp1->4GIch1->1Cer
(-GIcNAc)
B-Galactosidase
Globotriaosylceramide (-Gal)
v
[Gal1a->4Galp1->4GIcB1->1Cer] 4GIcNACB1->3GalB1->4GlcB1->1Cer

a-Galactosldaso:\\ A-Acetylhexosaminidase
(-Gal) (-GIcNAc)

GalB1->4ClcB1->1Cer

B-Galactosidase
(-Gal)

Glep1->1Cer

B-Glucosidase
(-Glc)

Ceramide

I 3

B-Galactosidase
(-Gal)

Galp1->1Cer

A

a-Galactosidase A
(-Gal)

|Gala1->4Galp1->1Cer]|

The catabolic enzyme activities required in the degradation of neutral glycosphingolipids,
adapted from Desnick et al., 1989. The boxes indicate substrates that accumulate in Fabry
patients. Gal, Glc, Fuc, GalNAc, GIcNAc and Cer are galactose, glucose, fucose, N-
acetylgalactosamine, N-acetylglucosamine and ceramide, respectively.
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The enzyme activity may also be measured by using the native radiolabelled (3H)
substrate, ceramide trihexoside but preparation of the substrate is laborlous
(Rietra et al, 1976). Deficient activity has been demonstrated in plasma, serum,
leukocytes, tears, and cloned skin fibroblasts (Kint, 1970; Desnick et al, 1973;
Johnson et al., 1975; Mayes et al., 1980). Prenatal detection of Fabry hemizygotes
has been performed on chorionic villus samples or amniocytes (Brady et al., 1971).

The presence of cross-reacting immunologic material (CRIM) in Fabry patients has
been investigated. Analysis of fibroblasts, leukocytes, renal tissue and urine has
shown that there is no CRIM in some patients with no detectable enzyme activity
(Beutler et al, 1973; Rietra et al, 1974; Hamers et al, 1979) but it is present in
others. In one study the processing of the mutant enzyme was investigated,
showing that one patient did not produce an enzyme precursor, two produced
precursor but no mature enzyme and one produced mature, inactive protein
(Lemansky et al., 1987). Thus, the disease is biochemically heterogeneous.

1.3.3.2.2 Amino acid sequence of human o.-galactosidase A

Normal, human a-galactosidase A has been purified from human tissue. It consists
of a 429 amino acid precursor protein that contains a cleavable, 31 amino acid
signal peptide and a 398 amino acid mature peptide (Bishop et al, 1991). The
signal peptide is typical of other sequences required for transport into the
endoplasmic reticulum (Watson, 1984; von Heijne, 1986) and has 5 charged amino
acids at its N-terminus, a central hydrophobic core of 15 residues and a more polar
C-terminus containing a proline or glycine at -4 to -5 from the cleavage site and the
sequence alanine-X-alanine. The mature peptide contains four consensus sites for
protein glycosylation at asparagines 139, 192, 215 and 408, although only three of
these are utilised, based on studies using N-glycanase treatment of the
oligosaccharides and estimates of the molecular weight (Bishop et al., 1991). Site-
directed mutagenesis studies have confirmed that full enzyme activity requires
glycosylation at all sites except for asparagine 408 (Desnick et al., 1994).

As with the other lysosomal enzymes (Neufeld, 1991), the amino acid sequence of
a-galactosidase A showed little similarity to other human lysosomal hydrolases,
with the notable exception of a-N-acetylgalactosaminidase (Wang, AM et al, 1990,
1991). The amino acid sequences of the full length o-galactosidase A gene shared
46.9% overall identity with that of a-N-acetylgalactosaminidase. The carboxyl
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terminus sequence encoded by exon 7 of a-galactosidase A showed only 15.8%
homology, while the remaining amino terminal region had 56.4% identity. All of
the N-glycosylation sites and 8 of the 10 cysteine residues in o-galactosidase A
were conserved in a-N-acetylgalactosaminidase. Alpha-galactosidase A also had
similarity with short regions of the amino acid sequences for a-galactosidases in E.
coli and yeast, encoded by the Mel A and Mel 1 genes, respectively.

1.3.3.2.3 The physical and kinetic properties of a.-galactosidase A

The properties of purified a-galactosidase A have been well studied (Bishop et al.,
1978, 1981a; Kusiak et al, 1978; Dean et al, 1979). The enzyme is a homodimer
with a molecular weight of about 100kdal (two 50kdal units), containing 5-15%
(w/w) asparagine-linked oligosaccharide chains of the complex or high mannose
type. Multiple forms are found, with slightly different physical properties caused
by the heterogeneity in their glycosylation. Their different isoelectric points may
result from the presence of different numbers of sialic acid residues (Bishop et al.,
1981a).

The optimal activity is at pH 3.8-4.0 for the natural substrate, ceramide trihexoside
and at pH 4.6 with the artificial fluorogenic substrate 4-MU-a-gal, with Michaelis-
Menten constants (Km) of 0.1-0.2mM and 2mM, respectively. In vivo, a sphingolipid
activator protein, SAP-1, or saposin B, is required as a cofactor, which binds to the
substrate and is essential for the enzyme to function (Furst et al, 1992; Kishimoto
et al, 1992; Sandhoff et al, 1994). Deficiency of saposin B results in a secondary
deficiency of a-galactosidase A, B-galactosidase and cerebroside sulphatase activity,
in vivo (L1 et al, 1985). The clinical symptoms are distinct from Fabry disease and
are similar to those of metachromatic leukodystrophy (Stevens et al., 1981).

The biosynthesis and processing of a-galactosidase A have been investigated.
Pulse-labelling and immunoprecipitation studies have shown that a-galactosidase
A is synthesised as a glycosylated 50.5kDa precursor in fibroblasts (Lemansky et
al., 1987). The lysosomal form was processed to 47-50kDa intermediates, over a
period of 2 days and within 7 days a stable 46kDa protein was detected. A secreted
form of the enzyme had a molecular weight of 52kDa. Like most lysosomal
hydrolases the enzyme is phosphorylated, allowing targeting to the lysosome via
the mannose 6-phosphate pathway. Secretion of only the 52kDa form of a-
galactosidase A occurred in fibroblasts from a patient with I cell disease, in which

47



enzyme phosphorylation and therefore targeting to the lysosome by the mannose 6-
phosphate receptor mechanism is defective. In Chang liver cells (Le Donne et al.,
1983) a 58kDa a-galactosidase A precursor is processed to a mature 49kDa much
faster than in fibroblasts, within 3 hours of synthesis. The normal transport and
processing of a-galactosidase A follows pathways shared by other lysosomal

enzymes.

1.3.4 The o-gal i A gene and cDNA

Fabry disease was first ﬂescribed as an X-chromosome-linked disease in 1965 by
pedigree analysis (Grace et al, 1991). The a-galactosidase A gene (GLA) has been
localised to the long arm of the X-chromosome at Xq22 by in situ hybridisation
(Desnick et al.,, 1989) and more recently it has been placed at Xq22.1, between the
Bruton’s tyrosine kinase gene (BTK) and the DXS178 locus, in a region of less than
300kb, on the physical map (Vetrie et al, 1993, 1994; Sweatman et al, 1994). The
order of the DXS polymorphic markers in this region is indicated below:

centromere-DXS366-DXS442-BTK-GLA-DXS178-DXS265-DXS178CA-DXS101-telomere

The nearest polymorphic marker, DXS178, is estimated to be 100kb distal to the a-
galactosidase A gene.

The full length cDNA (Bishop et al., 1988, 1991) and the gene for a-galactosidase A
(Kornreich et al, 1989) have been isolated and sequenced. The GenBank
accession numbers for the cDNA and gene are X14448 and D00039, respectively.
The gene is 12kb long and has a promoter region that contains the consensus GC
box and CCAAT transcription promoter sequences and the Ap-1, OCTA and c-fos
enhancer binding sites (Bishop et al., 1988). These are elements that are typical of
constitutively expressed 'housekeeping genes, as is the presence of a TATA box,
located about 25 bases upstream of the transcription start site. It contains 7 exons
of 92-291bp in length, which are separated by introns of 200-3.7kb long. The gene
also has 12 Alu repeats (30% of the gene) and is therefore comparatively rich in
these sequences, since the genome contains a distribution density of 1 Alu repeat
per 0.5-4kb (Makalowski et al
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Fi 4: The o-galactosidase 2 | position of Al I

Exon positions and sizes are indicated by the filled boxes and the exon numbers are
indicated above. The arrows indicate the positions of the 5' ends of the 12 Alu repeats
located in the introns and at the 3' end of the gene.

The messenger RNA is formed by splicing at sites with the normal invariant GT and
AG consensus sites (Shapiro et al, 1987) and it contains 60 bases of 5
untranslated sequence, 1290 nucleotides of protein coding sequence and a poly-A
tail (Bishop et al, 1988, 1991). Unusually, the 3' untranslated sequence of the
mRNA is either absent or is very short, only 5-7 bases. It also has two
polyadenylation signals, one of which is a rare sequence, and an snRNA binding
site which binds U4 and may be involved in polyadenylation. No other human
nuclear mRNAs lack a 3’ untranslated region (Bishop et al., 1991).

The gene and cDNA nucleotide sequences for a-galactosidase A have homology with
the a-N-acetylgalactosaminidase gene. Introns 1-6 of the a-galactosidase A gene
interrupt the protein-coding sequence at similar positions to introns 2-7 of the a-N-
acetylgalactosaminidase gene, indicating that they may be evolutionarily related.
The full length ¢cDNA nucleotide sequences of these two gene have 55.8% identity.
Only one other nucleotide sequence for human lysosomal enzymes had any
similarity. At the 5 end of the cDNA for a-fucosidase (Fukushima et al, 1985),
bases 31-178 showed 52% identity with bases 34-168 of the a-galactosidase cDNA
when four gaps were introduced (Desnick et al., 1989).
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1.3.5_Family counselling, meth f diagnosis and their 1

In Fabry families it is important to diagnose hemizygotes and heterozygotes for
counselling because both can be clinically affected and can transmit the defect in a

single chromosome to produce an affected child.

1.3.5.1_The problem of heteroz ion linical and biochemical meth

Hemizygotes for Fabry disease can be identified conclusively by enzyme assay and
their diagnosis is not a problem. Heterozygotes can be identified when the
symptoms are clearly observed and the a-galactosidase A activities are below the
normal range. However, the diagnosis of heterozygotes that are clinically
asymptomatic and have enzyme activities in the normal range is a major problem in
Fabry familles. Phenotypic variability is caused by the process of random X-
inactivation (Lyon, 1961; Migeon, 1994). In all somatic cells, only one X-
chromosome is genetically active and the other is inactivated, for most genes.
Random inactivation occurs early during embryonic development and before tissue
differentiation. Once this occurs, the same chromosome, either maternal or
paternal, is the only active chromosome in all daughter cells. This causes
mosaicism in the pattern of enzyme expression and some cells will produce the
normal protein while others express the defective gene. The extent of
accumulation of the storage product and therefore the phenotype and disease
progression in carrier females depends on the proportion and location of cells
expressing the mutant. This phenomenon accounts for the variant phenotypes in
female monozygotic twins, in which one twin was clinically normal and the other
was affected (Levade et al, 1991; Winchester et al, 1992) and highlights the
problem of predicting the clinical effect in heterozygotes and in diagnosis of
asymptomatic ferales.

Another potential, complicating factor in the detection of Fabry heterozygotes is the
possibility of age-related reactivation of the inactive X-chromosome. The ornithine
transcarbamylase gene on the inactive X chromosome has been shown to be
reactivated in older mice (Wareham et al, 1987). This occurrence may explain the
observation that older heterozygotes of Fabry disease tend to have an a-
galactosidase activity nearer to the normal range than younger heterozygotes
(Desnick et al, 1987) and may also account for the increase in fibroblast a-
galactosidase A activity with cell age (Hozumi et al., 1990).



The problem of X-inactivation and diagnosis by enzyme assay has led to the
development of modified biochemical assays. The heterozygote detection frequency
was improved by measuring the activity of other lysosomal enzymes such as the -
galactosidase, in addition to a-galactosidase, as a control (Spence et al, 1977;
Sheth et al., 1981). Others have measured enzyme activity in single cell fibroblast
clones (Romeo et al, 1970; Jongkind et al, 1983) or in hair roots (Spence et al,
1977) of heterozygotes to detect the presence of single cells with no enzyme
activity. Hair follicles originate from a small cell population and so a significant
proportion are likely to have cells with the same inactivated chromosome.
Therefore, by testing several hair follicles for enzyme activity, diagnosis may be
made if a significant number of enzyme-deficient follicles are found and a trimodal
distribution of activities is observed (Ropers et al, 1977). However, these methods
are difficult, very labour intensive and may still yield inconclusive results.
Therefore, no satisfactory biochemical methods for heterozygote detection have
been developed.

.2_Molecular geneti i

Genetic detection methods can identify heterozygotes (Desnick et al, 1987).
Analysis of closely linked polymorphisms can be used to track the inheritance of
the defective gene. The polymorphic markers DXS17, DXS87 and DXS88 have
been used in analysis of Fabry families, using Southern blot analysis of RFLPs
(MacDermot et al, 1987; Morgan et al, 1987). These three regions can also be
amplified by PCR for RFLP analysis and have been used for carrier detection in
some families (Kornreich et al, 1992). The closest known marker to the o-
galactosidase A gene is DXS178, which is about 100kb telomeric to the gene
(Sweatman et al, 1994; Vetrie et al, 1994). CA repeat markers have also been
identified at the DXS178 locus (Allen et al., 1992; de Weers et al, 1992) and may
prove useful for carrier detection in Fabry families.

In addition to polymorphic markers located outside of the a-galactosidase A gene,
two other polymorphisms have been found within, or close to the GLA locus. A Sac
I RFLP in intron 4 of the gene was observed at a frequency of 0.08 in normals and
0.02 in Fabry families. A rare NcoI RFLP, located about 10kb downstream from the
last gene exon, has been found at a frequency of 0.13 in normals and 0.12 in Fabry
families (Desnick et al, 1987). The Nco I RFLP was used for diagnosis in a Fabry
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family with 60 members. In this family, 7 obligate heterozygotes that were
undetected by enzyme assay were identified (Kirkilionis et al, 1991). No intragenic
polymorphisms, except for the Sac I RFLP were known prior to this study.

Two problems exist for the identification of heterozygotes by polymorphism
analysis. One is that the polymorphisms are not always informative. The second
problem is that in the absence of a family history of Fabry disease, the presence of
a new disease-causing mutation cannot be determined. Detection of a linked
polymorphism in an affected child and subsequent detection of the polymorphism
in the mother does not conclusively show that the mother has the mutation as it
may have arisen de novo in the child. Therefore, direct detection of the specific
defect for heterozygote identification is desirable.

The cloning of the gene and the lack of informative, intragenic polymorphic markers
for heterozygote detection has prompted the study of the family-specific mutations
for use in carrier detection. This allows direct analysis of inheritance of the genetic
defect. One problem exists with this type of analysis. If the defect is a new
mutation and the individual is a mosaic then it is possible that analysis of DNA
from somatic cells will not show the presence of a mutation which is in the germ-
line cells (Hall, 1988). In this case, although the individual appears to be
genetically normal, the children are at risk from inheriting the defect and should be

considered for genetic counselling.

Treatmen

1.3.6.1 Palliative treatment

No cure_for Fabry disease has yet been developed and so palliative treatment has
been used to counteract the clinical manifestations of the disease. Analgesics such
as phenoxybenzamine, carbamazepine and diphenylhydantoin have been
administered to alleviate pain, although these are not entirely effective. Renal
insufficiency can be treated by dialysis and kidney transplantation (Desnick et al.,
1989). Kidney transplantation as a method of supplying endogenous, normal o-
galactosidase A has also been carried out and results in improvement of symptoms
in some patients (Desnick et al., 1972; Philippart et al, 1972; Mosnier et al., 1991)
but not in others (Spence et al, 1976). However, even when symptoms are
alleviated, transplantation of a normal kidney does not completely prevent
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substrate deposition in the allograft (Mosnier et al, 1991) or death by cardiac
involvement (Kramer et al., 1984).

1.3.6.2_ Therapy

Treatment of Fabry disease at a biochemical level has been attempted, although
with little success so far (Desnick et al, 1981, 1989; Desnick, 1983). It has been
shown that a-galactosidase from fig, coffee bean and human sources is internalised
by cultured fibroblasts from Fabry patients and can catabolise the intracellular
glycosphingolipid deposits (Desnick et al, 1989). Enzyme replacement has also
been carried out in vivo by repeated injection of purified human enzyme into Fabry
patients. This was shown to rapidly lower the levels of accumulated
glycosphingolipids in the plasma but only temporarily, since the half-life of a-
galactosidase A is short, about 10 minutes for the splenic isozyme and 70 minutes
for the injected plasma enzyme , Desnick et al, 1979. The availability of purified
enzyme is a limiting factor in this type of treatment. Foetal liver transplantation
has also been used to provide a source of normal enzyme but the long-term effect
has not been evaluated (Touraine et al, 1979; Grosshans, 1986; Desnick et al.,
1989). A more indirect approach is depletion of the substrate.
Globotriaosylceramide has been removed from plasma by plasmapheresis to try to
limit the clinical effects of the enzyme deficiency (Pyeritz et al., 1980) but it cannot
reverse the effects of substrate deposition once the substrate reaches the
lysosomes. Removal of senescent erythrocytes, a source of substrate, has also
been used but was not therapeutic (Beutler et al., 1981).

Progress in enzyme therapy will depend on improving methods for producing and
isolating large amounts of catalytically active protein. Recently, expression of the
cDNA sequence in insect cells, using a baculovirus vector, has produced o-
galactosidase enzyme that is glycosylated and catalytically active (Coppola et al,
1994). Approximately 5.6mg of recombinant a-galactosidase A per litre of cell
culture was obtained and purified. The enzyme was an estimated 46.6-46.9kDa, by
mass spectral analysis and was glycosylated to contain fucose, galactose, mannose
and N-acetylglucosamine but did not include xylose, N-acetylgalactosamine or
sialic acid. Human a-galactosidase A is known to possess sialic acid residues and
so the glycosylated, recombinant protein was not identical. Uptake of the
recombinant baculovirus protein in cultured fibroblasts from a Fabry patient
caused an increase in a-galactosidase A activity to 60% of the normal activity and
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this was partially inhibited by mannose 6-phosphate, indicating the involvement of
the MPR for transport, as with the human enzyme. After covalent modification with
poly ethylene-glycol (PEG), a procedure designed to enhance stability during
enzyme replacement therapy, the recombinant enzyme retained 24% of activity
with the natural substrate, trihexosylceramide. Further investigation of this
baculovirus enzyme and its stability is required. The lack of sialic acid residues
may be a problem for enzyme therapy as it is proposed that the human plasma o-
galactosidase A has a longer half-life in the circulation than splenic enzyme due to
the presence of more sialic acid residues (Desnick et al, 1989). A study of
glycoproteins has shown that desialylated proteins are removed from the blood
circulation more rapidly than those that are sialylated (Ashwell et al, 1974).
Alpha-galactosidase A has also been over-expressed in CHO cells and the resultant
enzyme was shown to be glycosylated, catalytically active and could bind to the
MPR (Iounnou et al., 1992). Recombinant proteins such as these may be useful for
enzyme replacement therapy but no in vivo studies have yet been described.

No animal models have been found for the study of Fabry disease and gene therapy
for this disorder has not been investigated.

1.3.7 M ion ion in the g-gal i A gen

At the start of this study, analysis of genomic DNA by Southern blotting had shown
that most of the mutations in the a-galactosidase A gene were small
rearrangements or point mutations. Gross gene rearrangements were identified in
only 6 out of 130 families (5%) by this method (Bernstein et al., 1989; Kornreich et
al, 1990). A multiplex PCR-based method was subsequently developed to detect
this type of mutation in genomic DNA (Kornreich et al., 1993). In addition, 5 point
mutations (Bernstein et al, 1989; Koide et al, 1990; Sakuraba et al, 1990; von
Scheidt et al., 1991), a 13bp deletion (Ishii et al, 1991) and a splice site mutation
(Yokoi et al, 1991) had been reported. All of these were detected by reverse
transcription of the RNA and sequencing of the resultant cDNA, except for one
point mutation detected by Southern blot analysis (Bernstein et al, 1989). No
methods had been reported for PCR amplification of the a-galactosidase A gene
from genomic DNA and no methods for mutation screening in Fabry patients,
except for Southern blotting, had been described. Therefore there was a need to
develop methods for detecting small mutations that were undetected by Southern



blotting techniques. This information would allow the detection of heterozygotes by
genetic analysis and would also permit genotype comparisons with the phenotype.

During the course of this investigation, many new mutations were reported. In
total, 93 different putative disease-causing mutations have been found in 106
families, providing conclusive evidence for the genetic heterogeneity of the Fabry
disease. These are listed in table 4. Allele designations for the point mutations in
the coding region were given according to the predicted amino acid substitutions
and their position in the protein. For the small deletions and insertions the allele
designations were based on their position in the cDNA and the size of the change,
as follows: the cDNA number immediately 5 to the first nucleotide which showed a
sequence difference was given, followed by del or ins for deletions and insertions
respectively and then its size. Thus, 716insl indicates that when reading in a 5-3’
direction, the first base alteration is observed at cDNA nucleotide 717 and that it is
a 1 base insertion. Splice-site mutations were named according to their position in
the intron and the base substitution or deletion. For example, IVS3-1,t indicates
that the mutation is in intron (IVS) 3, it is at the 3’ end of the intron, -, at position
1bp upstream of exon 4. The conserved guanine of the ‘ag’ dinucleotide is replaced
with a thymine. A +2 would indicate a mutation at the 5 end, 2bp downstream of
the preceeding exon.
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Table 4: Mutations in the a-gal i A gen
A): Point m ions in the o-gal i A cDNA
Exon | Ref. Nucleotide Allele Nucleotide At RE
cDNA | Gene Substitution | CpG Site
(1) (2)
1 3 95 1274 L32P CIG->CCG
3,14 101 1280 N34S AAT->AGT
12 103 1282 | *G35R GGA->AGA
4 118 1297 P40S CCT->ICT
13 124 1303 [ *M42V ATG->GTG -Nco |
5 132 1311 W44 X TGG->TGA
13 145 1324 | *R49S CGC->AGC Yes -Hha
12 146 1325 *R49L CGC->CIC Yes -Hhal
16 155 1334 Cs2S TGC->TCC
14 166 1345 C56G IGC->GGC +Hae lll
16 167 1346 C56F TGC->TIC
13 167 1346 *‘C56Y TGC->TAC
16 175 1354 E59 K GAG->AAG
2 7 196 5095 E66Q GAG->CAG
16 242 5141 w81 X TGG->TAG
3 253 5152 G85N GGT->AGT
16 266 5165 L89R CIC->CGC
13 274 5173 | *D92H GAT->CAT
16 295 5194 Q99 X CAA->TAA
16 299 5198 | R100K AGA->AAA
13 319 5218 | *Q107X | CAG ->IAG
7 334 5233 R112C CGC->IGC Yes
16 335 5234 | R112H CGC->CAC Yes
3 16 392 7291 L131P CIA->CCA
16 427 7226 A143P GCA->CCA Yes
16 431 7230 | G144V GGC->GIC
8 436 7335 P146 S CCT->JCT -Celll
3 466 7365 | A156T GCC->ACC
16 469 7364 Q157 X CAG->TAG
14 484 7383 | W162R | IGG->CGG +Msp |
12 494 7393 | *D 165V GAT->GIT -Bgll
16 515 7414 | C172Y TGT->TAT
4 8 606 8379 Cca202wW TGI->TGG +EcoR 1l

* Mutations found in this study

56




Table 4 (A nt: M ions i e a-qal i A gene
Exon | Ref. Nucleotide Allele Nucleotide At R/E
cDNA | Gene CpG Site
(1) (2)
5 914 | 644 | 10135 | *N215S AAT->AGT -TspE |
+Bsrl
15 658 | 10149 | R220 X CGA->IGA Yes
12 677 | 10168 | *W226 X | TGG->TAG .| +Rmal
+Mael
9,14 679 10170 | *R227 X CGA->JGA Yes +Hph|
14 680 | 10171 | *R227Q CGA->CAA Yes
13 708 | 10199 | *W236C | TGG->TGC
16 730 | 10221 | D244N GAC->AAC
14 791 10282 | D264V GAC->GIC
14 797 | 10288 | D266V GAT->GIT Bsrl
6 9 806 | 10514 | *V269A GIG->GCG
16 816 | 10524 | N272K AAC->AAA
7 835 | 10543 | Q279E CAG->GAG
13 859 10567 | *W287 G IGG->GGG
9 861 10569 | *W 287 X TGG->TGA -Bgil
16 863 | 10571 | A288D GCT->GAT
10 886 | 10594 | M296 V ATG->GTG
14 890 | 10598 | S297F TCT->TIT +Msel
16 901 10609 | R301X CGA->IGA Yes
53 902 | 10610 | R301Q CGA->CAA Yes
14 937 | 10645 | D313Y GAT->TAT
12 947 10655 | *V316 E GIA->GAA -Maelll
9 979 | 10687 | *Q327K CAA->AAA
7 982 | 10690 | G328R GGG->AGG
14 083 | 10691 | G328A GGG->GCG -Kpn |
7 13 1018 10996 | *W340R IGG->CGG
14 1020 | 10998 | W 340 X TGG->TGA
9 1024 | 11002 | *R342X CGA->IGA Yes
8,13 1025 11003 | *R342Q CGA->CAA Yes
1 1066 | 11044 | R356W | CGG->IGG | Yes
9 1081 | 11059 | *G361R | GGA->AGA -Sau96 |
14 1192 | 11170 | E 398 X GAA->TAA +Asel
+Msel

* Mutations found in this study
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Tabl

4. cont: M ions in the a-gal

si

Splice Ref. | Allele name Gene Nucleotide Resuit
Site Nucleotide Substitution
(1)
5 5 IVS2+2,¢g 5270 exon 2-gt->gg
Intron 2
3 12 IVS 3-1,t 8321 *ag-exon 4 >at
Intron 3
3 19 IVS§ 3-1,a 8321 ag-exon 4 -> ag Skips
Intron 3 exon 4
3 14 | IVS 5-del 2,3 105078 tcag-exon 6->
Intron 5 tg-exon 6
5 6 IVS 6+1,t 10708 exon 6-gt -> {t Skips
Intron 6 exon 6
: Large rearrangem in the a- idase A gen
Exons/ Ref. Direct repeat Deletion (dei)/ Rearranged
introns sequences insertion (ins)/ gene [1]
rearranged inversion (inv)/ (& cDNA [2])
duplicated (dup) nucleotides
size
Intron 2 -> 11 38bp repeats 3197 bp 6587-9745
Intron 4 (Alu repeats) (del) + 38 bp repeat
Exon 1-> 11 CCA 4651 bp 1198-5845
Intron 2 (del) + 3 bp repeat
Intron 2 -> 11 AAG 4519 bp 6739-11258
3' gene (del) + 3 bp repeat
Intron 2 -> 11, AGAACT 402 bp 7086-7487
Intron 3 17 (del) + 5 bp repeat
Intron 1 -> 11 TAGACA 8112bp 2594 (or 5) -
Exon 6 (dup) 10705 (or 6)
Exon 5 -> 11 See text 1710 bp (del) 10237-11932 del.
3' gene 151 bp (inv) 12084-12097 del.
11933-12083 inv.

* Mutations found in this study
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n

(D): Small rearrangements in the a-galactosidase A gene

Allele Ref. Sequence change & cDNA nucleotides Rearranged
(Exon) Normal -> mutant gene [1]
(& cDNA [2])
nucleotides
25delt 16 ' 22-CTACATC-28 -> 1204
1) CTAC-TC (26)
124del13 18 123-CATGGGC——ACIGGGAG-144 -> 1304-1316
(1) CA-CIGGGAG (125-137)
333del18 16 331-CAGCGC——ATTCGC-354 -> 5233-5250
(2) CAG-CGC (334-351)
358del6 16 358-CTAGCTAA-365 -> 5258-5263
(2) C-A (359-364)
*716ins1 9 714-TATAAAG-720 -> 10208
(5) TAITAAAG (717)
T17del2 | 12, 714-TATAAAG-720 -> 10209-10210
(5) 13 TATAG (718-719)
773del2 14 772-GGACCAGG-779 -> 10266-10267
(5) GG-CAGG (774-775)
954ins5 14 949-ATTGCCAT-956 -> 10658-10662
(6) AITGCC-TTGCC-AT (950-954)
*1010del19 | 12 1008-CTTTGA——CCTCT-1031 -> 10989-11007
7) CTT-CT (1010-1029)
1016del11 | 14 1014-AGTGTGGGAACGACCTCT-1031 -> 10996-11006
7) AGT-TCT (1017-1027)
1020delt 16 1018-TGGGA-1022 -> 10999
) TGG-A (1021)
1040ins1 8 1038-CITA-1041 -> 11018 (1040)
() CITTA repeated
1073del2 8 1070-AGGAGATT-1077 -> 11052-11053
(7 AGGA-TT (1073-1074)
*1087del1 | 13 1085-CTCGCTC-1091 -> 11066
(7) CIC-CTC (1088)
1123del53 | 8, 1120-AAAGGAGT—AAAAGGAA-1178-> 11101-11153
) 14 AAAG-AA (1124-1176)
1208del3 | 14 1207-TTAAGAAGTC-1216 -> 11190-11192
) TTAAG-TC (1208-1213)

* Mutations found in this study
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Table 4, cont: Mutations in the a-gala ase A gen

E): Complex mutations in the a-gaiactosi A gen
Exon Ref. Nucleotides Allele Nucleotide R/E
substitutions Site
cDNA Gene Normal -> mutant
(1) (2)
2 16 350& | 5258 & | L120P-A121 T | 356-AG CTAGCT -> | Nhel
361 5260 AG CCAACT
5 16 656 & | 10147 & 1219N 652-GAA AJC C > -
657 10148 GAA AATC
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The genetic heterogeneity of Fabry disease is characteristic of many X-linked
diseases (Mandel et al., 1992).

1.3.7.1 h for mutation analysi

A number of methods for mutation analysis of RNA or genomic DNA, used in the
study of other genes, were considered for identifying unknown, putative disease-
causing mutations in the a-galactosidase A gene.

Direct sequencing is the only method for determining the precise nature and
location of specific base alterations but manual methods (Sanger et al, 1977;
Ruano et al., 1991; Sheffield et al, 1993) are time-consuming and laborious, while
automated sequencing requires expensive equipment. However, the approximate
location of unknown mutations can be identified, by other relatively inexpensive
mutation screening methods, (reviewed by Grompe, 1993), to reduce the portion of
DNA for sequencing. These methods are described below.

1.3.7.1.1 Analysis of RNA and DNA

Genomic DNA is the preferred choice of template for sequence analysis because it
is highly stable and so it can be handled and stored with little expertise. It
contains all of the mutated sequence and it is present in almost all cell types.

RNA analysis requires more expertise and care in isolation due to its instability. It
often requires reverse-transcription into cDNA for analysis. In addition, it does not
always contain the mutation. Some mutations result in a decrease in the amount
of RNA, for example a stop mutation (Zhang et al., 1994) and may cause difficulty in
obtaining enough RNA for analysis. Other mutations, such as a complete gene
deletion (Brown et al, 1981) do not produce RNA and could not be detected.
However, despite these disadvantages, one advantage over DNA analysis is that
mutations causing abnormal mRNA splicing are more easily identified. Mutation
screening using genomic DNA often involves analysis of the protein-coding regions
of DNA and avoids analysis of the introns, which may contain mutations that alter
splicing. For example, an intronic mutation in a patient with Scheie syndrome
created a splice site that would have been undetected by this strategy but was
easily identified by RNA analysis (Moskowitz et al., 1993).
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1.3.7.1.2 Detection of large rearrangements

Large rearrangements can be conveniently detected by analysing total cell DNA
directly, using Southern blotting techniques or by multiplex PCR methods.
Southern blotting (Southern, 1975) involves the fragmentation of genomic DNA by
digestion with restriction enzymes and separation by agarose gel electrophoresis.
The DNA is transferred from the gel to a nylon membrane by Southern blotting and
hybridised to a radiolabelled DNA probe to detect size alterations. It has been used
to detect mutations in many disorders, including Hunter disease (Froissart et al,
1993). This method does not require specific sequence information for analysis and
detects the presence of all large rearrangements. Point mutations can be detected
if they alter a restriction site (Bernstein et al., 1989). Disadvantages are that it is
not always informative for small rearrangements and it requires a large amount of
undegraded DNA sample.

Multiplex PCR reactions amplify a complete gene sequence, in several large
fragments, using genomic DNA as a template. Size alterations are then detected by
electrophoretic separation through an agarose gel, (e.g. in Fabry disease, Kornreich
et al, 1993). Sequence information is required for analysis but it allows detection
without requiring a gene-specific probe and with minimal template DNA. As with
Southern blotting, small rearrangements might not be detected.

1.3.7.1.3 Detection of small sequence alterations by alterations in the DNA conformation

PCR amplification of specific areas of genomic DNA or reverse-transcribed RNA
(cDNA), followed by analysis of their conformation, which is sequence dependent, is
the basis of several mutation detection methods. In each of the following methods,
sequence changes cause alterations in the electrophoretic migration of DNA, which
are detected on an acrylamide-based gel system using autoradiography or non-
isotopic visualisation. The wild-type DNA is analysed in an adjacent lane to the

mutant sequence.
(@) Double-stranded conformation analysis, DSCA, (Saad et al, 1994) detects

altered migration of homoduplex DNA by electrophoresis though a non-denaturing
polyacrylamide gel.
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(b) In heteroduplex analysis (Keen et al, 1991; White et al, 1992) the DNA for
analysis is melted and annealed with normal DNA so that the mutant alleles form
incompletely paired DNA duplexes. These are separated by electrophoresis
through a non-denaturing acrylamide gel and their migration is retarded relative to
the homoduplexes.

(c) In single-strand conformation polymorphism, SSCP (Orita et al, 1989; Hayashi,
1991) analysis, the DNA is denatured and alterations in secondary structure are
detected by electrophoresis in a non-denaturing polyacrylamide gel.

All three methods require minimal DNA template. Heteroduplex analysis and SSCP
analysis detect small rearrangements and point mutations with more than 80%
sensitivity in DNA that is less than 500bp in length, using optimised conditions.
The gel systems are simple and the DNA does not require modification, except by
denaturation for SSCP detection and for the formation of heteroduplexes. The main

disadvantage is that some sequence alterations are not detected.

1.3.7.1.4 Detection of small sequence changes by other methods

In denaturing gradient gel electrophoresis, DGGE, (reviewed by Cariello et al.,
1993; Fodde et al., 1994) DNA is amplified by the PCR and is analysed by migration
through a polyacrylamide gel that contains a linearly increasing gradient of
denaturant, such as urea and formamide. The homoduplex DNA is progressively
denatured until it reaches a concentration which is equivalent to the melting
temperature of the lowest melting domain. At this point the migration is severely
retarded. Since sequence variations in the highest melting temperature domains
are often not resolved, a G/C tail is sometimes incorporated into the PCR product
to create a high melting temperature domain, ensuring that mutations are in a
lower melting domain. The sensitivity of the method is enhanced by mixing mutant
and normal DNA to form heteroduplexes, in addition to homoduplex DNA (Sheffield
et al, 1989). The major disadvantage is that the preparation of the denaturing gel
requires more expertise than for analysis of changes in the DNA conformation.

The RNase cleavage method (Myers et al, 1985) uses a radio-labelled wild-type,
RNA probe which is hybridised to the sample DNA, forming an RNA-DNA
heteroduplex. Areas of mismatch are digested with RNase A, which cleaves single-



stranded RNA, and these are separated by electrophoresis on an agarose gel. The
requirement for radioactively labelled RNA and its low detection efficiency, about
50%, have limited its use.

In chemical mismatch cleavage (Cotton et al, 1988; Smooker et al, 1993), DNA is
amplified by PCR. The radio-labelled wild-type DNA is mixed with the either
unlabelled or labelled sample (Forrest et al., 1991) to form heteroduplexes and base
changes are detected by cleavage of mismatches. @DNA analysis is by
electrophoretic separation through a polyacrylamide gel. Hydroxylamine and
osmium tetroxide bind to unpaired cytosine and thymine bases, respectively, and
the DNA can then be cleaved with piperidine. The method detects close to 100% of
mutations, although T-G mismatches, which are the most stable, are not always
successfully cleaved. Alternative mismatch-detection methods use a carbodiimide
(CDI) to modify guanine and thymine bases. The DNA surrounding the base
modified with CDI can be cleaved with E. coli ABC excinuclease for electrophoretic
separation. DNA-bound CDI can also be detected by binding to antibodies.
Alternatively and more usually, mis-matched bases that bind CDI can be detected
by PCR amplification from a primer towards the modified base, in a 5 to 3
direction. The polymerase cannot extend beyond the modified base, thus creating
a shortened PCR-product. The mutation can be localised, an advantage of this
method over the methods exploiting changes in DNA conformation. Disadvantages
are the toxicity of the chemical reagents and the requirement for mismatch
modification steps prior to electrophoretic analysis.

1.3.7.1.5 Mutation screening strategy used in this study

SSCP analysis was chosen as the method for detection of unknown mutations in
the a-galactosidase A gene. Although it is less efficient than chemical mismatch
detection and does not allow localisation of the mutation within the sequence
analysed, the simplicity of SSCP analysis is a distinct advantage. Its sensitivity is
higher than RNase cleavage and equivalent to heteroduplex analysis. DGGE is
complicated by the use of a gel with a gradient of denaturant and requires expertise
regarding the analysis of sequence melting domains and the use of GC-clamps.
Genomic DNA was used as the template since most of the samples for analysis
were in this form rather than RNA. As there are only 7 exons in the gene, PCR
amplification of the protein-coding region in seven reactions is not a problem.



1.4 AIMS AND EXPERIMENTAL STRATEGY

The two aims of this study Were: firstly, to find the disease-causing mutations in
Fabry hemizygotes, allowing the genotype to be correlated with the observed
clinical phenotype and the biochemical changes in the patients; and secondly, to
devise an efficient genetic method for detecting female Fabry heterozygotes, whose
detection by biochemical means is often inconclusive.

To achieve these aims the experimental strategy indicated in figure 5 was followed.
Mutations were detected by screening genomic DNA by SSCP analysis and
sequencing the localised region, or by sequencing the entire protein-coding region. .
To understand the effect of mutations on a-galactosidase A, some mutations were
transiently expressed in COS-1 cells and the residual a-galactosidase A in cells

from some patients was characterised.
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2. MATERIALS AND METHODS

2.1 MATERIALS AND BUFFERS
2.1.1 Material from F famili n ient inf i

DNA, extracted from blood or blood samples were collected from 28 families with at
least one Fabry hemizygote. In a further 2 families, families 1 and 30, cultured
fibroblasts were the only source of DNA. Cultured fibroblasts from hemizygotes
were avalilable for biochemical analysis in families 10, 13, 18, 22, and 28 and
lymphoblastoid cells lines were obtained for families 3, 8, 12 and 27. Information
‘regarding the clinical phenotype of the hemizygotes analysed in this study and that
of their affected relatives (R) is shown in table 5.

The o-galactosidase A activities in leukocytes and plasma that were measured in
the diagnostic laboratories at Institute of Child Health (ICH), information were
kindly provided by Mrs E. Young. Enzyme activities quoted by other laboratories
are also shown. The clinical symptoms listed in table 5 are: acroparesthesias and
episodic pain crises (2); angiokeratoma (3), a characteristic skin rash; ocular
involvement (4), including corneal dystrophy, lens abnormalities, conjunctival and
retinal vascular lesions; hypohidrosis (5), reduced sweating; proteinuria (6); cardiac
involvement (7), including abnormal electrocardiographic, ECG, abnormalities and
angina; kidney involvement (8), including decreased creatinine clearance and
various stages of renal failure; and neurological involvement (9), excluding pain. It
includes cerebrovascular accidents (CVA, strokes), hemiplegia, tetraparesis and
vertigo.

The phenotype was classified as atypical if the symptoms in hemizygotes were
known to be limited in their range or were obviously milder. Otherwise, they were
classified as typical, based on information from hemizygotes and/or heterozygotes,
table 5 and below. Only one hemizygote, in family 1, was classified as atypical,
because he lacked all clinical symptoms, except for neurological involvement, at
age 26. This patient also had low residual a-galactosidase A activity. All other
hemizygotes had negligible enzymic activity, as far as is known.

No detailed information regarding the clinical phenotype was available for affected
males or females in families 7, 8, 13, 22, 25 and 30.
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Family | Location | Phenotype o-galactosidase activity Current Onset age and clinical symptoms

in Assays at ICH | Assays by others Age 1 [2{3{4|5{6|7]8|9| Other symptoms and comments

pedigree Leukocytes

chart (plasma)

1* - variant 5% in leukocytes, 26 - - Nl -1-]N|] N|N{Y| Neurological involvement only.
15% in fibroblasts

2" - typical low 30 7 _1Y\Y|- -IN|-[N -
3* -2 typical 1.3 (0.3) dd4 |2 |Y|Y|-]|-]Y|-]|Y]Y| Renaltransplant. Died of stroke.

II-5 typical (R) 1.5 (0.5) 46 - YIYI-{-1-1-1VYlY -
4 typical low 33 - YIY]LY]-1-ININ|- -
5* lI-1 typical 2.7 (0.6) 49 15 {Y]Y|-1Y{Y|-{YIN -
6" -4 typical 1.3(0.2) 37 5 |Y|Y|[-]Y|N|/-|NIN -

-7 typical (R) 0.5(0.16) 37 20 JYIY[YININ[Y|Y[N Pedal oedema.
7" -1 unknown No hemizygote information
8 unknown low, in plasma No hemizygote information
9* typical No hemizygote information
10* -1 typical low 39 - -1Yl-1-1-1-1Y]Y]| Spastic quadraplegia due to stroke
11* -5 typical low, in plasma 15 8 |Y!Y]|-]YIN|-|N|N -
12* -1 typical 3.7 (0.54) 27 8 1YIY[Y|-ININ|-|- -
13* -4 unknown No hemizygote information
14* typical No hemizygote information
15* -6 typical 5.8 - Yi-|-1-1-IN]-|-
16* -2 typical low, in plasma 10 8 [Y|Y[-]Y|N|-|N|N -

typical (R) - 29 - Y[Y|-|Y|N|N|N]Y Pedal oedema

1. onset age; 2. acroparesthesias and pain crises; 3. angiokeratoma; 4. ocular involvement; 5. hypohidrosis; 6. proteinuria; 7. cardiac involvement; 8.
kidney involvement; and 9. neurological involvement. Y’ is yes, ‘N’ no and ‘' is unknown for the symptoms and ‘d’ is the age of death. (R) is a relative of

the patient analysed by sequencing.

“ = see text for more family details. Enzyme assays performed at ICH (results from Mrs E Young) were in units
of nmol/hr/mg protein for leukocytes, with a normal range of 40-162. In plasma, activity was in nmol/hr/ml of plasma, with a normal range of 4.8-26.5.
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Family | Location | Phenotype a-galactosidase activity Cument Onset age and clinical symptoms
in Assays at ICH | Assays by others Age 1 12|3{4]5[6|7]8]9| Other symptoms and comments
pedigree leukocytes
chart (plasma)
17 typical 31 - Yi-|-1-}-1-1Y]- End stage renal failure.
18* -2 typical <3%in 24 18 | Y Y|-|N{YIN|- Severe skeletal dysplasia and
leukocytes delayed puberty.
V-2 typical low 11 Y| -1Yl-]-1Y]N|- Diffuse lack of skeletal calcium
19* -1 typical (R) 29(1.4) 29 5 [YLY|-1Y|IN|-|NIN
20* IV-41 typical low 38 9 Y Y]Y|l-]-1Y]|N|]- See Hamers et al,, 1979
21 typical 3.3(0.17) 54 9 1YlLY]-]-1Y]|N]Y]N| Pedal oedema. Still able to work.
22 unknown 2(0) No hemizygote information
23 typical low 11 - Y[Y[N|-]-]1-]1-IN -
24 |-2 typical (R) 38 6 Y Y| N|NlY]Y]|Y|N Oedema of legs
25" unknown No hemizygote information
26* -3 typical 1.2 (0.8) 33 22 |YLY|Y|Y|N|IN]YIN Pedal oedema
27 -2 typical 2(0.55) 37 5 [Y|YLY[YIN{YINY -
28* typical 5%, in plasma d45 132 [Y|Y]Y|-]Y|Y|[Y[N Died of renal failure
20* -4 typical 2.9(3.8) 15 5 |[Y|N]Y|N]-]-]|-|N| Delayed puberty, retarded growth.
and gastrointestinal abnormalities.
II-5 typical (R) 4.0(1.7) 15 5 |Y|IN|JY[N|-|-|-|N|l Delayed puberty and retarded
growth.
(Flynn, 1972)
30* unknown No hemizygote information

1. onset age; 2. acroparesthesias and pain crises; 3. angiokeratoma; 4. ocular involvement; 5. hypohidrosis; 6. proteinuria; 7. cardiac involvement; 8.
kidney involvement; and 9. neurological involvement. ‘Y’is yes, ‘N’ no and *’ is unknown for the symptoms and ‘d’ is the age of death. (R) is a relative of

the patient analysed by sequencing.

“* = see text for more family details. Enzyme assays performed at ICH (results from Mrs E Young) were in units
of nmol/hr/mg protein for leukocytes, with a normal range of 40-162. In plasma, activity was in nmol’hr/ml of plasma, with a normal range of 4.8-26.5.



Identification of the family-specific mutation was carried out on DNA samples
analysed from the indtviduals indicated by an arrow and/or indicated in table 5.
The a-galactosidase activities in leukocytes (and plasma) of heterozygotes that were
analysed by mutation detection in this study were measured in the enzyme
laboratory. Activities in the normal range are underlined. The normal range for
leukocytes is 40-162nmol/mg protein/hr and for plasma, 4.8-26.5nmol/ml
plasma/hr.

Family 1

The hemizygote analysed had a varlant phenotype at age 26, with no
angiokeratoma, joint swelling, cardiac or renal symptoms. Cerebral involvement
was the major symptom, with hyperdense spots in the basal ganglia, thalamus,
cerebellum and capsula internum. He suffered from reversible hemiparesis and

recurrent attacks of fever. Both parents at ages 48 and 54 were unaffected.
Eamily 2

The mother of the hemizygote analysed was symptomatic, with acroparesthesias
from age 9-17, which stopped and then returned at age 38.

Family 3

. SASERRECHEY &

17 (2.6)
A R
7 80(7.4) 44(5.3)

Hemizygote II-1 died in his 40s and II-6 died at age 36, from renal failure. Three
heterozygotes were symptomatic, one of whom, female II-4, had cardiac
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involvement from 55 years and abdominal pains. Female MI-5 had a renal
transplant in her 30s and III-1 had angiokeratoma and severe acroparesthesias.

BT =

There was no family history of Fabry disease and hemizygote II-1 was the only male
known to have the disease. His mother, I-2, two sisters, I[I-4 and II-6 and one
cousin, II-11, had enzyme activities within the normal range. They had no ocular
defects and were clinically normal.

Family 5

Family 6

64 (6.5) 28(5.3)

o %
mommDLD

10.6 (3.9)

III
53(2.9)

Two hemizygotes, II-4 and II-7, both aged 37yr, had a range of symptoms that were
typical of Fabry disease but were slightly milder than in other families. In
particular, there was no renal involvement in II-4 and in patient II-7 the renal
involvement was limited to a decrease in creatinine clearance. In addition, another
hemizygote, II-6, at age ~39, continued to Work full-time and was known to have
acroparesthesia, but no other obvious symptoms. Further information on II-6 was
unavailable. Hemizygote III-2, age 13, had episodic pain crises which were
triggered by exercise or temperature changes and angjokeratoma was present on
one wrist, but he had no other symptoms. At age 8, hemizygote III-3 was
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asymptomatic. No Fabry males in this family were known to have had

cerebrovascular accidents and none of the females were symptomatic.

Family 7
I

o o ©
74098

15.6 (1.5) 5.2(0.39)

\

No clinical information was available for this family.

Family 9

One 30 year old female had pain and ocular abnormalities and her mother had the
same symptoms and cardiac involvement, at age 60. These symptoms were typical
of Fabry disease. Both symptomatic heterozygotes had a-galactosidase activities in
the normal range (communication by Dr M. Beck). No material or clinical
information was available from affected males, although they were known to exist.

Family 10

1
I

o m%?;m 3? ﬁ%ﬂi

The phenotype of hemizygote II-1 was thought to be typical and his brother, 1I-5,
had similar symptoms and died at age 27 from renal failure. His mother, I-1, had
chronic heart failure and renal failure and died at age 34.
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I 1 64 (6.2)
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Hemizygote III-5 was the only affected male known to exist in this family. His
mother, 1I-6, was diagnosed as a carrier by enzyme assay and by slit lamp
examination, which showed ocular abnormalities.

Family 12
1 2 64(4.8)

I
: 2 95(6.6)
II
/1
1 2
III

The symptoms of hemizygote II-1, were typical of classic Fabry disease. His
mother, I-2, was asymptomatic, except for minor ocular abnormalities.

Eamily 13

! H NN o=
T 2 3

Na

DNA was only available for analysis from a symptomatic female, I-4, whose three
brothers had Fabry disease. Details of the phenotype were unknown.

Family 14

A 49 year old female had almost zero enzyme activity in her white blood cells,
cardiomyopathy, vascular problems and limb pains. Her daughter, age 27, had
severe renal problems but normal a-galactosidase activity in white blood cells.
These symptoms were indicative of a typical phenotype for Fabry disease. No
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hemizygotes were known in this family and the father of the 49 year old female was
unknown.

Family 15

v R D oo
n CEOD FROTITT

The information regarding hemizygote III-6 analysed in this family was limited.
However, a sister, III-5, died at 18 years due to a stroke, his mother, II-5, had nerve
pains and an aunt, II-2, required a renal transplant. This indicated that the
disease phenotype was typical.

Family 16

S
5 h

69(9.9) /!

The hemizygote analysed, III-2 and his uncle, II-1 had typical symptoms.
Family 17

The information about this family was limited. The mother, age 42 and
grandmother, age 70, of the hemizygote analysed, were asymptomatic. His sister,
age 20, had corneal dystrophy. The clinical assessment of the hemizygote analysed
was diagnostic of Fabry disease but no confirmatory enzyme assays were carried

out. The phenotype was thought to be typical, although the details were not
available.
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Hemizygote III-2 was unusual in that he had a skeletal dysplasia and delayed
puberty, rare symptoms in Fabry disease. At 24 years old he did not have

angiokeratoma but did have other typical symptoms, such as cardiac involvement
and limb pain, A hemizygous relative, IV-2, did not have skeletal dyplasia but had
a diffuse lack of skeletal calcium, at age 11. These males were classified as typical
but severely affected.

1 2

I lj 34 (1.7)
N o o)

15 (1.1) 37 (2.5) 24 (3.0)

- 1 . 2 3
/'

Table 5 gives the clinical details for hemizygote III-1, the cousin of an affected child,
1I-3, who was diagnosed enzymatically. Heterozygote 1I-3 had angiokeratoma and
acroparesthesias and the child’s heterozygous grandmother, I-2, had a renal
transplant at age 46, indicating that renal abnormalities were a feature. The
known hemizygotes in this family did not have renal involvement but were still

young,
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Eamily 20 (Johnston et al., 1966: Hamers et al., 1979)

The hemizygote analysed in this study, IV-41, was part of a family with Fabry
disease inherited for at least 6 generations (Johnston et al., 1966; Hamers et al.
1979). This hemizygote was the oldest of 9 hemizygotes in generations IV-VI, figure
6. Six of these 9 hemizygotes had varying degrees of limb pain, angiokeratoma and
corneal abnormalities. In addition, one, V-13, had slow growth, flexed fingers and
oedema. Another had slow growth and one had haematuria. Two other
hemizygotes were examined by Johnston et al., 1966. Hemizygote III-12 had pains
during childhood and developed extensive angiokeratoma. At age 42, kidney
involvement was noted and he died at age 49 from chronic nephritis and cardiac
faflure. Hemizygote III-38 had pains from age 5 but was relatively mildly affected
with almost no angiokeratoma. At age 48 he suffered from cerebral thrombosis but
recovered and a further episode occurred at age 55 but he continued to work at age
59. He also had oedema of the legs and ocular abnormalities. All of the
hemizygotes from generations III-V had blood groups Ai, except for III-2 and IV-44
who had groups O and Az, respectively. The blood groups of V-23, VI-1 and VI-3

were unknown.

Thirteen heterozygotes were identified by hair root analysis and family history
(figure 6). Ten of these heterozygotes, between the ages of 19 and 66, were
clinically affected. One other heterozygote, IV-17, in this age range, age 36 was
asymptomatic and two other heterozygotes, V-26 and VI-2 were unaffected at ages
9 and 3, respectively. No renal involvement was seen in the hemizygotes, except
for III-38, or heterozygotes, except for IV-38 in whom nephrotic syndrome and
proteinuria were observed from age 18 to 20 but did not reappear. In the study by
Hamers, et al. (1979), analysis for cross-reacting immunological material (CRIM) in
hemizygotes IV-41 and V-13 showed that there was no material in the urine that
cross-reacted with antiserum raised against a-galactosidase A.

Later clinical investigations have found that female VI-2 had occasional pains in
the fingers and toes but was otherwise well, at age 19. Hemizygote VI-3 had
angiokeratoma from age 6 and pains in his legs. Other clinical symptoms, such as
severe lymphoedema in the leg of one hemizygote, cardiomyopathy in another and
a cerebrovascular accident in a 50 year old heterozygote, have been noted,
although the positions of the affected individuals in the pedigree chart were
unknown. Abdominal pains and indigestion were also a feature in some members
of this family.
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II
I
Iv
Vv
Vi
1 2 3
Location in | Age | Pain Skin | Abnormal Cornea Other symptoms
pedigree lesions ECG verticillata
chart (vn)
[r4
v-41 38 + + + + Slow growth, angina,
phlebitis
IvV-43 29 + + - + Diffuse lunules
Iv-44 20 + + - +
V-13 32 ++ + - + Slow growth, flexed
fingers, hypohidrosls
V-16 25 +4+ + - + Hypohldrosis
V-20 17 ++ + - + Slow growth
V-23 15 + + - + Haematuria
Vi-1 2 - - - ND
VI-3 1 ND + ND ND
Symptomatic
|_heterozygote
-39 66 + - - +
IV-10 53 + + + +
IvV-13 43 + + + +
IV-15 38 - - - - Tortuous retinal veins
Iv-19 36 - + - +
Iv-38 44 ++ - + + Fever, proteinuria,
nodular vascularitis,
oedema
V-15 28 + - - ND
V-18 22 - + - +
V-21 21 - + - -
V-22 19 ++ + - +

Severity of pain was expressed in categories varying from absent (-) to very severe (+++).
Other clinical features were evaluated as either absent (-) or present (+). ECG is
electrocardiogram. In the pedigree diagram the arrow marks the hemizygote analysed by
DNA sequencing.
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Family 23

The mother of the hemizygote analysed was asymptomatic. His maternal uncle was
known to have died from Fabry disease.

Family 24

II

Hemizygote I-2 was diagnosed by histological examination of material from renal
and skin biopsies. He had symptoms typical of Fabry disease. DNA from his
nephew, II-3, age 19 was analysed. II-3 was clinically affected at age 7, with
burning pains in his hands and feet. Two females, I-3 and II-2 were symptomatic
for Fabry disease.

Family 25
The phenotype of the hemizygote analysed, was unknown. However, two maternal

uncles died in their 30's of kidney failure. The phenotype was suspected of being
severe.

Eamily 26

I

A
- 1 2 3 Ij 4
31 (4.7)
III \
1 2 3 4

One affected hemizygote, III-3 was known in this family and no other males or
females were known to be clinically affected in this family.
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The patient material came from a 37 year old male, III-2, in the third generation of
a Fabry family. He had 6 strokes between the ages of 18 and 35, heart murmur,
gastrointestinal disturbances, such as diarrhoea, vomiting and abdominal pain but
no renal involvement. In the first generation of this family, 2 males, I-2 and I-3,
died in their 40s of kidney complications and nephritis. The maternal uncle, II-5,
of the analysed patient, was known to have had angiokeratoma, neurological
complications such as recurrent strokes, deafness, slurred speech and impaired
renal function at age 53. His mother had a myocardial infarction at age 42 but no

neurological complications.

Eamily 28

The hemizygote analysed was the only affected family member known to exist. No
symptomatic heterozygotes were known.

| @i& i
: GO0

The clinical symptoms in the 15 year old, hemizygous monozygotic twins, II-4 and
II-5 have been published, Flynn et al., 1972. Heterozygotes were identified by o-
galactosidase assays on leukocytes and chromatography of urinary ceramide
hexosides. Females I-4, I-6, 1I-3, II-8 and II-10 were carriers, aged 41, 39, 17, 12
and 10, respectively. All of these, except for I-6, had ocular involvement. Female
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II-3 had episodic leg pains at age 17, while female I-6 had leg pains from 12-23
years old.

Eamily 30

The maternal grandfather of the hemizygote analysed in this study was believed to
have died from Fabry disease at age 37. The daughter of this hemizygote had limb
pains and corneal dystrophy and his sister required a renal transplant. No other
clinical details were available.

Ethnic Origin

|

\,Famﬂies 2-8, 10-13, 15-17, 20-21, 23 and 25-27 were believed to be of British
‘orlgin based on knowledge of their family names and because there was no
'information to suggest that they were from any other ethnic group. Family 19 lived
i}in Britain but were known to be of Asian origin. The remaining families were
)referred by clinicians from other European countries and there was no information
!to suggest that their ethnic origin was different from the country in which they
jlived. Families 1, 9 and 14 were German, family 18 was Dutch and family 24 was

‘! Belgian.
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2.1.2 Reagents

212 ical r n

General chemical reagents were supplied by Sigma, British Drug Houses, or
Fisherbrand (USA) and were of AnalaR grade or equivalent. All solutions were
prepared in singly distilled water, except where specified otherwise. Mammalian
cell culture reagents were from GibcoBRL or Sigma and ultrapure grade agarose
was from GibcoBRL. Low melting point SeaPlaque agarose was supplied by
Flowgen. Difco labs (USA) supplied Bacto-Agar. Qiagen plasmid preparation kits,
the Sequenase II kit (USB) and Amplify™ solution were from Amersham
International ple. Dynabeads (M-280) were from Dynal. Stratagene provided the
Exo-Pfu cycle sequencing kit.  Radiolabelled nucleotides were from ICN
Biomedicals Ltd. AccuGel™ and ProtoGel™ were from National Diagnostics. Micro
detergent was from International Products Corp. and Pharmacia provided the
deoxynucleotides and dideoxynucleotides. Centricon 100 and 30 columns were
obtained from Amicon. |All solutions were autoclaved or filter-sterilised.

Restriction enzymes were from Northumbria Biologicals Limited, New England
Biolabs, or CP Biolabs. Boehringer Mannheim and Promega supplied the calf
intestinal phosphatase and T4 DNA ligase was from New England Biolabs. Tag
DNA polymerase was from Promega or Bioline and Vent DNA polymerase was from
New England Biolabs.

2 lasmi ize markers for protein and DNA

The 1kb ladder contained DNA fragments in the size range of 0.75kb-12.2kb and
was from GibcoBRL. The plasmid vector pGEM-3Z was from Promega and pCMVp
was from Clontech. The [}4C] methylated rainbow markers (from Amersham) were
radiolabelled and coloured proteins of known size in the range of 14.3-200kDa.
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4 Other:

Anti-(a-galactosidase A) serum (IgG-purified) and pGB6 (a-galactosidase A full
length cDNA) were kindly provided by Dr RJ Desnick, Mount Sinai Medical Center,
New York. Kodak X-OMAT AR-5, X-ray film was from Eastman Kodak Co. USA. E.
coli strain DB10B™ cells were from GibcoBRL.

2.1. mmon solution
The following solutions were prepared in dH20.
{a) 5x TAE (Tris Acetate EDTA) buffer 200mM Tris base
5.71ml/1 (v/v) of acetic acid
50mM EDTA (pH 8)
(b) 5x TBE (Tris Borate EDTA) buffer 45mM Tris base
45mM Boric acid
10mM EDTA (pH 8)
(c) TE (Tris EDTA) buffer at pH 8.0 10mM Tris-HCI (pH 8)

1mM EDTA (pH 8)
Adjusted to pH 8 with NaOH
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2.2 DETECTION OF SEQUENCE CHANGES IN GENOMIC DNA

2.2.1 Mammalian cell T

All operations involving mammalian cells in culture were conducted in a sterile
hood, using sterile implements and with maximum care to prevent infection
(Freshney, 1994).

RPMI 1640 growth medium (Moore et al, 1967) was prepared to contain 10% (v/v)
fetal calf serum (GibcoBRL), 4mM glutamine solution and either 50pg/ml
gentamycin sulphate (Sigma) or 100U/ml penicillin with 100ug/ml streptomycin
(GibcoBRL).

Lymphoblastoid cells were grown in a 75cm? flask (Marathon), in 10-20ml medium
and at 37°C, with 5% CO2 in an IR-1500 automatic CO2 incubator (Flow
Laboratories). The cells form aggregates which are easily visible by eye and settle
but do not adhere to the bottom of the flask. The medium was replaced every 2-3
days by careful aspiration, leaving the cells in a 1ml volume before adding fresh
medium,.

Once the cell aggregates covered the flask base the medium was removed by
aspiration, leaving the cells in about 1ml of medium. The cells were either
subdivided for further growth or they were harvested, as follows. They were
transferred to a centrifuge tube and spun at 500 x g for 5 minutes. The
supernatant was discarded and the cell pellet gently resuspended and washed
twice in 0.9% (w/v) NaCl solution, using centrifugation to pellet the cells. The cell
pellet was either used directly or stored at -70°C for DNA extraction (2.2.2).
Alternatively, if the cells were required for enzyme assay they were resuspended in
an appropriate buffer prior to direct use or storage at -70°C.
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2.2.1.2 Fibrobl

Growth medium was prepared as for the lymphoblastoid cells, except that Ham's-
F10 medium (Ham, 1963) was sometimes used in place of RPMI 1640. Phosphate
buffered saline (PBS) was prepared by dissolving 8g NaCl, 0.2g KCl, 1.44g Na2HPOa4
and 0.24g KH2POa4 in a volume of 1 litre of dH20, adjusted to pH 7.4 with HCl.

The growth conditions were the same as for lymphoblastoid cells except that they
grow as monolayers that adhere to the bottom of the flask. Their growth was
checked by viewing under a light microscope and the medium was removed
completely and replaced every 2-3 days.

The cells were grown to about 80% confluency before harvesting, as follows. The
medium was removed completely by aspiration and the cell monolayer was washed
with 2-3ml of either PBS or 0.1% (w/v) trypsin solution (GibcoBRL or Sigma).
Trypsin solution was then added and the cells incubated at 37°C for about 5
minutes. The cells were dislodged into solution by hitting the side of the flask.
They were then subdivided into new flasks with fresh medium for further growth.
Alternatively, the cells were diluted in medium, centrifuged, washed with 0.9%
NaCl and stored in the same manner as lymphoblastoid cells, prior to DNA
extraction and enzyme assay.

One confluent flask (75cm?) of lymphoblastoid cells or fibroblasts was sufficient for
2 ampoules of frozen cells. Lymphoblastoid cells, and trypsinised fibroblasts were
centrifuged at 500 x g for 5 minutes. The cell pellet from 1 flask of cells was
immediately resuspended in 1ml of ice-cold medium. An equal volume of ice-cold,
20% (v/v) DMSO (diluted in medium) was added to the cells and 1ml aliquots were
placed in plastic ampoules. The ampoules were immediately wrapped in several
layers of paper towels and placed inside a 2-3cm thick polystyrene box before
leaving them at -70°C overnight, allowing them to cool at a rate of about 1°C per
minute, thus limiting cell damage. They were transferred to liquid nitrogen for
long-term storage (Lovelock et al, 1959).
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Genomic DNA was isolated from 5-10ml of whole human blood by a method using
salt precipitation of protein (Miller, SA et al, 1988). Standard safety procedures
were followed, with initial operations performed in a safety hood. Nuclei lysis
buffer contained 10mM Tris-HCl, 400mM NaCl, 2mM Na-EDTA and was stored at
4°C. Proteinase K solution was prepared freshly to contain 2mg/ml of proteinase K
in 2mM Naz-EDTA, 1% (w/v) SDS, or it was thawed from storage at -20°C.

Venous blood was collected in 10ml plastic tubes containing EDTA to prevent
coagulation. These were stored at -20°C or -70°C, prior to DNA extraction. Frozen
blood (10ml) was thawed quickly, avoiding a temperature rise above 4°C, and
transferred to a 50ml Falcon tube. The red blood cells were lysed by adding ice-
cold dH20 to increase the volume to 50ml and the white cells, containing DNA,
were separated by centrifuging at 1200 x g for 20 minutes, at 4°C. The leukocyte
pellet was resuspended in 25ml of ice-cold 0.1% (v/v) Nonidet-P40, vortexing
lightly, if necessary. Disrupted cell membranes were separated from intact nuclei
by centrifuging at 1200 x g and 4°C for 20 minutes. The supernatant was carefully
decanted and the tube inverted over a paper towel to remove excess liquid from the
pellet of nuclei. The nuclei were lysed by suspension in 3ml of nuclei lysis buffer,
which was vortexed lightly to disperse the pellet. 600ul of proteinase K solution
and 200ul of 10% (w/v) SDS in dH20 were added and mixed. Protein digestion was
performed at 60°C for 1-2 hours or at 37°C, overnight.

Digested protein was precipitated with 1ml of saturated ammonium acetate
(9.6mol/]). The sample was shaken vigorously for a few seconds and allowed to
stand at room temperature for 10-15 minutes before centrifugation at 1200 x g and
room temperature, for 20 minutes. The supernatant was carefully decanted into a
new 50ml Falcon tube, avoiding transfer of the protein pellet. Two volumes of cold
absolute ethanol was gently mixed with the supernatant and the precipitated DNA
threads were spooled out on the tip of a heat-sealed, glass, Pasteur pipette. The
DNA was redissolved in 0.5-1ml of TE buffer.

This method was scaled down accordingly when smaller volumes of blood were
used. For extraction of genomic DNA from cultured fibroblasts or lymphoblastoid
cell pellets, the first steps were omitted and the method began with the addition of
nuclei lysis buffer. For approximately two confluent, 75cm? flasks of fibroblasts or

85



one 75cm? flask of lymphoblastoid cells, the volumes were scaled down by a factor
of 0.2.

Extraction of genomic DNA from chorionic villus samples also began with the
addition of nuclei lysis buffer, but the fibrous tissue was first cut into small pieces
with a pair of scissors and then a pestle and mortar used to increase the tissue
surface area sufficiently for complete digestion with proteinase K.

2.2.3 Pr ion of the oli leoti rim

2.3.1 ign of rim

The PRIMER program, provided by the HGMP Resource Centre, based at the MRC
Clinical Research Centre, Harrow, UK, was used to design primers located in the
introns of the a-galactosidase A gene. The 12kb Human a-galactosidase A gene
sequence (accession number X14448) was obtained from the GenBank database
and divided into sequence lengths of less than 5000 bases, the maximum length of
sequence accepted by the PRIMER program.

The prlmeré allowed amplification of each of the 7 exons in the gene and
approximately 50-100 bases of flanking intron region, providing a sufficient
distance between the primer and splice sites for sequencing. Selection parameters
were set to find primer pairs with the following attributes: a primer length of 18-22
bases (optimally, 20 bases); melting temperatures within the range of 57-63°C
(optimum at 60°C); guanine and cytosine base content of 20-80%; maximum
number of 12 bases in one primer with self-complementarity and a maximum of 8
of these at the 3’ end; and a pair of primers which do not form heterodimers.

These parameters helped select against primers which form strong self-pairing

secondary structures or the formation of primer-dimers which decrease the product
yield. It assisted in finding primers that gave a single product.
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2232 is of primer:

Unless stated otherwise, all primers were synthesised on an Applied Biosystems
381A DNA synthesiser and 5'-biotinylation was carried out using DMT-biotin-C-6-
phosphoamidite (CRB), according to the manufacturers instructions. I am very
grateful to Paul Rutland, who carried out the syntheses.

Primers were precipitated from ammonia solution by adding 0.1 volumes of 3M
sodium acetate solution (pH 7.0) and 3 volumes of absolute ethanol together. The
mixture was cooled at -70°C for 0.5 hours and then centrifuged at 10000 x g for 15
minutes. The primer DNA pellet was washed with 70% (v/v) ethanol and
centrifuged again, before drying in air for 20 minutes and resuspension in ddH,0 or
TE buffer. '

2.2.3.3 Estimati h rati i NA pri

The concentration of DNA was estimated by measuring the optical density (OD) of
the sample at a light wavélength of 260nm, using a Gene Quant (Pharmacia)
spectophotometer. If the GC:AT ratio is approximately 1:1, an OD unit of 1 is
estimated to represent a concentration (X’) of 37ug/ml of single stranded primer
DNA. For double-stranded DNA, X = 50ug/ml (Sambrook et al., 1989). Therefore,

sample concentration (ug/ml) = OD (at 260nm) x ‘X’

The molar concentration of single-stranded primer DNA was calculated using the
‘primer’program written by Paul Rutland and which used the following calculation:

DNA (pmol/pl) = [OD26onm x 1000]/[G(12010) + A(15200) +T(8400) + C(7050)]
where G, A, T and C are the number of guanine, adenine, thymine and cytosine
residues in the primer sequence, respectively and each is multiplied by the molar
extinction coefficient of its nucleotide.

The purity of the DNA in solution was estimated by measuring the optical density

at 260nm and 280nm. A 260nm/280nm optical density ratio of 2 is estimated to
indicate 100% purity.
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2.2.4 Amplification of DNA h lymer hain r ion

DNA was amplified from a double-stranded DNA template using the polymerase
chain reaction (PCR, Saiki et al, 1985). A 50ul or 100ul reaction mixture was
prepared in a 0.5ml Eppendorf tube and contained the following, except where
stated otherwise: 100-500ng of genomic DNA template, 1-5 units of thermostable
Taq DNA polymerase, 1x reaction buffer, 1.5-2.5mM MgClz, 0.2mM each of dGTP,
dATP, dTTP and dCTP, and 5-100pmoles of each primer. The 10x reaction buffer
from Bioline contained 0.1M Tris-HCI (pH 8.8), 0.5M KCl and 1% Triton X-100 and
from Promega it contained 0.1M Tris-HCI (pH 9.0) and 0.5M KCl. The reaction
mixture was overlaid with 50ul of mineral oil to prevent its evaporation. For each
set of reactions a control reaction mixture, lacking template DNA, was prepared to
check for contamination.

The PCR reaction was achieved by performing 30 cycles of: denaturation at 94°C,
followed by annealing short oligonucleotide primers at a temperature dependent on
the specific base composition of the primer and finally, an elongation step at 72°C.
In addition, a 5 minute denaturation step at 94°C preceeded the cycling stage and a
10 minute step at 72°C was included at the end of 30 cycles, to ensure complete
elongation of the newly synthesised product. The conditions were optimised to
yleld a specific product by varying the concentration of MgClz and the primer

annealing temperature.

The specific primer pairs and conditions indicated in Table 6 were used to amplify
each of the seven exons and their flanking intron regions in the a-galactosidase A
gene as separate products.

PCR amplification was also used to amplify the exonic regions of the a-
galactosidase A gene in four fragments which contained exons 1, 2, 3-4 and 5-7.
The conditions and primer pairs are indicated in table 7 and were provided by Dr R.
J. Desnick, Mount Sinai Medical Center, New York. The annealing temperature
was varied between 56-60°C, when necessary.
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Exon Sequence Gene nucleotide Anneal
position Temp. (oC)

1 5'-GTCCCAGTTGCCAGAGAAAC-3' 1054-1073 58
5'-AAAGGGAAGGGAGTACCCAA-3' 1403-1384

2 5-ATGGGAGGTACCTAAGTGTTCA-3' 5033-5054 59
5-GTCCTCTGAATGAACAAGAACA-3' 5306-5285

3 5-GATGATTTTGGGGGTTTGTG-3' 7123-7142 58
5-GATTGGTTCTTTGGCTCAGC-3' 7522-7503

4 5'-ATAGCCCCAGCTGGAAATTC-3' 8262-8281 59
5-CAGTTCTATTGGATTCTGGGC-3' 8445-8425

5 5-AGAAGGCTACAAGTGCCTCC-3' 10042-10061 61
5'-GCAGGGTCTTGAACAAGGAG-3' 10327-10308

6 5-GGATGCTGTGGAAAGTGGTT-3' 10413-10432 61
5-GGCCCAAGACAAAGTTGGTA-3' 10769-10750

7 5'-GAATGCCAAACTAACAGGGC-3' 10912-10931 61
5'-GCATGAGCCACCTAGCCTT-3' 11352-11334

PCR amplification was with 30 cycles of: 94°C for 30 seconds, annealing for 30 seconds and
72°C for 1 minute in 0.5ml Eppendorf tubes in a Techne PCR machine (PHC-2 or PHC-3) or
in a Biometra TRIO thermoblock. The reaction volume was 50 or 100ul with 5-50pmol of
each primer, 1 unit of Tag DNA polymerase (Promega or Bioline) and buffer with 1.5mM

MgCl..
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PCR amplification was with 30 cycles of: 94°C for 30 seconds, annealing for 45 seconds and
72°C for 1 minute in 0.2ml thin-walled tubes in a Geneamp PCR system 9600 (Perkin Elmer).
The reaction volume was 100ul with 1uM of each primer, 5 units of Tag DNA polymerase
(Promega) and buffer with 2-2.5mM MgCl,. Bio indicates that the primer was biotinylated at

the 5’ end.
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Exons | Sequence (5'->3") Gene nucleotide Anneal
position Temp (°C)
1 Bio- GGATCACTAAGGTGCCGC 926-943 60
AACTGTTCCCGTTGAGACTC 1460-1441
2 Bio- CTTGTGATTACTACCACACT 4968-4987 58
AACAAGCTTCTGTACAGAAGTGC 5334-5312
34 TAGCTCAGCAGAACTGGGGGATTT 7071-7094 56
Bio- GTAAGTAACGTTGGACTTTG 8510-8491
5-7 GTTTAGACCTCCTTATGGAGA 10000-10020 58
Bio- CAGGAAGTAGTAGTTGG 11301-11285
57 Bio- CTTACAAGGATGTTAGT 10078-10094 58
CAGGAAGTAGTAGTTGG 11301-11285
ic pri ifi ;
galactosidase A gene




2.2.5 Analysis of DNA arose gel electroph is

All PCR products, approximately 200-1500 bases, were analysed by electrophoresis
on an agarose gel (Sambrook et al., 1989) to verify the success and specificity of the
reaction.

The gel contained 0.7-2% (w/v) agarose which was melted in 1x TBE and allowed to
cool to about 50°C before addition of ethidium bromide solution to a concentration
of 0.5ug/ml. The agarose was poured into a horizontal mould and allowed to set.
Sample loading dye contained 50% (v/v) glycerol, 0.1mM EDTA, pH 8 and 0.2%
(w/v) orange G dye or bromophenol blue.

DNA samples were mixed in a ratio of 4:1 with loading dye. The DNA was resolved
by electrophoresis at 50-125V with not more than 5V per centimetre distance
between the electrodes in 1x TBE buffer. The product size was compared with a
known DNA size marker, a 1kb Ladder. The electrophoresis apparatus used was
either a 14cm by 15cm Midigel system (NBL) or a 8cm by 10cm minigel GNA-100
apparatus (Pharmacia). Agarose gels were visualised under UV light and
photographed using a Mitsubishi videocopy processor.

2.2, ingle strand conf ion pol hism analysi

Single strand conformation polymorphism (SSCP) analysis (Orita et al, 1989;
Hayashi, 1991) was used to detect sequence changes that alter the migration of
DNA through a non-denaturing polyacrylamide gel.

J ioactiv P ion of unknown nce chan
2.2.6.1.1 Preparation of samples for SSCP analysis
Genomic DNA was amplified by the PCR (2.2.4), in the presence of radiolabelled
nucleotides to allow detection by autoradiography. The PCR was carried out in a
50ul reaction volume, using 40pmol of each primer (table 6), with substitution of

the unlabelled 0.2mM dCTP with 1uCi of [0-32PJdCTP (0.1pl of [a-32P]dCTP,
3000Ci/mmol, ICN) and 0.02mM of unlabelled dCTP.
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The PCR-products were diluted by 4-8 fold in a solution of 0.1% (w/v) SDS and
10mM EDTA. For each diluted sample a volume of 4ul was mixed with an equal
volume of formamide solution (95% (v/v) delonised formamide; 0.05% (w/v)
bromophenol blue; 0.05% (w/v) xylene cyanol; and 20mM EDTA). This mixture
was denatured for 2-3 minutes at 94°C before placing on ice, prior to
electrophoresis.

226.1.2 Analysis of DNA by non-denaturing polyacrylamide gel electrophoresis

A non-denaturing polyacrylamide gel mixture was prepared using a stock solution
of Hquid acrylamide which contained 30% (w/v) acrylamide and 0.8% (w/v)
methylene bisacrylamide in dH20 (ProtoGel™), The stock solution was diluted five
fold to contain 6% (w/v) acrylamide, 5% (v/v) glycerol and 1x TBE buffer, in
distilled water. This mixture could be stored at 4°C in the dark for several weeks.

Electrophoresis was carried out in a model S2 sequencing gel system (GibcoBRL),
which holds a gel 30cm wide x 40cm long and 0.4mm thick. First, the glass plates
were washed with dilute detergent (Micro, International Products Corp.) and rinsed
with tap water before washing with 70% (v/v) IMS to dry the plates. The smaller of
the two plates was then siliconised, in a fume hood, by covering one side with
either Repelcote (BDH) or Sigmacote (Sigma) solution and allowing it to dry for
about 10 minutes. The plates, separated by 0.4mm spacers arranged at the sides
and one at the bottom were clamped together with bulldog clips to form the gel
mould.

Polymerisation of 70ml of polyacrylamide gel mixture was induced by adding 0.5ml
of fresh 10% (w/v) ammonium persulphate in dH20, to promote free radical
formation, and 60ul of TEMED to catalyse the cross-linking. Care was taken not to
shake the gel mixture too vigorously before pouring, since oxygen inhibits
polymerisation. The gel was poured immediately and combs with lcm width wells

were inserted at the top. It was allowed to set for at least 1-2 hours before use.
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Denatured DNA samples (6-8pl), section 2.2.6.1.1, were loaded onto the gel and
electrophoresed overnight at 320-400V, at room temperature. For PCR products of
less than 250 bases (exons 2 and 4) the gel was run until the xylene cyanol had
migrated about 20cm down the gel, while larger fragments of up to 450 bases
(exons 1, 3, 5, 6 and 7) were run until the xylene cyanol was about 30cm down the
gel.

2.2.6.1.3 Detection of radiolabelled DNA by autoradiography

Polyacrylamide gels were placed on 3SMM Whatman paper, covered in cling film and
dried under vacuum at 80°C for 0.5-2 hours on an ATTA gel dryer (model AE3700).
The cling film was removed from the dried gel. The gel was placed in a light-proof
cassette and exposed to X-ray film, Kodak X-OMAT AR-5, for a suitable length of
time (1-7 days), at -70°C. Intensifying screens were not included. The film was
processed using a Fuji Photo Film Ltd. developer.

2.26.2 D i f polymorphism: non-radi iv P

PCR amplification (2.2.4) was used to produce DNA for exons 1 and 3, in a 50ul
reaction volume with 40pmol of each primer (table 6).

Polyacrylamide gels, 16cm wide x 20cm long and 1lmm thick, were prepared for
electrophoresis using the Midigel Protean II apparatus (BioRad). A vertical gel
mould was formed by two glass plates which were held apart by 2 side-spacers and
with a rubber seal at the gel base. The glass plates were washed twice with dilute
detergent (Micro) and then with 70% (v/v) IMS to dry the plates, before use.

The non-denaturing polyacrylamide gel mixture was prepared as described
(2.2.6.1.2) but the concentrations of glycerol and polyacrylamide were varied over
the ranges 0-5% (v/v) and 6-18% (w/v), respectively, to determine the optimum
concentrations and to maximise the differences in migration of the varlant DNA.
The gel mixture was polymerised by adding a x1/100 volume of 10% (w/v) APS and
x1/1000 volume of TEMED, poured into the gel mould and allowed to set for at
least 30 minutes.
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Each PCR sample was mixed 3:1 with loading buffer, containing 15% (w/v) sucrose,
0.05% (w/v) xylene cyanol in dH20. The sample was denaturing for 3 minutes at
94°C and electrophoresis was in 1x TBE buffer, overnight at 15°C, with water-
cooling. Exon 1 products were separated at 100V so that the xylene cyanol dye was
at the bottom of the gel and exon 3 products at 200V. A DNA marker, 1kb ladder,
was also run for comparison. The DNA was visualised by immersion of the gels in
0.5-1ug/ml ethidium bromide solution for 15 minutes and subsequently viewed
under a UV light.

Exon 1 polymorphisms were detected on a 6% (w/v) polyacrylamide gel containing
5% (v/v) glycerol. The polymorphism close to exon 3 was detected on a 12% (w/v)
polyacrylamide gel without glycerol.

2.2.7 _Sequenci ide hain terminati h

Sequencing was performed using protocols based on the chain termination method
of Sanger et al, 1977. All sequencing protocols used a modified form of DNA
polymerase, with the normal 3’ to 5’ exonuclease activity removed.

Genomic DNA was amplified by the PCR (2.2.4). All of the products were
sequenced using Dynabead strand separation and the Sequenase II kit (USB),
except when exons 1 and 4 were amplified using the primers in table 6, which were
analysed by cycle sequencing.

2.2.7.1 The primers used for sequencing

Exons that were PCR-amplified as a single product (as in table 6) were sequenced
using the same non-biotinylated primer as that used for the PCR. The four
products containing exons 1, 2, 3-4 and 5-7, amplified as in table 7, were
sequenced using the primers indicated in table 8, obtained from Dr CM Eng, Mount
Sinai Medical Center, New York.
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Exon +or- Sequencing primer (5'->3") Gene
strand nucleotide nos.

(Kornreich et
al., 1989)

1 - CTGGCTCTTCCTGGCAGTCAA 1360-1340

3 + TGGTTCTCTCTTTCTGCTACC 7198-7218

4 + TATAGCCCCAGCTGGAAATT 8261-8280

5 - GCATCCTGCTCTAAGTACTCT 10418-10398

6 - AGATTTAGGCCCAAGAC 10776-10760

6 + GGGTCATCTAGGTAACTTTAAG 10442-10663

7 + ATGAATGCCAAACTAAC 10910-10916

2272 n 1] ncin

2.2.7.2.1 Strand separation using Dynabeads

DNA was amplified (2.2.4) using 5-20pmol of each primer, one of which was
biotinylated at the 5’ end. The biotinylated product was bound to metallic beads
coated with streptavidin, allowing them and the attached DNA to be concentrated
and washed by attraction to a magnet, as described below (Hultman et al, 1989).
This process was carried out in a 0.5ml Eppendorf tube and at each step in which a
solution was removed or the beads washed, the tube was placed in a Dynal MPC-E
magnet for 30 seconds and the supernatant discarded. When a solution was
added, the beads were resuspended fully. TES contained 100mM NaCl, 10mM Tris-
HCl at pH 8 and 1mM EDTA at pH 8.

For each PCR product, 30ul of Dynabeads™ M-280 streptavidin beads were
withdrawn, the liquid storage solution was removed and the beads were washed
twice in 100pl of TES, to remove traces of sodium azide. PCR product, 50ul out of a
100ul reaction, was added to the washed Dynabeads and left for 15-30 minutes to
allow the formation of biotin-streptavidin bonds. The beads were then washed once
with TES before adding 100l of freshly prepared 0.1-0.15M NaOH solution and
incubating for 10-20 minutes to denature the DNA. The non-biotinylated strand
was released into the supernatant and discarded. The pellet was washed with
100ul of NaOH solution to ensure removal of the non-biotinylated strand. Finally,
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the single-stranded DNA, biotinylated DNA, which was attached to the beads, was
washed once with TES and then once with TE buffer before resuspension of the
pellet in 7ul of dH20 for sequencing,

2.2.7.2.2 The sequencing reaction

The protocol described in the Sequenase II kit (USB) was used to sequence single-
stranded DNA (2.2.7.2.1) and consisted of three steps: primer annealing; extension
by DNA polymerase, in the absence of dideoxynucleotides; and termination of
sequence by incorporation of dideoxynucleotides.

The following solutions were prepared. (a) 5x reaction buffer contained 200mM
Tris-HC1 at pH 8.0, 100mM MgClz and 250mM NaCl; (b) enzyme dilution buffer
contained 10mM Tris-HCI at pH 7.5, 5mM DTT and 0.5mg/ml BSA. It was used to
dilute the Sequenase II enzyme 8 fold, immediately prior to use; (c) labelling
mixture contained 7.5uM dGTP; 7.5uM dATP, 7.5uM dTTP; 7.5uM dCTP and was
diluted 5-20 fold; (d) four dideoxytermination mixtures, each of which contained
50mM NaCl, 80uM dGTP, 80uM dATP, 80uM dTTP, 80uM dCTP and 8uM of one
ddNTP, either ddGTP, ddATP, ddCTP or ddCTP; (e) stop solution contained 95%
(v/v) deionised formamide, 20mM EDTA at pH 8, 0.05% (w/v) bromophenol blue
and 0.05% (w/v) xylene cyanol.

Single stranded template, 5pmol of PCR product in a volume of 7ul, was mixed with
2l of 5x reaction buffer and 1ul of sequencing primer which was complementary to
the 3’ end of the template. The mixture was heated at 65°C for 2 minutes and
cooled to room temperature for 20-30 minutes to anneal the primer.

Extension of primers by DNA polymerase was conducted in the presence of
radiolabelled [a-35S] dATP, to allow detection by autoradiography. The annealed
primer-template was mixed with 1ul of 0.1IM DTT, 2ul of diluted labelling mixture
and 0.5ul of [a-35S] dATP (1000Ci/mmol. Polymerisation was initiated by adding 2ul
of diluted Sequenase II enzyme and the mixture was incubated for 2-3 minutes at
room temperature,

Chain-termination occurred in the presence of dideoxynucleotides. For one

sequencing reaction, four tubes, each containing 2.5ul of one of the four
dideoxytermination mixtures, were preheated to 37-42¢C for 5 minutes. Four 3.5pul
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aliquots of the polymerase extension mixture were withdrawn and added to each of
the dideoxytermination mixtures. The chain-termination reactions were incubated
at 37-42°C for 2-5 minutes and then stopped with 4ul of stop solution. All reactions
were stored at -20°C.

For sequencing close to the primer, less than 50 bases, 20 fold dilutions of labelling
mixture and short incubation times were used for the extension and termination
steps. The chain-termination reaction was usually conducted at 40°C to help
decrease formation of secondary structure in the template and faflure of the
polymerase to extend the sequence in this region of DNA.

2.7.3 Exo-Pfi ngi

The protocol described in the Exo-Pfu cycle-sequencing kit was used to sequence
double-stranded DNA. Exo-Pfu DNA polymerase is thermostable, allowing
sequencing using a cycling reaction analagous to the polymerase chain reaction.
200fmol of DNA template (~60ng of a 500bp product) was used in each reaction.
The 10x sequencing buffer contained 200mM Tris-HCl at pH 8.8, 100mM KCI,
10mM MgSOs4, 100uM (NH4)2SO4, 1% (v/v) Triton X-100, 1mg/ml BSA, 20pM of
dATP and 50uM each of dCTP, dGTP and dTTP. The stop solution contained 80%
(v/v) formamide, 50mM Tris-HCl at pH 8.3, 1mM EDTA at pH 8, 0.1% (w/v)
bromophenol blue and 0.1% (w/v) xylene cyanol

PCR products were amplified (2.2.4) with 40pmol of each primer (table 6), in a 50ul
reaction volume. The resulting product was diluted 5 fold and a sample of 1-5ul
was withdrawn. 1pmol of primer was added to the sample and the volume was
made up to 13ul with ddH20 before placing on ice. The following solutions were
added to form the reaction mixture: 4ul of 10x sequencing buffer, 1ul (10uCi) of [a-
355] dATP (1000Ci/mmol), 2.5 units of Exo-Pfu polymerase and lastly, to avoid its
precipitation, 4ul of DMSO.

The reaction mixture for each sample was divided into four aliquots of 5ul and each
was added to 5ul of one of the four dideoxynucleotide solutions, which contained
1.5mM of: ddGTP, ddATP, ddTTP or ddCTP. Mineral oil, 15ul, was added to prevent
sample evaporation. The same temperature cycles were used to amplify the
original PCR product were used for sequencing, as described in table 6. The
reactions were stopped with 5ul of stop solution.
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2.2.7.4 Electrophoresis in a denaturing polyacrylamide gel

A polyacrylamide gel was prepared and electrophoresis was conducted as described
previously (2.2.6.1.2) but using a different gel mixture. The stock polyacrylamide
solution contained a different proportion of crosslinker molecule, N, N-methylene-
bis-acrylamide, with a ratio of 2% (w/v) methylene bisacrylamide to 38% (w/v)
acrylamide in dH20 (AccuGel 40™), The gel mixture was prepared by mixing 15ml
of AccuGel 40™, 42g of urea and 20ml of 5x TBE buffer, increasing the volume to
100ml with dH20 before filtering through 3MM Whatman paper (Sambrook et al.,
1989). This mixture could be stored at 4°C in the dark for several weeks.

The sequencing reactions (from sections 2.2.7.2.2 and 2.2.7.3) were denatured at
above 85°C for 2-3 minutes and 2.5-4ul of each sample was loaded into 0.5cm-wide
wells. Electrophoresis was at 55-65W (approx. 1kV) in 1x TBE buffer. Resolution
of the first 150 bases was achieved by running the bromophenol blue marker dye to
the bottom (40cm) of the gel (approx. 2 hours). A further 100-200 bases could be
separated by running the xylene cyanol marker to the gel base (approx. 4 hours).

The sequencing ladders were detected by autoradiography (2.2.6.1.3).

228 D ion of known m ion riction enzyme di i

Restriction enzymes cleave double stranded DNA at specific palindromic
sequences. All digestions of DNA were conducted, following the manufacturers
instructions. The reactions were incubated at 37°C, except for BsiN I and BstX I
which had optimal activity at 60°C and 55°C respectively.

Genomic DNA containing the sequence variant was amplified by the PCR in a
volume of 50ul (2.2.4, table 6). 10-15ul of the product was diluted with dHz20 to
give a final volume of 20yl, including 5-10 units enzyme, so that there was at least
1 enzyme unit per pg of DNA, and its appropriate buffer. The DNA was digested for
1-2 hours. Care was taken not to add enzyme to a volume of more than 10% of the
total because the glycerol buffer, in which it is stored, can inhibit the action of
some enzymes.
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The digested DNA was analysed by electrophoresis in 1x TBE buffer in an agarose
gel of suitable concentration (2.2.5). For gels of greater than 2% (w/v), the gel was

prepared by mixing the ultrapure grade agarose to 2% (w/v) and increasing the
concentration with low melting point SeaPlaque agarose.
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2.3 _EXPRESSION OF ALPHA-GALACTOSIDASE A MUTANTS

2.3.1 Biochemical anal

2.3.1.1 Preparation of cell lysates

Lysis buffer contained 150mM NaCl, 50mm NaH2POs at pH 6.9, 1mM EDTA at pH
8, 1% (v/v) Nonidet-P40 and 0.02% (w/v) sodium azide and was stored at 4°C. A
x1/1000 volume of 100mM PMSF in dH20 (stored at -20°C) was added to lysis
buffer and kept on ice, for use within 30 minutes (Sambrook et al., 1989).

Cell pellets were resuspended in lysis buffer, containing PMSF, a proteinase
inhibitor and centrifuged at 10000 x g for 15 minutes at 4°C. The supernatants

were used for enzyme and protein assays.

Protein assays were carried out using the fluorescamine assay (Bohlen et al., 1973).
Cell lysate, containing approximately 50ug of protein, was mixed with 1ml of 0.2M
sodium borate in dH20 (pH 9.0) in a 75mm x 10mm borosilicate tube. While
vortexing, 350ul of 0.3mg/ml fluorescamine, in anhydrous acetonitrile, was added.
All samples were prepared in duplicate, and duplicate blank tubes, replacing cell
lysate for lysis buffer were included for each set of assays.

The fluorescence was measured using a Turner 111 fluorimeter (Farand), with a
primary excitation filter (Corning 7-60) at 365nm and secondary emission filters
(Wratten) at 465nm. The fluorimeter was calibrated with a Fluram filter set.

2.3.1.3 Enzyme assay for human a-galactosidase A

Alpha-galactosidase A assays were carried out using a modified version of the
methods by Kint, 1970 and Mayes et al, 1980. Citrate-phosphate buffer was
prepared by mixing 0.1M citric acid in dH20 and 0.2M Naz:HPOs in dH20, to form a
solution at pH 4.6. The substrate solution for measurement of both a-
galactosidase A and B contained 5mM 4-methylumbelliferyl-a-D-galactopyranoside
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(4MU-a-gal), dissolved in citrate-phosphate buffer, pH 4.6, by sonication for 3
minutes. Alpha-galactosidase A activity was measured by adding an inhibitor of a-
galactosidase B, N-acetylgalactosamine (GalNAc), to a concentration of 0.1M in the
substrate solution. This has been shown to inhibit the B form by 94% Mayes et al.,
1980. Alpha-galactosidase A activity was defined as the activity remaining after
inhibition of the B form with GalNAc.

Cell lysate was made up to a volume of 20ul with cell lysis buffer. A blank, with no
lysate, was prepared and all samples were in duplicate, in 75mm x 10mm
borosilicate tubes. Then 150ul of substrate solution, with or without GalNAc
inhibitor, was added. The samples were incubated at 37°C for an appropriate
length of time before stopping the reaction with 2.3756ml of 0.1mM (6.68ml/1) of
ethylene diamine. The fluorescence was measured as before, (2.3.1.2) but the
fluorimeter was calibrated with the 4MU filter set.

The B-galactosidase assay was carried out by a modified version of the method
described by the manufacturers, Clontech, for measurement of activity produced by
expression from the plasmid vector pCMVp. Z buffer, at pH 7.0, contained 60mM
NazHPO4, 40mM NaH2POs, 10mM KCl, 1mM MgSO: and 0.02% (w/v) sodium azide.
The substrate solution contained 3mM 4-methylumbelliferyl-f-D-galactoside,
which was dissolved in Z-buffer by heating at 80°C for about 1 minute, immediately
prior to use.

Cell lysate, was increased to 140ul with Z buffer. All samples and a blank, with no
cell lysate (Z buffer only), were prepared in duplicate in 75mm x 10mm borosilicate
tubes. Substrate solution, 35ul, was added and the samples incubated at 37°C for
an appropriate length of time. The reaction was stopped with 2.375ml of 0.1mM
(6.68ml/1) ethylene diamine in dH20 and the fluorescence was measured as
described (2.3.1.2) but with calibration of the fluorimeter using the 4MU filter set.
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Cells from one flask (75cm?) of lymphoblastoid cells or 2 confluent flasks (75cm?) of
fibroblasts were harvested and washed in 0.9% (w/v) NaCl (2.2.1) before
preparation of cell lysates in 1ml of lysis buffer and biochemical analyses (2.3.2).
For protein assays on lymphoblastoid cells and fibroblasts, 2ul and 10ul of the cell
lysate was used, respectively. For all a-galactosidase assays, the substrate
included 0.1M GalNAc. For assays on both fibroblasts and lymphoblastoid cells,
10ul of cell lysate containing approximately 100-200ug and 30-70ug of total cell
protein, respectively, was used and the incubation time was 20 minutes.

2.3.3 Site-di m nesi

2.3.3.1 _The megaprimer method of mutagenesis

The megaprimer method of site-directed mutagenesis (Sarkar et al, 1990; Barik,
1993) relies on the production of mutant sequences in a two-step PCR
amplification process: amplification from the mutant primer to one end of the cDNA
to form the megaprimer, followed by extension from the megaprimer to the opposite
end of the cDNA, to produce the full-length mutant cDNA.

In the first step, megaprimers were produced by PCR amplification (2.2.4), using
the primers and conditions indicated in table 9. For each amplification, the primer
pair consisted of either an antisense (-) mutant and T7 (+) primer, or a sense (+)
mutant and SP6 primer. In each reaction, 50ng of template DNA, plasmid pGB6
(figure 7 (A)), containing the full length a-galactosidase A cDNA, was used. Vent
polymerase was used with a buffer that contained 100mM KCl, 10mM Tris-HCl
(pH7.4) and 50% glycerol.

Each double-stranded megaprimer product was purified, with removal of the
unincorporated primers, using a Centricon column, following the manufacturers
recommendations (Amicon). Megaprimers formed using the R112H, V269A, Q279E,
R301Q, V316E, Q327K and GS361R primers were purified on Centricon 100
columns which remove DNA with a molecular weight of less than 100000,
approximately 150bp of double-stranded DNA. The PCR product was added to the
column with 2ml of ddH20 and centrifuged at 4500 x g for 10 minutes. The
Centricon column was washed twice more with ddH20 and centrifuged.
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Primer Sequence (5'->3") cDNA MgCl, | *Anneal

[(+) and (-) are sense & antisense | nucleotide | (mM) Temp
sequences, respectively] nos.(ref) (°C)
G35R CCTTGCCAATCIATTGTCCAG (-) 114-94 2 50
R49L GCACATGAAGAGCTCCCAGTG (-) 156-136 2 50
R112H | TGAGGAAAGIGCTGAGGGT (-) 344-326 2 46
V269A GATATGTTAGCGATTGGCAAC (+) 796-816 4 46
Q279E CAGCTGGAATGAGCAAGTAAC (+) | 825-845 4 46
R301Q ATGACCTCCAACACATCAG (+) 893-911 4 46
V316E GATAAGGACGAAATTGCCATC (+) 937-957 2 46
Q327K TTGGGCAAGAAAGGGTACCA (+) 970-989 2 46
G361R GGAGATTGGTAGACCTCGCTC (+) | 1071-1091 4 46

17 TAATACGACTCACTATAGGG (+) Vector | - | -=-----

SP6 GATTTAGGTGACACTATAG (-) Vector | - e

Table 9: Pri : uci tant .

Primers were designed by inspection, with the mutation (underlined and in bold) near the
centre, flanked by at least 9 bases and with an estimated melting temperature of 50-60°C.
Megaprimers were produced by 30 cycles of PCR amplification (2.2.4) at: 94°C for 30
seconds, annealing for 30 seconds and 72°C for 1 minute, in a 100ul reaction volume, using 2
units of Vent DNA polymerase (NEB). Each cDNA mutagenesis primer was used with one

pGB6 vector primer, T7 or SP6.
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Iz
EcoR |
Amp'
P 5
a-gal A
LacZ cDNA
pGB6 3
(4.1kb)
EcoR |
SP6
ori

Eigure 7 (A): pGBS. containing the o-galactosidase A cDNA

This vector was a gift from Dr RJ Desnick and Dr Y lounnou, Mount Sinai Medical Center,
New York. pGB6 is derived from pGEM-3Z (Figure 7(B)). It contains the a-galactosidase A
cDNA cloned into the EcoR | site of the multicloning site, MCS, interrupting the a-peptide
LacZ gene sequence. Amp’ encodes B-lactamase, conferring ampicillin resistance to the host
bacterium and ori is the origin of replication. The primers located at SP6 and T7 promoter
sites were used for PCR amplification in the direction indicated by the arrows.

MCS
: I
Amp
PGEM-3Z
(2.7kb)
spet
ori

Figure 7 (B): pGEM-3Z subcloni tor (P ]

LacZ is the gene encoding the LacZ o-peptide, allowing blue/ white colour selection of
recombinants. Amp’ encodes p-lactamase, conferring ampicillin resistance to the host
bacterium and ori is the origin of replication. T7 and SP6 are transcription promoters and the
multicloning site (MCS) contains a unique EcoR | site for subcloning.
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It was then inverted over a collection tube and centrifuged to recover the sample in
about 40ul of liquid. For the smaller megaprimers, formed with G35R and R49L, a
similar purification method was used, except that Centricon 30 columns were used
to remove DNA with a molecular weight of less than 30000, and centrifugation
steps were for 30-40 minutes.

Full length ¢cDNA was produced in a second PCR amplification using half of the
purified megaprimers and a vector primer, SP6 or T7, at the opposite end from that
used to produce the megaprimers. The 30 amplification cycles were at 94°C for 30
seconds, 52°C for 30 seconds and 72°C for 1.5 minutes. The reaction mixture
contained 1uM primers, 4mM MgClz and 1pl of Vent DNA polymerase. The PCR-
amplified mutant cDNA was digested (2.2.8) with EcoR I, for subcloning,.

2332 rification of nt cDNA lectr i

The whole PCR product that contained the mutant ¢cDNA was subjected to
electrophoresis through a 0.7% (w/v) agarose gel (2.2.5) and the portion of gel
containing the cDNA, approximately 1.4kb in size, was excised while viewing under
long wavelength UV light. The gel slice was placed in a 1.5ml Eppendorf tube and
liquified by crushing it using a 1ml syringe plunger. The volume was increased to
at least 350l with dH20 and then 0.5 volumes of 7.5M ammonium acetate and one
volume of phenol (equilibrated with 0.5M Tris-HC1 to pH 8) were added. The gel
mixture was vortexed vigorously, frozen at -70°C for 5 minutes, thawed at 37°C for
5 minutes and then centrifuged at 10000 x g for 5 minutes. The top aqueous
phase was transferred to a new tube and an equal volume of phenol: chloroform
(1:1) was added to it. The mixture was again vortexed, centrifuged for 5 minutes
and the top aqueous layer removed. If the solution did not appear clear at this
stage, the phenol:chloroform step was repeated. Otherwise, 1 volume of chloroform
was added and the tube vortexed before centrifugation at 10000 x g for 5 minutes,
to remove traces of phenol. The upper phase was transferred to a separate tube
and DNA was precipitated from it by adding 2.5 volumes of ethanol. The tube was
placed at -70°C for 15 minutes and centrifuged at 10000 x g for 15 minutes. The
pellet was washed with 70 % (w/v) ethanol and resuspended in dH20 or TE. The
DNA concentration was estimated by electrophoresis on a 0.8% (w/v) agarose gel
(2.2.5) and comparison of the band intensity with that of a known amount of DNA
marker.
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2.3.41 Bacterial cell culture

2.3.4.1.1 Growth of E. coli on agar plates

Luria-Bertani (LB) growth medium was prepared, containing 10g/1 tryptone, 10g/1
NaCl and 5g/1 yeast extract in dH20. Liquid agar was prepared by autoclaving 15g
of agar in 1 litre of LB medium, which was allowed to cool to room temperature.
The liquid agar was poured into sterile petri dishes with a diameter of 15cm, to a
depth of about 0.5cm and the plates allowed to set for about 30 minutes. The
plates were stored at 4°C.

An appropriate volume of E. coll in LB medium was used to allow the growth of
discrete bacterial clones that were not confluent. A maximum volume of 200ul was
spread over the surface of an agar plate, using a sterile glass spreader. The plates
were inverted and incubated at 37°C for 12-16 hours for cell growth (Sambrook et
al, 1989).

2.3.4.1.2 Growth of bacteria in liquid medium and storage

A single clone of E. coli was picked from an LB-agar plate (2.3.4.1.1), using a sterile
plastic loop. It was transferred into 5-50ml of LB medium and the cells were grown
to saturation at 37°C for 12-16 hours, in a shaking incubator (model G26, New
Brunswick Scientific Co. Inc.). For growth of larger volumes of cultured bacteria,
this saturated culture was diluted by 1 in 100 and regrown for 12-16 hours.

The bacteria were stored as a glycerol stock by mixing 900ul of cultured cells with

600ul of 50% (v/v) glycerol, to give a final concentration of 20% (v/v) glycerol. They
were stored at -20°C or -70°C, indefinitely.
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2.3.4.1.3 Preparation of competent cells for transformation

Competent cells were prepared using a method based on that by Cohen et al, 1972
and Oishi et al., 1972, A single colony of E. coli cells, strain DB10B™, was grown
overnight in 20ml of LB medium (2.3.4.1.2). 0.5ml of the culture was diluted in
100ml of LB and grown for a further 2-3 hours to an optical density of 0.4-0.6 at
600nm. The culture was chilled on ice and spun at 7000 x g for 5 minutes at 4°C
to separate the cells.

The cells were resuspended in 20ml of ice-cold 0.1M MgClz, left on ice for 20
minutes and centrifuged at 7000 x g and 4°C for 5 minutes. The pellet was then
resuspended in 2ml of 0.1M CaClz and left on ice for 1 hour to establish
competency. Competent cells were stored by adding x1/4 volume of sterile 75%
(v/v) glycerol and freezing at -70°C in 0.1ml aliquots.

loni f mutant cDNA in EM-

Preparation of competent cells and bacterial cell culture was as described
(2.3.4.1.3).

Digestion of 10ug of pGEM-3Z vector (figure 7(B)) with EcoR I was performed in a
20pl volume (2.2.8). The vector was then dephosphorylated at its 5 ends
(Sambrook et al., 1989). At least 1 unit of calf intestinal phosphatase per 100pmol
of 5 phosphate DNA ends was added and the reaction volume was increased to
100ul by adding 25ul of 4mM ZnClz and dH20. The mixture was incubated for 30
minutes at 37°C. This treatment prevented self-ligation, catalysed by DNA ligase.
The plasmid was purified (2.3.3.2).

Purified mutant cDNA (2.3.3.2) and 15-50ng of dephosphorylated pGEM-3Z vector,
both of which had been treated with EcoR I, were ligated in a molar ratio of 1:1-3,
using T4 DNA ligase. Ligation was carried out in a 10-20ul volume, with 400U of
T4 DNA ligase and an appropriate buffer (provided by the manufacturer), at 16°C for
1-16 hours.

Half of each ligation mixture was mixed with 100-200u1 of DB10B™ competent

cells. Transformation was carried out by incubation on ice for 30 minutes, heating
at 42°C for 90 seconds and back on ice for a further 2 minutes. The cells were
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grown in 2ml of LB medium by incubation at 37°C, with shaking for 1-1.5 hours.
This allowed the transformed bacteria to gain antibiotic resistance.

The transformed cells were spread over an agar plate with 20ul of 0.1M IPTG in
dH20, 100ul of X-Gal (20mg/ml in dimethylformamide) and 100ul of ampicillin
(50mg/ml in dH20), to allow colour and antibiotic selection. The cells were grown
overnight. White colonies, which contained plasmid and the ligated cDNA insert,
were scraped from the agar into 10ml of LB medium, grown overnight and stored as
glycerol stocks. The remaining culture was used for sequence analysis.

nalysis of mutant cDNA | EM-

2.3.4.3.1 Isolation of plasmid DNA from bacteria

A method based on the boiling lysis protocol described by Wang, L-M et al., 1988,
was used for isolating plasmid containing the mutated cDNAs, for restriction
enzyme digestion and sequencing. Approximately 15-20ug of pGEM-3Z vector
could be isolated from 3ml of bacterial cell culture, with plasmid amplified in E.
coli, strain DB10B™,

STET solution was prepared to contain 8% (w/v) glucose, 0.5% (v/v) Triton-X 100,
50mM EDTA at pH 8 and 10mM Tris-HCI at pH 8. A solution of lysozyme (1mg/ml)
in STET was made up fresh or, alternatively, was stored as a stock solution
(5mg/ml) at -20°C, which was thawed once only before use. All centrifugation steps
were at 10000 x g.

Three ml of each cell culture, containing the mutant cDNA in pGEM-3Z (2.3.4.2),
was divided into two 1.5ml aliquots in Eppendorf tubes. The cells were centrifuged
for 30 seconds, the supernatants discarded and the Eppendorf tubes inverted over
a paper towel to remove all liquid. The two pellets were recombined by
resuspending them in 350ul of STET. Then 40ul of lysozyme solution (1mg/ml in
STET) was added to digest bacterial cell walls. The mixture was vortexed before
boiling for 0.5-1 minute. It was centrifuged for 10-15 minutes and the protein/
bacterial DNA pellet removed with a sterile toothpick and discarded.

An optional step, for digestion of RNA, was carried out by adding 1ul of RNase
solution (10mg/ml in dH20) and leaving at room temperature for 5 minutes. The
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plasmid was then precipitated by adding 0.5 volumes of 7.5M ammonium acetate
and one volume of isopropanol. The mixture was centrifuged for 30 minutes before
discarding the supernatant. The pellet was washed with ethanol (70%, v/v), air-
dried and redissolved in 50ul of TE or dH20. The DNA (1-2ul) was analysed by
electrophoresis through a 0.8% agarose (w/v) gel (2.2.5), in 1x TAE buffer, which

allows better resolution of supercoiled vector than TBE buffer.

2.3.4.3.2 Sequencing of the mutant cDNA constructs

The mutant cDNAs in pGEM-3Z plasmid were made single-stranded, using the
method described by the manufacturers of the Sequenase II kit (USB). Denaturing
solution was prepared fresh, by mixing 5M NaOH, 100mM EDTA at pH 8 and dH20
in a ratio of 20:1:79, respectively. Approximately 5-10ug of isolated plasmid
(2.3.4.3.1) was mixed with 5ul of denaturing solution and made up to 20ul with
dH20. The mixture was incubated for 30 minutes at 37°C and then neutralised
with 2ul of 3M sodium acetate (pH 4.5-5.5). The single-stranded DNA was
precipitated by the addition of 2.5 volumes of ethanol and incubation at -70°C for
15 minutes, followed by centrifugation at 10000 x g for 15 minutes. The DNA pellet
was washed with 70% (v/v) ethanol and dried before either storage at -20°C or
resuspension in dH20 for immediate use.

The presence of each mutation was verified by sequencing, using Sequenase II
(2.2.7.2.2) and the primers indicated in table 10. A region of 161bp-263bp,
between the two flanking, unique restriction enzyme recognition sites indicated in

table 10, was also fully sequenced to ensure that no other mutations were present.
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Minimum Region | Sequencing primers (5'->3') Primer Primer
cDNA contains | (+) and (-) are on the cDNA sense & | No. cDNA
nucleotides | mutations | antisense strands, respectiveiy. nucleotide
sequenced nos.(ref)
-34t0 127 G35R GCACATGAAGAGCTCCCAGTG (-) 1 156-136
Sacdll-Ncol TGAGGAAAGTGCTGAGGGT (-) 2 344-326
122 to 362 R49L TGAGGAAAGTGCTGAGGGT (-) 3 344-326
Ncol-Nhel R112H | TTTAGCAGAACTACTCCCCAG (-) 4 483-503
775-1037 V269A | CTCCTGTGAGTGGCCTC (+) 5 600-616
BstXI- Q279E | ATGACCTCCAACACATCAG (+) 6 893-911
EcoNI R301Q
V316E
Q327K
1027-1237 G361R | GATAAGGACGAAATTGCCATC (+) 7 937- 957
EcoNI- GGAGATTGGTAGACCTCGCTC (+) 8 1071-1091
AWNI

Table 10: Pri [ . tant cDNA truct

Plasmids were sequenced 2.2.7.2, using the primers indicated, to cover the region between

the two flanking unique restriction sites indicated and containing the mutation.

nucleotide numbers were as in Bishop et al., 1991.
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A small, sequenced portion of each mutant ¢cDNA that had been subcloned into
PGEM-3Z was subcloned into the wild-type cDNA of plasmid pGB6 (figure 7 (A)), as
follows. Restriction enzyme digestions and DNA purification were carried out as
described (2.2.8 and 2.3.3.2, respectively), except where specified otherwise.

The mutant cDNAs in pGEM-3Z were digested with the restriction enzymes
indicated in table 10 and the released, mutant cassette was purified. Ten pg of
pGB6, plasmid containing the wild-type a-galactosidase A cDNA, was cut with the
same pair of enzymes used to create each mutant cassette. Digestions with the Sac
Il and Nco I, Nco 1l and Nhe I, and BstX I and EcoN I, pairs of enzymes were as
described previously and the vector was then purified. Each of these enzymes cuts
at a unique site in the a-galactosidase A ¢cDNA and did not cut the remaining

vector.

The method used to digest pGB6 with EcoN I and AlwN I was modified slightly
because although EcoN I cuts the ¢cDNA only, AlwN I cuts both the cDNA and the
vector once. To obtain pGB6 that was cut with EcoN I and AlwN I in the ¢cDNA only,
pGB6 was digested completely with EcoN I and then divided into aliquots. Aliquots
containing 1pg of plasmid were digested with 0.3-5 units of AlwN I, for 10 minutes
at 37°C, to produce partially digested vector. The digestion mixture was
immediately electrophoresed in a 0.7% (w/v) agarose gel to purify the correct vector
fragment.

The remaining subcloning steps were as described in section 2.3.4.2. All of the cut,
PGB6 vectors were dephosphorylated and ligated to the mutant cassette that was
cut with the same restriction enzymes. Competent DB10B™ cells were
transformed and the cells were grown on agar the presence of ampicillin, but in the
absence of IPTG and X-Gal. Glycerol stocks were prepared. The presence of the
mutation was verified by sequencing (2.3.4.3).
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2.3.5 Transfection and expression of cDNA mutants

A cDNAs i

Subcloning, transformation and preparation of glycerol stocks was performed as
described for cloning into pGEM-3Z (2.3.4.2). The full length, mutant cDNAs and
the wild-type cDNA, in pGB6 were digested with EcoR I, purified and subcloned
into the expression vector pMT2 (figure 8) which was also digested with EcoR I.
The transformed cells were grown on agar with ampicillin but without IPTG and X-
Gal. Vector was isolated (2.3.4.3.1) and the orientation of the insert in pMT2 was
determined by restriction analysis using Bgl II, which cuts pMT2 once and the
cDNA once. cDNAs that were successfully subcloned into pMT2 in the correct
orientation, were sequenced (2.3.4.3.2) to verify the presence of the mutation.

Extraction of plasmid DNA on a large scale was carried out by alkaline lysis, using
the method of Birnboim et al.,, 1979 and purification of plasmid DNA by adsorption
and washing on a Qlagen-tip 100 column, following the manufacturers
instructions. This allowed isolation of about 100ug of plasmid that was suitable for
transfection of COS-1 cells.

The following buffers were used. Buffer P1 contained 100mg/ml RNase A, 50mM
Tris-HCl at pH 8 and 10mM EDTA at pH 8. P2 contained 200mM NaOH and 1%
(w/v) SDS and P3 contained 2.55M potassium acetate at pH 4.8. QBT buffer, pH 7,
contained 750mM NaCl, 50mM MOPS, 15% (v/v) ethanol and 0.15% (v/v) Triton-X
100. QC buffer, pH 7, contained 1M NaCl, 50mM MOPS and 15% (v/v) ethanol and
QF buffer, pH 8.2, contained 1.5M NaCl, 50mM MOPS and 15% (v/v) ethanol.

Bacterial cultures were grown in 50-100ml of LB medium overnight (2.3.4.1.2). The
cultured cells were pelleted by centrifugation at 5000 x g for 5 minutes at 4°C. The
supernatant was discarded and the tube inverted over a paper towel to remove
excess liquid. The cell pellet was resuspended in 5ml of P1 then 5ml of P2 was
added and mixed gently by inversion before incubation at room temperature for 5
minutes. Five ml of ice-cold P3 buffer, was added to neutralise the solution. The
mixture was placed on ice for 15-20 minutes to allow renaturation and
solubilisation of the plasmid and precipitation of bacterial DNA, protein and SDS.
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SV40
ori/enh

1 Ad MLP

Amp' TPL
Intervening
[ |« sequence Jgj'ﬁ
Pstl
EcoR |

pMT2 is an expression vector which contains the pUC 18 (Stratagene) origin, ori, of
replication and the Amp’ gene, allowing amplification of the vector and selection by ampicillin
resistance in E. coli. Other elements are important for high level expression in mammalian
cells. The SV40 ori binds SV40 large T antigen, produced by the host COS-1 cells, which
are African green monkey kidney CV-1 cells transformed with grigin defective mutant SV40
virus, for replication of pMT2. The SV40 enh, enhances transcription from the adenovirus
major late promoter, Ad MLP. The tripartite leader sequence, TPL, enhances the translation
efficiency and forms part of an mRNA that encodes DHFR, dihydrofolate reductase, allowing
selection during stable transfection. The gene of interest is inserted into the multicloning site,
MCS, and is transcribed to form a bicistronic mMRNA with DHFR, terminating transcription at
the SV40 poly (A) site. Adenovirus VA1 produces RNA, which potentiates translation.
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The mixture was centrifuged at 30000 x g for 30 minutes at 4°C and the
supernatant was immediately transferred into a fresh tube. The pellet was
discarded.

A Qiagen 100 column was equilibrated with 4ml of QBT buffer. The supernatant
from the alkaline lysis, containing the plasmid DNA, was poured into the
equilibrated column. Once the solution had passed through, allowing the DNA to
adsorb to the silica-based column surface, the column was washed twice with 10ml
of QC buffer. Purified DNA was then eluted with 5ml of QF buffer. Plasmid DNA
was precipitated from the eluate with 0.7 volumes of isopropanol, followed by
centrifugation at 15000 x g and 4°C for 30 minutes. The pellet was washed with
70% (v/v) ethanol and the supernatant discarded. The pellet was air-dried for 20-
30 minutes before resuspension in 500ul of sterile ddH20. The plasmid
concentration was measured spectrophotometrically (2.2.3.3).

2353 Transfection of COS-1 cells by el .

The COS-1 cell line is derived from monkey kidney cells transformed with SV40,
Gluzman, 1981. They grow as an adherent monolayer and were cultured and
harvested in the same manner as fibroblasts (2.2.1.2), except that the growth
medium was DMEM (Dulbecco et al, 1959), containing 10% (v/v) fetal calf serum,
4mM glutamine, 100 units/ml penicillin and 100pg/ml streptomycin. An almost
confluent flask (75cm?) of COS-1 cells was split into 5 new flasks (75cm?) and
grown overnight. Colcemid™ (colchicine, a 10pug/ml solution) was then added to
the medium to give a concentration of 0.1ug/ml colchicine and the cells were grown
for 12-24 hours, causing them to arrest in metaphase. The cells were trypsinised
and centrifuged at 500 x g for 5 minutes at room temperature. Cell pellets from 1-2
flasks were resuspended in 0.7ml of DMEM medium in 4mm electroporation
cuvettes (Invitrogen). 10ug of pMT2 plasmid containing a-galactosidase A cDNA
(figure 8) and 0-3pg of pCMVP plasmid, for coexpression of E. coll B-galactosidase
(Clontech, figure 9), were added and mixed. These plasmids had been prepared
using the Qiagen method (2.3.5.2). The mixture of cells and plasmids was
electroporated (Neurmann et al, 1982; Chu et al, 1987), using a BioRad Gene
Pulser, at 250V with a capacitance of 500uF and set to the extend mode. After
electroporation, the cells were transferred into 10ml of DMEM medium in 15cm
diameter petri dishes and incubated at 37°C in 5% CO2 for 24-72 hours.
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pCMVE
(7.2kb)
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Poly (A)

Figure 9; pCVB i . tor (Clontech)

pCMVp plasmid (Clontech) expresses the E. coli B-galactosidase gene. The human
cytomegalovirus immediate early promoter/ enhancer (CMV-IEP) controls this and

transcription is terminated at the SV40 poly (A) site. The Amp' gene allowes amplification of
the vector and selection by ampicillin resistance in E. coll.

115



2.3.6 Analysis of expression products

2.3. rem f the expr nzym jviti

All biochemical assays were performed as described, section 2.3.1. Medium from
one dish of electroporated COS-1 cells was removed and 10-20ul of this was
assayed for a-galactosidase activity, using substrate with, or without GalNAc. The
remaining adherent cell monolayer was washed three times with 0.9% (w/v) NaCl,
removing all liquid. The cells were lysed by addition of 1ml of lysis buffer with
PMSF.

The cell lysate was assayed for protein, a-galactosidase A activity and E. coli B-
galactosidase activity, as appropriate. For the fluorescamine assay, 10ul of cell
lysate was used. For measurement of a-galactosidase, 10-20ul of cell lysate was
incubated with substrate, with or without GalNAc, for 10-30 minutes. The E. coli
B-galactosidase assays were carried out with 2-20ul of cell lysate, incubated for 10-
20 minutes.

62 D ion - i i

2.3.6.2.1 Radioactive labelling in COS-1 cells

COS-1 cells were transfected with o-galactosidase A constructs only, without
cotransfection of pCMVp using electroporation (2.3.5.3) . They were incubated for
24-48 hours in 15cm petri dishes before labelling (Sambrook et al, 1989). The
medium was replaced with 5ml of methionine-free medium, containing 10% (v/v)
dialysed fetal calf serum. The cells were incubated at 37°C for 30 minutes to allow
depletion of the essential amino acid methionine.

The medium was discarded and replaced with fresh methionine-free medium. Cell

labelling grade methionine-L-35S, 4ul, (133uCi) was added and the cells labelled for
6 hours at 37°C.,

The medium was transferred to Falcon tubes and cell debris was removed by
centrifuging at 500 x g for 5 minutes. Cells were lysed with 1ml of lysis buffer
(2.3.1.1).
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2.3.6.2.2 Immunoprecipitation

Half of the medium and of the cell extract obtained from COS-1 cell labelling was
used for immunoprecipitation (Sambrook et al, 1989). IgG-purified and titrated
anti-(a-galactosidase A) serum was used for immunoprecipitation. NET buffer
contained 50mM Tris-HCI at pH 8, 150mM NaCl, 0.1% (v/v) Nonidet-P40, 0.25%
(w/v) gelatin and 0.02% (w/v) sodium azide. The 5x SDS loading buffer contained
200mM Tris-HC1 (pH 8), 10% (w/v) SDS, 50% (v/v) glycerol and 0.5% (w/v)

bromophenol blue.

A volume of 3yl of anti-(a-galactosidase A) serum was added to the cell lysate and
medium, to bind to the enzyme, and this was incubated at 4°C, with rocking, for 1
hour. Protein A-Sepharose, 20ul, which binds IgG and therefore a-galactosidase A
antibody, was added and this was incubated at 4°C for 1 hour, with rocking,

The Sepharose-protein A-antibody-enzyme complex was precipitated by
centrifugation. It was then washed sequentially by adding 1ml each of: NET with
0.5M NaCl; then NET with 0.1% (w/v) SDS; and finally NET which contained 10mM
Tris-HCl1, pH 7.5 and 0.1% (v/v) Nonidet-P40. At each step the pellet was
resuspended completely and then pelleted by centrifuging at 10000 x g for 20
seconds.

The immunoprecipitates were mixed with 1x SDS loading buffer, which contained a
0.1x volume of freshly added B-mercaptoethanol. These were boiled for 5 minutes
to denature the protein, centrifuged at 10000 x g for 5 minutes and the
supernatant kept for analysis. Samples were stored at 4°C for 1-2 weeks.

2.3.6.2.3 SDS-polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis was conducted by the method of Laemmli,
1970, using the Protean II vertical minigel system and a 10cm x 10cm x 1.5mm
thick gel size. A 30:0.8% (w/v) acrylamide to bisacrylamide stock polyacrylamide
solution was used to prepare two gel mixtures. The stacking gel contained 5%
(w/v) acrylamide, 0.25M Tris-HCl at pH 6.8 and 0.1%(w/v) SDS. The separating gel
contained 10% (w/v) acrylamide, 0.38M Tris-HCI at pH 8.8, and 0.1% (w/v) SDS.
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Each gel was polymerised with a x1/1000 volume TEMED and a x1/100 volume of
APS,

First the separating gel was poured into the mini-gel mould (Protean II minigel
system), filling to 0.5cm below the level of the comb base and overlaid with butanol
to ensure that the surface set flat. Once set, the butanol was removed and the
stacking gel was poured in. The comb was inserted and the gel allowed to set for
about 30 minutes.

Electrophoresis was conducted at 4°C and using a buffer that contained 25mM Tris
base, 250mM Glycine and 0.1% (w/v) SDS. The samples were loaded alongside a
35S-labelled rainbow marker (Amersham) and electrophoresed through the stacking
and separating gels at 100V and 150V respectively. Once the bromophenol blue
dye had just reached the gel base, the protein gel was removed and fixed in 20%
(v/v) methanol and 10% (v/v) acetic acid for 5-10 minutes. It was then placed in
Amplify™ solution (Amersham) for 15-30 minutes before drying. The protein was
detected by autoradiography as described, as in section 2.2.6.1.3, except that the
gels were dried by slowly heating to 80°C, maintaining the 80°C temperature for 90
minutes and then slowly cooling, to prevent the gel from cracking. Also, intensifier
screens were included during exposure of the film.
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3. RESULTS

3.1 SEQUENCE CHANGES IN THE ALPHA-GALACTOSIDASE A GENE

Genetic analysis of the o-galactosidase A gene was conducted for two reasons:
firstly, to determine the mutations that cause Fabry disease, allowing the
relationship between genotype and the clinical phenotype to be studied: and
secondly, to evaluate this as a method of carrier detection. At the start of this
study it was hoped that phenotype information would be obtained in all families

analysed for mutations. However, no information was available for 6 families,
numbers 7, 8, 13, 22, 25 and 30.

Two experimental strategies were used to identify unknown mutations. One
method was to sequence the entire protein;coding region of the gene (seven exons)
and the splice-site consensus sequences. Alternatively, each exon and its flanking
splice-site sequences were initially screened by SSCP analysis and only those
which showed an altered band pattern were sequenced.

lvm isms i - i n
111 D ion of a vari P an i mi n 1

Radioactive SSCP analysis in a hemizygote from Fabry family 7 was carried out to
locate regions with sequence changes. The first analysis, of exon 1, revealed a
variant band pattern in exon 1. The segregation of this band alteration was
investigated by SSCP analysis of this family (figure 10) and showed two unexpected
findings. Firstly, the mother (I-1) of hemizygote II-1 was homozygous for the
pattern alteration (lane 5) but was still living at age 72 and so she was not thought
to be homozygous for a disease-causing mutation. This indicated that the altered
band pattern represented a polymorphic sequence change. Secondly, although two
daughters, III-1 and III-2, lanes 1-2, had inherited the variant pattern from their
affected father and presumably the normal pattern from the mother (not analysed),
the third daughter III-3, lane 3, did not carry the altered bands. This can be
explained by one of three possibilities. The sequence variant in hemizygote II-1
may have been altered during inheritance to give the normal pattern, or the
daughter is a case of non-paternity, or she has inherited two X chromosomes from
her mother which give the normal pattern.
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EXQH-1: y a

N 1253 4

Figure 10; Radioaetive SSCP analysis.Qf exon 1 in famllyJ
Exon 1was amplified by PCR and subjected to radioactive SSCP analysis. Lanes 1-5 are as

indicated in the pedigree and lane N is the normal pattern. Segregation of the normal pattern,
N, and the variant, V, is marked on the pedigree diagram.
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The possibility that polymorphisms may be present in the a-galactosidase A gene
prompted a study of DNA from the normal population. They were of interest for 2
reasons. Firstly, they may useful for carrier detection and secondly, they needed to
be distinguished from putative disease-causing mutations.

Radio-labelled SSCP analysis of at least 100 chromosomes from a sample of 61
male and 21 female, non-Fabry, British individuals identified 6 polymorphic,
variant band patterns. These were named according to the exon with which they
were associated and the order in which they were identified. Thus, the allele
designation 1P3 indicates that the sequence variation was either within or close to
exon 1 and that it was the third polymorphic variant found in this DNA fragment.
Three polymorphic variants, named 1P1, 1P2 and 1P3 were found to be associated
with exon 1 and one, 3P1, was with exon 3 (figure 11). In exon 1 there was no
alteration in the homoduplex DNA but in exon 3 the homoduplex DNA of 3P1
migrated faster and may include a sequence deletion. Clear heteroduplex bands
were also observed in a female with the common pattern and 3P1. Two other
polymorphic variants, 5P1 and 7Pl, were associated with exons 5 and 7
respectively (see figures 20 and 21, section 3.1.2.1.1).

Sixty males and 19 females were fully analysed for all 7 exons. The frequency of
the 6 variant band patterns is indicated in table 11(A) and the haplotypes are
shown in table 11(B). One or more polymorphism(s) was found in 10% of
chromosomes in males. The phase of the polymorphisms in the females was not
established and so the number of polymorphic chromosomes was unknown. DNA
samples for one male and two females were incompletely analysed because of lack
of sufficient material. The frequency of these polymorphic patterns indicated that
they may be useful for carrier detection in some Fabry families.
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(A) EXON 1 (B) EXON 3

ODD

Single
stranded

Heteroduplex

Homoduplex

3P1 N 3P1

Figure 11: Radioactive SSCP analysis of four polymorphisms

SSCP analysis by electrophoresis on 6% polyacrylamide gels containing 5% glycerol, at room
temperature and at 340V for ~16hr. PGR products including exons 1 and 3 (2.2.6.1) were
analysed. In (A), DNA from males is analysed. 1, 2 and 3 are bands from single-stranded
DNA containing polymorphisms 1P1,1 P2 and 1P3 respectively. N is the most common
pattern. In (B), N is the most common pattern, 3P1 is the deletion polymorphism.
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(A) The 1 f pol hic variant

Exon SSCP Frequency/ No. chromosomes Total
analysed Variant Males Females frequency
1 1P1 1/61 2/40 3%

1 1P2 281 3/40 5%

1 1P3 1/61 1/40 2%

3 3P1 5/61 6/40 11%

5 5P1 4/60 5/40 9%

7 7P 5/60 8/40 13%
(B) The observed haplotypes
Males/ Frequency | Cosegregation of the normal (N) and polymorphic

females variant patterns in exons:
1 3 5 7
Males 2 1P2 3P1 5P1 7P1
2 N 3P1 5P1 7P1
1 1P1 N N 7P1
1 1P3 N N N
1 N 3P1 - -
54 N N N N
Females 1 1P2/N 3P1/N 5P1/N 7P1/N
3 N/N 3P1/N 5P1/N 7P1/N
1 1P2/N N/N N/N 7P1/N
1 1P1/N N/N N/N 7P1/N
1 N/N N/N 5P1/N 7P1/N
1 1P1/1P3 N/N N/N 7P1/N
1 N/N 3P1/N N/N N/N
1 1P2/N 3P1/N - -
1 - - N N
10 N/N N/N N/N N/N

Radioactive SSCP analysis was used to identify polymorphic variants in non-Fabry, British
individuals. ‘N’ is the normal pattern and in (B), *- indicates that the DNA was not analysed.
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For each distinct band pattern that was produced by SSCP analysis, DNA from a
single normal male was sequenced at least twice (2.2.7) to identify the specific
alterations. Each PCR product was fully sequenced and contained a single change.
One was a 5 base pair deletion and five others were single base substitutions (table
12 and figures 12 13, 14 and 15). Polymorphisms 1P1 and 1P3 were predicted to
change a Msp I and a Sac II restriction enzyme recognition site, respectively (figure
12). The sequencing results for 1P1 and 1P3 were confirmed by enzyme digestion,
which offers an alternative strategy to SSCP analysis for detection of the
polymorphisms and their potential use in identifying the pattern of inheritance.

For polymorphism 3P1, the deletion may have been produced by slipped mispairing
(Krawczak et al, 1991) and this mechanism could potentially generate several
deletion sizes. To investigate whether the 3P1 SSCP analysis variant was caused
by independent mutagenic events, giving different deletion sizes, DNA was
sequenced in four non-Fabry males and in an affected hemizygote in Fabry family
16, who also carried this polymorphism. In all five individuals the deletion was
identical and therefore gave no evidence that it was a recurrent mutation.

The usefulness of genetic methods to detect polymorphisms and their application
as an indirect method of carrier detection in Fabry families was investigated. Three
methods were used to detect the polymorphisms within the a-galactosidase A gene,
allowing the inheritance pattern to be followed.

3.1.1.4.1 Radio-labelled SSCP analysis

In Fabry family 16 (figure 16), two males, II-1 and III-2, were diagnosed clinically as
typical Fabry hemizygotes but the carrier status of the clinically normal female III-1
was in question. In female III-1, the a-galactosidase activity (E. Young, personal
communication) in leukocytes and plasma was 69nmol/mg/hr and
9.9nmol/mg/hr, respectively, within the normal ranges of 40-162nmol/mg/hr and
4.8-26.5nmol/mg/ml. The possibility that a skewed pattern of X-chromosome
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Location | Allele | Sequence change Gene No. Restriction
(cDNA No.) | site altered
Exon 1 1P1 G->A 1068 -Msp |
(-12)
Exon 1 1P2 C>T 1050
(-10)
Exon 1 1P3 G->T 1070 -Sacll
(-30)
Intron 2 3P1 | 7184-ccceccagee-7192 7187del5
-> -CCCC-
Intron 4 5P1 a->g 10115
Intron 6 7P1 c->t 10956

Polymorphisms were identified in normal individuals by screening the PCR products for each
exon using radioactive SSCP analysis (2.2.6.1) and then by sequencing those with altered
band patterns (2.2.7). Gene numbering was as in Kornreich et al. (1989) and cDNA
nucleotides were numbered as in Bishop et al. (1991).

3 4 567
i i i—i

|

1P1 3P1 5P1 7P1
1P2
1P3

12kb Gene

Exons are indicated by the filled boxes and the numbers are indicated above.
Polymorphisms 1P1, 1P2 and 1P3 are in the 5’ untranslated region of exon 1. All others are
in the introns.
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Figure 13: Polymorphisms in the §' untranslated region of exon 1
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Figure 14: Polymorphism 3P1 in intron 2 nt the n-oalactosidase A gene
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Figure 15: Polymorphism 5P1 and 7P1 in introns 4 and 6 of the g-aalactosidase A

gene
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1P1

1 3P1
1P1
i 1P1 3P1
Lane: 1 2 4 5
121 a
Single-stranded
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Single-stranded
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123456

Figure 16: Radioactive SSCP analysis to show segregation of 1P1 and 3P1 in Fabry
fgmily 16

The pedigree of a Fabry family is shown (1-6) and the inherited polymorphisms are indicated.
The band patterns of the common sequence and the polymorphisms are indicated on the left-
hand side of the SSCP analysis gel, where N is the common pattern. Open squares and
circles are unaffected males and females. Filled squares and circles with a dot are
hemizygotes and heterozygotes for Fabry disease.
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inactivation could produce an apparently normal activity in a carrier could not be
determined biochemically.

Polymorphism analysis in exons 1 and 3 of members of family 16, by radio-labelled
SSCP analysis, detected the presence of 1P1 and 3P1 (figure 16). The 3P1 band
pattern cosegregated with the Fabry disease phenotype. The 1P1 pattern was
associated with the normal chromosome and was inherited from male I-1, lane 1.
In female II-1, lane 5, inheritance of 1P1 and not 3P1 from her obligate
heterozygote mother, female II-2, lane 3, supported her diagnosis as a non-carrier.
Therefore, indirect genetic analysis by this method has proved useful in this family.
This result was confirmed by identification of the gene defect and demonstration of
its absence, in female ITI-1 (3.1.2.2, figure 23(C)).

3.1.1.4.2 Restriction enzyme analysis in Fabry family 7 and a normal family

Although radio-labelled SSCP analysis can detect all of the polymorphisms, two of
them, 1P1 and 1P3 alter a restriction site. Since analysis by restriction enzyme
digestion does not require detection by radio-labelling and the preparation of gels
for electrophoretic detection it is simpler than SSCP analysis. The use of this
technique was tested by polymorphism analysis in two families, whose
polymorphisms had previously been detected by SSCP analysis.

In Fabry family 7 the disease phenotype segregated with 1P1l. Digestion of the
350bp PCR product for exon 1 with Msp I ylelds fragments of 238bp and 112bp in
the absence of 1P1 but is uncut in its presence. This difference could be detected
by electrophoresis of the DNA in a 3% agarose gel (figure 17(A)). These results
confirmed the SSCP analysis, 3.1.1.1, in which the obligate Fabry heterozygote I-1,
lane 5, was found to be homozygous for this polymorphism. Her son II-1, lane 4,
had 1P1 and Fabry disease and the polymorphism had been inherited in 2 of 3
daughters. The third daughter failed to inherit the intragenic polymorphism.
Confirmation that the polymorphism segregated with the disease phenotype was
shown by direct analysis of the gene defect (3.1.2.3, table 16).

In figure 17(B), segregation of the 1P3 polymorphism is shown in a non-Fabry

family. Exon 1 was amplified by PCR to give a 350bp product which was digested
with Sac I to give a 254bp and 96bp fragment in non-polymorphic DNA and was
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Figure 17: Restriction enzvme digestion analysis of 1P1 and 1P3

(A) Analysis of 1P1 segregation by Msp | digestion and separation on a 4% agarose gel.
Lanes 1-5 are as in the pedigree. (B) Analysis of 1P3 segregation by Sac Il digestion and
separation on a 3% agarose gel. Lanes 3-5 are as in the pedigree, 1 is undigested product
and 2 is an unrelated male with the 1P3 polymorphism.

In both cases, 6 is the common pattern, 7 is undigested product and M is the Ikb ladder DNA
marker.
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uncut when 1P3 was present. 1P3 was detected by electrophoretic analysis in a
4% agarose gel and Mendelian inheritance was observed.

The resolution of the restriction fragment length patterns due to the
polymorphisms is good and the speed and simplicity of the method is an
improvement on radio-labelled SSCP analysis. However, it is limited to the
detection of 1P1 and 1P3.

3.1.1.4.3 Detection of polymorphisms by non-radio-labelled SSCP analysis

A third method of detection, using a simple gel system (figure 18), was developed to
allow simultaneous detection of the three polymorphic variants in exon 1 and
detection of the 3P1 polymorphism. In this method, small (16cm x 20cm x lmm)
non-denaturing polyacrylamide gels were used for electrophoresis and the gel
constituents and conditions were modified so that all of the polymorphisms could
be distinguished. Electrophoresis was carried out at about 15°C and 100V for 16
hours. The PCR products that contained the polymorphisms in exon 1 were
denatured and electrophoresed in a gel that contained 6% polyacrylamide and 5%
glycerol (figure 18(A)), while 3P1 was detected in a 12% polyacrylamide gel with no
glycerol (figure 18(B)). Analysis could be performed within 24 hours and the band

- shifts were visualised by staining with ethidium bromide (Yap et al., 1993). This

' detection method was faster and the gels were easier to prepare than for radio-

- labelled SSCP analysis. In addition, it allowed more polymorphisms to be detected
. than by restriction analysis.

.1.2 D ion of family- ific mutations in F atien

Individuals from 24 unrelated Fabry families were screened for unknown mutations
by SSCP analysis prior to sequencing the altered portion of DNA. A further 6
British families were analysed in collaboration with Dr RJ Desnick and Dr CM Eng
in New York but they were not screened by SSCP analysis. Mutations in these
families were detected by sequencing the entire protein-coding region and splice
sites. In addition, DNA that was screened by SSCP analysis and did not show an
abnormal band pattern was also fully sequenced.
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(A) EXON 1

(B) EXON 3

Figure 18: Non-radioactive SSCP analysis of 1P1.1P2.1P3 and 3P1

DNA was analysed by SSCP (2.2.6.2) and detected by ethidlum bromide staining. M was the
DNA marker (1kb ladder, GlbcoBRL) and N was the most common pattern. In (A), 1, 2 and 3
were males with polymorphisms 1P1,1 P2 and 1PS, respectively. In (B), 1 Is a male with 3P1
and 2 Is a female with 3P1 and the common pattern.
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1.2.1 ntification of mutations in 3Q famili

3.1.2.1.1 Mutation detection by radio-labelled SSCP analysis and sequencing

Twenty one hemizygotes, from unrelated Fabry families 1, 3, 4, 6-8, 10, 12, 16-24,
26, 28-30 and three heterozygotes from families 9, 13, 14 were screened for
unknown mutations in the 7 exons and splice sites, using radio-labelled SSCP
analysis (2.2.6.1). DNA that contained known polymorphisms was electrophoresed
beside the patient DNA. This allowed identical, polymorphic band patterns to be
distinguished from unique patterns, due to mutations.

In twenty of the 24 samples, one altered, non-polymorphic band pattern of either
the single-stranded and/or the double-stranded DNA was observed in just one of
the 7 exons. Thirteen of these are shown in figures 19, 20 and 21. All but one of
the 20 mutant patterns showed an alteration in the migration of single-stranded
DNA, the exception being in family 8 (figure 20(B), lane 1). The hemizygote in
family 8 was detected by a shift in the mobility of the homoduplex DNA. No altered
band patterns were observed for individuals in families 3, 6, 29 and 30. In all
cases, analysis of PCR products containing exons 2-5 produced two major bands of
single-stranded DNA for each X-chromosome, representing the two complementary
sequences and a shift in this pattern of single-stranded DNA indicated the
presence of a mutation. However, the PCR products from exons 1 and 6 always
gave more than one band for each single strand, indicating that several stable
conformations existed during the electrophoresis. The simplicity of the band
patterns contributed to the relative ease with which mutation screening was
performed, as compared with sequencing.

One or more polymorphic band patterns were found in 4 hemizygotes, in addition
to the non-polymorphic band pattern changes. The band patterns matched the
1P3, 1P1 and 7P1, 3P1 and 5P1, and 1P3 polymorphisms in hemizygotes from
families 4, 7, 16 and 28, respectively. The presence of the 1P3 and 1P1
polymorphisms were confirmed by Sac II and Msp I digestion respectively and 3P1
and 7P1 were confirmed by sequencing (2.2.7).
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Figure 18: Non-radioactive SSCP analysis of 1P1.1P2.1P3 and 3P1

DNA was analysed by SSCP (2.2.6.2) and detected by ethidium bromide staining. M was the
DNA marker (1kb ladder, GibcoBRL) and N was the most common pattern. In (A), 1, 2 and 3
were males with polymorphisms 1P1,1 P2 and 1P3, respectively. In (B), 1 is a male with 3P1
and 2 is a female with 3P1 and the common pattern.
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1.2.1 ntification of mutations in 30 famili

3.1.2.1.1 Mutation detection by radio-labelled SSCP analysis and sequencing

Twenty one hemizygotes, from unrelated Fabry families 1, 3, 4, 6-8, 10, 12, 16-24,
26, 28-30 and three heterozygotes from families 9, 13, 14 were screened for
unknown mutations in the 7 exons and splice sites, using radio-labelled SSCP
analysis (2.2.6.1). DNA that contained known polymorphisms was electrophoresed
beside the patient DNA. This allowed identical, polymorphic band patterns to be
distinguished from unique patterns, due to mutations.

In twenty of the 24 samples, one altered, non-polymorphic band pattern of either
the single-stranded and/or the double-stranded DNA was observed in just one of
the 7 exons. Thirteen of these are shown in figures 19, 20 and 21. All but one of
the 20 mutant patterns showed an alteration in the migration of single-stranded
DNA, the exception being in family 8 (figure 20(B), lane 1). The hemizygote in
family 8 was detected by a shift in the mobility of the homoduplex DNA. No altered
band patterns were observed for individuals in families 3, 6, 29 and 30. In all
cases, analysis of PCR products containing exons 2-5 produced two major bands of
single-stranded DNA for each X-chromosome, representing the two complementary
sequences and a shift in this pattern of single-stranded DNA indicated the
presence of a mutation. However, the PCR products from exons 1 and 6 always
gave more than one band for each single strand, indicating that several stable
conformations existed during the electrophoresis. The simplicity of the band
patterns contributed to the relative ease with which mutation screening was
performed, as compared with sequencing.

One or more polymorphic band patterns were found in 4 hemizygotes, in addition
to the non-polymorphic band pattern changes. The band patterns matched the
1P3, 1P1 and 7P1, 3P1 and 5P1, and 1P3 polymorphisms in hemizygotes from
families 4, 7, 16 and 28, respectively. The presence of the 1P3 and 1Pl
polymorphisms were confirmed by Sac II and Msp I digestion respectively and 3P1
and 7P1 were confirmed by sequencing (2.2.7).
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Figure 19: SSCP analysis of Fabrv patient mutations in exons 1.2 and 4

Radioactive SSCP analysis of Fabry mutations by electrophoresis through 6% polyacrylamide
gels with 5% glycerol, at room temperature and at 320-360V (2.2.6.1). In each case, males
were analysed and ‘N’ was the most common, normal pattern, for the exon indicated. In (A),
polymorphic patterns are indicated and lanes 1 and 2 are from hemizygotes in families 4 and
1, respectively. In (B), and (C), lane 1 shows the result of hemizygote analysis in families 17
and 28, respectively.
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Figure 20: SSCP analysis of Fabrv patient mutations in exons 3 and 5

Radioactive SSCP analysis of Fabry mutations by electrophoresis through 6% polyacrylamide
gels with 5% glycerol, at room temperature and at 320-360V (2.2.6.1). In each case, males
were analysed, ‘N’ was the most common, normal pattern and polymorphic patterns are
indicated. In (A), lane 1 shows analysis of exon 3 from a hemizygote in family 7. In (B),
lanes 1 and 2 show analysis of exon 5 for hemizygotes in families 8 and 20, respectively.
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Fmit&2* : SSCP analysis of Fgbry patient mirtatiops in exons g anti-Z

Radioactive SSCP analysis of Fabry mutations by electrophoresis through 6% polyacrylamide
gels with 5% glycerol, at room temperature and at 320-360V (2.2.6.1). In each case, males
were analysed, except where indicated, and ‘N’ was the most common, normal pattern. In
(A), lanes 1, 2 and 3 show analysis of exon 6 from a hemizygote in family 10, a heterozygote
in family 13 and a hemizygote in family 21, respectively. In (B), the 7P1 polymorphic pattern
is shown and lanes 1, 2 and 3 show analysis of exon 7 for hemizygotes in families 22,16 and
26, respectively.
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DNA containing the unknown mutations that produced the 20 unique band
patterns observed by SSCP analysis, was sequenced. For exons 1 and 4, PCR-
amplified DNA was sequenced by cycle-sequencing (2.2.7.3). For all other exons
the DNA was PCR-amplified using one biotinylated primer and one non-biotinylated
primer and the biotinylated strand was isolated and sequenced (2.2.7.2). Each
sample was sequenced at least twice.

Mutations were found in all 20 patients with one being found twice in unrelated
individuals (table 13, appendix, (A)). The phenotypes of patients with these
mutations were known (2.1.1, tables 5 and figure 6), except for the heterozygote
with Q327K and the hemizygotes with the D165V, N215S and R342X mutations.
All were typical except for the hemizygote with G35R. The types of mutation
included 15 different base substitutions in the protein-coding region, 3 small
rearrangements in the protein-coding region and one splice site mutation. None of
these had been previously described. The allele designations were as described in
table 4, section 1.3.7.

All of the mutations were predicted to alter the amino acid sequence of the protein.
Six point mutations, one of which, R227X, was found twice in unrelated
hemizygotes, were predicted to substitute a stop codon for an amino acid and ten
to cause substitution of an amino acid (table 13(A)). An adenine to thymine base
substitution at the 3’ intron 3 splice site (table 13(B)) was predicted to affect the
mRNA splicing and therefore the protein sequence. All 3 frameshift mutations
(table 13(C)) were predicted to create a premature stop codon. The insertion,
716ins1, in codon 239, replaces amino acid codons 241-249 (SILDWTSFN) with
EYLGLDIF-stop and the deletion 717del2 (in codon 238) replaces amino acid
codons 240-248 (KSILDWTSF) with EYLGLDIF-stop. In the 1010dell9 mutant,
codons 338-341 (EVWE) are replaced by SQA-stop.

Evidence for the disease-causing nature of these mutations is supported by the
prediction that all can alter the amino acid sequence of the protein. In addition,
the mutations had not been detected by SSCP analysis in at least 100 normal
chromosomes and no other non-polymorphic SSCP changes were seen in the
remaining 6 exons. Also, the exon containing the unique change was fully
sequenced and did not contain any other mutations. Therefore, in 20 out of 24
samples, a single, putative disease-causing mutation was successfully identified by
screening the exons using SSCP analysis, followed by sequencing.
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Family | Pheno- | Exon Aileie Nucleotide Nucleotide Nation
No. type (& poly- cDNA | Gene | Substitution | -aiity
morphisms)
1 variant 1 G35R 103 1282 | GGA->AGA | British
4 typical R 49 L (1P3) 146 1325 | CGC->CIC | British
17 typical Q107 X 319 5218 | CAG ->JAG | British
7 unknown D165V 494 7393 GAT->GIT British
(1P1,7P1)
8 unknown 5 [N215S 644 10135 | AAT->AGT British
18 typical W 226 X 677 10168 | TGG->TAG Dutch
19 typical R 227 X 679 | 10170 | CGA->IGA | British
20 typical R 227 X 679 10170 | CGA->IGA British
9 typical W236C 708 10199 | TGG->TGC | German
10 typical 6 |V269A 806 | 10514 | GIG->GCG | British
21 typical W 287 X 861 10569 | TGG->TGA British
12 typical V316 E 047 10655 | GIA->GAA British
13 unknown Q327K 979 10687 | CAA->AAA British
14 typical 7 |W340R 1018 | 10996 | IGG->CGG | German
22 unknown R342X 1024 | 11002 | CGA->TGA Greek
16 typical G361R 1081 | 11059 | GGA->AGA | British
(3P1, 5P1))
(B) Splice sit tati in the int
Family | Pheno | Splice Gene Nucleotide Linked | Nationality
No. -type Site Nucleotide | Substitution | Polymor
-phisms
28 ical | 3'Intron 3 8321 -exon 4 > 1P3 Belgian
vp (IVS3-1,t) @ a 9
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Family | Pheno | Exon Allele cDNA Sequence Rearranged | Nation-
No. -type change gene ality
Normal -> mutant (& cDNA)
nucleotides
23 typical 5 716ins1 714-TATAAAG-720 between British
10207- 10208
| -> TALIAAAG (716-717)
24 | typical | 5 717del2 714-TATAAAG-720 between Belgian
10208-10210
-> TATAG (717-719)
26 typical 7 | 1010del19 | 1008-CTIT-CCICT-1031 between British
10988-11007
->C1LCT (1010-1029)

Putative disease-causing mutations were identified in the a-galactosidase A gene of
hemizygotes from Fabry families 1, 4, 7, 8, 10, 12, 16-24, 26 and 28 and also in
heterozygotes from families 9, 13 and 14. Detection was by screening the 7 exons using
radioactive SSCP analysis 2.2.6.1) and then sequencing the altered exon (2.2.7).

Underlining in (A), indicates the base altered for point mutations and in (C) the repeated
sequences involved in deletions and insertions. Known polymorphisms were detected by
radioactive SSCP analysis. Gene numbering was as in Kornreich et al. (1989) and cDNA
nucleotides were numbered as in Bishop, et al. (1991).
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In four families, SSCP analysis did not detect a sequence change and they required
further analysis.

3.1.2.1.2 Mutation detection by sequencing all 7 exons and splice sites

SSCP analysis of DNA from hemizygotes in families 3, 6, 29 and 30 had failed to
detect any sequence alterations in the protein-coding region or the splice sites. An
alternative strategy to detect their mutations was to sequence the same region to
determine whether any sequence changes were present in this region. DNA
containing the 7 exons and splice sites was PCR-amplified from these four patients,
using one biotinylated and a non-biotinylated primer (2.2.4, table 7). The
biotinylated strand was isolated and sequenced using Sequenase II (2.2.7.2). DNA
from a further 6 hemizygotes, in families 2, 5, 11, 15, 25 and 27, was also fully
sequenced in this manner. These 6 samples had not been screened by SSCP
analysis and were obtained in collaboration with Dr RJ Desnick in New York.

Eight mutations, none of which had been reported in other studies, were detected
in 8 of the 10 samples analysed (table 14, appendix (B)). All were found in Fabry
families with the typical symptoms (2.1.1), except for 717del2, which was found in
a hemizygote with an unknown phenotype. Of these, 2 mutations, R49S and
D92H, had previously been undetected by SSCP analysis. Mutations were also
found in DNA from all 6 hemizygotes that had not been analysed by SSCP analysis.
No mutation was found in hemizygotes from families 29 and 30. In these 2
individuals, all seven exons and splice sites were sequenced but some parts of the
of the gene, in particular the GC-rich areas in exons 1 and 3, were difficult to read
and analysis of the whole region needs to be repeated for these two hemizygotes.
No further genetic analysis has been conducted in these two families.

The eight mutations consisted of 6 base substitutions, each of which was predicted
to alter an amino acid, and 2 small deletions within the exons. One of the
deletions, 717del2, in British family 25, had also been detected in the Belgian
family, 24, (table 13) by SSCP analysis and its predicted effect has been described.
The predicted effect of the 1087dell mutation was to replace amino acids 363-389

and to create a premature stop codon at codon 390.
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Family | Pheno | Exon Allele Nucleotide Nucleotide Natlon
No. type cDNA | Gene | Substitution -ality
2 typical 1 M42V 124 1303 | ATG->GTG British
3 typical R 49 S* 145 1324 | CGC->AGC British
5 typical cs6Y 167 1346 | TGC->TAC British
6 typical 2 |D92H* 274 5173 | GAT->CAT British
1" typical W 287 G 859 10567 | IGG->GGG British
15 typical R342Q 1025 | 11003 | CGA->CAA British
(B) Rearrangements in the exons
Family | Pheno- | Exon Allele cDNA sequence Rearranged | Nation
No. type change gene -ality
Normal -> mutant (& cDNA)
nucleotides
25 unknown 5 717del2 714-TATAAAG-720 between British
10208-10210
-> TATAG (717-719)
27 typical 7 1087del1 | 1085-CTCGCTC-1091 11066 British
> CIC-CTC (1088)

Putative disease-causing mutations were identified in the a-galactosidase A gene of
hemizygotes from Fabry families 2-4, 6, 11, 15, 25 and 27 by sequencing all seven exons
(2.2.7.2). Gene numbering was as in Kornreich et al. (1989) and cDNA nucleotides were
numbered as in Bishop, et al. (1991).

In(A), * =

In (B), underlined bases are repeated nucleotide sequences.

142

undetectable by SSCP analysis but detected by sequencing.




Evidence for the disease-causing nature of these mutations comes from the
prediction that they all alter the amino acid sequence of the mutant protein. Also,
complete sequencing of the 7 exons and splice sites has shown conclusively that
no other mutations are present in this region. However, the presence of other
potentially disease-causing mutations outside of this region was not excluded.
Further evidence that they were disease-causing mutations was provided by SSCP
analysis. DNA containing the M42V, C56Y, W287G, R342Q and 1087dell
mutations, which had not been analysed by SSCP screening, was amplified and
subjected to SSCP analysis. All 5 mutations gave an altered band pattern that was
not observed in at least 100 non-Fabry DNA samples, providing evidence that they
were not polymorphisms. Detection of these mutations by SSCP analysis is
potentially useful for carrier detection.

The two samples from families, 29 and 30 require further analysis as neither SSCP
screening nor sequencing of the same region detected a mutation.

Three methods for carrier detection, other than direct sequencing, were used to
detect carriers of mutations in the 28 families in which a putative disease-causing
mutation had been identified.

The standard SSCP analysis method was potentially useful for mutation detection
in 26 families. The C56Y, D165V, W287G, V316E, Q327K, R227X, 1010dell19 and
1087dell mutations were detected in carriers, using this method (table 16, pg 149).
SSCP analysis also detected the presence of N215S, Q107X, W226X, R342X and
716ins in the mothers of the hemizygotes analysed in families 8, 17, 18, 22 and 23,
respectively. Thus, the method proved useful for analysis of 13 mutations.
Another mutation, D92H, was detected by modifying the standard method.
Digestion of the exon 2 PCR product with Hinf I, prior to radio-labelled SSCP
analysis (figure 22 and table 16), allowed its identification. The undigested 274bp
product did not give a band shift by SSCP analysis but the smaller digestion
product, 168bp, which contained the D92H mutation, did show an SSCP change.
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Figure 22: Detection of the D92H allele bv H/nf | digestion and SSCP analysis

The fulldlength 274bp PCR-product for exon 2 was digested with Mini 1 (2.2.8), yielding
fragments of 168bp, 47bp and 59bp, prior to electrophoresis on a non-denaturing gel
(2.2.6.1.2). The D92H mutation was in the 168bp fragment.

N is the normal pattern, 1 and 2 show the analysis in a Fabry hemizygote and heterozygote,
for D92H, respectively.
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In addition to SSCP analysis, 10 mutations were predicted to alter the recognition
site for a restriction enzyme (table 15), which could also be used for heterozygote
detection. Four of these, R49S, R49L, M42V and G361R were tested, using a faster
and simpler gel electrophoresis system than for SSCP analysis (figure 23 and table
16). Since one of these, R49S, could not be detected by SSCP analysis, restriction
digestion provided an alternative convenient method for its detection (figure 23(A)).
The R49L mutation produced an identical band pattern to R49S as it deleted the
same restriction recognition site. Analysis of the M42V mutation by digestion with
Nco I (figure 23(B)), showed that while the affected hemizygote III-1 and his mother
II-1, carried the mutation, his grandmother I-1, did not and since the grandfather
was not known to have Fabry disease, the mutation must have arisen de novo in
either I-1 or II-1, unless II-1 was a case of non-paternity. Analysis of the
G361R mutation in family 16 (figure 23(C)) confirmed that female III-1 was not a
carrier, consistent with the results from polymorphism analysis, section 3.1.1.4.2.

The genetic diagnosis of carriers in females was compared with biochemical
diagnosis by enzyme assay. This analysis enabled the range of enzyme activity
produced by genetically defined carriers to be established.

Designation of genotype in female members of families with Fabry disease by
measurement of a-galactosidase activity is problematic because a heterozygote can
have activity ranging from zero to full activity, due to X-chromosome inactivation.
The a-galactosidase activity previously measured in the plasma and leukocytes of
the families studied was compared with their genotype, determined by molecular
methods (table 16). Measurement of the a-galactosidase activity in both leukocytes
and plasma successfully identified 10/18 (56%) of the genetically defined carriers
(table 17). In a further 4 heterozygotes, one of the two assay;s identified the
heterozygotes. In the remaining 4/18 heterozygotes (22%) biochemical diagnosis
failed to identify carriers by measurement of activities in both plasma and
leukocytes. Genetic analysis showed that all females in Fabry families with activity
below the known normal range of values, were heterozygotes. It also showed that
all genetically normal females in the families had activity in the normal range.
However, some genetically defined heterozygotes had a-galactosidase activity in the
normal range, emphasising the need for molecular genetic detection of
heterozygotes for counselling,
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Family | Allele Restriction enzyme Cut fragment size (bp) Normal
Name | Recognition site Normal Mutant PCR
product
size (bp)
2 M42v -Nco | C/CATGG 248+102 350 350
4 R49S -Hhall GCG/C 163+101+78 | 163+179+6 350
3 R49L +6+2 +2
7 D165V | -Bg/ll A/GATCT 269+131 400 400
8 N215S | -TspE| | /AATT 92+194 286 286
18 | W226X | +Rmal | C/TAG 286 125+161 286
+Mael
21 w287X | -Bgll GCCN,/NGCC 155+202 357 357
12 V316E | -Maell | A/CGT 240+117 357 357
16 G361R | -Sau961 | G/GNCC 17+131+293 | 17+424 441
26 1010d19 | -EcoN| | CCTN,/N,AGG | 98+343 422 441

‘" indicates the cut site in the restriction enzyme recognition sites and N is any base. The -
and + indicate the loss and gain of a restriction site, respectively.

146




Figure 23: Detection of mutations in Fabrv patients bv restriction enzvme digestion
analysis

[

350 bp

179 bp
163 bp

101 bp
78 bp

Figure 23 (A): Detection of the R49S mutation bv Hha | restriction enzvme anaivsis

The PCR product for exon 1 (2.2.4) was digested with Hha 1(2.2.8) and electrophoresed on a
3% agarose gel (2.2.5). M is the lkb ladder DNA marker (Gibco BRL). 1 is the normal
digestion pattern, yielding fragments of 163bp, 101 bp, and 78bp, 2 is the pattern in the R49S
mutant, with 163bp and 179bp fragment sizes and 3 is an undigested sample.

Family 2

350 bp
248 bp
102 bp

Figure 23 (P); Detection of the M42V mutation bv Nco i restriction enzvme analysis

The PGR product for exon 1 (2.2.4) was digested with Nco | (2.2.8) and electrophoresed on a
2% agarose gel (2.2.5). M is the Ikb ladder DNA marker (Gibco BRL), 1 is the normal
digestion pattern, yielding fragments of 248bp and 102bp, 2, 3, and 4 are indicated on the
pedigree diagram as |||-i, ||-i and 1-1. 5 is undigested sample.
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I 1 Exon 3: 3P1

Exon 7: G361R
I
I EXxon 3: 3P1 3P1/N N
Exon7: G361R G361R/N N
S M
Exon 3: N 3P1
Exon 7: N G361R

III

Ei 23 (C);: Detecti f the G361R mutation by Sau96.| restricti lysi
The PCR product for exon 7 (2.2.4) was digested with Sau96 | (2.2.8) and electrophoresed

on a 2% agarose gel (2.2.5), to detect the G361R mutation that deletes this restriction
enzyme site.
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Family | Mutatlon | Location a-galactosidase activity in Genetic
No. in analysls
pedigree | jeukocytes | plasma Actlvities
chart (nmol/hr/ | (nmol/hr/ | are within
mg protein) | ml plasma) the range
mal
Nomal | Nemal | orciow
range: range: the normal
40-162 4.8-26.5 range (C)
3 R49S -4 17 2.6 C Carrier
-8 21 3.7 C Carrier
-3 80 74 N Normal
-5 44 53 N Carrier
in-z 39 49 CN Carrier
Cs56Y -2 118 9.7 N Normal
6 D92H I-1 64 6.5 N Carrier
-2 28 53 CN Carrier
-5 10.6 39 C Carrier
n-1 53 29 CN Carrier
7 D165V -1 15.6 15 C Carrier
-2 5.2 0.39 C Carrier
-3 74 9.8 N Normal
11 w287G 11-6 26 3.0 C Carrier
-2 64 6.2 N Normal
12 V316E -2 67 48 N Carrier
-2 104 6.8 N Normal
13 Q327K -4 56 9.0 N Carrier
16 G361R -2 69 99 N Normal
19 R227X -4 37 2.5 C Carrier
20 R227X IV-13 21.8 15 C Carrier
V-18 59 3.8 CN Carrier
VI-2 37 3.0 C Carrier
26 1010d19 | II-3 31 47 C Carrier
27 1087d1 -4 112 8.2 N Normal
-4 80 7.4 N Normal
ti-1 95 12.2 N Normal

The pedigrees, ‘*, are shown in section 2.1.1. All a-galactosidase activity measurements
were carried out by Mrs E. Young in the Enzyme laboratory, Institute of Child Health.
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Alpha-galactosidase activity Frequency in genetically
diagnosed females
(C= enzyme activity below normal
range, N= activity in normal range)
Leukocytes Plasma Carriers Normals
(18) (9)
N N 4 9
N C 2 0
Cc N 2 0
C o] 10 0

The results from table 16 were summarised. Biochemical diagnosis was by measurement of
the a-galactosidase activity in both leukocytes and plasma and genetic diagnosis was by
detection of family-specific mutations.
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The extent of overlap between the ranges of activities for genetically-defined
heterozygotes and for normals is shown in figure 24,

This genetic study also showed that the family history is not always a reliable
indicator of carrier status. Figure 25(A) shows that female III-3, a presumed
obligate carrier, has not inherited the D165V mutation from her affected father in
family 7. This is consistent with the pattern of inheritance of the polymorphism
1P1 and suggests that II-1 is not her father. In family 5 (figure 25(B)), female I-2 is
the mother of a Fabry hemizygote but she does not carry the mutation in the DNA
sample analysed, in agreement with enzyme activity in the normal range. She is
either a mosaic for the mutation, C56Y, or the mutation has arisen de novo in her
son. In family 7 (figure 25(C)), female II-6, who had o-galactosidase activity below
the normal range, carried the W287G mutation. Her mother, I-2, did not have the
mutation in lymphocyte DNA and although her father was not analysed, he was not
thought to have Fabry disease. Therefore, either female II-6 is a case of non-
paternity or the mutation has arisen de novo in the germ-line of one of her parents
or during her own development.
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Leukocytes Plasma
Normals
Normals —
40-162 (n=106) 4'8'26'_5_ (n=63)
160 + T
140 T
120 T
100 T
80 -
5.2-67 (n=18) Heterozygotes
T 0.4-9.0 (n=18)
60 T+ -
40 = 5 - .
20 + Hemizygotes Hemizygotes
0.6-6.2 (n=39) 0-0.6 (n=36)
0 T — T —
Activities in Activities in

nmol/ hr/ mg protein

nmol/ hr/ ml plasma

15

10

All o-galactosidase activity measurements were carried out by Mrs E. Young in the Enzyme
Laboratory, Institute of Child Health and ‘n’ is the number of samples analysed. The mean
normal activity for leukocytes and plasma was 72.4 and 8.6, respectively.
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I 1. Exon1:1P1/1P1

Exon 3: D165V/ N
1
II Exon 1: 1P1
Exon 3: D165V
o b o
Exon1: 1P1/N 1P1/N
EXQ.I.LQ.. D165V/N D165V/N NIN
15.6 (1.5) 5.2(0.39) 74(9.8)
N/N
118(9.7)
1 3 5 7 8 10 1
n m
C56Y
1 2 5 6 7 9 10 1"
0 o"0
I 1 54_(5.21
v QOO T T Oma, O
W287GIN
1
m RN _

wa87G

igr n l i
The results of the mutation detection are shown. Enzyme activities, in nmolhr/mg protein in

leukocytes (and in nmolhr/ml of plasma, in plasma) are shown and underlining indicates
values that were within the normal range.
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3.2 STUDIES OF MUTANT ALPHA-GALACTOSIDASE A

The effect of mutations in the a-galactosidase A gene on the enzymic activity was
investigated by studying the residual activity in cultured cells from patients and by
the transient expression in mammalian cells of mutated ¢cDNA. This work was
carried out in collaboration with Dr RJ Desnick and Dr Y Iounnou (Mount Sinai
Medical Center, New York, USA), in their laboratories.

3.2.1 Enzyme activities in cultured cells from ngg patients

The a-galactosidase A activity in fibroblasts and lymphoblastoid cell lines derived
from Fabry hemizygotes was measured to see if there was any correlation between
residual a-galactosidase A activity and phenotype (table 18).

All the patients, except the individual with the N215S mutation in family 8, had a-
galactosidase A activities that were less than 1% of the mean normal activity. Six
of the cell lines producing less than 1% of the normal activity were from
hemizygotes that were classified as having the typical Fabry phenotype, in families
18, 10, 28, 3, 12 and 27. The phenotypes associated with Q327K and R342X, in
families 13 and 22 were unknown (2.1.1). Lymphoblastoid cells with the N215S
mutation had 6.7% of the mean, normal activity (32.6nmol/mg/ml). Although the
phenotype of this patient in family 8 was unknown, four other unrelated
hemizygotes with the same mutation were mildly affected (Eng et al, 1993).
Therefore, the highest enzyme activity was found in cells from a patient that was
suspected of having a mild phenotype.

.2.2_Transient expression of mutant cDNA in mammalian cell

The purpose of the expression experiments was threefold. Firstly, to verify that the
mutations decreased the specific activity of the enzyme and were therefore
probably disease-causing. The second aim was to investigate whether there was a
relationship between the phenotype of the patient and the amount of activity
produced by the known mutation for those patients from whom cell lines were not
available. The third aim was to compare this vector and transfection method with
the transient expression system used by others (Ishii et al., 1992).
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Cell type Cells from | Associated | Mutation | a-gaiactosidase A specific

Fabry phenotype activity in celis from
(and normal : .
enzyme hemizygote hemizygotes (nmol/hr/mg)
activity, in in family Range of | Mean | % of
nmol/hr/mg) No. enzyme normal
actlvities mean
activity
Cultured 18 typical W226X 0-1.20 0.66 0.7
Eibroblasts 10 typical V269A 0-1.15 0.75 0.8
(normal range 13 unknown | Q327K 0.13-0.64 | 0.40 04
& mean = 2 unknown | R342X 0.16-1.18 | 0.60 0.6
75.1-143 & 98.7) 28 typical IVS3-1,t 0-0.04 0.03 0.03
splice
mutation
Lymphoblastoid 3 typical R49L 0.06-042 | 0.28 0.8
Cells 8 unknown | N215S 2.03-228 | 220 6.7
(normal range & 12 typical V316E 0.03-0.30 [ 0.20 0.6
mean =
21.5-50 & 32.6) 27 typical | 1087delt | 0-0.16 | 0.08 0.2

Cell lysates were assayed for protein and a-galactosidase A activity (2.3.1). Protein assays
were in duplicate. The a-galactosidase A activity was assayed in 2 sets of duplicates, except
for the W226X mutant, which was from 4 sets of readings in duplicate. The normal activity
data were provided by CM Eng and DF Bishop, Mount Sinai Medical Center, New York. The
normal activity ranges in fibroblasts and lymphoblastoid cells were obtained from 5 and 150
samples, respectively.
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The cDNAs containing the G35R, R49L, V269A, V316E, Q327K and G361R
mutations identified in this study were transiently expressed to investigate their
effect on the activity. One previously published mutation, R112H (Eng et al,
1994b) was found in a patient with a variant phenotype but whose enzyme activity
was unknown. Two other previously published mutations found in mildly affected
hemizygotes, Q279E and R301Q (Sakuraba et al., 1990; Nagao et al., 1991; Ishii et
al, 1992), were also expressed in this study for comparison with the results
obtained by transient expression in a previous study (Eng et al, 1994b), which
used a different vector and transfection method for expression.

The pGB6 vector (figure 7), containing full length a-galactosidase cDNA was used
as the template for mutagenesis. The megaprimer method of site-directed
mutagenesis was performed (figure 26, section 2.3.3). Two separate steps involving
PCR amplification were used to introduce a missense mutation into the cDNA and
the resulting PCR product was gel-purified (steps 1-4). Vent polymerase was used
in the amplifications as it has a higher fidelity of polymerisation than the more
commonly used Taq polymerase. The mutant PCR product was cut with EcoR I and
subcloned into EcoR I sites in pGEM-3Z, step 5 (figure 26). A single clone was
picked and a region, which contained the mutation and was between two unique
restriction enzyme sites, was completely sequenced. This was carried out to
confirm the presence of the correct mutation and to verify that no other mutations
had been introduced by Vent polymerase. The location of the mutations in relation
to unique restriction sites in the ¢cDNA and the size of the regions sequenced are
indicated below:

161bp 241bp 263bp 211bp
< > < » ——
Sacli Nco | Nhe | BstX | EcoNl AwNI
|_L'ATG'_Tl : l l . l ?—L"
G35R R49L V269A G361R
R112H Q279E
R301Q
V316E
Q327K
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wild type cDNA

Vector | |
1. First PCR primer 1—» | | Template
amplification | &« Mutant | (pGBS6)
primer
v
2. Purlfy PCR product =——=x= ¢+—Megaprimer
EcoR | EcoR |
v | widtypecDNA |
3. Second PCR [ )
amplification. Megaprimer ———» | Template
|«— Vector  (PGB6)
primer 1
\ 2
4. Purify mutant, EcoR | EcoR |
full length cDNA ¢ $
PCR product | . |
1 7 |
5. Clone into any EcoR | Unique cut sites EcoR |
vector, eg. pGEM- ~a 1 l
3Z,at EcoRlIsites.| = -ceeee..... | : L.
Sequence between | —> |
unique restriction ‘Cassette’
sites that flank the
mutation and cut
out this ‘cassette’.
Sequenced
mutant .
cassette “gﬁ:mpe
. c rom
Wild-type
6. Clone mutant cDN ,:yf':om — ’L pGB6
‘cassette’ back into pGB6

pGB6 to convert the wild
type cDNA into a mutant.
7. Then subclone mutant
CDNA into expression
vector pMT2.
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Sequencing of the region flanked by Ncol and Nhe I sites that contained the R112H
mutation is shown in figure 27. All other constructs were sequenced in this
manner. The sequenced region that contained each mutation was cut at the
unique restriction enzyme sites and inserted back into the wild-type cDNA in pGB6
(igure 26, step 6). The presence of the mutation in pGB6 was verified by
sequencing and then the whole mutant cDNA was cut out at EcoR I sites. The
cDNA was subcloned into EcoR I sites of pMT2, a mammalian expression vector
(Kaufman et al, 1989, section 2.3.5.1). The presence of the mutation was again
verified by sequencing. In addition, the orientation of the insert and the presence
of one insert only, was checked by digestion with Bgl II. It cuts the vector once, at
about 100bp upstream of the 5 end of the cDNA and the cDNA once, 552bp
downstream from the 5’ cDNA end, as indicated below:

EcoR | EcoR |
v cDNA ¥
PMT2 Bglll 5' Bgll ;
......... o4
) ¢ >

~100bp 552bp 798bp

If the insert is in the correct orientation a single fragment of approximately 650bp
is released from pMT2 (a 5.1kb vector).

The 9 mutated cDNA constructs and the normal c¢cDNA gave fragments of
approximately 650bp when digested with Bgl II, indicating that all of them had
been inserted into pMT2 in the correct orientation.

.2.2.2 Transfecti f th nt ¢-qgal ida DNA_wi nstection of 8-
galactosidase

In each experiment, COS-1 cells from a single pool were subdivided into equal
portions and each portion was transfected by electroporation with either a mutant
a-galactosidase A construct or the wild-type cDNA. The control consisted of a mock
transfection lacking an a-galactosidase A construct, to measure the endogenous o-
galactosidase activity in the COS-1 cells. The a-galactosidase activity was
measured in 10ml of medium, or 1ml of cell lysate (2.3.1.3) and the results were
related to the total cell protein, measured in 1ml of cell lysate (2.3.1.2). The
relative activities were calculated as indicated below:
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(A) C 4122 .
Figure 27: Sequence of the cDNA
Nco | mutant cassette containing R112H

site
R112H
Nco | Nhe |

cDNA

Sequencing between cDNA
nucelotides 122-162 shows that there
is only one mutation, R112H, present.

(A) was sequenced with primer 3 and
(B) and (C) with primer 4, in table 10

(B)

G->A (at 335)
R112H mutant
Mutant Normal

Nhe\
site

Mutant Normal
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Activity (nmol/hr/mg) = a-galactosidase A activity (nmol/hr/ml) x Z
total cell protein (mg)

where Z° was 1ml and 10ml for expressed intracellular and extracellular activity,
respectively. The elevation of the expressed activity over endogenous COS-1 cell
activity was calculated by:

Mutant ¢cDNA activity (nmol/hr/mg)
Control (no construct) activity (nmol/hr/mg)

The percentage increase in activity, compared with the normal, above the
endogenous activity, was calculated by:

Mutant cDNA activity - control activity (nmol/hr/mg) x 100
Normal cDNA activity - control activity (nmol/hr/mg)

The results from 2 transfection experiments are shown in table 19. In the first, all
9 constructs were transfected and their relative activities compared (table 19(A) and
figure 28). All caused a decrease in o-galactosidase A activity, in accordance with
their presumed disease-causing status. Five constructs, R49L, R112H, V269A,
V316E and Q327K produced intracellular activity that was less than twice the
activity of the endogenous activity control and their activity in the medium was less
than 6 fold higher than the control. They were considered to be mutations
producing negligible activity. Four constructs, G35R, Q279E, R301Q and G361R,
produced low residual activity above the control. The activity was more than 2 fold
higher in the cells and two, Q279E and R301Q produced activity that was more
than 6 fold higher in the medium than the control (table 19(A)). They were
categorised as mutants producing residual enzyme activities and were ranked in
their order of activity, with 1 as the highest value (table 20).
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(A) Transfection 1

a-gal. Transfection 1, at 47hr
Construct a-gal activity Mutant a-gai % of normal
(nmoi/hr/mg) activity/ control activity
Ceiis | Medium | Cells | Medium | Cells | Medium
G35R 432 38 9.6 35 119 0.6
Q279E 189 121 42 114 44 26
R301Q 127 36 28 34 25 0.6
G361R 114 407 25 38.4 21 9.3
R49L 49 54 1.1 5.1 0.1 1.0
R112H 88 47 19 45 1.3 09
V269A 50 36 1.1 34 0.1 0.6
V316E 39 0 09 0 -0.2 -0.3
Q327K 37 24 0.8 22 -0.2 0.3
Normal 3286 4239 | 727 399.9 100 100
None (control) 45 1 1 1 - -
(B) Transfection 2
o~-gai. Transfection 2, at 48hr
Construct o-gal activity Mutant o-gal % of normal
(nmol/hr/mg) activity/ control activity
Cells | Medium | Ceils | Medium | Cells | Medium

G35R 3012 327 18.5 96.0 19.7 27
Q279E 2117 569 129 167.3 13.5 4.7
R301Q 1027 44 6.3 129 6.0 03
G361R 417 1047 26 307.9 1.8 8.7
Normal 14618 12011 894 | 35325 100 100
None (control) 163 3 1 1 - -

o-gal i jviti |

10ug of each a-galactosidase A construct was transfected into COS-1 cells. Alpha-
galactosidase A activity was measured in the medium and cell lysate (2.3.1.3). The a-

galactosidase B inhibitor, GalNAc, was not included in the assay for transfection 1 (A), but
was included for transtection 2, (B). The activities are compared relative to the control (no
construct) endogenous activity. They are also compared as a % of the normal, above the
control activity.
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(A) ACTIVITY IN THE CELLS
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Figure 28: Comparison of expression of normal g-aalactosidase A with that produced
bv mutant constructs, in transfection experiment 1

Histogram of the results from table 19 showing a-galactosidase activities (nmol/hr/mg total
protein) produced by the 9 mutant constructs. (A) is inthe cells and (B) is in the medium.
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o~gal Ranked activity in cells

construct Cells Medium
G35R 2 4
Q279E 3 3
R301Q 4 5
G361R 5 2
Normal 1 1

It had been observed previously that the efficiency of expression is decreased if
many constructs are transfected in one experiment (Dr Y. Iounnou, personal
communication). This may be because the numbers of flasks required and the
manipulation times are increased, to the detriment of the cells. Therefore, in all
other transfection experiments only 5-6 constructs were expressed, to improve the
efficiency of transfection. '

The four constructs that gave residual activity were expressed in a repeat
experiment, transfection 2, table 19(B). In this experiment, the a-galactosidase A
inhibitor GalNAc was included in the enzyme assay to give better discrimination
between the endogenous activities and the expressed activity. Comparison of the
activity produced by the wild-type construct in transfections 1 and 2, in which the
total a-galactosidase activity, above the control, was 7469 nmol/mg/hr and 26463
nmol/mg/hr, respectively, indicated that the efficiency of expression or
transfection in experiment 2 was greater than in 1. This increase may have been
due, in part, to the increased total protein, in the range of 2.2-3.3 mg and 5.4-6.1
mg, in transfections 1 and 2, indicating the presence of a larger number of cells in
transfection 2. The absolute values for the specific o-galactosidase activity
produced by each construct in these 2 separate experiments could not be
compared directly because of the variation in the level of expression between
experiments. The activities relative to the control and the percentage of the wild-
type activity were also not directly -comparable. However, the ranked orders of
activities in transfections 1 and 2 were identical, indicating that they could be
compared from one experiment to another.

In conclusion, all nine mutant cDNA constructs resulted in decreased expressed
activity. Although the absolute a-galactosidase activity values relative to total cell
protein varied markedly from one experiment to another, the ranked activities of
the constructs were the same.
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The a-galactosidase A constructs expressed in section 3.2.2.2 were cotransfected
with the plasmid vector pCMVp (Clontech, figure 9) to investigate whether the
coexpressed E. coli B-galactosidase would give a better reflection of the transfection
efficlency. E. coli B-galactosidase, expressed from the cotransfected pCMVB, is
transported to the cytosol, producing intracellular activity. It has an optimal
activity at pH 7 and can therefore be distinguished from the endogenous COS-1
cell, lysosomal B-galactosidase, which is optimally active at pH 4.5.

Three cotransfection experiments were carried out, 3, 4 and 5. In transfection 3,
the five a-galactosidase A constructs that produced no detectable activity, R49L,
R112H, V269A, V316E and Q327K, were cotransfected with 3ug of pCMVB. In
transfections 4 and 5, the four a-galactosidase A constructs that produced
detectable activity were cotransfected with 3ug and 1lug of pCMVp, respectively.
The a-galactosidase activity was measured in the presence of the inhibitor, GalNAc
(3.2.2.2). E. coli B-galactosidase activity was measured as described, 2.3.1.4. The
enzyme activities, relative to the total cell protein were calculated as before, in
section 3.2.2.2, (table 21(A)). The a-galactosidase A activity was related to the
coexpressed B-galactosidase, in the following manner:

o-gal/B-gal x100 activity ratio = a-galactosidase activity (nmol/hr/ml) x Z x 100
Total B-galactosidase activity (nmol/hr)

where Z° was lml and 10ml for expressed intracellular and extracellular a-
galactosidase A activity, respectively (table 21(B)).

The o-gal/B-gal ratios were used to calculate the elevation in the expressed a-
galactosidase activity, over endogenous COS-1 cell activity and the % of the

normal, above endogenous activity, in an analagous manner to those in section
3.2.2.2 (table 22):

Increase over = Mutant cDNA activity (a-gal/B-gal ratio)
control Control (no construct) activity (a-gal/p-gal ratio)

% of normal = Mutant cDNA activity - control activity (a-gal/B-gal ratio) x 100
Normal cDNA activity - control activity (a-gal/B-gal ratio)
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ALE tivities related to total cell protel

a-gal. Enzyme activity (nmol/hr/mg total protein)
Construct | Transfection 3 (3ug | Transfection 4 (3ug | Transfection 5 (1pg
B-gal/ 54hr) B-gal/ 72hr) B-gal/ 57hr)
B-gal o-gal B-gal a-gal B-gal a-gal
Cells | Cells | Med- | Cells | Cells { Med- | Cells | Cells | Med-
ium jum ium
G35R 431 | 1883 422 134| 989 293
Q279E 357 871| 1103| 122] 789 499
R301Q 351 | 468 40| 129 375 39
G361R 367 | 413| 1517 143| 120 602
R49L 727 53 38
R112H 934 108 55
V269A 1199 | 106 81
V316E 1142 68 31
Q327K 1076 73 30
Normal 2214 | 3055| 9075| 304 | 2737 | 8593 107 | 3175 12413
None 753 67 24| 449| 275 7] 146 82 15
(control)

a-gal. a-gal/B-gal x100 ratios
Construct Transfection 3 Transfection 4 Transfection 5

(3ng p-gal/ 54hr) (3pg p-gal/ 72hr) (1ng B-gal/ 57hr)
Cells Medium Cells Medium Cells Medium

G35R 437 98 740 219

Q279E 244 309 648 410

R301Q 133 1 290 30

G361R 112 413 20 421

R49L 8 5

R112H 12 6

V269A ' 9 7

V316E 6 3

Q327K 7 3

Normal 138 410 900 2825 2979 11646

None (control) 13 3 61 2 57 10

10mg of each a-galactosidase A construct transfected into COS-1 cells. The a-galactosidase
activity in the cell lysate and medium was determined. In (A), protein was measured for
calculation of the specific activities. In (B) activities were normalised to the E. coli B-
galactosidase activity, expressed from the cotransfected pCMVP.
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(A) Transfection ot 5 I uced no detectable activit

a-gal. Transfection 3 (3ug pB-gal/ 54hr)
Construct Mutant o-gal % of normal
activity/ control activity
Cells | Medium | Cells | Medium
R49L 0.6 1.6 -4.0 0.5
R112H 09 20 0.8 0.7
V269A 0.7 23 -3.2 1.0
V316E 0.6 1 -5.6 0
Q327K 0.5 1 48 0
Normal 10.6 136.7 100 100
None (control) 1 1 - -

(B) Transfection of 4 tructs that produced detectable activit

a-gal. Mutant o-gal activity/ control % of normal activity

Construct | Transfection 4 Transfection 5 Transfection 4 Transfection 5
(3ug B-gal/ 72hr) | (1ug B-gal/ 57hr) | (3ug B-gal/ 72hr) | (1ug B-gal/ 57hr)

Cells Med- Cells Med- Cells Med- Cells Med-

jum ium ium jum
G35R 7.2 49 13.0 219 448 34 23.4 18
Q279E 4.0 154.5 114 41 21.8 10.9 20.2 34
R301Q 2.2 55 5.1 3 8.6 0.3 8.0 0.2
G361R 1.8 206.5 16 385 6.1 14.6 1.1 35
Normal 148 14125| 523 11646 100 100 100 100
None 1 1 1 1 - - - -

(control)
. ] ivi . . ild-

The a-gal/B-gal activity ratios from three electroporations in table 21(B) are compared relative
to the control {no construct) endogenous activity. They are also compared as a % of the
normal, above the control activity.
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The constancy of the p-galactosidase expressed in each experiment can be
observed in table 19(A). In transfection 3, using 3ug of pCMVB, the B-galactosidase
activities ranged from 727-2214 nmol/hr/mg, a 3 fold difference in the maximum
and minimum values. This indicated that the efficiency of transfection varied
markedly even in one experiment, despite using the same pool of cells and similar
total cell protein, which ranged from 4.4-5.3mg. In experiment 4, again using 3ug
of pCMVp, the expressed activities were at least 1.6 fold lower than in 3 but the B-
galactosidase activities were more constant, ranging from 304-449 nmol/hr/mg
and with total cell protein in the range of 5.5-6.9mg. The difference in B-
galactosidase activity expressed in experiments 3 and 4 did not reflect the
expression of wild-type a-galactosidase A, which was similar in both and resulted
in total activities of 12039 nmol/hr/mg and 11048 nmol/hr/mg, above endogenous
activity, respectively. Thus, measurement of coexpressed B-galactosidase was not a
good indicator of a-galactosidase A expression in different experiments. A high
level of P-galactosidase activity resulted from transfection with 3ug of pCMVp.
Since it was not known whether cotransfection decreased the efficiency of
transfection and expression of a-galactosidase, a decreased amount, 1pg, of pPCMVp
was used in transfection 5. The B-galactosidase activity was in the range of 107-
146 nmol/hr/mg, a maximum difference of 1.5 fold, with total cell protein of 5.8-
6.2mg.

In transfection 3, the mutant constructs, R49L, R112H, V269A, V316E and Q327K,
produced no detectable activity. Despite the variability of the B-galactosidase
activities in this experiment, calculation of the a-galactosidase A activity, relative to
coexpressed B-galactosidase, supported the conclusion that these mutations
produced no activity. As a percentage of the normal, above endogenous activity,
the a-gal/B-gal ratios of the mutant constructs were not more than 1% (table 22).
Coexpression of B-galactosidase provided proof that the lack of activity produced by
these a-galactosidase A constructs was not due to failure in the transfection. The
o-galactosidase A activities produced in transfection 3, relative to total cell protein
(tables 21(A)), can be compared with those in transfection 1 (table 19(A)). The
intracellular activities produced by the wild-type construct, above endogenous
activity, are similar, 3241 nmol/hr/mg and 2988 nmol/hr/mg in 1 and 3,
respectively but the secreted activity in experiment 3 was 2 fold higher. In both, no
detectable a-galactosidase activity was produced by the mutant constructs,
providing further evidence that these mutations abolish activity.
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In transfections 4 and 5, the four mutant constructs, G35R, Q279E, R301Q and
G361R, which had produced a-galactosidase A activity on transfection alone (table
19), also produced residual activity when cotransfected with B-galactosidase, which
was related to total cell protein (table 21(A)) or coexpressed p-galactosidase (tables
21(B) and 22). For the wild-type a-galactosidase A construct, cotransfection with 3
and 1 pg of pCMV], produced total a-galactosidase activity, above the activity from
COS-1 cells, of 11048 nmol/hr/mg and 15491 nmol/hr/mg, respectively, a 1.4 fold
increase using the smaller amount of pCMVp (in experiment 5, table 21(A)). In
contrast, the four mutant constructs expressed lower activities in transfection 5,
using 1ug of pCMVB. Therefore, it was not clear whether decreasing the amount of
cotransfected pCMVp resulted in an increased or decreased efficlency of -
galactosidase A expression. The o-galactosidase A activities were related to B-
galactosidase, (table 21(B)) and the percentage of the normal a-galactosidase
activity, above that from COS-1 cells was calculated (table 22). For Q279E, the
percentages of the intracellular activity compared with the wild-type construct, in
experiments 4 and 5 were similar, 21.8% and 20.2%, respectively. For others,
such as G35R, there was a marked difference, 44.8% and 23.4%, in the two
transfections. The specific a-galactosidase activities in experiments 4 and 5,
related to total cell protein or as a percentage of the normal were not reproducible
but the ranked order of the residual activities was the same in these and previous
experiments, 1 and 2 (as in table 20).

In conclusion, the variation in expression of the a-galactosidase A constructs and
the B-galactosidase, precludes direct comparison of specific activities from one
experiment to another. However, the relative activities of the different constructs
within an experiment were consistent and clearly indicated which mutations gave
rise to null or residual activity alleles.

As the lack of reproducibility between different experiments could be due, in part,

to a non-linear increase in expressed activity with time, the expressed activity was
measured as a function of time (table 23 and figure 29).
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(A) g-aalactosidase A activitv secreted into the medium from COS-1 cells transfected
with residual activitv mutants

0 500 1
G35R

ul Q279E
S’ 400 -
g R301Q
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(B) g-aalactosidase A activity secreted into the medium from COS-1 cells transfected
with the wiid-tvpe a-aal A cDNA construct
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S 10000 .
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Eiaure 29: Increase in a-galactosidase A activity with time in the medium from COS
cells transfected with residual enzvme activitv mutants

Alpha-galactosidase A activity (a-gal/p-gal ratio x100 values, in table 23) from COS-1 cells
electroporated with mutant cDNA constructs (A) and with wild-type cDNA (B).
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| H -gal

Alpha-galactosidase A activities in the medium at 28.5, 38 and 57hr are related to
coexpressed, intracellular B-galactosidase activity at 57hr.

a-gal A a-gal/B-gal x100 activity ratio,
Construct in the medium at:

in pMT2 28.5hr 38hr 57hr
G35R 19 31 219
Q279E 58 150 410
R301Q 13 14 30
G361R 88 180 421
Normal 892 3262 11646
None (control) 4 6 10

The experiments confirmed that the ranked activities could be reliably compared
and that all mutations decreased the activity of a-galactosidase A, supporting the
hypothesis that they were disease-causing mutations.

The relative expressed a-galactosidase A activities produced by the constructs were

compared with the clinical phenotypes observed in patients with those mutations
(table 24).

Three of the five mutations producing no detectable intracellular activity during
transient expression, R49L, V269A and V316E had been found in patients known
to have typically severe phenotypes. The phenotype associated with a fourth, with
no detectable activity, Q327K, was unknown (section 2.1.1). The a-galactosidase A
activity in cultured fibroblasts or lymphoblastoid cells from patients with these four
mutations was less than 1% of that found in controls (table 24). Therefore the in
vitro expression studies reflect the situation in vivo. The fifth mutation, R112H,
producing no detectable activity, was found in a patient with mild proteinuria as
the only symptom but whose sibling was severely affected (Eng et al, 1994b). No
further details regarding the phenotype associated with R112H and no enzyme
activity data were available for comparison with the results obtained in this study.
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Mutation o-galactosidase A activity Patient
Transient transfection In patient cells phenotype
in COS-1 cells
% of normal, range of sample type % of
values normal
(tables 19 & 22)
cells medium
R49L -4.0->0.1 0.5->1.0 | Lymphoblastoid 0.8 typical
cells
R112H 08->13 0.7->09 - - variant
V269A -3.2->0.1 1.7 -> 0.6 | Fibroblasts 08 typical
V316E -5.6->-0.2 -0.3->0 | Lymphoblastoid 0.6 typical
cells
Q327K -4.8->0.2 0->0.3 | Fibroblasts 04 unknown
G35R 11.9->448| 0.6 ->3.4 | Fibroblasts 15(a) Severe variant
Leukocytes 5 (a)
Q279E 44->218 | 2.6->10.9 | Lymphoblastoid Mild variant
cells 3.8 (b)
Plasma 3.0 (b)
R301Q 25->86 | 0.2->0.3 | Lymphoblastoid Mild variant
cells 3.6 (b)
Plasma 1.6 (b)
G361R 21->61 | 3.5->146 - - Severe, typical

Table 24: C . { the pheno ith | activiti

Data were obtained from transfection experiments in this study, in which the o-galactosidase
activities were related to the total cell protein (table 19) or B-galactosidase activity (table 22)
and are presented as a percentage of the normal activity, above the endogenous COS-1 cell
activity. Alpha-galactosidase A activity data in material from Fabry patients were obtained in
this study (table 18), except for (a), information communicated by Dr H. Christomanou and (b),
Ishii, et al., 1992.
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Four mutations, G35R, Q279E, R301Q and G361R, produced residual enzyme
activity in the expression studies. Two of these, Q279E and R301Q, were found in
patients with late onset and mild symptoms (cardiomyopathy only), who were
diagnosed at ages 63 and 52, respectively (Nagao et al, 1991; Ishil et al., 1992).
Comparison of the relative activities in vivo with the transient expression data
(table 24) shows that the proportion of residual intracellular a-galactosidase A
activity in the expression studies is similar or higher than those in the cultured
cells and plasma. The ranked activities produced by transient expression of these
two mutations were the same as their in vivo ranked activities.

The G35R mutation was found in a patient with severe neurological involvement at
age 26 but no other symptoms. The finding of transiently expressed residual
activity of 11.9-44.8% (table 24) is consistent with residual activities of 5% and
15% of the normal in leukocytes and cultured fibroblasts, respectively, from the
hemizygote with G35R (H. Christomanou, personal communication). Again, the
proportion of residual activity produced by overexpression is similar or higher than
in vivo. A severe phenotype in this patient, in contrast to the milder phenotype in
patients with the Q279E and R301Q mutations, which give lower expressed
activities, may be due to mislocalisation of the expressed protein or decreased
activity towards the natural substrate. It is also possible that there is a second
unidentified mutation that lowers the activity further in vivo.

Expression of the G361R mutation produced activity in the medium but almost
zero intracellular activity (table 24). It was associated with a severe, typical
phenotype. No data on the enzyme in vivo was available for comparison.

In conclusion, all of the mutations cause a decrease in the expressed o-
galactosidase activity, relative to the wild-type. The ranked order of residual
Intracellular activity expressed by the mutations and the phenotypes is consistent
with higher residual activity producing a milder phenotype, with the exception of
G35R.

2.2, arison of th ivity pr his expression m an her.
The activities produced by Q279E, R301Q and the normal, in the pMT2 vector used

in this study, were compared with the activities produced in a previous expression
study, in which the mutants were expressed in COS-1 cells, using the pBactE
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vector and transfection by the calcium phosphate/glycerol shock technique (Ishii et
al, 1992). The pMT2 vector was chosen for the present studies because it was
believed to produce a high level of expression in COS cells, although it had not
been used previously for expression of a-galactosidase A.

Transfection experiments and expression of normal o-galactosidase A cDNA
constructs in this study resulted in intracellular activity, above the control (no o-
galactosidase A construct) in the range of 2462-14455 nmol/hr/mg total cell
protein, in cells lysed at 47-72hr after electroporation (tables 19 and 22). In
comparison, using the pBactE expression system, the expressed activity from the
wild-type cDNA, in two experiments, was 2075 nmol/mg/hr and 419 nmol/mg/hr
at 6 days after transfection (Ishii et al, 1992), using a similar enzyme assay
method. Therefore, the pBactE vector and transfection with calcium phosphate are
less efficient for expression of a-galactosidase A than the pMT2 expression vector
and transfection by electroporation.

Two mutated o-galactosidase A cDNAs have also been expressed in the two
systems:

Mutant Intracellular activities above control
(nmol/hr/mg protein)

Using pMT2 and Using pBactE
electroporation, this vector and Ca-
study (transfections | phosphate/glycerol

1, 2,4 &5, tables transtection (Ishli,

19, 21) et al, 1992)
Range Mean Mean (estimated
from a histogram)
Q279E 144-1953 850 106
R301Q 82-864 358 75

In accordance with higher activities for expression of the wild-type a-galactosidase
A, the mean activities produced by expression of Q279E and R301Q mutant
constructs in this study were higher than those from pBactE, with transfection by
the calcium phosphate/glycerol method technique (Ishii et al, 1992). The Q279E
mutant construct produced more activity than R301Q in both expression systems.
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The normal a-galactosidase A cDNA has also been expressed in COS-1 cells, using
the vector p91023(b) and polybrene transfection (Bishop et el., 1991). The
intracellular a-galactosidase activity increased to 500 nmol/hr/mg, above the
control, a 4 fold increase after 72 hours, as estimated from published data. In the
present study, intracellular activity was in the range of 2462-14455 nmol/hr/mg,
11-89 fold higher than in the control after 447-72 hours (tables 19 and 22).

Thus, transient expression of the a-galactosidase A ¢cDNA in COS-1 cells, using
PMT2 and electroporation is more efficient than systems used previously (Bishop et
al, 1991 and Ishii et al., 1992).

The intracellular and extracellular fractions from COS-1 cells transfected with o-
galactosidase A mutants were analysed for protein cross-reacting with anti-(a-
galactosidase A) serum. The cells were metabolically labelled with 35S-methionine
to facilitate detection of immunoprecipitated protein. The experiments were
designed to see if any enzymically inactive or structurally altered protein was
produced by the mutant cDNA constructs.

All 9 mutant a-galactosidase A constructs and the wild type were transfected into
COS-1 cells by electroporation, without cotransfection of the p-galactosidase
construct, since this would compete with the a-galactosidase construct for the 35S-
methionine label. The mutant constructs that gave no enzyme activity, R49L,
R112H, V269A, V316E and Q327K, were expressed in one experiment and the
G35R, Q279E, R301Q and G361R mutants, which produce activity, were expressed
in a second experiment. The enzyme activity in the medium was assayed for those
constructs that were known to produce enzyme activity, to verify the success of the
transfection (table 26). At 50-60 hours after transfection the cells were
metabolically labelled with 35S-L-methionine for 6 hours before
immunoprecipitation with anti-(o-galactosidase A) serum and SDS-PAGE analysis.
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o-gai A a-gal activity (nmoi/hr/ml) in the
Construct medium at:

in pMT2 23hr 32hr 57hr
R49L 6 5 12
R112H 8 12 25
V269A 10 19 58
V316E 6 6 10
Q327K 5 6 7
Normal 190 980 5439
None (control) 5 7 9

o-gal A a-gal activity (hmol/hr/ml) in the
Construct medium at:

in pMT2 18hr 32hr 55hr
G35R 10 32 446
Q279E 24 147 606
R301Q 8 17 25
G361R 45 232 449
Normal 124 970 3862
None (control) 8 14 15

10ug of each a-galactosidase A construct was electroporated into COS-1 cells. At various
time points, medium was withdrawn and the o-galactosidase A activity was measured, with
GalNAc in the assay (2.3.1.3). Cells were washed at 57hr and 55hr (tables (A) and (B)
respectively) and grown in methionine-free medium with [*S}-L-methionine for 6hr before
harvesting and immunoprecipitation.
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Immunoprecipitation and SDS-PAGE analysis of the normal a-galactosidase A
(igure 30) showed that the major intracellular form of the protein had a relative
molecular size of approximately 50kD and that two additional, faint bands, one
slightly smaller and the other larger than the major band were also precipitated.
The secreted protein had a slightly higher molecular weight than the major
intracellular form and gave only one band.

Immunoprecipitation and SDS-PAGE analysis of the intracellular a-galactosidase A
(Figure 31, (A, B)) showed that the endogenous COS-1 cell protein was detected
(control, lane ‘C’). It appeared to be slightly smaller in size than the protein
produced by the construct with the normal human cDNA sequence (lane ‘N).
vAlpha—galactosidase from COS-1 cells may form the faint band that migrated
slightly faster than the major band of immunoprecipitated material from each
transfected cDNA construct. The intensities of the major band produced by each
mutant, the normal and control, in each experiment, were compared by eye and a
darker band was assumed to indicate a higher amount of immunoprecipitated o-
galactosidase A. The amount of the major band produced by the wild-type (lane N)
and each mutant (lanes 1-9) was higher than in the control. This indicated that all
of the transfected mutant constructs produced intracellular protein that cross-
reacted with a-galactosidase A antibody, even though R49L, R112H, V269A, V316E,
Q327K and G361R produced very little enzyme activity (table 24). No alterations in
the size of the detectable mutant proteins were observed, suggesting that truncated
or incorrectly processed proteins were not produced.

In contrast to intracellular proteins, secreted cross-reacting proteins (figure 31 (C,
D)) were not always detected and the amount of endogenous COS-1 cell protein
that was secreted was only just detectable. No immunoprecipitated protein was
detected in medium from cells transfected with the R49L and V316E mutants. This
could be because they were not secreted or they were secreted but could not bind
to antibody. A lack of secretion could occur if the protein is not transported
correctly after translation or if the amount of protein produced is too small. All of
the residual activity mutants produced cross-reacting protein in the medium,
except for R301Q, for which the cross-reacting material was not significantly higher
than the endogenous COS-1 cell protein. The low enzyme activity in the medium
produced by R301Q correlated with its lack of CRIM. No alterations in the size of
the detectable mutant proteins were seen.
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46

30

Eiflure .30: Comparison of the secreted and intracellular forms of g-galactosidase A.bv
SDS-PAGE

Immunoprecipitated intracellular protein (lanes 1, 3) and secreted protein (lane 2) from COS
cells electroporated with normal a-galactosidase A in pMT2. Approximately equal quantities
were analysed by SDS-polyacrylamide (10%) gel electrophoresis (2.S5.6.2.3) for size
comparison. M is the set of [*C]-methylated rainbow marker proteins (Amersham), with sizes
indicated in kiloDaltons.
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NO ACTIVITY MUTANTS RESIDUAL ACTIVITY MUTANTS

(3 INCELLS ® NGELS

69
46
30

c M 1 2 3 4 N C

(C) IN MEDIUM IN MEDIUM
69
69

46> or
30-> 30

c M 6 7 8 9 N C

Fiaiife at: immunoprécipitation andl SDS-PAGE analysis of protein produced bv transient
expression

Transfected COS cells were grown for 55-57hrs before growth for 6 hours in methionine-free
medium with “ S-L-methionine. IgG-puirified polyclonal antiserum was used to immunoprecipitate
the a-galactosidase A protein from the medium and the cells and the protein was analysed on a
10% polyacrylamide-SDS gel (2.3.6.3).

M is the [0] methylated rainbow rmarker (Amersham) and protein sizes are indicated in
kiloDaltons, N is electroporated with tihe wild-type cDNA construct and 0 is the no construct
control. 1, 2, 3, 4, 5, 6,7, 8 and 9 weire electroporated with cDNA containing the R49L, R112H,
V269A, V316E, Q327K, G35R, Q279E,. R301Q and G361R mutations, respectively.
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The results show that cross-reacting material was detected intracellularly and
extracellularly in all the mutants that produced residual a-galactosidase activity.
Catabolically inactive enzymic protein of the correct size was detected in some of
the mutants that produced no detectable a-galactosidase activity, suggesting that

these mutations affect the catalytic properties or stability of the enzyme rather than
its synthesis.
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4. DISCUSSION

4.1 _THE EFFICIENCY OF SCREENING FOR MUTATIONS BY SSCP
ANALYSIS

The usefulness of SSCP analysis for mutation screening was investigated in this
study. SSCP analysis detects mutations that cause a shift in the migration of
single-stranded DNA through a non-denaturing polyacrylamide gel and with
optimal conditions it can give a detection efficiency of greater than 90% (Orita et
al, 1989; Hayashi, 1991). The factors that affect the sensitivity and/ or the types
of mutation detected by SSCP analysis have been investigated by others and
include varying the voltage for electrophoresis, the gel temperature, the buffer
conditions, the polyacrylamide and glycerol gel content and the length of DNA
analysed (Spinardi et al., 1991; Fan et al., 1993; Sheffield et al, 1993). The use of a
stacking gel, prior to the band resolving gel, to aid denaturation and to increase the
proportion of single-stranded product has also been suggested to improve
sensitivity (Yap et al, 1993). These studies have shown that electrophoresis at
room temperature, using a low voltage and in a non-denaturing gel which contains
5% glycerol and 6% acrylamide gives a high detection efficlency and so these
conditions were used as the standard method in this study. Use of a stacking gel
to improve band resolution was not considered because it complicates the process
of gel preparation.

Another consideration was the size of DNA to be analysed. In one previous study
the optimal DNA length was shown to be 155 bases, giving a 97% detection
efficiency by analysis of 29 mutations (Sheffield et al, 1993). Analysis of the same
mutations in a smaller fragment, 135bp gave a detection efficiency of 90%, while
increasing the size to 175, 212, 420 and 600bp decreased the detection to 76%,
70%, 58% and 3%, respectively. However, Fan et al (1993) found a greater than
90% efficiency for mutation detection in a 354bp fragment and the same mutations
were detected with equal efficiency in a 176bp fragment, showing no effect of
sequence length. Also, some mutations in the 354bp fragment produced a larger
change in moblility than in the 176bp fragment, indicating that a longer fragment
did not always decrease the ability to distinguish and detect mutations. The o-
galactosidase A gene contains seven exons ranging from 92-291 bases. Analysis of
each exon individually, by PCR amplification, with about 100-150 bases of flanking
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intron sequence, gives product sizes of 184, 274, 286, 350, 357, 400 and 441 bases
for exons 4, 2, 5, 1, 6, 3 and 7, respectively. This is an acceptable size range for
reliable mutation detection (Fan et al., 1993).

In this study, a single set of conditions for SSCP analysis was used to screen for
sequence changes in the protein-coding region and splice sites of the a-
galactosidase A gene. Screening in normal individuals identified 6 different
polymorphic sequence changes. Thirty unrelated Fabry families were analysed and
non-polymorphic, variant band patterns were detected in the majority, 26, families.
Sequencing showed that 24 were different mutations and two occurred twice.
SSCP analysis did not detect sequence changes in 4 families. In at least 2 cases we
have shown that the mutation did not cause a conformational change detectable
under the conditions used but in the remaining 2, as no mutations were found by
sequencing the whole region, they may be in another part of the gene.

The 4 families in which no mutation was found were analysed by sequencing the
entire protein-coding region and splice sites to determine whether the mutations
were in the region screened by SSCP analysis. Two new mutations, R49S and
D92H, were found by sequencing. The location of R49S and D92H, which were
undetected by the standard SSCP conditions, did not follow any obvious pattern
and could not have been predicted, in agreement with results from systematic
mutation studies in other genes (Fan et al, 1993; Sheffield et al, 1993). Other
sequence changes in exon 1, such as 1P1 and 1P2, which were separated by only
one base, were clearly distinguished by SSCP analysis. In contrast, the R49L
allele, also in exon 1, was detected while R49S, in an adjacent nucleotide, was not.
Perhaps the presence of the 1P3 polymorphism, which cosegregates with the R49L
mutation, contributed to the altered conformation in exon 1, allowing it to be
distinguished from both the 1P3 and the normal patterns. Studies by others,
?(Sheﬁ'ield et al., 1993; Hayashi et al., 1991), indicated that mutation detection in
long DNA fragments is less efficient than in shorter ones. In this study, R49S in
exon 1 and D92H in exon 2, were located in DNA fragments of 350bp and 274bp,
respectively, suggesting that size is not the only factor determining the success of
SSCP analysis. However, shortening the 274bp PCR product containing D92H, by
restriction digestion with Hinf I to form a 168bp fragment, permitted its detection.

|
In two other families, no mutations were found by complete sequencing. In two

‘other families, no mutations were found after complete sequencing. The failure to
‘detect a mutation in these two families is apparently because the protein-coding

|

iregion and splice sites did not contain any mutations.
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One further consideration is that although mutations were detected by SSCP
analysis in 26 families, it is not known whether more than one mutation was
present in each patient. In one study, a Fabry patient was shown to have 2
sequence changes, one of these was a mutation but the other did not alter an
amino acid and expression studies showed that it did not lower the a-galactosidase
A activity (Koide et al., 1990). No other Fabry patients have been shown to have
more than one mutation and in at least 57 cases, complete sequencing of the cDNA
or the protein-coding regions and splice sites has demonstrated that there is only
one mutation (Koide et al, 1990; Sakaruba et al, 1990, 1992; Ishii et al, 1990,
1991; Ploos van Amstel et al, 1994; von Scheidt et al, 1991; Eng et al, 1993,
1994b; Fukuhara et al, 1990; Yokoi et al, 1991. Thus, it is likely that SSCP
analysis detected the only mutation in these families.

The ablility of SSCP analysis to detect mutations in the majority of cases indicates
that this is a good strategy for mutation screening in the alpha-galactosidase A
gene. The simplicity of the technique and the ease with which altered band
patterns are observed are a significant advantage over direct sequencing. However,
in the few cases in which sequence changes are not detected, alternative strategies,
such as complete sequencing, are required. If mutations are not found by these
methods then they may be present in other regions of the gene. SSCP analysis is
extremely useful for detecting known mutations in heterozygotes, due to the
simplicity of the method and interpretation.
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4.2 POLYMORPHISMS IN THE ALPHA-GALACTOSIDASE A GENE

4.2.1 The types and distribution of polymorphism

Six polymorphisms have been found in this study, all of which are in regions of the
gene that do not code for protein. Five are base substitutions and it is notable that
three of these reside in the 60bp 5 untranslated region of exon 1, at -10, -12 and -
30 of the cDNA sequence. The three polymorphic SSCP analysis variants that were
found to contain these sequence changes have been found at a cumulative
frequency of 10%. Such a high level of polymorphism in the 5 untranslated mRNA
sequence has not been reported for any other genes, except for the FMR-1 gene, in
which the variable length of a tandem repeat is highly polymorphic (Fu et al,
1991). In comparison, polymorphic variation is thought to occur in non-coding
regions such as introns with a frequency of about 1 in 100 bases and since the 3’
untranslated region of many genes is often several hundred bases long, it is not
surprising that this non-coding region is also frequently polymorphic (Levitt, 1991;
Poduslo et al, 1991; Avramopoulos et al, 1993). The 5 untranslated region is
shorter, usually less than 100bp (Lewin, 1994) and includes the consensus Kozak
sequence, which has been shown to be important for ribosome initiation of
translation (Kozak, 1986, 1987). Two polymorphisms at -10 and -12 (1P2 and 1P1
respectively) are close to the Kozak sequence, as indicated below:

IKozak consensus sequence: GCCACCAUGG
o-galactosidase A sequence: -12 -%T%ACC GUGACAAUGC- +4

Polymorphisms: Al

Bold type indicates the bases in the consensus sequence that are conserved in the
o-galactosidase A mRNA. The polymorphic bases and AUG initiation site for
translation are underlined. The identification of polymorphisms in this region is an
indication that alterations in this sequence do not effect the production of a-
galactosidase A sufficiently to cause disease. Their effect, if any, on‘the efficiency
of translation was not investigated. It was not known whether the three
polymorphisms in exon 1 cosegregated as they were detected by SSCP analysis, not
sequencing. Since there were only three different band patterns, the absence of
additional patterns in exon 1 suggested that 1P1. 1P2 and 1P3 did not cosegregate.

The sixth polymorphism is a S5bp deletion in which the common sequence 5'-
cccccagee-3’ is mutated at undefined break-points to give 5'-ccec-3'. This mutation
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may have been produced by slipped mispairing during replication of the repeated
cytosine nucleotides and this mechanism of mutagenesis would predict the
possibility of several sizes of deletion/ insertion at this sequence. However,
sequence analysis of the 3P1 polymorphism in 4 normal, unrelated males and one
Fabry hemizygote showed the same deletion and is evidence that it represents a
single mutation event, rather than several independent mutations.

This brings the total number of known polymorphisms in the gene to eight. The
exact sequence changes for the two mutations found by others (Desnick et al,
1987; Eng et al., 1994a), a Sac I detectable polymorphism in intron 4 and an Nco I
polymorphism at about 10kb downstream from the last exon, have not been
published. No polymorphisms have been found in the protein-coding region of the
gene.

4.2.2 Detection of polymorphisms for the identification of heterozygotes

The inheritance of Fabry disease can be followed by analysis of polymorphisms
which segregate with the defect in the a-galactosidase A gene. The six intragenic
polymorphisms identified in this study may be useful for carrier detection. In the
60 males that were completely analysed and in which the phase of the
polymorphisms was known, polymorphic patterns were observed in 17 PCR
products but only 10% of chromosomes contained one or more polymorphisms.
Six males were polymorphic, 2 with the 1P2-3P1-5P1-7P1 haplotype, 2 with 3P1-
| 5P1-7P1, one with 1P1-7P1 and the other with 1P3. This was an indication that the
polymorphisms were in disequilibrium. If they had segregated independently then
the frequency of males expected to have one or more variant patterns would be
(17/60) x 100 = 28% (table 11, 3.1.1.2). Therefore, a strategy in which all 6
polymorphisms were analysed would not be more informative for carrier detection
than detection of a few polymorphisms as they often cosegregated.

In the 19 females that were analysed completely, at least 7 different haplotypes
were observed in 9 females having one or more rare alleles. Although the phase of
the polymorphisms was unknown, their presence was consistent with the
haplotypes observed in males. For example, the three females that were
heterozygous for 3P1, 5P1 and 7P1 are likely to have inherited one non-

polymorphic chromosome and one with all three polymorphisms, a haplotype
' observed in 2 males.
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A reliable estimate of the number of females that are heterozygous for one or more
polymorphisms cannot be made from the data in this study. In 60 males, the
frequency of each haplotype is low and so larger sample numbers are required to
use this information to estimate the number of informative females. Observation of
the numbers of polymorphic females, in a sample of 19, is also an unreliable
indicator of the frequency of females that carry polymorphisms, due to the small
sample size. In this study, analysis of 19 females showed that 47% were
heterozygous for one or more polymorphisms. This level of polymorphism was
much higher than the 10% observed in 60 hemizygotes and although unrelated
females were randomly selected, the small group may be unrepresentative of those
in the general population.

The cosegregation of polymorphisms should be considered when designing
strategles for identifying carriers, by polymorphism detection. Since the 3P1, 5P1
and 7P1 variants were frequently found as one haplotype (4/6 chromosomes in
males, table 11, 3.1.1.2), it is only useful to screen for one of these polymorphisms.
Analysis of the 3P1 varlant and simultaneous analysis of the three exon 1
polymorphisms would identify all of the polymorphic chromosomes found in the
males studied and their detection would be useful for observing patterns of
inheritance. However, this strategy would not have detected one female, with
polymorphisms 5P1 and 7P1. The development of an SSCP detection method using ’
ethidium bromide staining and a small, simple gel system will facilitate screening
for these four polymorphisms in Fabry patients, although it has not been tested in
Fabry families. Analysis by radiolabelled SSCP detection in 30 Fabry families found
polymorphisms that segregated with the disease phenotype in 4 cases, 13%, a
similar degree of polymorphism compared with analysis in the 60 non-Fabry males
(11%).

It is concluded that carrier detection by polymorphism analysis could be usefully
carried out by using a simple SSCP analysis method to detect polymorphisms in
exons 1 and 3. However, the majority of Fabry hemizygotes would be non-
polymorphic and so other genetic methods would be required for carrier detection
in their families.
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4.3 MUTATIONS IN THE ALPHA-GALACTOSIDASE A GENE

In this study, putative disease-causing mutations have been identified in 28
families and 26 of these were different mutations. This brings the total number of
Fabry families with mutations reported to 106. Mutations in 93 families are
different (table 4, figure 32 and table 27), 7 of which are recurrent in a further 13
families (table 28). Of the 93 different mutations, 64 are point mutations which
alter codon recognition and 5 are splice-site mutations, which include four single
base substitutions and a 2bp deletion. Six are large rearrangements and 18 are
small (<100bp) rearrangements, including 13 deletions, 3 insertions and 2 complex
mutations (table 27). The mutations that were found in more than one unrelated
family are shown in table 28. No mutations have been reported in the transcription
promoter region of the gene. This information is useful for identifying regions of
the gene that are more prone to mutation, allowing the development of efficient
screening strategies for analysis in new families to improve carrier detection and
patient counselling. Investigation of the biochemical and clinical effects of these
mutations may provide insight into the aetiology of the disease and identify those
individual most likely to benefit from enzyme therapy in the future.

In families 29 and 30, SSCP analysis did not detect any sequence alterations in the
splice sites and exons of the a-galactosidase a gene and all exons were amplified
successfully. Mutations were not identified by sequencing the same region. It is
possible that the mutations were in the region sequenced but were misinterpreted
as a gel artifact, since not all parts of the sequence were clearly readable.
Therefore, an alternative method such as chemical mismatch cleavage, which
detects close to 100% of mutations, could be used as a second screening procedure
to check that the mutations were not in the protein-coding regions or splice sites.

Further analysis would be used to identify mutations in other regions of the gene.
Reverse-transcription of RNA and sequencing may identify mutations in the introns
that alter splicing. Mutations may also reside in the transcription promoter and
enhancer sequences and could be identified by sequencing this region of the gene.
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Allele designations are as in table 4. ‘d’ and ‘in’ indicate deletions and insertions,

respectively. Splice site mutations are indicated by IVS and complex mutations are indicated
by * and underlining. Exons are indicated above the schematic diagram of the gene.
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93 different putative disease-causing mutations | Numbers of | Total
mutations
Point mutations in the | Transitions (non-CpG) 30 64
protein-coding region | Transitions at a CpG 10
Transversions (non-CpG) 21
Transversions at a CpG 3
Point mutations at Transitions (non-CpG) 3 4
splice sites Transversions 1
Small Rearrangements | Deletions 13 18
(1-53bp) in the protein- | Duplications 3
coding region Complex 2
Small rearrangements | Deletions 1 1
at splice sites
Large rearrangements | Deletions 4 6
(402-8112bp) Duplications 1
Complex 1

Mutation type Recurrent Unrelated families with the mutation
Mutations (in 106 families)
Number Nationality (ethnic group)
Point mutations at | R227X 3 2 British (1 Asian), 1 non-British
CpG sites R227Q 2 2 German
R301Q 2 Japanese, Danish
R342Q 4 3 Dutch, 1 British
Point mutations at | N34S 3 2 Danish, Polish
non-CpG sites N215S 4 British, German, ltalian, Czechoslovakian
Smali deletions 717del2 2 Belgian, British
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4.3.2 Evidence that the family- ific m jon F: i

Several lines of evidence support the hypothesis that disease-causing mutations
have been identified in this study. Analysis of the protein-coding region and splice
sites did not find more than one mutation in each patient and all of these
mutations were predicted to alter the amino-acid sequence of the protein. Further
evidence was provided by in vitro expression studies, for 6 of the missense

mutations.

4.3.2.1 Evidence from ic analysi

The mutations detected in Fabry patients were believed to be disease-causing for
the following reasons. Firstly, all but two mutations, R49S and D92H, were not
found in DNA from at least 100 normal chromosomes. R49S and D92H were not
detected by the standard method for SSCP analysis and normal chromosomes were
not screened for these mutations. Secondly, no other SSCP changes were seen in
the remaining 6 exons, other than polymorphisms, and finally, the exon containing
the unique change was fully sequenced and did not contain any other mutations.
However, not all regions of the gene were analysed and because we and others
(Orita et al, 1989; Hayashi, 1991, Spinardi et al, 1991; Fan et al, 1993; Sheffield
et al, 1993) have shown that SSCP is not 100% efficient, it is possible that an
undetected, second mutation is responsible for the Fabry phenotype.

The sequence change may be a rare polymorphic allele that is present in the
normal population but is not in the 100 chromosomes analysed in this study. If a
two allele system is considered, then the probability that an allele is not present in
a sample population is given by:

Probability = (1- allele frequency)™,
or, log (probability) = n log (1-allele frequency)

where ‘n’ is the number of chromosomes analysed. Therefore, if a rare
polymorphism has a frequency of 1 allele in 100 in a sample size of n=100, there is
a 37% chance that the allele will not be detected. By the same calculation for the
same sample size, an allele with a frequency of 0.03 or greater will have a
probability of less than 5% that it is not present. This relationship is illustrated in
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the graph below, which shows the probability that an allele of a certain frequency is

not present in a sample of 100 chromosomes:
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Further support for the disease-causing status of these mutations comes from the
fact that SSCP analysis detected a rare sequence change in 26/30 (87%) of the
Fabiy patients and that no other variants were detected in the protein-coding
region. If it is assumed that 87% of all mutations are detected then the probability
that the mutation is a rare polymorphism (with a frequency of 0.01) and that a

mutation was not detected by SSCP analysis is calculated by:

probability = [(1-0.0l)ioo ]x (1-0.87) = 0.05

Therefore, there is a 95% probability that each mutation detected by SSCP analysis
is not present in the normal population with a frequency of 1/100 and that it is the
only mutation in the protein-coding or splice sites of the a-galactosidase A gene.
For 8 mutaiions, M42V, R49S, C56Y, D92H, W287G, R342Q, 717del2 and
1087dell, sequencing proved conclusively that these mutations were the only ones

present in the protein-coding region and splice sites.

Further evidence for the disease-causing effect of mutations comes from finding
recurrent or de novo mutations. The N215S, R227X, R342Q and 717del2
mutations have been found in more than one unrelated family, showing
segregation with the disease phenotype and absence in the normal population.

The C56Y mutation was present in a clinically typical Fabry hemizygote but was

190



absent in lymphocyte DNA from his mother. Since no other affected family

members were known, this de novo mutation was believed to cause Fabry disease.

Other evidence comes from the fact that analysis of the protein-coding region and
splice sites by us and others (table 4, pg 56) has identified more than one sequence
change in only 1/106 Fabry patients, indicating that in the majority of cases, only
one mutation is present in this region. In this patient, expression studies showed

that the disease-causing mutation was P40S, while a silent base change at codon
8, did not reduce the oa-galactosidase activity (Koide et al, 1990). Complete
sequencing of either the cDNA or the protein-coding regions and splice sites of the
gene has provided evidence that in at least 57 patients there were no other
mutations in this region of the a-galactosidase A gene.

All of the mutations detected in Fabry patients were predicted to alter the protein
sequence indicating that they are likely to cause disease (tables 13 and 14, section
3.1.2.1). In addition, the G35R, R49L, V269A, V316E, Q327K and G361R
mutations found in this study were transiently expressed in COS-1 cells. All of
them caused a decrease in a-galactosidase A activity, compared with the wild-type
cDNA, supporting the hypothesis that they were disease-causing. R49L, V269A,
V316E and Q327K produced no detectable activity within the cells or secreted into
the medium. G361R did not produce intracellular activity but did secrete
catalytically active protein into the medium. These results indicated that there
would be no activity in the lysosomes and would therefore cause disease. However,
the G35R mutation did produce low, intracellular activity and in four transfection
experiments it was in the range of 12-45% of the normal (tables 19 and 22(B), pgs
161 and 166). The presence of residual activity was in agreement with finding 15%
and 5% of the normal activity in cultured fibroblasts and leukocytes, respectively,
from the hemizygote in family 1 (Dr H. Christomanou, personal communication).

In conclusion, the above lines of evidence support the hypothesis that all 26
mutations identified in this study are causative for Fabry disease.
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4.3.3 Point mutations in the g-gala idase A gen

4.3.3.1 The distribution and fr ncy of point mutati

From observation of the location of the 64 point mutations in the protein-coding
region of the gene it can be concluded that their distribution is not random,
because of the higher incidence of mutations at the CpG dinucleotide sites (table
27). Thirteen mutations, 21%, are at CpG sites, which account for only 3%
(38/1290 x100) of the total number of bases in this region. The higher mutability
at these sites is presumed to be due to methylation of cytosine and the ability of
this base to undergo spontaneous deamination to thymine, resulting in a C to T
transition (Coulondre et al.,, 1978; Cooper et al., 1988), as indicated in the diagram
below:

C C
7 \ 7 N\
C — CH, NH C — CH,
| Il | Il
o= CH o=2¢C CH
\ /7 AN /7
N N
H H
Methylated » Thymine

This mechanism is supported by the observation that 10/13 of the point mutations
at CpG sites are transitions of this type. Further evidence for the increased
mutability at CpG sites comes from the finding of recurrent mutations (table 28) at
some of these sites. The R227X allele was found in 3/106 unrelated families (2 are
reported by Eng et al, 1993 and 2 were found in this study, Davies, JP et al., 1993
but one of the families was analysed and reported by both groups) and the R227Q
allele was found in 2 families. Screening of 148 families (Eng et al, 1993)
specifically for these two alleles (including some of the 106 familles which have
been fully analysed) found the frequency of the R227X and R227Q alleles to be
5/148 and 3/148, giving a combined frequency of 5.4% of all mutations causing
Fabry disease. Codon 342 is also mutated in several families and 4/106 have the
R342Q mutation while 1/106 has the R342X mutation. Codon 301 is mutated in 3
families, one has the R301X mutation and two others have the R301Q mutation.
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The observation that no mutations were found at 5 CpG sites at the 5’ end of the a-
galactosidase A cDNA sequence lends support to the hypothesis that the higher
mutability at CpG sites is due to the presence of methylated cytosine bases. The 5
end of the region analysed forms part of the CpG-rich island, which is usually
unmethylated in constitutively expressed genes and is therefore less mutatable. A
reduced mutability of CpG dinucleotides at CpG-rich regions has been observed in
other genes, notably the a-globin gene in which the CpG dinucleotides are not a
hotspot for mutation, presumably due to a lack of methylation (Yoshida, 1983;
Antonarakis et al., 1985).

CpG-rich islands are often found at the 5 end of transcriptionally active genes and
they have a G/C content above 50% and the frequency of CG sites is equal to the
number of GC sites (Bird, 1986). If it is assumed that the arrangement of bases is
random and that DNA has a content of 25%C:25%G, then the chance of finding a
CpG site is 1 site in 16bp (1/4 x 1/4). The 5 region of the a-galactosidase A gene
sequence from bases 500-1250 has 1 CpG every 18 bases, on average and this is
indicative of an unmethylated CpG island. This region includes the protein-coding
sequence from nucleotides 1-70 (the first 24 amino acids of the signal peptide) and
contains five CpG sites. Therefore, it is likely that only 14 of the 19 CpG sites in
the protein-coding region are methylated and are potential mutation 'hotspots’.
The 1220bp region from cDNA nucleotides +71-1290, outside the CpG-rich island,
contains 28 bases, 2%, in CpG dinucleotides. The increase in the number of
putative disease-causing C to T or G to A transition mutations at CpG sites,
compared with those at non-CpG sequences in this region is calculated by:

Mutation frequency = Number of transitions (table 27)
number of base pairs in region

mutation frequency at CpGs / mutation frequency at non-CpGs
= (10/28bp) / (30/1192bp)
= 14 fold elevation of transitions at CpGs

This increased incidence of transition mutations at CpG sites is lower than that
observed in the factor IX in which the ratio of transitions at CpG to non-CpG sites
is 24:1. However, the above calculation does not take into account the additional,
recurrent mutations at CpG sites.
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The increased mutability at the CpG sites accounts partly for the higher numbers
of transition mutations compared with transversions in the protein-coding region.
If mutations at CpG sites are not included then the difference in the numbers of
transitions and transversions is less marked with 59% (30/51) and 41% (21/51),
respectively. This agrees with data from mutation analysis in the factor IX gene in
which the numbers of transitions at non-CpG sites is elevated compared with
transversions but is less marked than at the CpG sites (Yoshida, 1983; Bottema et
al, 1991).

Interestingly, two of the recurrent point mutations were not at CpG sites, N34S and
N215S. The reason for the presence of the N34S allele in three families (Eng et al,
1994a; Madsen et al., 1995) is not obvious as it is not at a CpG site and does not
cause a mild phenotype. However, the presence of the N215S mutant in 4 families
may be related to the mild phenotype with which it is associated, allowing it to
persist in the population for longer than mutations giving a severe phenotype.
These families may be distantly related or they may represent independent
mutational events that have not been eliminated from the population.

It is noteworthy that no point mutations of any type have been found in the first
90bp and that only one is found in the last approximately 200 bases of protein-
coding sequence. Perhaps there is a decreased susceptibility of the DNA sequence
to mutation, other than the known influence of the CpG dinucleotides in the first
70bp. Alternatively, it may that the phenotype is unrecognised, has no symptoms
or it lethal in utero. It is possible that the 31 amino acid signal peptide, encoded
by the 5’ sequence, is more tolerant of mutations, since it is cleaved and does not
participate in the catalytic action of the protein. The observation that only two
mutations have been reported to occur in the signal peptide of any lysosomal
enzymes, a point mutation, P5R, in the fucosidase gene of a patient with
fucosidosis (H. Cragg Ph.D thesis, 1995) and a 1bp cytosine base deletion in the
iduronate 2-sulphatase gene of a patient with mild Hunter disease, lends support
to this idea. With regard to the lack of point mutations in the last 200 bases of the
cDNA, encoded by exon 7, it may be significant that this region has the least
homology with N-acetylgalactosaminidase, 15.8%, while the remaining protein-
coding region has 56.4% identity (Wang, AM et al, 1990, 1991). Exon 7 may be
more tolerant to mutations. In support of this is the identification of a 3bp deletion
in exon 7, which causes a mild phenotype in one Fabry patient (Eng et al., 1994b).
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In this study, one splice-site mutation was found, an ag->at substitution at the 3’
end of intron 3, IVS3-1,t. It was found in a patient with a severe phenotype (table
29). The mutation was predicted to cause mis-splicing of exon 4 because this
sequence was part of a highly conserved consensus sequence (Shapiro et al., 1987).
Evidence supporting this prediction comes from knowledge of the splicing reaction
and the DNA sequences that are involved.

Eukaryotic genes have a protein-coding sequence which is split (Breathnach et al,
1981) into exons. and these are separated by non-coding intron sequences. Since
both the introns and exons are transcribed to produce hnRNA, the production of
mature RNA for translation into protein requires the removal of the introns.
Normally, splicing involves a two-step transesterification reaction, which is
dependent on the presence of three consensus intronic sequences. Introns are
Joined and exons are removed by cleavage of the 5 intron junction at a conserved
sequence, formation of a lariat structure, cleavage at the 3’ intron conserved
sequence and joining of two adjacent exons (Nilsen, 1994; Sharp, 1994), as
indicated below:

1. 5 cleavage and 2. 3’ intron cleavage
lariat formation and exon joining

The two intron sequences at the 5 and 3’ splice site junctions contain the almost
invariant GT and AG dinucleotide sequences but a few exceptions exist (Jackson,
1991). The invariant residues are indicated in bold type in the following consensus

sequences:

Position: -3 -> +6 -14 -> +1
sequence: EXON--CAG | gtaagt ----intron---- (c or t),, xcag | G--
EXON

The vertical lines indicate the intron-exon boundary, between the +1 and -1 base
positions, 'x’ indicates any base. Mutations in many genes, at the conserved
dinucleotides have been reported to cause disease (Krawczak et al., 1992) and they

result in either exon skipping or use of a cryptic splice site in the intron or the
exon.
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Mutation Allele Phenotype | Age Onset age and clinical symptoms
type (family No.)
1 {2|3|4|5|6|7]|8]9| Other
Missense | G35R variant (1) 26 |- -IN|-|-[N/N/NY -
M42v typical (2) 30 |7 [YIY|-IN{-IN[-IN -
R49S typical (3) da4 (2 [YIY]-[-1Y]-1VYlY -
R49L typical (4) 33 |- Y{Y]Y]-]-[NIN|- -
C56Y typical (5) 49 |15 [ Y{VYl-|{YlIYl-[Y[N -
D92H typical (6) 37 15 1Y -{YI[Nf-{NIN -
D165V unknown (7) No hemizygote information
N215S mild?? (8) No hemizygote information
W236C typical (9) No hemizygote information
V269A typical (10) 39 | - =LY -1-1-1-1YlY -
W287G typical (11) 15 18 |Y]Y|-JY|IN/-|N|N -
V316E typical (12) 27 18 {VYIY|IY|-ININf-[- -
Q327K unknown (13) No hemizygote information
W340R typical (14) No hemizygote information
R342Q typical (15) No hemizygote information
G361R typical (16) - |8 JY]Y|-1Y|N|-|NIN -
Nonsense | Q107X typical (17) 31 |- -]-]-f{-1-1-1Yl- -
W226X typical (18) 24 [ 18 [ Y| N Y[ - | N] Y] N| - | Skeletal
R227X typical (19) 2 |5 |YIY|-]YIN/-ININ -
R227X typical (20) 38 19 |YLYLY]-|-]Y|N|-
wag7Xx typical (21) 54 |19 |Y|Y|-|-|Y|NfYlNH Pedal
oedema
R342X unknown (22) No hemizygote information
Small 716ins1 typical (23) 11 |- YIY[N[-{-]-{-IN -
deletions/ | 717del2 typical (24) 38 |6 [ Y[YINI NIY|[Y]Y[N|oedema
insertions | 717del2 unknown (25) No hemizygote information
1010del19 | typical (26) 33 {22 [Y[Y[Y]Y[N|NfY|N| Pedal
oedema
1087del1 typical (27) 37 {5 |Y|Y Y|Y|NYINY -
Splice site | IVS3-1, t typical (28) | d45 |32 (Y| Y] Y|-|Y]Y]Y|N
mutation

‘Y’ and ‘N’ indicate the presence and absence of symptoms and ‘-’ is unknown information. ‘d’
is the age of death, and phenotypic variants are in bold type. (A) and (B) are hemizygous

relatives.

The column numbers refer to: 1. onset age; 2. acroparesthesia and pain crises; 3.
angiokeratoma; 4. eye involvement; 5. hypohidrosis; 6. proteinuria; 7. cardiac involvement; 8.
kidney involvement; and 8. neurological involvement, excluding pain.
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Although no RNA analyses or studies of the protein size were conducted to
determine the effect of the mutation, it is hypothesised that IVS3-1,t will result in
skipping of exon 4. This is supported by the identification of another mutation,
IVS3-1,a, at the same base, an ag->aa alteration, which was analysed by RT-PCR
and shown to produce a mRNA that lacked exon 4 (Yokoi et al, 1991). In addition,
the absence of an alternative 3’ intron splice-site consensus sequence close to or
within exon 4, suggests that exon-skipping would probably occur. Since the exon
3/4 and 4/5 boundaries are not in frame, a frameshift would result in exon 5 to
create a stop signal at codon 219. Consequently, the protein may be truncated.
The protein may also be decreased in amount, either due to a destabilisation of the
abnormal mRNA, (Urlaub et al, 1989; Peltz et al., 1993) or because the protein is
misfolded and subjected to proteolysis (Kassenbrock et al, 1988; Rothman, 1989;
Klausner et al., 1990). Therefore, although there is no direct evidence for the effect
of this mutation, the prediction of a severe effect was in accordance with the severe
clinical phenotype and finding almost zero a-galactosidase A activity in cultured
fibroblasts from this patient (table 18, pg 155).

In other studies, four splice site mutations were found in Fabry patients with
severe phenotypes, in accordance with their predicted, severe effects. However, not
all mutations at the invariant splicing dinucleotides cause abnormal splicing. For
example, a point mutation in the ’invariant’ GT (5’) splice sites of intron 2 in the
adenine deaminase gene produced some RNA that was normally spliced and the
clinical phenotypes of two affected siblings were variant, with one mildly and the
other severely affected (Arredondo-Vega et al., 1987).

Clinical information was obtained for 5 out of the 6 hemizygotes in families 17-22,
in which a nonsense mutation was found (table 29 and section 2.1.1). Four
different mutations, Q107X, W226X, R227X and W287X were present in patients
with the typical symptoms and R227X was found in two unrelated patients. The
phenotype of the sixth hemizygote, with R342X, was unknown. Four of these
families were of interest.

In family 18, the hemizygote with W226X had the typical symptoms and also had
the less common symptom of retarded growth and late onset of puberty, with
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skeletal dysplasia. A related hemizygote had no skeletal dysplasia but did have a
diffuse lack of calcium.

The R227X mutation was detected in two unrelated families, one of which, family
19, was Asian and the other was British family 20, which had been extensively
studied and could be traced back over 6 generations. In family 20 (Hamers et al.,
1979; Johnston et al., 1966) the symptoms were typical but there was evidence of
phenotypic variation in 11 hemizygous relatives and 13 heterozygotes and the
severity did not correlate with the urinary excretion of glycosphingolipids. At the
two extremes of severity, one 32 year old hemizygote, V-13 (figure 6, section 2.1.1),
was severely affected with pains, angiokeratoma, slowed growth, flexed fingers and
oedema while another, III-38 was less severely affected, with almost no
angiokeratoma. He had suffered from two cerebrovascular thromboses at ages 48
and 55 but recovered and was still able to work at age 59. The blood groups of all
but three hemizygotes were known to be A1, A2 or O and so the phenotypic
variability was not related to increased substrate load caused by the presence of
the blood group B antigens.

A third mutation, W287X was of interest because although the range of symptoms
was typical, they were slightly less severe than in other patients with nonsense
mutations. The hemizygote with this mutation was not diagnosed biochemically
until age 54 and was still fit enough to work at this time.

The specific effects of these nonsense mutations have not been investigated
experimentally, except in family 20 in which two hemizygotes were known to be
CRIM negative to a-galactosidase A antiserum (Hamers et al, 1979). Evidence for
the predicted effects of these nonsense mutations comes from investigations in
other genes. They may have one or more of the following consequences: (a) they
produce a truncated protein, as predicted by the genetic code; (b) they cause
skipping of the mutant exon (Fukadé, I et al., 1992; Naylor et al., 1992; Dietz et al,
1993); (c) they cause a reduction in the amount of mRNA. It has been shown that
in the dihydrofolate reductase gene stop mutations reduce the mRNA to 20% of the
normal amount (Urlaub et al, 1989). Patients with Sandhoff disease, caused by
inheritance of stop mutations on one or both chromosomes, produced mRNA in the
range of 0.8-30% of the normal amount (Zhang, Z-X et al., 1994); or (d) the codon is
read through, producing a normally sized protein, as seen in the
aspartylglucosaminidase gene (Peltola et al, 1994) and the fucosidase gene (Yang
et al, 1992, 1993). Exon skipping and a reduction in the amount of mRNA are
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thought to involve a specific exon-scanning mechanism to remove mRNA
containing a premature stop codon (Peltz et al., 1993; Dietz et al., 1994).

The R342X mutation cannot cause exon skipping because it is in the last exon and
may not cause a reduction in the mRNA. Evidence for this comes from analysis of
the triosephosphate isomerase gene in which stop mutations at the end of the
penultimate or in the last exon do not cause a decrease in the amount of mRNA,
while more proximal mutations do (Cheng et al, 1990). However, exon skipping
and a reduction in mRNA may be caused by the Q107X, W226X, R227X and W287X
mutations, the former three of which would produce frameshifts in the sequences
of exons 2, 5 and 5 respectively, as their exon boundaries are not in-frame.
Skipping of exon 6 in the W287X would not produce a frameshift but would
produce a truncated protein. These consequences are consistent with observed
classic phenotypes and the finding of almost zero enzyme activity, less than 1% in
cultured fibroblasts from patients with W226X and R342X (table 18, pg 155). No
RNA analyses or studies of the protein size were carried out to determine the
precise effects of these five mutations.

3.4 The eff f mi i

Of the 16 missense mutations found in this study , 9 were found in hemizygotes
with the classic symptoms, G35R was associated with a variant phenotype and for
6, no information was available from hemizygotes (table 29 and 2.1.1). For these
missense mutations it is predicted from the genetic code that the size of the protein
is not altered unless they affect the mRNA splicing. None of the mutations here is
predicted to create a consensus splice site (Shapiro et al, 1987). However, altered
splicing has been shown to occur for missense and silent mutations that do not
create a consensus splice site. For example, several missense and silent mutations
have caused abnormal splicing in the hypoxanthine-guanine
phosphoribosyltransferase gene (Steingrimsdottir et al, 1992), all of which are
located close to the correct splice site. Most notable of these is the silent base
substitution, located 13bp upstream of the natural 5 intron splice site, causing
approximately 90% of the transcript to lack the mutant exon. No mRNA analysis
was performed to determine the effect of the missense mutations in this study.
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4.3.3.4.1 Missense mutations that give a typical phenotype

Thirteen of the missense mutations were classified as giving a severe, typical
phenotype and a further one, D165V was thought to be typical but there were no
clinical details (table 29 and 2.1.1). For two of these mutations, W236C and
W340R, clinical information was only available from symptomatic heterozygotes.
The only clinical information regarding another symptomatic heterozygote who had
the Q327K mutation was that she had angiokeratoma. The R342Q mutation was
found in a family for which limited clinical information was available but the
phenotypic characteristics in symptomatic females were indicative of a typical
phenotype. Thus, all of the missense mutations were found in patients that were
classified as typical, except for G35R and N215S.

The phenotypes of hemizygotes with D92H, in family 6 were of interest because
although the ranges of symptoms were typical of Fabry patients, they were
described as slightly milder and clinically variant, by two clinicians. Two affected
male cousins, [I-4 and II-7 were identical ages and one had hypohidrosis but no
renal manifestations or pedal oedema while the other did not have hypohidrosis
but had a low creatinine clearance and pedal oedema. Another, II-6, continued to
work at age 39, with no obvious symptoms except for pains and no further
information on this patient was available. In addition, all females were
asymptomatic. Further clinical information is required to determine whether the
phenotype is truly atypical in this family. It is interesting to note that the R112H
mutation, which is close in the linear sequence to D92H, is found in one 56 year
old patient with proteinuria as the only symptom, while a relative was severely
affected and died of kidney failure (Eng et al., 1994b).

Biochemical studies have been carried out to determine the effects of some of these
mutations. The a-galactosidase A activities in lymphoblastoid cells from patients
with R49L and V316E were negligible, as were the activities produced by V269A
and Q327K in cultured fibroblasts (table 18, pg 155). This is consistent with the
severe phenotype observed in patients with these mutations. Expression of cDNAs
containing these same four mutations in COS-1 cells also gave negligible activity
and is evidence that these mutations are sufficient to cause the Fabry phenotype.
A fifth mutant that was expressed, G361R, was found to produce low residual
activity in the medium, although the intracellular activity was negligible,
correlating with the severe phenotype.
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Material cross-reacting with anti-(human a-galactosidase A) serum was found
intracellularly in COS-1 cells in which ¢cDNA constructs containing the mutations
R49L, V269A, V316E, Q327K and G361R had been transiently expressed. The
immunoprecipitated protein had the same size as the wild-type protein, suggesting
that the mutations did not alter splicing of the RNA. However, the possibility that
abnormally-sized protein was produced but could not bind to the anti serum, could
not be ruled out. In one of the two expression experiments, in which the normal
and R49L, V269A, V316E, Q327K and R112H mutant constructs were expressed
and subjected to immunoprecipitation and SDS-PAGE analysis, faint bands slightly
larger and smaller than the major protein band were observed intracellularly. The
larger of these may be a precursor of the mature a-galactosidase A enzyme and the
smaller band may be partially degraded protein or the endogenous COS-1 cell
enzyme, which appears to be slightly smaller than the over-expressed o-
galactosidase A. As the additional bands were present in the immunoprecipitated,
expressed wild-type protein, they were not a consequence of the presence of the
mutations, Evidence for different, intracellular, post-translational processing
pathways comes from observation that the secreted protein was larger in size than
the major, intracellular form. A larger secreted form of the wild-type o-
galactosidase A has been detected in other cell types types (Lemansky et al., 1987;
Iounnou et al, 1992). The processing intermediates could have been studied
further by ‘pulse-chase’ experiments in which the cells are grown in the presence of
label for a short time before removing the label and immunoprecipitating the
protein after several different periods of time have elapsed. This type of experiment
may identify differences in processing of the mutant proteins, compared with the
normal.

The effects of the other mutations have not been investigated and the influence of
these mutations on the protein structure, function, transport and processing is
unknown. Alpha-galactosidase A protein has been crystallised (Murali et al., 1994)
but the location of the individual amino acid side chains within this structure has
not been determined. The folded structures of other lysosomal glycosidases are
unknown and so possible regions of conserved protein topology that may be
affected by mutations are unknown. Some mutations may affect the protein by
substituting a small group with an obviously more bulky amino acid side chain, as
with C56Y, D92H and G361R. Others may alter the bonds between adjacent side
chains. The importance of hydrophobic interactions is indicated by the effect of the
V269A mutation in which substitution of a -CH (CHs)2 side chain for a CHs is
sufficient to completely abolish the enzyme activity. Covalent interactions, such as
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the formation of disulphide bridges between cysteine residues are also important
for protein stability (Price et al, 1988). So, the removal of a cysteine by the C56Y
mutation and the insertion of one by W236C could disrupt the conformation of the
protein and alter its stability and susceptibility to proteolysis (Kassenbrock et al.,
1988; Rothman, 1989; Klausner et al, 1990). The relative importance of these
effects requires more knowledge of the protein structure. The following mutations
were at amino acids that were conserved in the o-N-acetylgalactosaminidase
protein sequence (Wang, AM et al., 1990): M42V, R49L, R49S, C56Y, D92H, D165V,
W236C, W287G, Q327K and R342Q. This is an indication that changes at these
amino acid positions might affect the active conformation of the enzyme. Four
other mutations, V269A, V316E, W340R and G361R were at non-conserved amino
acid residues.

4.3.3.4.2 Missense mutations that give a variant phenotype

Two of the mutations found in this study, G35R and N215S were present in
patients classified as phenotypic variants (tables 29 and 30). The G35R mutation
was found in a 26 year old patient with reversible hemiparesis and recurrent fevers,
indicating neurological involvement but with no other clinical characteristics of
Fabry disease. Both of his parents, at the ages of 48 and 54 years, were clinically
normal but no material from the parents was available for genetic analysis. No
reliable clinical information could be obtained for the hemizygote with the N215S
mutation in this study. However, in three other unrelated families, N215S was
shown to be associated with a variable, mild phenotype. One of these, a 42 year
old Italian hemizygote, had proteinuria and rheumatoid arthritis only and there
were no cardiac or other manifestations (Bishop et al, 1981b). In contrast, a 63
year old Czechoslovakian (Elleder et al, 1990a) and a 63 year old German (Eng et
al., 1993), with N215S, both had cardiac involvement only.

Studies of the activity of the G35R mutant in cultured fibroblasts and leukocytes
(Dr. H. Christomanou, personal communication) and of the N215S mutant in a
lymphoblastoid cells in this study (table 18, pg 155) and by others (Bishop et al.,
1981b; Eng et al., 1993), have shown residual, intracellular enzyme activity. In this
study, the transiently expressed G35R mutation produced intracellular activity,
which cross-reacted with the a-galactosidase A antiserum (3.2.2.6). The effects of
these mutations on the protein structure are unknown.
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Mutant Phenotype Biochemical analysis of the protein References
Allele
in vivo In vitro studies during
studies transient expression in COS
celis
Residual | Residual enzyme | CRIM +ve*
enzyme activity, using
activity
pBactE | pmT2* | ! | S
vector | vector
G35R* | severe variant Y - *Y (1) Y| 'Y 1
N215S* mild variant Y* - - - - 23
Q279E mild variant Y Y (l) Y(S) | *Y | 'Y 4,5
R301Q mild variant Y Y(I) *Y (1) *Y | *Y/N 4,6,7
R112H mild-severe - - *N Y| Y 8
variant
P146S Mild Y - - - - 9
M296V mild Y - - - - 10

* indicates results from this study; | is intracellular and S is secreted protein. Y is yes and N
is negligible activity or CRIM, while Y/N indicates that there is a small amount of CRIM and ‘-’
indicates that no result was obtained. The references are as follows. 1 is a personal
communication from Dr H. Christomanou. 2-10 are Eng et al., 1993; Eng et al., 1994a; Ishii
et al., 1992; Ishii et al., 1993; Sakuraba et al., 1990; Madsen et al., 1995; Eng et al., 1994b;
Ploos van Amstel et al., 1994; and von Scheidt et al., 1991, respectively.
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However, the N215S is predicted to remove an asparagine that is normally
glycosylated (Desnick et al, 1994) and the mild effect suggests that the lack of
glycosylation at position 215 does not completely abolish the catalytic activity. In
one study (Desnick et al, 1994), transient expression of a-galactosidase A cDNA
containing an N215Q mutation at this site, produced intracellular and secreted
enzyme activity that was 47% and 3.4% of the normal, respectively, in COS-1 cells.
Transient expression of the same amino acid substitution at the two other
glycosylation sites, N139 and N192, produced intracellular activity that was 90%
and 95% of the normal, respectively. This indicates the importance of glycosylation
at asparagine 215. The presumed position of the mutant amino acid is at the
protein surface and its mutation may cause less disruption of the enzyme structure
than those affecting the protein core (Matthews, 1993), allowing activity and milder
clinical symptoms. In another study (Bishop et al, 1981b), the residual o-
galactosidase A activity in fibroblasts from a patient with N215S was more
thermolabile at pH 4.6 and 50°C and more unstable at pH 7.4 and 37°C, than the
normal enzyme. The instability at pH 7.4 was in accordance with finding almost
zero a-galactosidase A activity in the plasma and urine, while the lack of storage
material observed in a liver biopsy could be explained by the presence of
intracellular enzymic activity.

Studies by others have identified five additional missense mutations that result in
variant phenotypes (section 1.3.2.1, table 3 and table 30). Three of these, Q279E
(Nagao et al., 1991; Ishii et al, 1992), R301Q (Sakuraba et al, 1990; Nagao et al,
1991; Ishii et al, 1992; Madsen et al, 1995) and R112H (Eng et al., 1994b), have
been transiently expressed in COS-1 cells in this study. The Q279E and R301Q
produced residual intracellular enzyme activity. This is consistent with finding
intracellular activity in vivo (Ishii et al, 1992). Previous analysis of the purified
Q279E mutant protein, produced by transient expression in insect cells and COS-1
cells, has shown it to be a stability mutant (Ishii et al., 1993). The fourth mutation,
R112H did not produce any detectable activity on expression. Information
regarding the activity in the patient cells was not available for comparison.

Comparison of the intracellular enzyme activities expressed in COS-1 cells with the
phenotype, does not always give the expected results. A higher concentration of
intracellular activity in one mutant, compared with another may not indicate a
higher capacity to degrade the lysosomal substrate and a consequent milder
phenotype. This is because the activity may be located in the incorrect
intracellular compartment or the artificial substrate used in the enzyme assay does

204



not give a true reflection of the activity towards the natural substrates in vivo.
Alternatively, the amount and catalytic activity of mutant enzyme produced in vivo
may depend on the cell type. This may explain why, in this study, in vitro
expression of the G35R mutant produces a higher, intracellular activity than the
Q279E and R301Q mutants but it gives a more severe clinical phenotype. The
presence of activity towards the natural substrate but not the artificial one used for
assays in this study, may explain why the R112H mutation gives a mild phenotype
but no detectable activity by transient expression. Alternatively, other genetic or
environmental factors may moderate the effect of the R112H mutation, which
would also explain the intrafamilial variation that is associated with R112H (section
4.3.2.4.1).

Comparison of the clinical effects and the distribution of the mutations along the
gene sequence shows no obvious pattern in the location of mutations giving a
variant phenotype. Mutations associated with variants were located in exons 1, 2,
3, 5 and 6. Even two mutations that were at the same codon had different effects.
The R112H mutant gave a variant phenotype while the R112C mutant gave the
typical symptoms. The mutations in hemizygotes with a mild phenotype were also
close to those with a severe phenotype, most notably, the M296V mutant was mild
while the adjacent S297F mutant was severe. Therefore it is concluded that the
effects of amino acid substitutions on the structure and function of a-galactosidase
A are subtle and will require a detailed 3-dimensional picture of the enzyme or
enzyme-substrate complex for understanding. All of the mutations found in
patients with a variant phenotype are at amino acids in a-galactosidase A that are
conserved in the a-N-acetylgalactosaminidase protein sequence (Wang, AM et al,
1990).

Comparison of the types of amino acid substitutions that give a variant phenotype,
P146S, G35R, R112H, N215S, Q279E, M296V, R301Q or residual enzyme activity
and a severe phenotype, G361R, with those found in this study that produce a
typical clinical effect and negligible enzyme activity, is shown in figure 33. Six out
of eight mutations associated with a variant phenotype and/or residual activity,
were at polar residues and were replaced with alternative polar residues. This
supports the hypothesis that hydrophobic residues in the protein core are
important for protein stability and that hydrophilic amino acids on the protein
surface are more tolerant to mutation (Matthews, 1993).
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— 1

NON-POLAR POLAR POLAR
UNCHARGED CHARGED
M42V wa36C V316 E (-)
V 269 A W 287 G W 340 R (+)
M296V P146S
POLAR, UNCHARGED
NON-POLAR POLAR POLAR
UNCHARGED CHARGED
Ccs56Y G35R (+)
N215S Q327K (-)
G361 R (+)°
Q279E(-)
POLAR, CHARGED
NON-POLAR POLAR POLAR
UNCHARGED CHARGED
R(+)49L R(+)49S D(-)92H (+)
D(-)165V R (+) 342Q
B(+)301Q B(+)112H (+)
i
nd al hat w i i n

The alterations in hydrophobicity caused by amino acid substitutions are indicated by the
arrows. Side chains which are basic and acidic are indicated by a (+) and (-) respectively.
Underlining indicates a mild or variant phenotype and the ¥ indicates a mutant that was
found in a patient with typical symptoms but with residual activity in in vitro expression.

Mutations in the boxes were found in this study and those outside the boxes were found by
others.
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Further insight into the influence of mutations on the phenotype may be gained
from purification and kinetic study of the mutant proteins. Studies of the in vivo
processing and trafficking of the mutants and knowledge of the folded protein
structure will increase our understanding of the effects of mutations.

4.3.4 Small rearrangements in the g-gal i A gen

4.3.4.1 The distributi nd fr n f small rearrangemen

In this study, three small deletions (717del2, 1010dell9 and 1087dell) and one
insertion (716ins1) have been identified. The locations of these rearrangements
and of other published rearrangements are indicated in figure 34. Two of these,
716insl and 717del2 are found in a region containing repeated nucleotides and
they may have been formed by misalignment during DNA synthesis at the
replication fork, as indicated in figure 35(A). The 717del2 mutation has been found
in two families, of Belgian and British ancestry, that are thought to be unrelated.
The presence of these two mutations in three families indicates a region that is
particularly prone to replication errors. The 1087dell mutation is flanked by two
CTC direct repeats and since neither of the repeats is lost, the mechanism
indicated in figure (A) does not explain this deletion. An alternative mechanism
has been suggested to account for this type of deletion, figure 35(B) (Cooper et al,
1991; Krawczak et al, 1991). The CTC direct repeats can allow a misalignment
during formation of the replication fork and excision of the resulting looped DNA
may have deleted this base.

The mechanism for generating the 1010dell9 mutation is unclear, since it is not
flanked by repeats. However, it is in an area of DNA which includes three out of
the four consensus sequences (GAG, GCC, GCG and ACG, Weaver et al, 1982),
indicated in figure 34, which cause DNA polymerase o to pause in replication. A
second mutation, 1016delll, that is not flanked by direct repeats has also been
found in this region and it has been proposed for this mutation that slowing of the
polymerase may increase the possibility of an error during replication (Eng et al,
1993, 1994a). Perhaps these two deletions occur during synthesis of DNA in the
3’-5’ direction. The polymerase may perhaps dissociate at this sequence and if the
secondary structure of the parent strand forms a loop then adjacent, newly
synthesised Okazaki fragments may be brought together and ligated without
synthesis of the intervening sequence.

207



-60 AGGTTAATCT TAAAAGCCCA GGTTACCCGC GGAAATTTAT GCTGTCCGGT CACCGTGACA

- 2541
1 " ATGCAGCTGA GGAACCCAGA ACTAC&TCTG GGCTGCGCGC TTGCGCTTCG CTTCCTGGCC CTCGTTTCCT
1244d13
71 GGGACATCCC  TGGGGCTAGA GCACTGGACA ATGGATTGGC AAGGACGCCT ACCATGGGCT GGCTGCACTG
141 GGAGCGCTTC ATGTGCAACC TTGACTGCCA GGAAGAGCCA GATTCCTGCA TCACAGAGAA GCTCTTCATG
211 GAGATGGCAG AGCTCATGGT CTCAGAAGGC TGGAAGGATG CAGGTTATGA GTACCTCTGC ATTGATGACT
333dI8
281 GTTGGATGGC TCCCCAAAGA GATTCAGAAG GCAGACTTCA GGCAGACCCT CACICCCTTTC CTCATGGGAT
358d6 [
351 TCGCCAGCTA GCTAATTATp TTCACAGCAA AGGACTGAAG CTAGGGATTT ATGCAGATGT TGGAAATAAA
421 ACCTGCGCAG ~GCTTCCCTGG GAGTTTTGGA TACTACGACA TTGATGCCCA GACCTTTGCT GACTGGGGAG
491 TAGATCTGCT AAAATTTGAT GGTTGTTACT GTGACAGTTT GGAAAATTTG GCAGATCjsTT ATAAGCACAT
561 GTCCTTGGCC CTGAATAGGA CTGGCAGAAG CATTGTGTAC TCCTGTGAGT GGCCTCTTTA TATGTGGCCC
631 TTTCAAAAjIC CCAATTATAC AGAAATCCGA CAGTACTGCA ATCACTGGCG AAATTTTGCT GACATTGATG
171611 ir717d2 |
701 ATTCCTGGAA AAGTA%AA&G AGTATCTTGG ACTGGACATC TTTTAACCAG GAGAGAATTG TTGATGTTGC
773d2 |
771 TGG&CCAGGG GGTTGGAATG ACCCAGATAT cjrTAGTGATT GGCAACTTTG GCCTCAGCTG GAATCAGCAA
841 GTAACTCAGA TGGCCCTCTG GGCTATCATG GCTGCTCCTT TATTCATGTC TAATGACCTC CGACACATCA
95415
911 GCCCTCAAGC ~ CAAAGCTCTC CTTCAGGATA AGGACGTAAT TGCCATCAAT CAGGACCCCT TGGGCAAGCA
1 11010d19|1016d11. 1020dI 104011
981 AGGGTACCAG CTTAGACAGp GAGACAACTT TGAAGTGTGG GAACGACCTC TCTCAGGCTI AGCCTGGGCT
a = 0 a
1073d2 11087d1 |
1051 GTAGCTATGA TAAACCGGCA GGAg&TTGGT GGACCTCACT CTTATACCAT CGCAGTTGCT TCCCTGGGTA
1123d53
1121 AAGGAGTGGC CTGTAATCCT GCCTGCTTCA TCACACAGCT CCTCCCTGTG AAAAGGAAGC TAGGGTTCTA
1208d3

1191 TGAATGGACT TCAAGGTTAA GAAGTCACAT AAATCCCACA GGCACTGTTT TGCTTCAGCT AGAAAATACA
1261 ATGCAGATGT CATTAAAAGA CTTACTTTAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA
1331 AAA

Figure 34: Diagram indicating the location of 16 small rearrangements in the cDNA

Underlining indicates the region of duplicated or deleted DNA and the allele designations are
indicated above. The boxes indicate the mutations found in this study. Consensus
sequences are indicated below the sequence and in italics: a are DNA polymerase a arrest
sites (Weaver, 1982) and poly A are signals for translation termination. Exon boundaries are
indicated by vertical lines in the sequence. The alleles are designated according to the cDNA
nucleotide number which is adjacent and 5’ to the first altered sequence (reading in a 5’-3’
direction), ‘d’ and ‘i’ indicate that the bases are deleted and inserted, respectively and this is
followed by the number of nucleotides involved. The exact breakpoints are not always
ascertainable.

208



Excision [R1]
\ 1‘/

R2

‘R’ is a directly repeated sequence; —
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Therefore, three different mechanisms could account for the formation of the four
small rearrangements found in this study: slippage during DNA synthesis,
promoted by repeated nucleotides, loop formation at direct repeats followed by
excision and polymerase errors at o arrest sites. Similarly, all 16 mutations small
rearrangements found in Fabry disease, shown in figure 34 can be explained by
these three mechanisms. Eight involve direct repeat sequences and 4 involve
single, repeated nucleotides. Two other, 25dell and 773del2, delete part of the
flanking inverse repeat sequences and may have been generated by formation of a
hairpin loop structure, followed by DNA excision. The remaining 2, 1010dell9,
1016dell1, do not involve repeated sequences but are in a region containing DNA
polymerase a arrest sequences. The presence of direct repeats, inverse repeats and
palindromic DNA sequences at the sites of small rearrangements has been noted
and reviewed (Cooper et al, 1991; Krawczak et al., 1991) and lends support to the
hypothesis that slipped mispairing is involved in their genesis. In addition to the
deletions and insertions indicated in figure 34 and discussed above, two ‘complex’
in frame mutations have also been reported (Eng et al, 1994b}. In both mutations,
I219N and L120P-A121T, either two point mutations have occurred or a deletion
and insertion have altered two bases in each mutation.

Although these rearrangements are promoted by the surrounding sequence, most
of the mutations are in different regions. However, a few areas have more than one
rearrangement mutation. These are in exons 2, 5 and 7. In exon 2, the 333del18,
358del6 and the complex mutation, L120P-A121T, are in close proximity. In exon
5, the 717del2 mutation is found in two families and the 716ins1 involves slippage
at the same site. Finally, exon 7 has four rearrangements that are within a 30bp
region, 1010del19, 1016delll, 1020dell and 1040ins1.

4342 mal rran n

All four small rearrangements are predicted to create a premature stop codon in the
same exons in which they occurred. Therefore the effects of the mutations are
expected to be similar to those for stop mutations, such as production of a
truncated protein or cause exon skipping or a reduction in the amount of mRNA.
Examples of small and large deletions that create stop codons and cause exon-
skipping have been reported from analysis of other genes, for example, a 2bp
deletion in the retinoblastoma gene (Mori et al, 1990) and a 52bp deletion in
dystrophin (Matsuo et al, 1991). The premature stop codons caused by 716insl
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and 717del2 could result in skipping of exon 5, a reduction in the amount of mRNA
and production of a truncated protein. A frameshift would occur from exon
skipping because the boundary of exon 4 to 5 is not in-frame. The nonsense
codons produced by two frameshift deletions, 1010del19 and 1087dell, in exon 7
would not be expected to cause exon skipping since they are in the last exon. A
reduction in the mRNA is not predicted for stop mutations in the last exon (Cheng
et al, 1990) and production of truncated proteins is most likely. However, no
studies on the mRNA or protein in cells from patients with these mutations have
been carried out to confirm these predictions.

These considerations suggest that severe phenotypes are expected from frameshift
mutations. All four small frameshift mutations identified in this study, 716insl,
717del2, 1010dell9 and 1087dell, are associated with typical Fabry phenotypes
and three, 716insl, 1010dell9 and 1087dell, were found in hemizygotes (in
families 23, 26 and 27 respectively) with no residual a-galactosidase activity (tables
5, 18 and 29). No frameshift mutations in this or other studies have been found in
Fabry hemizygotes with a mild or variant phenotype. However, a variant phenotype
was found in a Fabry hemizygote with an in-frame, 3bp deletion, 1208del3, that
deleted an arginine at amino acid 404 (Eng et al, 1994b). The amino acid
sequence encoded by exon 7 of the a-galactosidase A gene has only 15.8% identity
with that encoded by the corresponding a-N-acetylgalactosaminidase sequence
(Wang, AM et al, 1990) and it includes the deleted arginine 404, which is not
conserved. The patient phenotype was moderately severe with cardiac symptoms
primarily (Eng et al., 1993). In other lysosomal storage diseases, even frame-shift
deletions have been shown to cause a mild effect. For example, in two mildly
affected Hunter patients, one had a 1bp deletion in exon 1 of the iduronate 2-
sulphatase gene and the other had a mutant splice site in intron 7, both which
were detected by analysis of the mRNA. They were predicted to cause frameshifts
and premature stop codons (Hopwood et al., 1993a).

It is concluded that frameshift mutations in the a-galactosidase A gene correlate

with severe phenotypes, consistent with their predicted effects at the protein level
but that this is not true of all lysosomal diseases.
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4.3.5 Conclusions for geno and phen r ion

Attempts to correlate the clinical phenotype of Fabry patients with the genotype
have proved difficult for two reasons, relating to the collection of clinical data.
Firstly, the disease is slowly progressive and the available clinical data have been
collected at different ages by different clinicians. So direct comparison of different
patients is complicated. Secondly, most mutations in Fabry disease are unique to
one family. Clinical data from more than one affected male with the same mutation
is often unavailable to aid the correlation of genotype with phenotype. However,
despite these problems, seven obviously atypical Fabry patients have been
identified and their mutations have been identified in this and other studies.

Information regarding the clinical phenotype associated with a particular mutation
may be useful in patient counselling. However, it is complicated by intrafamilial
and |fr trafamilial variation. The intrafamilial variation associated with the R227X
mutation in family 20 has been described (4.3.2.3) as has the variation in
hemizygotes with the D92H mutation in family 6 and the phenotypes associated
with R112H (4.3.2.4.1). Intrafamilial variation is not restricted to Fabry disease
and has been observed in other lysosomal storage diseases, such as o-
mannosidosis (Mitchell et al, 1981), Sanfilippo syndrome type A and Hurler
(McDowell et al.,, 1993) and several others (Zlotogora, 1987). Interfamilial varfation
has also been observed in Fabry patients with the N215S mutation, in which one
patient had proteinuria and two others cardiac symptoms (Eng et al, 1994a). A
splice site mutation in another lysosomal storage disorder, Sandhoff disease,
caused different phenotypes in patients from different racial backgrounds (Mclnnes
et al, 1992). This variability shows that factors other than the disease-causing
mutation can influence the phenotype.

In Fabry disease, one of the genetic factors that may influence the phenotype is
inheritance of certain blood group antigens, groups B and P, which are substrates
for a-galactosidase A, and whose presence may increase the substrate load on the
lysosomal system. Fabry patients with the B group antigens were found to be more
severely affected than those without in one study (Kint et al, 1973). However,
inheritance of the B antigen did not account for the clinical variability in family 20
with R227X, in which all hemizygotes had blood groups Ai, A2 or O. Another
genetic factor may be the expression of glycotransferase B2, which is more efficient
in producing the B antigens than the B! form (Wherret et al, 1973; Yoshida, 1983;
Desnick et al, 1989). However, the involvement of these factors in altering the
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phenotype of Fabry patients has not been investigated. The effects environmental
factors, such as diet, in altering the phenotype have not been studied either.

In conclusion, genotype correlation with the phenotype is complicated by variation
caused by unknown factors and this should be considered for patient counselling.

Analysis of the types and locations of mutations have shown no obvious patterns
for those producing variant and severe effects. Understanding their effects requires
information on the protein structure.

Carrier detection by analysis of the intragenic polymorphisms detected in this
study is limited by the frequency of the alleles. However, detection of specific
mutations by either SSCP analysis using the standard conditions, digestion with
restriction enzymes or a modified method of SSCP analysis, has allowed conclusive
identification of the carrier status of 27 females in 12 families. Of these, 18 were
heterozygotes and 9 were normal. Their a-galactosidase activities are shown in
tables 16 and 17, pgs 149-150. In 8/18 heterozygotes (44%), either the leukocyte
and/ or the plasma enzyme activities were within the normal range and they could
not have been designated as carriers. All females with enzyme activities below the
normal range were confirmed as carriers.

Previous carrier ranges of a-galactosidase activity in leukocytes and plasma were
derived from females known to be obligate heterozygotes (table 31). This range
included females with an affected father or those with an affected descendant and
at least one other affected relative in another branch of the family. However, family
history can be unreliable, as obligate carriers with an apparently affected father
could be the result of non-paternity. This had been suspected in female III-3, in
family 7 and was formally shown in this thesis by analysis of polymorphisms (figure
17(A), pg 131) and the D165V mutation (figure 25(A), pg 153). Female III-3 had
normal activity in hair roots, leukocytes and plasma (Personal communication from
Dr B. Winchester and Mrs E. Young).
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The previous ranges of enzyme activities for heterozygotes, based on obligate
carriers, can now be modified to incorporate data from an additional 8, newly
defined heterozygotes, analysed by genetic methods. Mutation analysis has
confirmed the status of the 11 obligate heterozygotes that were already included in
this range (table 31). Normal female II-3 from family 7 was removed from the
heterozygote data group, decreasing the range of plasma activities to 0.39-
6.4nmol/hr/mg but leaving the leukocyte activity range unchanged. The addition
of 8 values for non-obligate carriers, increased the plasma range to 0.39-9.0
nmol/hr/mg but again, did not change the leukocyte range. The mean activities in
heterozygotes, for leukocytes and plasma, are less than 1 standard deviation away
from the minimum normal activities. Therefore, it is not surprising that 6/18
(83%) of enzyme assays on leukocytes and the same number on plasma from
heterozygotes, were within the normal ranges (tables 16 and 17, pgs 149-150). The
highest activities in plasma, 9.0, and in leukocytes, 67, of genetically defined
heterozygotes were almost 3 and 1-2 standard deviations away from the mean,
respectively and well within the normal ranges. The carrier status of a female with
the highest leukocyte activity, 89, could not be confirmed genetically but she had
one affected son and at least one other affected relative, who was not a descendant.
Thus, incorporation of data from heterozygotes proven by DNA analysis has not
extended the enzyme activity ranges, although the amount of accurate data and
therefore the calculated means and standard deviations have been improved.
These studies show conclusively that all females with a-galactosidase activities
below the normal range, in leukocytes and/or plasma, are heterozygotes and that
mutation detection is a feasible and useful approach to carrier detection in Fabry
families.

The normal ranges of a-galactosidase activities in plasma and leukocytes (table 31)
were unchanged by the results from 9 females that were genetically normal (table
16, pg 149). However, it should be noted that three of these apparently normal
females, one (figure 25(B), pg 153, I-2) in family 5 and two (table 16, pg 149, I-2 and
II-6) in family 11, may be somatic and/or germ-line mosaics (Hall, 1988) for the
disease-causing mutation.
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Tissue Activities in Sample o-galactosidase activity

numbers (nmol/hr/mg)
Range | Mean | Standard
deviation
Leukocytes | Normals 106 40-162 724 212
(A) Obligate 21 5.2-89 36.2 215

heterozygotes

(B) Genetically determined 28 5.2-89 359 19.5
& obligate heterozygotes

Plasma Normals 63 4.8-26.5 8.6 4.3
(A) Obligate 17 0.39-9.8 3.5 24
heterozygotes
(B) Genetically determined 24 0.39-9.0 3.6 20

& obligate heterozygotes

All enzyme data was obtained from Mrs E. Young in the Enzyme Laboratories at the Institute
of Child Health. (A) indicates the previously determined heterozygote range. The new range,
(B), incorporates data from tables 16 and 17.
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4.3.6.2 New j n matic mosaicism

In this study, one base substitution, C56Y, was found to be a de novo mutation
and two others, W287G and M42V, were suspected of being new mutations. In
family 5 (figure 25(B), pg 153), C56Y was not found in lymphocyte DNA from the
mother, I-2, of an affected child and so the mutation must have arisen in her germ-
line or early in the development of her affected son. In family 11, the mother, II-6,
of an affected child carried the W287G mutation but the grandmother, I-2, did not
(table 16, pg 149). Similarly, in family 2 (figure 23(B), pg 127), the mother, I-2, of
the hemizygote carried the M42V mutation while the grandmother, I-1, did not. In
families 11 and 2, DNAs from the grandfathers were not available for analysis but
they was not thought to be clinically affected. The mutation may have arisen de
novo in the grandmother, grandfather or mother, or alternatively, the mutations are
the result of non-paternity. The occurrence of mosaicism, due to de novo
mutations, presents a problem in calculating the risk of producing affected children
and in genetic counselling.

The probabillity that an individual has a de novo mutation that will be inherited, is
dependent on the mutation rate and the proportion of germ-line cells that carry the
mutation. In X-linked disorders, the proportion of de novo mutations in males is
related to rate of mutation and their elimination from the population, which is
influenced by the ability of affected males to reproduce and is given by ‘the
equation:

(I-Op/2p+v

where T is the effective fertility of males, and v’ and ‘4’ are the mutation rates per
generation in male and female gametes, respectively (Haldane, 1935; Weatherall,
1991). If the males cannot reproduce then f = O and the proportion of mutations
arising in males is 1/3, when the mutation rates in males and females are equal, ie.
v = y. The proportion of de novo mutations in males is decreased in disorders, such
as Fabry disease, in which the males can reproduce. This information can be
incorporated into calculations of the probability of mosaicism in the mother of an
isolated, affected male.
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In Fabry disease, de novo mutations have been found, by others, in only 2 families,
one with a 402bp deletion which was not present in the grandparents but was
found in the mother of an affected child (Bernstein et al., 1989) and one male with
a complex mutation, I1219N, that was not detected in his mother (Eng et al., 1994b).
In a third family, a 1710bp deletion/inversion mutation was also suspected of
being a de novo mutation which was present in the mother of an affected male, but
not the grandmother. The L32P mutation, found in a heterozygote but not in either
of her two parents, was also believed to be a de novo mutation, although the
possibility of non-paternity was not excluded (Madsen, et al., 1995). However, no
systematic study of the incidence or origin of de novo mutations in Fabry
hemizygotes has been carried out.

In individuals that are known to be germinal mosaics it is possible to calculate the
risk that they will have an affected child (Jeanpierre, 1992; van der Meulen et al,
1995) based on empirical data, as in Duchenne Muscular Dystrophy (Bakker et al.,
1989; van Essen et al, 1992) and models of gametogenesis (Hartl, 1971). The
recurrence risk is dependent on the total number of cell divisions during
gametogenesis and the generation in which the mutation occurred, determining the
proportion of germ-line cells that carry the mutation. A single mutation in the first
generation |w111 segregate to produce 50% of cells with the mutation and the children
will have a 50% risk of inheritance. Since it is not possible to determine the exact
proportion of mutated gametes, risk assessments are based on probability
calculations. If it is assumed that each cell generation is equally likely to produce
a mutation and that only one parent is a mosaic then the risk of inheriting a
mutation is calculated by:

n
2 [1/n(2}]
t=1

where ‘n’ is the total number of cell divisions {van der Meulen et al, 1995).
Gametogenesis produces an estimated 5-7 million oocytes and a even greater
number of spermatozoa and these must have been produced from at least 22 and
30 dtvisions, respectively (i.e., 2™ cells, where ‘n’ is the number of divisions). For
this many generations, the above equation for the inheritance risk approximates to
1/n, giving a risk of 4.5% if n=22 (van der Meulen et al., 1995). A more accurate
risk assessment can be obtained by taking into account the number of unaffected
and affected children produced by a germinal mosaic. Thus, the probability of
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inheritance of a mutation in families in which there are 1, 2, 3 and 4 affected
children and no unaffected children, can be calculated as 4.8%, 33%, 42% and
47%, respectively (Hartl, 1971; van der Meulen et al., 1995). These calculations
assume that a particular individual is a mosaic but in the Fabry families analysed
in this study, the individual in which the mutation arose is not known and so risk
assessment, based on the probability that a new mutation has occurred and that
there is a certain degree of germinal mosaicism, is'more complicated. In Fabry
disease there are no reported cases of mosaicism, although there are many reports
in other X-linked disorders, such as Duchenne Muscular Dystrophy (Bakker et al.,
1989), X-linked agammaglobulinaemia (Hendriks et al.,, 1989), X-linked Severe
Combined Immunodeficiency (Puck et al.,, 1995), Haemophilia A (Gitschier, 1988) ,
Haemophilia B (Taylor et al, 1991) and ornithine transcarbamylase deficiency
(Maddalena et al., 1988).

Molecular genetic analyses simplifies the risk assessments by proving that there is
germ-line mosaicism. If one affected and another unaffected child have inherited
the same chromosome then mosaicism in proven. In family 5, the risk of Fabry
disease in siblings of the mother, who may be a germinal mosaic, is decreased from
the probability that they inherited a pre-existing mutation to the probability that
another new mutation will arise in the a-galactosidase A gene.

Analysis of the distribution and frequency of the mutations has not revealed many
common mutations that can be screened for, or small regions of the gene that are
particularly prone to mutation. The recurrent mutations R227X and R227Q
account for only 5.4% of mutations (Eng et al, 1993). The distribution and
frequency of the fourteen, presumably methylated CpG dinucleotides that are more
prone to mutation, is shown in table| 32, below:
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All 93 different mutations found in Fabry patients, from table 4, are included.

In codons or Exon Number of | Number of | % of total [No. of

splice sites for length CpG sites | mutations | mutations | mutations/
exons (bp) in exon (93) No. of bpin
exon] x100

1 254 2 15 16 59

2 175 2 14 15 8.0

3 178 2 9 10 51

4 92 0 3 3 33

5 162 2 14 15 8.6

6 198 2 17 18 9.6

7 289 4 15 16 5.2

large - - 6 6 -
rearrangements

The fact that the locations of the CpG dinucleotides are scattered does not allow for
fast detection of mutations at these sites and would only detect mutations in about
20% of families. A more efficient screening strategy could be to analyse exons in a
preferred order, based on the proportions of mutations that have been found in
each exon. The number of different mutations found in the exons and their
flanking splice sites varies from one region to another, which is partly related to the
size of the exons, although some exons have a higher proportion of mutations per
number of bases than others (table 31). Exon 6 has more than three times more
mutations in its codons and splice sites, per base, than exon 4. Based on the
observation than some regions have more different mutations than others and
coupled with the fact that the recurrent mutations at codon 215, 227 and 342 are
in exons 5, 5 and 7, an efficient mutation-screening strategy would analyse exons
5, 6 and 7 first. This would detect mutations in more than 50% of families if the
distribution of mutations in other sample populations is the same as those already
studied. Exons 1 and 2 could then be examined, while exons 3 and 4, which
contain the fewest numbers of mutations, could be analysed last.

In conclusion, the use of genetic methods to detect unknown mutations for use in
carrier detection is preferable to diagnosis by enzyme analysis. Although there are
no common mutations or small regions that are particularly prone to mutation, an

efficient strategy for identifying mutations can be based on knowledge of their
distribution.
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The transient expression studies have successfully indicated which mutants give
rise to residual activity and/or produce material that cross-reacts with anti-(a-
galactosidase A) serum. However, a number of problems were associated with
these studies. Direct comparison of the absolute a-galactosidase activity values
produced during one transfection experiment required several assumptions to be
made regarding the constancy of factors that could influence the expressed
activities. Another problem was the irreproducibility of absolute activity values
from one experiment to another. A third problem was the inablility to distinguish
between the endogenous COS-1 cell enzyme and the transiently expressed
enzymes. This prevented complete isolation of the mutant proteins and accurate
studies of properties of the mutant enzymes. Isolation of the mutant proteins and
their study may provide further information regarding the effects of mutations at
the protein level.

Direct comparison of the results obtained for expression of different constructs,
even in the same experiment, is dependent on several assumptions: (a) the
number and state of the COS-1 cells used for transfection of each construct was
similar; (b) the endogenous specific activity of a-galactosidase A in the samples of
COS-1 cells was the same; (c) the expression of the mutant construct did not alter
the amount of background a-galactosidase A that was produced from the COS-1
cell gene, or the proportion that was secreted; (d) the efficiency of B-galactosidase
transfection and its translation was independent of that of the a-galactosidase A
constructs. These assumptions allowed comparison of the relative levels of
expression of the constructs that were electroporated in the same experiment when
using aliquots from the same pool of cells, but could not be tested.

The first assumption is probably correct, if the cells are well mixed before being
subdivided for transfection. The other assumptions are less certain. There is no
way of distinguishing between the endogenous COS-1 cell activity and the
expressed mutants as the polyclonal, human antiserum cross-reacts with both.
Therefore there is no way of knowing whether the amount or distribution of
endogenous a-galactosidase A alters during these experiments. As, a-galactosidase
A is a homodimeric protein, it is possible that the endogenous enzyme will dimerise
with the expressed endogenous protein. This is not a problem when measuring the
activity of the normal human a-galactosidase A construct, which is high but for the
mutants with low residual activity it may significantly alter the results. For
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example, the G361R mutant produces intracellular activity which is only 1.6 fold
higher than the endogenous activity when no construct is electroporated. This
activity may represent human:COS-1 a-galactosidase A heterodimers and there
may be zero activity produced by the mutant homodimer. Therefore, the sensitivity
and accuracy of the system are decreased. Tne kinetic analysis of the activity
would also be inaccurate, making characterisation of catalytically active mutant
proteins difficult. In addition, it is not known whether the coexpressed E. coli -
galactosidase activity is a true reflection of the efficiency of the transfection and
expression of the a-galactosidase A constructs and therefore whether it is a reliable
control for normalisation of enzyme activities. Few studies have been conducted to
determine the parameters which affect the transfection efficiency in mammalian
cells and it is not clear whether cotransfection alters this (Chu et al., 1987).

An ideal system would either produce no endogenous a-galactosidase A activity, or
it would allow the expressed protein to be distinguished from the endogenous
enzyme. This could be achieved by expression in cells that do not produce a-
galactosidase A or by devising a method to selectively isolate the expressed protein.
An ideal system would also permit measurement of reliable reference marker to
allow direct comparison of expressed enzyme activities from different transfection
experiments. The following options for modification of the expression system could
be considered in future studies.

Cell which do not have endogenous a-galactosidase A activity, such as enzyme-
deficient lymphoblastoid cells or fibroblasts from Fabry patients, could be used.
However, they would require genetic modification to allow sufficient overexpression
with existing vectors to observe the mutant enzymes with low activities. No a-
galactosidase A-deficient derivatives of the mammalian cell lines used for
overexpression, such as COS-1 cells or CHO cells, have been reported and so
genetic manipulation would be required to inactivate the endogenously produced
enzyme.

Alternatively, the expressed proteins could be formed with an attached fusion
protein tag, allowing them to be selectively purified. No suitable systems have been
described for expression in mammalian cells. However, several purification
systems have been described for proteins expressed in bacteria. In one example,
using the pRIT2T vector (Pharmacia catalogue), a fusion protein which includes a
fragment of protein A is expressed in bacterial cells, allowing purification by
binding IgG-Sepharose. Using the pGEX vector (Pharmacia), the fusion protein
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includes a portion of glutathione S-transferase, which binds to glutathione-
Sepharose. Genetic manipulation of the existing mammalian expression vectors
could be used to express similar fusion proteins. However, the effects of the fused
protein on normal enzyme activity would need to be evaluated to verify that the
stability and catalytic activity were not changed. This is probably the easiest
method for allowing the expressed protein to be distinguished and would also allow
easy purification and subsequent kinetic and stability analysis of the low activity
mutants. In addition, this system would allow the enzyme activity to be related to
the amount of a-galactosidase A protein, rather than to the variable total cell

protein and it obviates the need for cotransfection of a reference marker.

The reliability of using a coexpressed reference enzyme as a control may be
improved if the control protein is expressed from the same transfected vector as the
o-galactosidase A mutant. Since coexpression of genes from one vector, under the
control of 2 promoters can result in preferential expression of one of the 2 genes
(Emerman et al, 1984), vectors have been designed to allow translation of
bicistronic sequences. In one such retroviral vector (Aran et al, 1994), a drug
resistance gene and human glucocerebrosidase have a common promoter and have
been successfully translated during stable transfection into mouse cells.

The expression system used in this study allows the presence or absence of mutant
activity or protein to be detected but modifications to the system may enable more
extensive and accurate information to be obtained for the characterisation of
mutant proteins.
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4.4 FUTURE ASPECTS

From the results of this study it is concluded that SSCP analysis is an efficient
method to localise unknown mutations, prior to sequencing and for heterozygote
detection in Fabry disease. This genetic analysis allows carrier females to be
conclusively identified and is a major improvement on the current biochemical
detection methods. Mutation analysis and genotype-phenotype correlation will
also aid genetic counselling by indicating that certain mutations result in variant
and sometimes milder clinical manifestations. Therefore, both aims, to improve
carrier detection and to correlate genotype with phenotype have been achieved.
Further information regarding the effect of the genotype on the phenotype may be
gained by studying the physical and chemical properties of the defective enzymes,
along with their processing and transport. This will be facilitated by purification of
the mutant enzymes, perhaps involving the use of different expression systems to
the one used in this study.

The development of genetic techniques for carrier detection has overcome the
problem of heterozygote detection in Fabry patients. However, the major problem
of therapy has not been solved. The success in treatment of Gaucher disease by
enzyme replacement, (Barton et al., 1991), provides a good model for developing a
therapeutic method for Fabry disease (Barton et al, 1991). Ideally, the o-
galactosidase A enzyme used in treatment will be stable, minimising the frequency
of administration required to maintain a therapeutic threshold of activity. The
ability and efficiency of the enzyme to reach the target cells is also an important
consideration. Thus, studies aimed at determining the folded structure of the
enzyme and the functional domains will allow identification of the essential amino
acid sequences required for activity and targeting and may allow improvement of
the native enzyme for therapy. Mutation analysis and investigation of the effects at
the protein level will facilitate these studies. Information regarding the specific
mechanisms for uptake of exogenously applied enzymes in the affected cell type is
also required. Receptors that bind carbohydrate for receptor-mediated endocytosis
of glycoproteins have been identified in lymphocytes, fibroblasts, glial cells,
macrophages, myoblasts and hepatocytes and the distribution of different receptors
varies with the cell type (Bou-Gharios et al., 1993). Since the vascular endothelial
cells are the primary site for accumulation and pathologic consequences in Fabry
disease, a study of receptor-mediated uptake mechanisms present in these cells for
internalising a-galactosidase A, will be of value. Methods of enzyme production are
a third important consideration for enzyme therapy. Production of recombinant
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enzyme that is secreted for easy collection and purification would be ideal. Recent
clinical trials in type 1 Gaucher patients, using a recombinant form of
glucocerebrosidase, have been successful (Grabowski et al, 1995). This enzyme,
cerezyme, is overexpressed and secreted from CHO cells, providing a theoretically
infinite source of enzyme and reducing the possibility of infection by enzyme from
human sources. Preliminary studies have been carried out for a-galactosidase A
production in CHO cells (lounnou et al., 1992) and insect cells (Coppola et al,
1994). One disadvantage with enzyme therapy is the requirement for repeated
administration of enzyme. This could be overcome by transplantation of cells to
provide enzyme continuously. Bone marrow transplants (BMT) have been carried
out in many patients with metabolic disorders, although not in Fabry patients.
BMT provides multiple enzyme-expressing cell types but is often limited by the
availability of immunologically similar tissue (Hobbs, 1990).

Gene therapy has been successful in metabolic correction of a number of disorders
caused by single enzyme deficiencies and strategies are currently under
investigation for the treatment of lysosomal disorders. Ex vivo therapy, in which
cells are withdrawn, genetically modified using retroviruses and transplanted back
into the patient, circumvents the problem of tissue-matching for transplantation.
This strategy has allowed effective treatment in animal models for several disorders,
such as adenosine deaminase deficiency (van Beuschem et al, 1990) and familial
hypercholesterolaemia (Chowdhury et al, 1992). Other strategies have been
developed for gene therapy, including the use of lipofection and electroporation for
in vitro manipulation and of adenoviral vectors, herpes-based vectors and direct
gene transfer by injection, for in vivo therapy (Friedmann, 1992). The application of
these types of method to therapy in Fabry disease has not been investigated and is
limited largely by the lack of an animal model for testing. Thus, future research
may be focused on creating a model for this disease to permit progress in research
for gene therapy.

Treatment of Fabry patients is most likely to be achieved by enzyme therapy, rather
than gene therapy, due to lack of an animal model for testing. However, one
important consideration for all of these strategies is whether the patients produce
protein that is immunologically similar to wild-type a—galactosidase A. Patients
with no similar protein may be immunologically intolerant to the enzyme produced
during therapy. Therefore it is important to investigate the nature of the genetic
defect and its effect on the protein. This study has provided information that nine
mutant proteins containing a missense mutation do cross-react with anti-(wild-
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type a-galactosidase A) serum, indicating that they are immunologically similar to
the wild-type enzyme. Patients with these mutations may be candidates for clinical
trials of enzyme therapy in the future. Thus, this study has provided information
that may facilitate future therapeutic strategies.
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APPENDIX

Direct sequencing has identified 26 putative disease-causing mutations in the «-
galactosidase A gene (figure 36).

In figure 36(A), mutations were detected by SSCP analysis, followed by sequencing.
The Sequenase I method (2.2.7.2) was used to sequence all exons, except for exons
1 and 4, which were cycle-sequenced (2.2.7.3).

In figure 36(B), mutations were detected by sequencing all 7 exons of the gene,
using the Sequenase II method (2.2.7.2).

The sequencing results for the mutations shown in figures 36 (A) and (B) are given
in section A and section B, respectively. They are in order of their family number
and the sequencing results for families 20 and 25 were the same as those in
families 19 and 24, respectively. Gene numbering was as in Kornreich et al. (1989)
and cDNA nucleotides were numbered as in Bishop, et al. (1991).
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(A) Mutations found by SSCP analysi (B) Mutations found t .

followed by sequencing all 7 exons
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1) W287X 6

(12)  V316E > ol ¢ [wasze (1)
(13) Q327K | 7 R342Q (15)
(26) 1010d 19 ' | 1087d1  (27)
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(22) R342X

(16) G361R |

R 227X and 717d2 were found to occur twice. Family numbers are shown in brackets. Filled
boxes represent the exons, which are numbered.
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Family 1: g 35 R
(Hemijjycote)

Glycine 35 > Arginine
(Polar -> Polar, +ve)

Gene No. 1282
cDNA No. 103 (Exon 1)

Family 4; R49 L
(Hemigyqote)

Arginine 49 -> Leucine

(Polar, +ve -> Non polar)

Gene No. 1325
cDNA No. 146 (Exon 1)

Family 7: D 165 V
(Hemlgyqote)

Aspartic acid 165 -> Valine

(Polar, -ve -> Non polar)

Gene No. 7393
cDNA No. 494 (Exon 3)

Appendix. Section A
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Family 8: N215 S
(Hemjgygptg)

Asparagine 215 -> Serine
(Polar > Polar)

Gene No. 10135
cDNA No. 644 (Exon 5)

Family 9: W 236 C
(Heterozygpte)

Tryptophan 236 -> Cysteine
(Non-polar -> Polar)

Gene No. 10199
cDNA No. 708 (Exon 5)

iy 10 VIDA
Wﬂlﬂli

Valine 269 -> Alanine
(Non-polar > Non-polar)

Gene No. 10514
cDNA No. 806 (Exon 6)
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Appendix. Section-A

Eamuy-12LY316E
(Hejnizygpte)

Valine 316 -> Glutamate
(Non-polar ->Polar, -ve)

Gene No. 10655
cDNA No. 947 (Exon 6)

Normal Patient

Family 13; Q321K
(Hétérozygote)

Glutamine 327 -> Lysine
(Polar > Polar, +ve)

Gene No. 10687
cDNA No. 979 (Exon 6)

CTAG

Normal Patient

Family 14: W 340 R
(Hétérozygote)

Tryptophan 340 -> Arginine
(Non-polar -> Polar, 4-ve)

Gene No. 10996
cDNA No. 1018 (Exon 7)

CTAG

Normal Patient
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Family 16,G-361 B
(Hemizygote)

Glycine 361 > Arginine

(Polar -> Polar, +ve)

Gene No. 11059
oDNA No. 1081 (Exon 7)

Family 17: Q 107 X
(Hemizygote)

Glutamine 107 -> Stop

Gene No. 5218
cDNA No. 319 (Exon 2)

Family.10:_W.220 X
(Hemizygote)

Aspartic acid 226 -> Stop

Gene No. 10168
cDNA No. 677 (Exon 5)

Appendix. Section A

Normal Patient
Normal Patient
CTAG

Normal Patient
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EamilYI9:R 227X
(Hemizygote)

Arginine > Stop

Gene No. 10170
cDNA No. 679 (Exon 5)

Family 21;W287X
(Hemizygote)

Tryptophan 287 > Stop

Gene No. 10569
cDNA No. 861 (Exon 6)

Family 22: R 342 X
(Hemizygote)

Arginine 342 -> Stop

Gene No. 11002
cDNA No. 1024 (Exon 7)

Appendix. Section A

Normal Patient
Normal Patient
Normal Patient
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Appendix. Section A

Family 23:716 ins 1 (Hemizygote)

Normal Patient 3’

1 bp insertion alters amino acids 241-249: SILDWTSFN > EYLGLDIF-stop

Insertion is between gene nucleotides 10207-10208 and cDNA Nos. 716-717 (Exon 5)

Family 24:717 del 2 (Hemizygote)

o
a

A G
G
A
A
A
A
G
T
2 bp A
deleted T
here a
G
A
G
T
A
T
Normal Patient C
T
T T
3’ 3’
2 bp deletion alters amino acids 240-248: KSILDWTSF -> EYLGLDIF-stop

Deletion is between gene nucleotides 10208-10210 and cDNA Nos. 717-719 (Exon 5)
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Appendix. Sggtton A

Eamilv 26:1010 del 19 (Hemizygote)

5 5’
T

T

C

T

T

G

T G
T T
G T
A T
A T
G T
T = 41 C
G J | A
T G
19bp G G
deleted G G
here G A
A g G
A A
C C
G A
A CTAG CTAG A
C C
C T
T Normal Patient m
C

T

C

T

EXON 7; 19bp DELETION ALTERS AAs 338-341
3’

©

[-EVWE- »> -SOA-STOP]

Deletion is between gene nucleotides 10998-11007 and cDNA Nos. 1010-1029 (Exon 7)
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Appendix. Section A

Family 28; LYS3-1.t (HemaYflQle)

@

cTAG

>r-HP-H-He v o ro o~
1
%
-

Normal Patient

@

Base substitution is at gene nucleotide 8321,
ag > at, inthe 3’ splice site of intron 3
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Family 2: M42V
(Hemizygote)

Methionine 42 -> Valine
(Non-polar -> Non-polar)

Gene No. 1303
cDNA No. 124(Exon1)

Family 3:.R4a..S.i
(Hemizygote)

Arginine 49 -> Serine
(Polar, 4-ve > Polar)

Gene No. 1324
cDNA No. 145 (Exoni)

Family 5: C 56 Y
(Hemizygote)

Cysteine 56 -> Tyrosine
(Polar -> Polar)

Gene No. 1346
cDNA No. 167 (Exon 1)

Appendix. Section B

CATC

Normal Patient
CTAG

Normal Patient
CTAG

Normal Patient
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Famiiv 6: D92 H
memizygpte)

Aspartate 92 -> Histidine
(Polar, +ve > Polar, +ve)

Gene No. 5173
cDNA No. 274 (Exon 2)

Family 11; W 287 G
(Hemizygote)

Tryptophan 287 -> Glycine
(Non-polar -> Polar)

Gene No. 10567
cDNA No. 859 (Exon 6)

Family 15; R342 Q
(Hemizygote)

Arginine 342-> Glutamine
(Polar, +ve -> Polar)

Gene No. 11003
cDNA No. 1025 (Exon 7)

Appendix. Section B

CTAG

Normal

CTAG

Normal

Normal
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Appendix. Section B

Famiiy 27:1087 dei 1 (Hemizygote)

3, 3’

A

T

A

T

T

C

T

1bp FG I C
deietion C
T

C

C

A

G

GATOC G

T

Normai Patient G

G

5’ 5’

1 bp deletion alters amino acids 363-389 and creates a premature stop codon at 390

Deletion is at gene nucleotide 11066 and cDNA No. 1088 (Exon 7)
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Sequence variations in the first exon of

o-galactosidase A
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Abstract

The a-galactosidase A gene (GALA),
which is deficient in males with Ander-
son-Fabry disease, is shown to be re-
markably polymorphic in the 5’ untrans-
lated region. GALA contains seven exons.
The first exon contains - 60bp of §'
untranslated sequence before the meth-
ionine - initiation codon. Single strand
conformation polymorphism (SSCP)
screening has shown three polymorphic
variants from the published sequence
within the 60 base pairs. The sequence
changes involved are Cto T at —10, G to
A at —12 (which removes an Mspl site),
and G to A at —30 (which removes a Sacll
site). The combined frequency of these is
10%. A further insertion-deletion poly-
morphism is detected by SSCP of a
400 bp fragment including exon 3. Both

" polymorphisms can be easily detected

using small polyacrylamide gels and eth-
idium bromide staining. Nine of 20
women were informative for one of these
polymorphisms and this simple SSCP
analysis should be of great assistance in
family studies of Anderson-Fabry dis-
ease. Such a high level of polymorphism
has not been previously reported in the 5’
untranslated region of a human gene and
is unusual in any such short stretch of
DNA. :

(F Med Gener 1993;30:658-63)

a-galactosidase (EC 3.2.1.22) is an X linked
lysosomal hydrolase involved in the catabolism
of glycoconjugates. It catalyses the hydrolysis
of a-galactosidic linkages at the non-reducing
terminals of naturally occurring glycosphingo-
lipids and glycoproteins, including blood
group B substance, and of synthetic sub-
strates.! A detergent is required for the hydro-
lysis of glycosphingolipid substrates in vitro
whereas in vivo this function is achieved by
sphingolipid activator protein 1 (SAP-1,
another lysosomal protein).? a-galactosidase is

- synthesised as a precursor which undergoes

post-translational modification en route to
lysosomes from its site of synthesis on the
rough endoplasmic reticulum.®> The mature
native enzyme has a molecular weight of ap-
proximately 100000 and is composed of two
apparently identical subunits containing 7 to
15% carbohydrate.

In Fabry disease, a genetic deficiency of a-
galactosidase leads to the excretion in the urine
and the accumulation within lysosomes of a
variety of tissues of glycosphingolipids con-
taining terminal a-galactose residues.! The
characteristic clinical symptoms in affected

males include angiokeratoma, pain in the
extremities, renal failure, and heart and car-
diovascular disease. These can be attributed to
the progressive accumulation of storage pro-
ducts within the vascular endothelium. Death
most often occurs around the age of 40 years.
The definitive diagnosis is the demonstration
of a deficiency of a-galactosidase in leucocytes
or plasma.’ The range of a-galactosidase ac-
tivity in heterozygous females is very wide,

. overlapping that in both affected males and

normal controls. This makes enzymic detec-
tion of carriers very difficult. Most heterozy-
gotes are asymptomatic but may show some
clinical symptoms, such as corneal opacity or
angiokeratoma in later life. In a few heterozy-
gotes the symptoms have been reported to be
as severe as in affected males.® This variability
in biochemical and clinical expression owing to
random X inactivation emphasises the need for
molecular genetic tests for heterozygosity.

a-galactosidase A has been cloned’ and the
full length cDNA sequences reported.®® The
gene contains seven exons extending over
12 kb.® The complete nucleotide sequence has
been reported.!® a-galactosidase has a 60 base
pair 5’ non-translated region, but is unusual in
having no 3’ non-translated region. The polya-
denylation signal is in the coding region 12nt
from the termination codon, which is followed
by the poly(A) tract. The a-galactosidase gene
has been assigned to the long arm of the X
chromosome (Xq22) using somatic cell hy-
brids and linkage analysis.*

Only two RFLPs have been reported for
GALA. An Ncol polymorphism is located 3' to
the gene, approximately 10kb downstream
from the termination codon, with allele fre-
quencies 0-87/0-13. A rare Sacl polymorphiS{n
with allele frequencies 0-92/0-08 is located in

“intron 4."12 Closely linked polymorphic DNA

sequences have also been used in carrier detec-
tion for Fabry disease, using markers around
Xq22, such as DXS17 (a Tagl polymorphism)
and DXS88 (BglIl RFLP)."> However, few
specific single base changes within the gen¢
have been identified and out of 12 point muta-
tions reported,’*® only two are reported 2
non-disease causing. At exon 1, codon 8, an A
to G change is silent in a triplet coding for
leucine,'® and in exon 2, codon 66 a Glu to GIn
base change is non-causative for Fabry’s d‘?’
ease' as shown by expression of this mutant i?
CD5 cells. The others are described as diseasé
causing either because whole cDNA'#% of
exon sequencing'® has shown no other mutd
tions or because expression studies show that
the mutation causes a reduction in enzym®
activity.'® No specific nucleotide variatio?
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changes have been described in the 5' untrans-
lated region of the gene.

SSCP is a convenient method for screening
stretches of DN A for sequence changes.?' It is
based on the principle that dénaturation and
rapid cooling, single stranded DN A molecules
will adopt unique sequence dependent confor-
mations which can be separated by electro-
phoresis in native polyacrylamide gels.

Materials and methods

RADIOLABELLED SSCP ANALYSIS OF EXONS 1

AND 3

D N A samples were prepared from anticoagu-
lated whole blood (in EDTA) in a process
involving the salting out of cellular proteins by
dehydration and precipitation with saturated
ammonium acetate.’* Red blood cells were
lysed by adding water to 5 to 10 ml of whole
blood to give a final volume of 50 ml and
centrifuging at 2300 rpm fgr 20 minutes. The
nuclear pellet was then washed with 25 ml of
0 1% NP40 and centrifuged for a further 20
minutes. The nuclei were lysed and proteinase
K digested as previously described. Then 1ml
of saturated ammonium acetate (9-6 mol/1) was
added and the sample centrifuged for 20
minutes to precipitate protein. The DNA was
precipitated from the supernatant by the addi-
tion of 2 volumes of absolute ethanol and was
redissolved in 1 ml of 10 mmol/1 Tris, 1 mmol/1
EDTA solution.

Oligonucleotide primers were designed
using the PRIMER program provided by the
HGMP resource centre based at MRC Clini-
cal Research Centre, Harrow, UK. The exon 1
primers were 5'GTCCCAGTTGCCAGA-
GAAAC3' and 5'AAAGGGAAGGGAG-
TACCCAAZ3', located from nucleotide posi-
tion 1054-1073 and 1403-1384.° The exon 3
primers were 5'GATGATTTTGGGGGT-
TTGTG3' and 5'GATTGGTTCTTTG-
GCTCAGC3' located at 7123-7142 and 7522-
7503. Primers were synthesised on an Applied
Biosystems 381A DNA synthesiser and 5'-
biotinylation was carried out during oligonuc-
leotide synthesis using DMT-biotin-C-6-
PA(CRB) according to the manufacturer’s in-
structions.

PCR was conducted in a total volume of
50 |il and each reaction mixture contained
genomic DNA, 40 pmol of each primer,
0 2 mmol/1 dATP, ddGTP, dTTP, 0 02 mmol/1
dCTP, IpCi of "T dCTP, in 1-5mmol/1
MgClz, 50 mmol/1 KCI, 10 mmol/1 Tris-HCI
(pH 8 8), 1% Triton X-100. Mineral oil (50 pi)
was added to each reaction mixture before an
initial 94°C denaturing step, followed by the
addition of 1 unit of Taq Polymerase (Pro-
mega) at 58°C. Amplification was carried out
by 30 cycles of elongation at 72°C (one
minute), dénaturation at 94°C (30 seconds),
and annealing at 58°C (30 seconds). The
amplification was completed by a final 10
minute elongation step at 72°C. The products
(350 and 400 base pairs for exons 1 and 3
respectively) were checked by running 5 pi of
each product on a 2% agarose gel with ethi-
dium bromide (1 mg/ml) staining.
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A volume of 5pi of PCR product was
diluted by the addition of 40 pi of 0 1% SDS,
10 mmol/1 EDTA solution and 2 pi of diluted
product was mixed with 2 pi of 95% form-
amide, 0 05% xylene cyanol, 0 05% bromo-
phenol blue, 20mmol/l1 EDTA solution
(Sequenase kit stop solution, USB). The
samples were then denatured by heating at
94°C for three minutes and placed on ice
before loading onto a 04mm thick
30 X 40 cm, 6% polyacrylamide gel (Protogel:
30% acrylamide to 08% bisacrylamide.
National Diagnostics), with 5% glycerol.

Electrophoresis was carried out in
0 09 mmol/1 Tris-borate, 0 002 mmol/1 EDTA
(pH 8 3) buffer (TBE), at 340 V at room tem-
perature for approximately 15 hours, until the
xylene cyanol dye had migrated 31 cm. The gel
was dried onto 3MM Whatman paper under
vacuum at 80°C and exposed (without intensi-
fying screens) to %ray film (Kodak, IB1 Ltd)
for one to five days at - 70°C.

NON-RADIOLABELLED SSCP

PCR was conducted in a volume of 50 pi as
described above but using unlabelled dNTPs
(0 2 mmol/1 of each). A volume of 15 pi of each
product was mixed With 5 pi of loading buffer
(15% sucrose, 0 05% xylene cyanol) before
denaturing (three minutes at 94°C) and placing
on ice.

The entire volume of each sample was
loaded onto a 1 mm thick, 16 x 20 cm poly-
acrylamide gel and electrophoresis was carried
out using the Protean Il gel system (BioRad,
UK) in TBE buffer. For exon 1 a 6% poly-
acrylamide gel (Protogel: 30% acrylamide,
0 8% bisacrylamide. National Diagnostics)
with 5% glycerol was run at 100 V overnight.
For exon 3, the gel was 12% polyacrylamide
(Protogel), without glycerol run at 200 V over-
night.

SEQUENCE ANALYSIS

PCR amplification of exon 1 was performed as
previously described, except that 5pmol of
each primer was used in 100 pi total reaction
mixture volume and unlabelled dNTPs were
used (0 2 mmol/1 of each). The 3' primer was
biotinylated at its 5' end allowing production
of single stranded D N A using magnetic strept-
avidin coated beads (Dynal UK). Sequencing
was carried out as follows: 50 pi of PCR pro-
duct was mixed with 30 pi of magnetic Dynal
W280 streptavidin beads and incubated for
five minutes allowing the double stranded
DNA to bind via a streptavidin-biotin bond.
The supernatant was removed while the PCR
product was attracted to a magnet (Promega)
and the beads (with DNA) were then washed
twice with 100 pi of TES (10 mmol/1 Tris-
HCI, pH80, 1mmol1 EDTA, 0-1 mol1
NaCl). After a five minute denaturing step
with 015 mol/1 NaOH at room temperature,
the non-biotinylated sense strand was
removed and discarded, leaving the single
stranded, antisense DNA bound to the bead
and magnet. This was again washed twice with
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Radiolabelled SSCP

3 2 1 4 M

Ethidium stained SSCP

Figure 1 Exon 1 SSCP
variants. SSCP analysis
on 6% polyacrylamide
gels with 5% glycerol.
Three exon |
polymorphisms and the
common pattern in normal
males are shown; 1, 2, 3,
and 4 are polymorphisms
IP 1, 1P2, 1P3, and the
normal pattern,
respectively. M isa DNA
marker (1 kb ladder,
Gibco BRL). In (A)
radiolabelled PCR
products were analysed at
340 V overnight and at
room temperature; in (B)
non-labelled DNA was
run at 100 V overnight
with water cooling to
about 15°C and stained
with ethidium bromide.

TES before resuspending in water, to give a
final volume of 7 pi.

The sequencing reaction was conducted
using 1pmol of the 5' primer and 7 pi of the
resuspended Dynal bead bound DNA, using
the Sequenase Il kit (USB), as described by
the manufacturer. The Sequenase enzyme was
diluted eight fold and the labelling mixture
was diluted fifteen fold. The Sequenase
elongation step was two minutes and the ter-
mination step four minutes.

The four termination mixtures were de-
natured at 85°C for three minutes and placed
on ice until loading onto a 6% polyacrylamide
(Accugel: 40% (19:1) acrylamide to bisacryl-
amide, National Diagnostics), 8-3 mol/1 urea,
denaturing gel. Electrophoresis was performed
at 55 W for about two hours in TBE buffer
using the BRL S2 sequencing gel apparatus.

The gel was fixed in 10% methanol and 10%
acetic acid solution for 10 to 30 minutes before

— Single stranded

w — Heteroduplexes

fr:' J
— Homoduplexes

1 2 3

Radiolabelled SSCP

3 2 1 M

. Ethidium stained SSCP

Figure 2 Exon 3 SSCP variants. SSCP analysis of
the exon 3 deletion polymorphism and the normal
pattern. 1, 2, and 3 are the polymorphism 3P1, the
normal allele, and afemale carrier of the two alleles
(3P1jnormal), respectively. isa DNA marker

(1 kb ladder, Gibco BRL). In (A) radiolabelled PCR
products were analysed at 340 V overnight at room
temperature and on a 6% polyacrylamide, 5% glycerol
gel. hi (B) non-labelled PCR products were run at
100 V overnight with water cooling (15°C) on a 12%
polyacrylamide (with no glycerol) gel and then ethidium
bromide stained.
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blotting and drying as described previously for
the SSCP gels.

RESTRICTION ENZYME ANALYSIS

PCR amplification of exon 1 was carried out
as previously described for non-radioactive
SSCP analysis. A volume of 10 pi of PCR
product was digested in a total volume of 20 pi,
using Mspl or Sacll and the appropriate en-
zyme buffer solution (NBL). The entire
sample was analysed using a 3% (2% agarose,
1% NuSieve agarose) for Mspl or 4%
(2% agarose, 2% NuSieve agarose) for Sacll,
The gel was stained with ethidium bromide
(1 mg/ml).

Results

SSCP ANALYSIS OF EXONS 1 AND 3

Exon 1 of a-galactosidase A was amplified
from DNA of 61 unrelated normal males and
20 normal females. Four band patterns were
observed using SSCP analysis (fig 1). DNA
from a subject with each of the three minor
band patterns was sequenced.

Two SSCP patterns were observed in PCR
amplified material from exon 3 (fig 2). Both
polymorphic systems could be visualised using
16 X 20 cm polyacrylamide gels stained with
ethidium bromide.

SEQUENCE ANALYSIS OF POLYMORPHIC
VARIANTS
Three single base changes were observed.
These were G to A at nucleotide 30 before the
ATG initiation codon (1P3), G to A at -12
(IP1), and C to T at - 10 (1P2) (fig 3).

IP1 removes a restriction enzyme site for
Mspl. This can be detected by Mspl digestion
of PCR products. Fig 4 illustrates the Mspl

Sacll Mspl Start
Exon 1: 5'J1- CCGCGG— —-CCjoGIC- -ATG-  ->3'
A AT
-60 -30 - 12 —10 +1

1P3 1P1 1P2

Figure 3 Sequence analysis of exon 1 SSCP vartat" -
Direct sequencing of exon 1 polymorphisms using

bead technology (Dynal, UK) and the Sequenase U
(USB). Samples were run on a 6% polyacrylamide
denaturing (8-3 moljl urea) gel at 55 W. Sequencing
gelsfor the sense strand of DNA from normal males
with polymorphisms IP | and 1P2 are shown.
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site variant segregating in a family with Ander-
son-Fabry disease. 1P3 removes a site
and segregation of this polymorphism is illus-
trated in a normal family in fig 5.

The polymorphism in the amplified product
from exon 3 was shown to be an insertion-
deletion polymorphism by BjfN| digestion of
the PCR product. Predicted band sizes were
39 bp, 31 bp, 144bp, and 186 bp. The 31 bp
fragment, which falls 80 bp into intron 2, was
reduced in size in subjects carrying the poly-
morphism. This was confirmed by Hinfl
digestion of the fragment. DNA sequencing
showed a deletion of 7 base pairs between
nucleotides 7184 and 7193 (CCCCCAGCC)
presumably owing to replication stuttering
across the stretch of Cs. It is not possible to
determine the exact breakpoints because of the
Cs at either end.

POLYMORPHISM FREQUENCY

One hundred and one X chromosomes were
analysed, 61 from males and 40 from females.
The frequencies are presented in the table.
The combined frequencies of the three poly-

350 bp
238 bp

112 bp

Mspl digestion

1.2 5 3 4

SSCP pattern

Figure 4 Segregation of the Mspl (1P 1) variant in a
Fabry family. (A) PCR amplification of exon 1, Mspl
digestion, and agarose (3% ) gel electrophoresis confirms
the presence of the IP | polymorphism shotvn by
radiolabelled SSCP(B). M isa DNA marker (1 kb
ladder, Gibco BRL), The pedigree of 1,2, 4, and 5 is
illustrated, 3 and 6 have normal digestion pattern

(112 bp and 238 bp products), and 7 is the undigested
PCR product (350 bp).
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350 bp
254 bp
96 bp

M 1 2 3 4 5 6 7

Sacll digestion

SSCP pattern

Figure 5 Segregation of the Sacll (1P3) variantin a
normalfamily. (A) PCR amplification of exonl, Sacll
digestion, and agarose (4% ) gel electrophoresis confirms
the presence of the 1P3 polymorphism shown by
radiolabelled SSCP(B). M isa DNA marker (1 kb
ladder, Gibco BRL). The pedigreefor 3-5 is illustrated,
6 is the normal S acll digestion pattern (96 bp and

254 bp products), 2 is an unrelated normal control who
also carries the 1P3 polymorphism, and 1 and 7 are the
undigested PCR product (350 bp).

morphisms in exon 1 were 10/101 (10%). The
polymorphism in exon 3 was present in 11/101
chromosomes (12%).

Of the 20 females analysed, five were hetero-
zygous for one or more of the exon 1 poly-
morphisms and six were heterozygous for the
exon 3 polymorphism. Nine of the women
were informative using either exon 1 or 3
SSCP polymorphisms, indicating that these
variants would be of use in the genetic analysis
of Anderson-Fabry disease or in mapping
studies.

ANALYSIS OF A FAMILY WITH ANDERSON-FABRY
DISEASE

SSCP analysis of exons 1and 3 was carried out
in a family with two males affected with

The frequency of the exon 1 and exon 3 polymorphisms
in a total of 101 X chromosomes in unrelated subjects.

Frequency of X chromosome variants

Exon 1 Exon 3
Variant Frequency Variant Frequency
IPI 3 3P1 1
1P2 5 Normal 920
1P3 2
Normal 91
Total 101 101
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Anderson-Fabry disease (fig 6). Two variants
were found to be segregating in the family.
The carrier mother was heterozygous for IP |
and 3P1. Her affected brother and son each
carried the mutant 3P1 allele but not the IP |
allele. Her daughter has inherited the unaffec-
ted allele (with the IP 1 polymorphism but not
3P1) and is not a carrier of Anderson-Fabry
disease.

Discussion

We describe a multiallelic polymorphic system
within the a-galactosidase A gene. It can be
readily visualised using a single PCR amplifi-
cation and SSCP analysis, with either radio-
active or ethidium bromide staining. A second
two allele system, also detected by SSCP,
increases the informativeness to a clinically
useful level.

The variation is remarkable in that three
point mutations are found within the 60 base
pairs of 5' non-translated sequence. With the
increased emphasis on sequencing of mutant

Exon 1:

Exon 3:

O#"#

1.2 3 4 5 6

Figure 6 Segregation of IP | and 3P1 in a Fabry
family. Radiolabelled SSCP analysis of exons 1 and 3
on a 6% polyacrylamide, 5% glycerol gel run at 340 V
overnight. The family pedigree for 1-6 is illustrated.
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genes, an increasing number of polymorphic
base changes are being found within coding
regions. These may involve single base silent
substitutions** or apparently neutral amino
acid changes.™ It has been suggested that 3'
non-translated regions may provide a rich
source of polymorphic variation.*® These re-
sults suggest that 5' non-translated regions
could also provide very useful polymorphic
variation. Few such variants have been de-
scribed, a striking exception being the highly
variable stretch of (C G G) repeats within the 5
non-translated region of FMR-1 which, when
expanded, gives rise to the fragile X syn-
drome.*®

A short region of 9 bp immediately before
the AUG initiation codon has been shown to
be important for ribosome initiation.A**® These
results imply that sequences further away from
the initiation site may have relatively little, if
any, functional effect.

Traditional restriction fragment length
polymorphisms depend on base changes oc-
curring within the recognition site for a res-
triction enzyme. SSCP analysis allows the
detection of single base changes occurring out-
side restriction sites and can increase greatly
the number of polymorphisms available. The
factors controlling single strand conformation,
and thus the best conditions to be used for
detection, are not understood. It is noteworthy
that three base changes occur within 20 bases
of each other (two within 2 base pairs) but are
all readily detected and each gives a distinctive
pattern. This shows that the factors control-
ling the preferred conformation must be sub-
tle.

Very few polymorphisms have previously
been reported within the a-galactosidase A
gene, making DNA studies in families with
Anderson-Fabry disease difficult. Biochemical
detection of female heterozygotes by the
measurement of the a-galactosidase activity,
usually relative to an unaffected lysosomal
enzyme such as P-D-galactosidase or N-
acetyl-P-D-hexosaminidase, in plasma, leuco-
cytes, or fibroblasts® is unreliable because of the
random inactivation of the X chromosome. It
is possible to show the cellular mosaicism
associated with females heterozygous for an X
linked disorder by assaying a-galactosidase in
cloned skin fibroblasts. However, this is a very
time consuming and technically difficult pro-
cedure. Alternatively, a-galactosidase may be
measured in individual hair follicles. The de-
tection of hair roots with normal, negligible,
and intermediate levels of activity from a
female is diagnostic for a hétérozygote.*’ This
is also a time consuming procedure and does
not give complete discrimination, especially
when the activities are low with fine hair.
Therefore, molecular genetic analysis will
provide an important additional detection
method. The polymorphisms described here
are easy to use and sufficiently frequent to be of
clinical use in carrier detection. The example
shown in fig 6, where family member 5 can be
excluded from being a carrier, illustrates this-

In the past, the majority of SSCP detection
methods have used radiolabelled PCR
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ducts. However, from the results shown here it
is clear that single base changes can be effect-
ively distinguished, even when changes are in
close proximity to each other (such as poly-
morphisms IP| and 1P2) without the need for
radiolabelling. Results can be obtained im-
mediately after running a polyacrylamide gel
by ethidium bromide staining and on a small
gel system, thus increasing the speed and
safety of SSCP as a mutation detection
method.
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acknowledge financial support from the Re-
search Trust for Metabolic Diseases in Chil-
dren and the Fabry’s Disease Research Fund.
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leotide synthesis.
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Anderson-Fabry disease is an X-linked disorder caused by the
deficiency of the lysosomal hydrolase, alpha-galactosidase A (EC
3.2.1.22). This enzyme catalyses the hydrolysis of alpha-
galactosidic linkages at the non-reducing terminals of
glycosphingolipids in normal individuals (1). In Fabry patients,
loss of this activity results in the progressive intra-lysosomal
accumulation of these glycoconjugates in a variety of tissues. In
particular, the vascular endothelium is affected and in severe cases
clinical symptoms include angiokeratoma, pain in the extremities,
renal failure and cerebro- and cardiovascular manifestations.

Fabry disease can be diagnosed in severely affected males by
demonstration of a deficiency of alpha-galactosidase activity in
plasma and leukocytes (2). Identification of heterozygous females
is however, often inconclusive, due to the random X-inactivation
phenomenon (3, 4). Linkage studies using restriction fragment
length polymorphisms are possible, although they are not always
informative. This problem can be overcome by molecular analysis
of the gene, which is now possible, since the sequence of the
alpha-galactosidase A gene is known (5).

The alpha-galactosidase A gene, which is located at Xq22 (1)
is 12kb in size and consists of 7 exons, each of which is less
than 3(X) bp long. It is therefore an ideal structure for exon by
exon single-strand conformation polymorphism (SSCP) analysis
1(6). This allows the identification of sequence changes, including
point mutations, which alter the electrophoretic migration pattern
of single stranded DNA through a polyacrylamide gel.

Here, we report the identification of 7 point mutations and a
ore base pair insertion in families with the classical form of Fabry
disease. Three of the point mutations result in the generation of
stop codons and four cause substitution of an amino acid residue.
The one base pair insertion causes a frameshift and premature
termination in protein translation. These mutations have been
identified by polymerase chain reaction (PCR) amplification of
each exon using newly designed primers, followed by SSCP
analysis and sequencing.

Intronic oligonucleotide primers were designed using the
PRIMER program provided by the HGMP resource centre based
@& MRC Clinical Research Centre, Harrow, UK (Table 1I).
Genomic DNA was isolated from whole blood by an ammonium
acetate salting out procedure, as previously described (7). All
seven exons and a small portion of flanking intron sequences from
the genomic DNA of eight affected males and one manifesting
female in unrelated Fabry families were amplified by PCR. No
exons failed to amplify. PCR was conducted in a 50 /d reaction
mixture volume, containing genomic DNA, 40 pmol of each
primer (Table 1), 0.2 mM dATP, dOTP, dTTP and 0.02 mM
dCTP, 1 [iCi of AP-dCTP, 1 unit of Promega Taq polymerase
and in Promega enzyme buffer with 1.5 mM MgCIl2. The

*To whom correspondence should be addressed

conditions for amplification were as follows: 30 cycles of
dénaturation at 94°C (30 seconds), an annealing step of 30
seconds (at 58°C for exons 1 and 3, at 59°C for exons 2 and
4 and 61 °C for exons 5, 6 and 7) and an elongation step at 72°C
(1 minute). The amplification was completed by a final 10 minute
elongation step at 72°C.

SSCP analysis was conducted for each exon as follows. A
volume of 5 /d of each PCR product was diluted by adding 40
Xl of 0.1% SDS, 10 mM EDTA solution and 2 M of this was
mixed with 2*M of 95 % formamide, 0.05 % xylene cyanol, 0.05 %
bromophenol blue, 20 mM EDTA solution. The samples were
then denatured by heating at 94°C for 3 minutes and placed on
ice before loading onto a 0.4mm thick 30 x40cm, polyacrylamide
gel (Protogel: 30% acrylamide to 0.8% bisacrylamide. National
Diagnostics), with 5% glycerol. Electrophoresis was carried out
in 0.09 M Tris-Borate, 0.002 M EDTA (pH 8.3) buffer (TBE),
at 340V and room temperature for approximately 15 hours, until
the xylene cyanol had migrated 31 cm. The gel was dried onto
3MM Whatman paper under vacuum at 80°C and exposed to
X-ray fdm (Kodak, IBI Ltd) for 1-3 days at -70°C. All
samples showing an SSCP variation were sequenced directly,
using Dynal bead (Dynal, UK) DNA strand separation and
sequencing with the Sequenase Il kit (USB), as previously
described (7).

In order to exclude common polymorphic sequence changes,
DNA from twenty normal male individuals was also amplified
and analysed for SSCP variants in each exon and short sections
of the adjacent intron sequences. A further 80 normal X
chromosomes were analysed in this manner for exons 1, 3, 5,
6 and 7. Three previously described polymorphic variants were
identified in the 5'untranslated region of exon 1 and one intronic
variant was found in the exon 3 PCR product (7). Single intronic
polymorphic variants were also found in the 5'sequence adjacent
to exon 5 (an A to G transition at nucleotide 10115 of the gene)
and to exon 7 (a C to T transition at nucleotide 10956 of the
gene). No SSCP changes were observed in the PCR products
for exons 2, 4 or 6 and no polymorphisms were found in any
part of the amino acid coding region of the gene.

The following unique sequence changes were identified in
patients with the classical form of Fabry disease Figure 1. They
consist of substitutions at the following nucleotide positions of
the cDNA (8): 644 (A—T, Asn2i5—Ser, exon 5); 679 (C-*T,
Arg227—Stop, exon 5); 806 (TAC, Val269”Ala, exon 6); 861
(G—A, Trp287—Stop, exon 6); 979 (C-*A, GIn327—Lys, exon
6); 1024 (C -T, Arg342AStop, exon 7); and 1081 (G -A,
Gly36i—Arg, exon 7). A one base insertion of an adenine
nucleotide between nucleotides 716 and 717 of the normal cDNA
sequence was also observed in another patient (results not shown).
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Patient

Figure 1. Sequence analysis of exons showing an altered SSCP pattern in six affected males (a)-(f) and one manifesting female (g) at cDNA nucleotide positions
(8): (a) 644 (exon 5, Asn™S—Ser); (b) 679 (exon 5, Arg227-.stop); (c) 1024 (exon 7, ArgS'"Z-stop); (d) 1081 (exon 7, Gly*'—Arg); (e) 806 (exon 6, Val™™ -Ala);

(f) 861 (exon 6, Trp287-.stop); and (g) 979 (exon 6, GIn327—Lys).

The stop mutation in exon 5 (at nucleotide 679, in a CpG site)
was found in two unrelated Fabry families. We have failed to
find mutations, using this method, in four families. These
sequence changes are excluded as polymorphisms and presumed
to be disease-causing because: (a) none was found in DNA from
100 chromosomes; (b) no other non-polymorphic SSCP changes
were seen in the other six exons; and (c) the exon containing
the unique change was fully sequenced and did not contain any
other mutations.

Four of our mutations can be detected by restriction enzyme
digestion. The mutations in Figure 1 (a), (d) and (f) remove

restriction enzyme recognition sites for TspE |, Sau961 and By
I, respectively. The insertion mutation (result not shown) in exon
5 creates an Mse | site.

Three of our point mutations (Figure 1 (b), (c), (f)) result in
the generation of a stop codon and are predicted to case
premature termination of protein translation. These are presumed
to be the disease-causing mutations, accounting for the severe
clinical picture in each of these cases. The insertion of one bese
in exon 5 is predicted to cause a frameshift mutant in which axino
acids 241-249 (SILDWTSFN), in the normal become
EYLGLDIF-stop in the patient. This is predicted to case



]Table 1. Intronic oligonucleotide primers designed for amplifying and sequencing
the seven exons of the alpha-galactosidase A gene.

Primer pair Sequence Nucleotide
for exon: position (5)
5-GTCCCAGTTGCCAGAGAAAC-3' 1054-1073
5'-AAAGGGAAGGGAGTACCCAA3Z' 1403-1384
5-ATGGGAGGTACCTAAGTGTTCA-3' 5033-5054
5'-GTCCTCTGAATGAACAAGAACA-3' 5306-5285
5-GATGATNnTGGGGGI1TTGTG-3' 7123-7142
5-GATTGGTTCTTTGGCTCAGC-3' 7522-7503
5-ATAGCCCCAGCTGGAAA1TC-3' 8262-8281
5-CAGTTCTATTGGATTCTGGGC-3' 8445-8425
5-AGAAGGCTACAAGTGCCTCC-3' 10042-10061
5'-GCAGGGTCTTGAACAAGGAG-3' 10327-10308
5-GGATGCTGTGGAAAGTGGTT-3' 10413-10432
5'-GGCCCAAGACAAAGTTGGTA-3' 10769-10750
5-GAATGCCAAACTAACAGGGC-3' 10912-10931
5-GCATGAGCCACCrAGCCrr-3' 11352-11334
LYS ARG
t
(327) (361)
GLN GLY
cDNA
|PRO GLU ARG GLN MET ARG GLY ARG
(40) (66) (112) (279) (296)  (301) (328) (356)
1 1 | | I | | |
SER GLN CYs GLU VAL GLN ARG TRP
12)  x9)  *(9) 1%0)  *(14) *(13)1*®) *(1%)

Cardiac Involvement only

Figure 2. Diagram indicating the distribution of single base substitutions in the
c¢DNA of alpha-galactosidase A: (a) our mutations; and (b) previously reported

nutations. indicates reference sources.

premature termination at amino acid 249) and consequently the
[severe phenotype.
Four other mutations result in amino acid substitutions, two
[of which cause a change in the charge of the amino acid side
:hain (Figure 1 (d) and (g)) are therefore very likely to affect
Jrotein structure and/ or function. The other two substitutions
[are an asparagine to serine (Figure 1(a)) and a valine to alanine
[(Figure 1(e)), neither of which leads to a change in charge.
The asparagine to substitution in exon 5 of a patient with classic
IFabry disease symptoms but with no kidney involvement (Figure
Il (a)) is of particular interest as it disrupts a putative protein
(glycosylation site (Asn-Tyr-Thr). Therefore, this mutation may
[alter the pattern of glycosylation in the alpha-galactosidase A of
lis patient.
The valine to alanine substitution (Figure 1 (e)) in the upstream
;gion of exon 6 in a patient with the lull symptoms of Fabry’s
iisease is also of interest. This is presumed to be disease-causing,
sed on the criteria described above. Such a change could disrupt
icific hydrophobic interactions essential for the function of the
enzyme. A recent study (9) suggests that mutations in this region.
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including those which cause a change in the amino acid charge
(see Figure 2), cause a less severe, asymptomatic form of the
disease associated with impaired cardiac function as the only
symptom. These observations suggest that mutations in the
upstream region of exon 6 of alpha-galactosidase A can have
diverse effects on the properties of the enzyme.

Seven putative disease-causing single base substitutions and one
small insertion mutation have therefore been identified in nine
unrelated families with the classical form of Fabry disease. This
nearly doubles the number of previously published point
mutations, emphasising the heterogeneous nature of the disease.
Figure 2 indicates the position of our seven substitutions in
relation to known point mutations in the cDNA. Two splice-site
point mutations have also been reported previously (10, 11).

The effects of these new mutations on the structure and function
of alpha-galactosidase A will be investigated by expression in
cells. Collation of these results with other mutation analyses will
hopefully lead to a better understanding of the correlation of
genotype with phenotype in this genetically and phenotypically
heterogeneous disease.
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figure 1. Sequence analysis of exons showing an altered SSCP pattern in seven affected males (a)-(g) at gene nucleotide positions (5); (a) 1282 (G™—R, exon
1); (b) 1325 (R*-L, exon 1); (c) 7393 (D '*-V, exon 3); (d) 10168 (W"<”-X, exon 5); (e) 10655 (VA'*-E, exon 6); (f) 8321 (intron 3, 3' splice site); (g)
2 bp (AA) deletion between nucleotides 10208-10210.
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Figure 2. Diagram indicating the gene location of mutations in the a-galactosidase
A gene reported in this paper and our previous paper (7) using our strategy.

An understanding of the relationship between a disease-causing
mutation in a gene encoding a lysosomal enzyme and its effect
on the structure and function of the enzyme is essential for a
rational approach to enzyme replacement therapy for lysosomal
storage diseases. In this paper we report 8 new mutations in the
a-galactosidase A gene in patients with the X-linked lysosomal
storage disorder, Fabry disease, which results from a deficiency
in a-galactosidase A (EC 3.2.1.22) (1). This work is part of a
programme to identity patients who might be suitable for enzyme
replacement therapy. The cDNA for a-galactosidase A has been
sequenced (2) and expressed stably in mammalian cells raising
the prospect of therapy with recombinant enzyme (3). The a-
galactosidase A gene, which is located at Xq2.1.33-Xq22, is
14 kb in length and has 7 exons (4,5). Each of the exons is of
a convenient length for amplification by the polymerase chain
reaction (PCR) and analysis for sequence changes by single strand
conformation polymorphism (SSCP) and sequencing. Using this
strategy we have identified polymorphisms (6) and disease-
causing mutations (7) in the a-galactosidase gene. Mutations
discovered by other groups are summarised in reference 8.

Seven of the patients analysed by the same strategy in this
report had the classical severe form of the disease, characterised
by pain in the extremities, angiokeratoma, renal failure and
cerebral and cardiovascular manifestations (1). The eighth patient
had an atypical form of the disease with neurological involvement
and spastic hemiplegia only.

Three missense and one nonsense mutation, two small deletions
and a mutation in a 3'-splice site consensus sequence were found
in families with the classical form of the disease (Fig. 1). The
missense mutations occurred at the following nucleotide positions
in the gene structure (5):- 1325 (CGCACTC) in exon 1 (Fig.
la), giving rise to R49L; 7393 (GATAGTT) in exon 3 (Fig.
le), leading to D165V and 10655 (GTA—GAA) in exon 6 (Fig.
Id) producing a V316E. All these mutations will produce a
change in the charge of the protein and would be expected to
affect the properties of the enzyme.

The G * A change found at nt 10168 (TGG—TAG) in exon
5 (Fig. Ic) will result in a new stop codon, W226X. It is predicted
that it will produce a truncated protein, either by causing
premature termination of protein translation or by exon skipping
during mRNA formation, as has been described for other
nonsense mutations (9).

The splice site mutation found at 8321 (agGT—atGT) in the
3' consensus splice site sequence in intron 3 (Fig. If) is predicted
to cause aberrant RNA splicing. Analysis of the mRNA from
a patient with a different point mutation at the same base position,
agGT—aaGT, (10) showed that skipping of exon 4 occurred
during RNA processing. It is assumed that similar skipping of
exon 4 will occur in our patient.

A two base pair (AA) deletion in the sequence 5'-AAA-3%
10208-10210, in exon 5 (Fig. Ig) and a 19 bp deletion between
nucleotides 10988-11007 in exon 7 (results not shown) were
found. Both deletions cause a frameshift and are predicted to
produce truncated proteins. The 2 bp deletion in exon 5 will case
a frameshift mutant in which amino acids 240-248
(KSILDWTSF), in the normal sequence become EYLGLDIF-
stop in the patient. It is likely to have been caused by slipped
base mispairing during DNA replication. The origin of the 19
bp mutation is unusual in that it is not flanked by direct repeat
units and does not appear to involve any repeated nucleotide
residues, in contrast to all other reported rearrangements of the
a-galactosidase A gene (11-13). The sequence 5'-ACAACTT
TGAAG-GACCT CTCTCAG-3' becomes 5'-ACAACTTCT-
CTCAG-3'. The effect of this deletion is the replacement of
codons 338-341 (EVWE) with SQA-Stop.

The atypical patient with only neurological involvement and
spastic hemiplegia has a GG A*AGA mutation at position 1282
in exon 1 (Fig. Ib) causing a change of glycine to arginine, G35R.
It will be interesting to see how the effect of this specific mutation
on the structure or function of the enzyme avoids the more
common vascular symptoms. Other mutations have been detected
in atypical patients. A common mutation, N215S, in exon 5 (7,8)
has been found in patients, who are asymptomatic or have only
mild symptoms. A cluster of mutations in the upstream region
of exon 6 has been detected in patients with cardiac involvement
only (14-16). However, we and others have shown that
mutations in the same region can lead to the severe form of the
disease (7,8). It is not yet possible with our present knowledge
of the tertiary structure of a-galactosidase to predict the effect
of missense mutations on the structure and function of the
enzyme.



All these sequence changes are excluded as polymorphisms
and presumed to be disease-causing because: (a) none was found
in DNA from 100 chromosomes in normal individuals; (b) no
other non-polymorphic SSCP changes (6) were seen in the
remaining six exons; and (c) the exon containing the unique
change was fully sequenced and did not contain any other
mutations. Five of these new mutations should be be detectable
by restriction enzyme digestion. The mutations, R49L (Fig. la),
W226X (Fig. Ic), V316E (Fig. Id) and D165E (Fig. le) remove
restriction enzyme recognition sites for Hhal, Mael, Maell and
Bgin, respectively and the 19 bp deletion removes an EcoNl site.

Using this strategy we have detected 16 new mutations in 17
families (Fig. 2) with R227X occurring in 2 unrelated families
(7). An SSCP change was not detected in 4 patients indicating
a success rate for this strategy of 81%. The effects of these
mutations on the structure and ftinction of a-galactosidase A will
be investigated by protein expression studies and analysis of the
RNA. This information will lead to a better understanding of
the pathogenesis of Fabry disease. Expression of these mutants
in vivo to see if enzymic protein is produced will form the basis
of selecting patients for enzyme replacement therapy.
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