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THESIS SUMMARY

Metachromatic leukodystrophy (MLD) is one of the mole prevalent lysosomal storage

disorders with a reported incidence of I in 92,000 births in Australia' The major cause of

this disease is the deficiency of arylsulphatase A (ASA); this lysosomal enzyme, together

with an activator protein, saposin B, is needed for the catabolism of sulphatide' The

subsequent accumulation of sulphatides in the central nervous system results in progressive

demyerination that reads to severe impairment of neurorogical function with a fatal outcome

for the more sevefely affected infantile and juvenile patients.
l);. .1 
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Bone marrow transprantation has been carried out in MLD patients for more thanz' years'

However, successfur treatment of this disorder is often diffrcurt and remains a challenge

because patients are usually diagnosed after the onset of neurological symptoms' At

present, MLD is diagnosed by measurement of ASA activity in peripheral blood leucocltes

and cultured skin fibroblasts. However, a definitive diagnosis is usually only obtained after

extensive testing with an arcay ofauxiliary laboratory tests. The need for auxiliary tests is

due to the presence of the ASA pseudo-deficiency (ASA-PD) mutation or ASA-PD/MLD'

which leads to clinically normal individuals who have low ASA enzyme activity' These

patients cannot be distinguished from MLD patients by conventional enzyme analysis;

furthermore, normal enzyme activity cannot rule out MLD since saposin B deficiency is

also known to cause the disorder'

In this study, immune-based ASA activity and protein assays, and a simple skin fibroblast

sulphatide-loading protocol, were developed. In addition, a sulphatide quantification assay

using mass spectrometry was established. The immune-based assays were shown to be

highly specific. The immune-quantification ASA protein assay was sensitive and clearly

distinguished unaffected, ASA-PD and MLD individuars in brood spots and skin fibroblast

samples. However, ASA enzyme activity was not detected in either ASA-PD or MLD

individuals in blood spots using the immune-capture ASA activity assay' a finding

attributed to the instabitity of AsA activity in dried blood spots that had been stored at

room temperature. The combination of these two assays has enabled determination of

specific activity of the enzyme in different patients, thereby providing information on the

effect of the mutation on protein stability and activity as well as an additional parameter

with which to distinguish phenotypes'



To further develop the capacity to predict phenotype, induced accumulation of sulphatide in

skin fibroblast cultures \ryas performed; the resultant cells were quantified for accumulated

sulphatide and other lipids using electrospray ionisation tandem mass spectrometry. A

strong correlation was observed between residual enzyme activity and the amount of
accumulated sulphatide: four out of five late-infantile MLD patients could be clearly

distinguished from the juvenile and adult patients, although no difference was observed in

the amount of accumulated sulphatide in the latter two groups. However, a clear difference

was observed between attenuated adult-onset patients and ASA-PD/MLD compound

heterozygotes. Analysis of urine for sulphatide and a range of other lipids from a cohort of

unaffected controls, ASA-PD and MLD patients showed that, in addition to elevated

sulphatide, MLD patients also showed alterations in some phosphatidylglycerol/

lysobisphosphatidic acid species, a finding that was also observed in the sulphatide-loaded

skin fibroblasts. This observation enabled unequivocal discrimination of the late-infantile

MLD phenotype.

The immune-based ASA activity and protein assays will simplifl, the procedures for

collection, handling and storage protocols for MLD testing. This will be particularly

important for countries where sample collection and transport services are not well

established or where transport overseas is required. The combination of residual ASA

protein and activity, urinary sulphatide and other lipids, and sulphatide accumulation in

cultured skin fibroblasts, provides a detailed picture of patient biochemistry and has the

potential to provide predictive assessment of phenotype where patients are identified

asymptomatically.
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CHAPTER ONE

Introduction

Chapter one reviews the literature to enable a full appreciation of the project's initial aims.

This review starts with an overview of the lysosome, describing its protein composition and

the mechanisms involved in its function and biogenesis. Two classes of lysosomal

proteins, the sulphatases and saposins, are further elaborated upon due to their pathological

role in metachromatic leukodystrophy (MLD). The trafficking mechanisms of lysosomal

proteins are also discussed, since alterations to these mechanisms contribute to

pathogenicity in MLD. The involvement of 'lipid rafts' in MLD pathogenesis is also

briefly discussed.

In general, this thesis is concemed with establishing a holistic approach to the laboratory

detection and characterisation of MLD by developing methodology that will allow accurate

assignment of phenotype in the simplest way possible based on the biochemistry of the

disorder. An array of assays, including those developed during this study and those

previously developed in the Department of Genetic Medicine by others, were employed to

facilitate this study. This chapter reviews current laboratory diagnostic methods for MLD,

as well as factors that contribute to the problems encountered in the diagnosis of this

genetically, clinically and biochemically heterogenous disease.

At the end of this review, two important gaps in our knowledge are identified and translated

into six specific aims; corresponding experimental approaches are also presented.

1. Introduction

The first description of the lysosome by De Duve et al. (1955) started the quest for other

researchers to study and understand a group of heterogeneous diseases now known as

lysosomal storage disorders (LSD). Beginning with Hers, who, in 1963, demonstrated that

the absence of cr-glucosidase caused Pompe disease, a flurry of hndings over the next 40-

years has added significant knowledge to the overall understanding of these diseases.

However, due to their complex nature, some questions remain unanswered.

1.1. The lysosome and its function

The lysosome was hrst identified as an intracellular organelle through sub-cellular

fractionation experiments combined with enzyme activity determination. The lysosome is a
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membrane-bound cytoplasmic organelle, dense in cell fractionation experiments, that

contains various mature forms of lysosomal proteins and is a terminal compartment in the

endocytic pathway (Storrie, 1988)

The lysosome is the major digestive organelle in eukaryotic cells that degrades a variety of
macromolecules. These macromolecules can be delivered to lysosomes via the endocytic

trafficking route through three major pathways: 1) clathrin-mediated endocytosis; 2)
phagocytosis; and 3) autophagy, as shown in Figure 1.1 (Kornfeld, 1986). Endocytosis is
the process whereby molecules are taken into the cell via the plasma membrane. This can

be achieved by receptor-mediated uptake in which the intended molecule is bound to a

specific receptor on the plasma membrane before being endocytosed (V/attiaux et al.,

1995). Altematively, this process can take place in a fluid phase (adsorptive endocytosis)

through non-specific binding to the plasma membrane before being taken-up (Wattiaux e/
a|.,2000). Once internalised, these molecules are rapidly delivered to early endosomes and

then delivered to lysosomes for degradation, while most of the membrane-bound proteins

are redirected to the plasma membrane for recycling (van Kerkhof e/ at.,2001).

Phagocytosis is the cellular uptake of particulate material through engulfment. Firstly,
cytoplasmic extensions formed on the plasma membrane engulf the particle; the membrane

then pinches free to produce a phagosome, which will ultimately fuse with the lysosome for
digestion (Beron et al., 1995). A classic example of this process is the engulfment of
micro-organisms by macrophages as part of the body's defence mechanism. The process of
autophagy is the central mechanism by which the cell recycles its own cytosolic molecules

and organelles (Knowles and Ballard, 1976). Intracellular material, such as the cytoplasm,

is segregated by a membrane cisterna, which forms an autophagic vacuole known as an

autophagosome. Autophagosomes are presumed to fuse with lysosomes before their
contents are degraded by lysosomal enzymes (Mortimore and Schworer, 1977).
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Figure 1.1 Delivery of macromolecules to the lysosome

Macromolecules enter the cell via: 1) endocytosis: extracellular molecules are endocytosed

into the cell via clathrin-coated pits, which are then transported to the lysosome for

degradation via endosome vesicles; 2) phagocytosis: products of ingestion (e.g. bacterium,

food) are engulfed by the cell and the products are delivered to the lysosome in a vacuole

called the phagosome; and 3) autophagy: worn-out organelles (e.g. mitochondria) are

wrapped in a portion of the rough endoplasmic reticulum to form an autophagosome, which

is then delivered to the lysosome.
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1.2. Lysosomal Proteins

Lysosomal proteins, which total more than 80, work in a cohesive manner to ensure the

normal functioning of the lysosome (Hopwood and Brooks, 1997)' These proteins are

categorised into two groups based on their origin in the lysosome: (l) lysosomal membrane

proteins are located in the membrane; and (2) lysosomal luminal proteins are located in the

organelle milieu.

1.2.1. Lysosomal membrane proteins

Lysosomal membrane proteins consist of structural proteins, proton ATPases and various

transporters. The structural proteins, also known as lysosomal membrane glycoproteins,

play avital role in containing the acidic content of the lysosome (Granger et a|.,1990)' This

acidic environment is maintained through the generation of electrical and chemical

gradients across the organelle membrane with the help of the vacuolar proton ATPases (van

Dyke, 1996).

Lysosomal membrane proteins that have been identihed and sequenced were found to be

heavily glycosylated. These polypeptides are the main structural constituent of the

lysosomal membrane and found to have molecular weights (Mw) between 90 and 110 kDa

(Peters and von Figura, lgg4). Of the unsequenced membrane proteins, most have been

functionally characterised as transporters for small molecules such as amino acids, calcium'

sulphate, phosphate and monosaccharides (Hopwood and Brooks, 1997).

1.2.2. Lysosomal luminal proteins

This diverse group of acid hydrolases is found within the lumen of the lysosome and is

responsible for the lysosomal degradation of macromolecules. The known acid hydrolases

include proteases, glycosidases, sulphatases, phosphatases and lipases (Hopwood and

Brooks, lggT). The sulphatases, together with another group of luminal proteins known as

activator proteins, are discussed further in this chapter since both proteins are directly

involved in the pathogenesis of MLD.

1.2.2.1. The sulPhatøses

The sulphatases are a group of enzymes that share a high degree of structural and functional

homology. Twelve sulphatases have been identified (Table 1.1), eight of which are found

in the lysosome; they act by desulphating glycosaminoglycans, glycolipids and

glycoproteins. The other four sulphatases are associated with the microsomal fraction and
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act on sulphated hydroxysteriods in the neutral milieu of the vacuolar network. Six

sulphatases, knorrrn as arylsulphatases A to F (ASA, ASB, ASC, ASD, ASE and ASF), are

known to act on artificial substrates such as p-nitrocatechol sulphate (p-NCS) and 4-

methylumbelliferyl sulphate (4-MUS) in addition to their natural substrates (Parenti et al.,

1997). Due to this ability, these synthetic substrates are widely used in laboratory assays

for the determination of sulphatase activities. The catalytic properties of some of these

sulphatases towards both the artificial 4-MUS substrate and their natural substrates have

been determined by Hopwood and colleagues, and are listed in Table 1.2 (Hopwood and

Ballabio,200l).

The oDNA of ASA and ASB was successfully sequenced and cloned by Stein et al. (1989)

and Peters and co-workers (1989), respectively. Their work provided opportunities for

others to study the consequences arising from mutations via in-vitro mutagenesis studies.

A further important finding was the identification of the active site of these enzymes, which

provided a major breakthrough in understanding their catalytic function. Schmidt et al.

(1995) identified the active sites for ASA and ASB as cysteine at positions 69 and 91,

respectively, through structural analysis of trypsin-digested ASA and ASB protein by

reverse-phase high performance liquid chromatography (RP-HPLC) and mass spectrometry

(MS). These active sites were later confirmed with the three-dimensional structure of

crystallised ASB by Bond et al. (1997) and ASA by Lukatela et al. (1998).

Crystallographic analysis also revealed the presence of cr-formylglycine (2-amino-3-

oxopropionic acid) instead of cysteine at the active sites of catal¡ically active ASA and

ASB, which suggested that these two proteins undergo post-translational modification

before becoming catalytically active. Schmidt et al. (1995) reported the isolation of a

peptide in the trypsin digest of ASA that contained a 2-amino-3-oxopropanoic acid residue

in place of the cysteine residue at position 69, as predicted by the genetic code of ASA. The

modification of this active site cysteine is catalysed by the action of the multiple sulphatase

gene (Cosma et a1.,2003).

In addition, the metal coordination sites are conserved between these two enzymes, with

Ca2* and Mg2* being proposed as the metal ions involved in the catalytic mechanisms for

ASB and ASA, respectively. However, analysis of the crystal structure of ASA in human

placenta revealed that the metal ion present in the active site is Ci* rather than Mg2*, as

found in the recombinant enzyme (Chruszcz et al., 2003). The active sites conserved

between ASA and ASB and their proposed functions are listed in Table 1.3.
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In an experiment by Waldow et at. (1999), who analysed the role of these active sites to

determine the catalytic function of human ASA, the following putative sites were

substituted with alanine: Asp2e, Asp30, Asp'st, Asn282, Hisl2s, ]Hisz2e, Ly,t", Lys302 and

Serrso. In addition, Asp2e, Asp30, Arpttt and Asn282 residues that are known to be involved

in the metal coordination of Mg2* were substituted with either asparagine or aspartate.

Results from these experiments showed that the Zn,,* tilas lower in all mutants (between I to

260/0), while the K, was lO-fold higher for K1234 and K3024 and up to five-fold higher

for other mutants when compared to wild type (Wt) ASA activity. It was thus concluded

that all of these residues are vital for catalytic activity of ASA-

It has long been established that the deficiency of individual sulphatases causes varlous

types of mucopolysaccharidoses (MPSs), with the exceptions of: ASA, which is associated

with MLD; ASE, which is linked to chondrodysplasia punctata (Franco et al., 1995); and

ASC, which leads to X-linked ichthyosis (Robledo et al., 1995); another LSD, multiple

sulphatase deficiency, is caused by inactive sulphatases due to the failure of post-

translational modification of cysteine (Schmidt et a\.,1995; Dierks et al-,2003)'

In addition to these, variants of LSD are known to exist as a consequence of sphingolipid

activator protein (saposin) deficiency. The sulphatases, in hydrolysing glycosphingolipids

(GSL) with more than six carbons in the acyl chain, require the aid of saposins to extract

and solubilise the substrates before presenting the complex to the enzymes for

hydrolysation (Vogel et a1.,1991). The saposins, and their relationship to MLD, are further

discussed in section 1.2.2.2.
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Table 1.1 Human sulphatases

Enryme" Localisationb Substrate Disease'

ASA

ASB

ASC

ASD

ASE

ASF

12S

Lysosome

Lysosome

Microsome

ER

Golgi apparatus

ER

Lysosome

Lysosome

Lysosome

Lysosome

Lysosome

Lysosome

Sulphatide

Dermatan sulphate

Sulphated steroid

unknown

unknown

unknown

Dermatan sulphate
Heparan sulphate

Keratan sulphate
Chondroitin sulphate

Heparan sulphate

Heparan sulphate

Heparan sulphate

Heparan sulphate

MLD, MSD

MPS VI, MSD

XLI, MSD

not established

CP, MSD

not established

MPS II, MSD

MPS IVA, MSD

MPS IIID, MSD

not established

not established

MPS IIIA, MSD

Gal6S

GlcN6S

GAS

GlcN3S

GIcNS

Table modified from Parenti et al.,1997; Hopwood and Ballabio, 2001.

u ASA : arylsulphatase A; ASB : arylsulphatase B; ASC : arylsulphatase C; ASD : arylsulphatase D; ASE :

arylsulphatase E; ASF : arylsulphatase F; 12S : iduronate-2-sulphatase; Gal6S : N-acetylgalactosamine-6-

sulphatase; GlcN6S : glucosamine-6-sulphatase; GAS : glucoronate-2-sulphatase; GlcN3S : glucosamine-3-

sulphatase; GIcNS : sulphamidase;

b BR: endoplasmic reticulum;

" MLD : metachromatic leukodystrophy; MSD : multiple sulphatase deficiency; XLI : X-linked ichthyosis;

MPS : mucopolysaccharidosis; CP : chondrodysplasia punctata
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Table 1.2 Catalytic properties of a number of specific sulphatases toward the
artificial substrate 4-methylumbelliferyl sulphate (A) and the natural substrate (B)

(A)

Enryme rK'n (mM) 2,,* (nmoUmin/mg) pH optimum

GIcNS

GlcN6S

12S

Gal6S

ASB

4.8

5.8

12.4

4.4

t.2

tt4
l0

300

t20

48485

5.4

5.2

5.6

4.7

5.6

(B)

Enryme K^(W) Zr"* (¡rmoUmin/mg) pH optimuma

GIcNS

GlcN6S

12S

Gal6S

ASB

GAS

10.7

48.2

3.0

12.5

60.0

0.3

0.8

0.049

3.4

1.5

20.0

12.8

5.2

6.0

4.5

4.7

5.6

3.2

Tables reproduced from Hopwood and Ballabio, 2001.
u 

GIcNS : sulphamidase; GlcN6S : glucosamine-6-sulphatase; 12S : iduronate-2-sulphatase; Gal6S : N-

acetylgalactosamine-6-sulphatase; ASB : arylsulphatase B; GAS : glucuronate-2-sulphatase
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Tabte 1.3 Active site residues conserved between ASA and ASB

Position

ASA

29

30

281

282

69

73

t23

125

229

302

ASB Proposed Function
Residue

Aspartic acid

Aspartic aoid

Aspartic acid

Asparagine

Cysteine

Arginine

Lysine

Histidine

Histidine

Lysine

53

54

300

301

9T

95

r45

r47

242

318

metal coordination

metal coordination

metal coordination

metal coordination

o-formylglycine

catalytic mechanism

catalytic mechanism

catalytic mechanism

catalytic mechanism

catalytic mechanism

Table reproduced from Hopwood and Ballabio' 2001'
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1.2.2.2. Søposins

In 1964, Mehl and Jatzkewitz discovered the first of these small non-enzymatic proteins

and named it "activator of the cerebroside sulphatase"; it is now known as saposin B.

There are five saposins: the four saposin homologues (4, B, C and D) and the

monosialoganglioside (Grr¡z) activator protein (O'Brien and Kishimoto, 1991). With the

exception of the Gvrz activator protein, all saposins are derived from a common precursor

protein called prosaposin (O'Brien et al., 1988), are structurally similar and share a high

degree of homology in their amino acid sequence (Kishimoto et a1.,1992)

Through kinetic and binding experiments, it was found that saposin B acts by extracting the

lipid from the plasma membrane, solubilising it into a protein/lipid complex and then

presenting the complex to the lysosomal enzymes for degradation (Fischer and Jatzkewitz,

1977). The crystallographic study of saposin B in dimer form has shown that the

solubilisation mechanism is achieved through a conformational change in the protein,

resulting in a large hydrophobic cavity used for sulphatide extraction from the membrane

and its subsequent presentation to ASA for catalytic action (lthn et a|.,2003).

Variants of LSD are known to arise from saposin deficiency (section I.2.2.1): saposin C

deficiency is associated with a variant form of Gaucher disease (Christomanou et al., 1986),

and a deficiency of saposin B is known to cause the variant in MLD (Kretz et a1.,1990). To

date, six cases of MLD have been reported to result from a def,rciency of saposin B, four of

which are due to mutations at the glycosylation site that result in the loss of its carbohydrate

moiety (Kretz et al.,1990;P.:afi et a1.,1990; Regis et al.,19991' Wrobe et a1.,2000).

Therefore, patients with these LSD variants may not be diagnosed because their respective

primary enzyme activity may be normal. Hence, it is imperative that both the clinician and

laboratory personnel dealing with the diagnosis of LSD are aware of the existence of these

variants. Diagnosis can be achieved through mutation analysis or by the determination of

saposins by measuring their ability to accelerate the hydrolysis of glycolipids (Conzelmann

and Sandhoff,1979).
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1.2.3. Endocytic trafficking

Protein trafficking pathways within the cell involve the plasma membrane and all elements

of the vacuolar network, with the exceptions of mitochondria, peroxisomes and

chloroplasts, which, as non-secretory organelles, have mechanically different protein

trafficking processes (Grivell, 1988). The trafficking processes of the lysosomal luminal

and membrane proteins will now be briefly discussed.

1.2.3.1. Tørgetíng of the lysosomal luminal proteíns

The synthesis of lysosomal luminal proteins occurs on the ribosome associated with the

endoplasmic reticulum (ER). The proteins produced at this stage are precursor forms,

which are then trafficked across the ER. During this process, co-translational modification,

including proteolysis and glycosylation, takes place before these proteins are trafficked to

the Golgi apparatus (Kornfeld, 1986).

Soluble enzymes that are destined for the lysosome undergo further post-translational

modification with the acquisition of phosphomannosyl residues in the cis-Golgi (Finean e/

al., 1984). This is essential for recognition of the enzyme by the mannose-6-phosphate

receptor (M6PR) and its subsequent translocation to the endosomal-lysosomal network

(von Figura and Hasilik, 1986). On reaching the endosome, these enzymes dissociate from

their receptors and continue their journey to the lysosome while the M6PR is redirected

back to trans-Golgi network for re-utilisation (Duncan and Kornfeld, 1988).

1.2.3.2. Tørgeting of lysosomøl membrøne proteins

While most of the traffrcking processes associated with lysosomal luminal proteins were

characterised in the mid- to late-1970s, the study of membrane protein trafhcking only

began in the early-I980s. The first significant study of the biosynthesis and trafficking of

lysosomal membrane proteins was by Barriocanal et al. (1986): through kinetic studies of

three lysosomal integral membrane proteins (LIMPs) they revealed that the translocation of

LIMPs to lysosomes was via a N-linked carbohydrate-independent mechanism, hence the

conclusion that lysosomal membrane proteins do not need the mannose-6-phosphate tag for

translocation to the lysosome. This f,rnding concurred in part with earlier work by von

Figura et al. (1979), who showed that two LIMPs without their carbohydrate moiety could

still be transported to the lysosome.
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More recent studies have shown that the targeting of LIMPs to the lysosome depends upon

a targeting signal near the C-terminal of the cytoplasmic tail (Hunziker and Geuze, 1996).

In general, two types of targeting signals have been characterised: (i) the 'tyrosine-based

signal' is found in the lysosome-associated membrane proteins Lamp-l, Lamp-2 and Lamp-

3 and is composed of the amino acid sequence of tyrosine followed by any two amino acids

and a hydrophobic residue (yXXØ) (Guarnieri et al.,1993): and (ii) the 'dileucine-based

signal,, which has a pairing of two leucine residues as the targeting signal (Honing et al.,

l99g), is found in cation-dependent M6PR. An altemative lysosomal targeting signal has

also been described involving the peptide motif of leucine-isoleucine, which can be found

in Limp II (Ogata and Fukuda,1994).

1.3. Lysosomal storage disorders

LSD are a group of more than 45 distinct heritable disorders caused by functional

deficiencies in lysosomal acid hydrolases, resulting in the accumulation of corresponding

substrates in the lysosomes. Excessive accumulation of these substrates will lead to an

increase in the number and size of lysosomes in affected cells (Hopwood and Brooks,

l9g7), as depicted in the electron micrograph in Figure 1'2'

LSD patients can present with a variety of clinical features. Clinical presentation is

progressive and chronic depending on the severity and nature of the disease. The site of

substrate storage also dictates the clinical presentation of these patients, which can be either

somatic or affect the central nervous system (CNS) or both (Hopwood and Brooks, 1997)'

Some of the clinical features associated with somatic storage are facial dysmorphia,

dysostosis multiplex and hepatosplenomegaly, while storage in the CNS results in cognitive

deficits, behavioural abnormalities and delayed developmental milestones (Clarke, 1997).

The continued interest in and increased understanding of LSD has led to the identification

and characterisation of several new disorders in recent years, including infantile neuronal

ceroid lipofuscinosis Q.{cL), also known as Santavuori disease (vesa et al., 1995),

pycnodysostosis (Gelb et al.,1996),and classical late-infantile NCL, also known as Jansky-

Bielschowshky disease (Sleat et al.,I9g7). V/ith improvements in our knowledge about the

nature of LSD, it is inevitable that the list will continue to expand.

Most LSD are autosomally recessively inherited, with the exceptions of Fabry disease

(Desnick et a1.,2001), Hunter syndrome (MPS type II) (Muenzer et al',2002) and Danon
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disease (Nishino et a1.,2000), which are inherited in an X-linked manner. LSD can be

grouped on the basis of enzyme deficiency and accumulating substrates. The types of LSD,

their enzyme deficiencies, prevalence, stored substrates and the types of diagnostic

investigations available for each disorder are listed in Table 1.4 (Meikle et a|.,2004a).

1.3.1. The incidence of lysosomal storage disorders

The incidence of LSD in Australia ranges from about 1 in 57 000 live births for Gaucher

disease, to 1 in 2.1 million live births for aspartylglucosaminuria (Meikle et al.,1999). In

Australia the combined incidence of LSD has been estimated to be approximately I in 7

700 live births (Meikle et al., 1999), however, incidence can vary substantially based on

ethnicity and geography. For example, Gaucher disease, the most prevalent LSD, was

reported to occur in 1 in 855 live births in the Ashkenazic Jewish population (Beutler and

Grabowski,1995) as opposed to 1 in 57 000 live births in Australia (Meikle et al.,1999)',

this also holds true for late-infantile MLD, which was found to be extraordinarily high in

Habbanite Jews in Israel, with a reported incidence of I in 75 live births (Zlotogora et al.,

19S0) compared to 1 in 92,000 in the Australian population (Meikle et al., 1999).
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LSD

Figure 1.2 Substrate storage in skin fÎbroblasts

Electron micrographs of skin fibroblasts (SF) from an unaffected individual (left) and a

LSD patient (right). The enlargement and accumulation of acidic vacuoles due to substrate

storage is a characteristic biochemical feature of LSD cells. (Micrographs reproduced with

courtesy from Professor John Hopwood)'

Control
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Table 1.4 Diagnosis of lysosomal storage disorders

Disease Clinical Phenotype No. Enzyme Australian

Prevalence"

Molecular

analysisSubstrates Analysis' diagnosis"

104170 cr-N-Acetylgalactosaminidase

278000 Acid lipase 1:528,000 Cholesterolesters

1 :2,1 '1 1 ,000 Glycopeptides

Protein, lipofuscin,

lipids

Protein, lipofuscin,

lipids

urine oligo

urine oligo

E yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

E

F,S

M

E

E

cr-N-Acetylgalactosamin idase

deficiency

Acid lipase deficiency

Aspartylglucosaminuria

Ceroid lipofuscinosis neuronal 1,

infantile; CLNl

Ceroid lipofuscinosis neuronal 2,

late-infantile; CLN2

Ceroid lipofuscinosis neuronal 3,

juvenile; CLN3

Ceroid lipofuscinosis neuronal 5;

CLN5

Ceroid lipofuscinosis neuronal 6;

CLN6

Ceroid lipofuscinosis neuronal 8;

CLNS

Cystinosis

Danon disease

Fabry disease

Farber lipogranulomatos¡s

Kanzaki diseased

Cholesterol ester

storage disease;

Wolman disease

Santavuori diseese

Jansky-

Bielschowsky

disease

Batten disease

Finnish variant late-

infantile NCL

Variant late-infantile

NCL

Northern epilepsy

Fabry disease

Farber disease

E

208400

256730

204500

Aspartylg lucosaminidase

Palm itoyl-protein thioesterase

1

Tripeptidyl peptidase I

Cystine transporter

LAMP-2

cr-Galactosidase A

Acid ceramidase

Protein, lipofuscin,

lipids

Protein, lipofuscin,

lipids

Protein, lipofuscin,

lipids

Protein, lipofuscin,

lipids

Cystine

Glycogen

Trihexosyl ceramide

Ceramide

E

E

E

E

E

E

204200 CLN3p (function unknown)

256731 CLNSp (function unknown)

601780 CLN6p (function unknown)

600143 CLNSp (function unknown)

M

M

M

M

21 9800

300257

301 500

228000

1:192,000

1 :1 1 7,000

F,S

E,S

E
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Table 1.4 Continued

Disease Clinical Phenotype o, cy Storage

Substrates

Biochemical

Analysis'

Molecular

analysisPrevalence" diagnosis"

Fucosidosis

Galactosialidosis types I / ll

Gaucher disease types I / ll / lll

Guz-Gangliosidosis type I

(B variant)

Guz-Gangliosidosis type ll

(O variant)

a-Mannosidosis types I / ll

p-Mannosidosis

Metachromatic leukodystrophy

Metachromatic leukodystrophy

Mucolipidosis type I

Gaucher d¡sease

Tay Sachs disease

Sandhoff disease

Sialidosistypesl/ll

a-L-Fucosidase

256540

230800

230900

231 000

see

1 76801

245200 p-Galactocerebrosidase

232300 cr-Glucosidase

230500 p-Galactosidase

272750 Guz-activatordeficiency

272800 p-HexosaminidaseA

268800 p-HexosaminidaseA&B

Protective protein

p-Glucocerebrosidase

Saposin C

c¿-D-Mannosidase

p-D-Mannosidase

Arylsulphatase A

Saposin B

Neuraminidase

>l:2,000,000

1:57,000

1 :201 ,000

1:'146,000

1:384,000

l:201 ,000

1:384,000

1 :1 ,056,000

1:92,000

Glycopeptides,

oligosaccharides

Oligosaccharides

Glucosyl ceramide

Glucosyl ceramide

Galactosyl

ceramide

Glycogen,

oligosaccharides

Oligosaccharides,

gangliosides

Oligosaccharides,

gangliosides

Oligosaccharides,

gangliosides

Oligosaccharides,

gangliosides

Oligosaccharides

Oligosaccharides

Sulphatide

Sulphatide

Oligosaccharides

Urine oligo

Urine oligo

Urine oligo

Urine oligo

Urine oligo

Urine oligo

E

Ef

E

E

E

E

E

S,F

E

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

E,S

E

E

M

E

yes

yes

Ef

E

Gaucher disease

Globoid cell leukodystrophy Krabbe disease

Glycogen storage disease ll Pompe disease

Gur-Gangliosidosis types l/ll/lll

Guz-Gangliosidosis, type AB

SF

E

M

E

E

E E

M

E

F

E

E

E

248500

248510

2501 00

249900

256550
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Table 1.4 Continued

Phenotype No. Enzyme

Prevalence"

Storage

Substrates

ian
Disease Analysis" analYsis diagnosis"

arides, ne oligo

Urine

GAG

yes

yes

yes

yes

yes

yes

yes

no

yes

yes

yes

yes

ME

ME

types ll / lll

Mucolipidosis tYPe lllC

Mucolipidosis tYPe lV

Mucopolysaccharidosis tYPe I

disease; Pseudo-

Hurler polydYstroPhY

Pseudo-Hurler

polydystroPhY

phosphotransferase

N-Acetylglucosamine-1 -

phosphotransferase Y-subu nit

Mucolipin 1

cr-L-lduronidase

lduronate-2-su lPhatase

AcetylCoA:glucosamine-N-

acetyltransferase

N-Acetylglucosamine-6-

sulphatase

N-Acetylgalactosamine-6-

sulphatase

p-Galactosidase

N-Acetylgalactosamine-4-

sulphatase

glycolipids

Oligosaccharides,

glycolipids

DS, HS,

oligosaccharides

DS, HS,

oligosaccharides

HS,

oligosaccharides

HS,

oligosaccharides

HS,

oligosaccharides

HS,

oligosaccharides

DS,

oligosaccharides

DS,

oligosaccharides

DS,

oligosaccharides

252500

252600

252605

252650

60701 4

6070'15

607016

309900

MEq

M

EE

Mucopolysaccharidosistypell Huntersyndrome

Mucopolysaccharidosistype lllA Sanfilipposyndrome 252900 HeParan-N-sulPhatase

MucopolysaccharidosistypelllB Sanfilipposyndrome 252920 cr-N-Acetylglucosaminidase

Hurler/Scheie sYndrome

Mucopolysaccharidosistype lllC Sanfilipposyndrome 252930

Mucopolysaccharidosistype lllD Sanfilipposyndrome 252940

Mucopolysaccharidosistype IVA Morquiosyndrome 253000

Mucopolysaccharidosistype IVB Morquiosyndrome 25301 0

MucopolysaccharidosistypeVl Maroteaux-Lamysyndrome 253200

1:88,000

1:136,000

1:'1 14,000

1:211,000

1:1,407,000

1:1,056,000

1 :169,000

1:235,000

Urine

GAG

Urine

GAG

Urine

GAG

Urine

GAG

Urine

GAG

Urine

GAG

Urine

GAG

Urine

GAG

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E
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Table 1.4 Continued

Disease Clinical Phenotype OMIM No. Enzyme Australian

Prevalence" Substrates Analysis"

Molecular

analysis

Prenatal

diagnosis"

type

Mucopolysaccharidosis type lX

Multiple sulphatase deficiency

Niemann-Pick disease type A / B Niemann-Pick disease

Niemann-Pick disease type C1 Niemann-Pick d¡sease

Niemann-Pick disease

Niemann-Pick disease type C2

Prosaposin deficiency

Pycnodysostosis

Sialic acid storage disease lnfantile free sialic acid

storage disease (ISSD);

salla disease

601 492

272200

257200

6076r 6

257220

607625

'176801

265800

269920

604369

269921

p-Glucuronidase

Hyaluronidase I

Formylglycine generating

enzyme

Acid sphingomyelinase

NPCI protein (involved in

cholesterol trafficking)

NPC2 protein (involved in

cholesterol trafficking)

Cathepsin K

Sialin (Sialic ac¡d transporte0

UDP-N-acetylglucosamine 2-

eprmerase

1:l,407,000

1:248,000

1:211,000 Cholesterol

Cholesterol

1:528,000

oligosaccharides

Hyaluronan

HS, DS, CS,

oligosaccharides

Sphingomyelin

Sialic acid, uronic

acid

Sialic acid

1:2,11'l ,000 DS, Urine

GAG

Urine

GAG

Urine oligo

E

ME

E

S

E

E

S,F

S,F

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

none

E, MEg

E

S.F

S,F

M

S

Sialuria Urine oligo S, E

" Meikle et a1.,7999; b urine oligo : urine thin layer chromatography; urine GAG : urine high resolution electrophoresis;

deficiency; 'presumed that enzyme activity would be deficient in chorionic villus cells and amniocytes; r analysis of neuraminidase activþ should be used in cultured cells;

s prenatal diagnosis by lysosomal enzyme analysis can only be performed in families with clear enzyme deficiencies in cultured cells.

Table reproduced from Meikle et al. (200aa).

M
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1.4. Metachromatic leukodystrophy

MLD is a neurodegenerative disease that is inherited in an autosomal recessive manner'

The primary defect results from the decreased catalytic action of ASA on galactosyl-3-

sulphate (sulphatide), resulting in its accumulation in the lysosomal compartment of cells in

several peripheral organs, notably the cNS. whilst there is no pathophysiological effect

from this accumulation in most peripheral tissues, the CNS exhibits progressive

demyelination that leads to severe impairment of neurological function with afatal outcome

(Kolodny and FluhartY, 1995)'

L.4.1. Classification of MLD

MLD is classified into four clinical sub-types based on the age of onset, as shown in Table

1.5 (von Figura et a1.,2001). The most severe sub-type is the late-infantile form, in which

death ensues one- to seven-years after diagnosis. The juvenile type has a more protracted

clinical course with the majority of patients dying before reaching the age of 2Q-years,

although some patients have survived into their late-20s (Kolodny and Fluharty, 1995);

some juvenile cases have presented at a very young age (four- to six-years), which has led

to further sub-categorisation into 'early-juvenile' and 'late-juvenile' (Kolodny and

Fluharty, 1995). The adult form is the mildest, with patients reported to survive well into

their sixth-decade (Hageman et al., 1995; Duyff and Weinstein' 1996)' The reported

incidence for the late-infantile and juvenile forms is equally divided, with the adult form

reported tobe25%o of all cases (von Figura et al',2001)'

1.4.2. Clinical manifestations

The presenting clinical features differ in each of the four types of MLD even though they

share the same pathophysiological defect in the cNS; these are summarised in Table 1'5'

In l963,Hagberg further sub-divided the late-infantile form into four stages that correspond

to clinical deterioration as a result of disease progression (section 1.4.2.1; reproduced from

von Figura et a1.,2001). The clinical onset of late-infantile MLD can be as early as six-

months to four-Years of age.

1.4.2.1. Late-infantile MLD

Clinical stage I. Most patients have hypotonia of the legs or of all four limbs' The gait

therefore becomes unsteady and the child requires support to stand or walk' The deep

tendon reflexes may be diminished or absent secondary to a progressive polyneuropathy.

This stage lasts for a few months to more than one-year'
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clinical stage II. In this stage the patient can no longer stand and shows mental regression'

Speech deteriorates as a result of dysarthria and aphasia' Nystagmus is observed' as well as

optic atrophy and a greyish discoloration of the macula. The neuropathy may be painful

(intermittent pain in arms and legs). Ataxia and truncal titubation become obvious' and

muscle tone is increased in the legs. This stage lasts only a few months'

Clinical stage IIL Gradually, involvement of the pyramidal system causes the flaccid

paresis to be superseded by spastic tetraplegia with pathologic reflexes such as extensot

planter refìexes, and the child becomes bedridden. Bulbar and pseudobulbar palsies occur'

causing feeding difficulties and airway obstruction. Epileptic seizures occur in about 25Yo

of the children. Although their mental state and speech further deteriorate, these children

may still be able to smile and respond'

clinical stage IV. In this final stage, patients lose all contact with their surroundings' as

they are blind and in a decerebrate state, without purposeful movements' They have to be

fed through a nasogastric or gastrostomy tube. This stage may last for several years' Death

usually occurs about five-years after the onset of clinical symptoms'

1.4.2.2. Juvenile MLD

Juvenile MLD can be sub-divided into early- and late-onset forms based on the age at

clinical presentation. The early juvenile form will have a clinical onset between the ages of

four- to six-years with signs of abnorm al gait and postural problems; at this stage the

reflexes will still be normal. Behavioural and emotional changes are also associated with

this group, which tend to precede the onset of neurological symptoms' The deteriorating

neurologic aI tract will lead to optic atrophy and spastic quadriparesis' In contrast, the

presenting age of late-juvenile patients can be between the ages of six- and 16-years;

clinical signs are mostly associated with behavioural problems, poor school performance

and language regfession; neurological problems follow the onset of CNS involvement

(Manowitz et al., 1978)'
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Table 1.5 Characteristics of late-infantile, juvenile and adult forms of MLD

Type Age at onset

(years)

Infantile 0.5-4

Early juvenile 4-6

Late juvenile 6-16

Adult >16

Main clinical

manifestations

Gait disturbance, decreased tendon

reflexes, mental regression, loss

of speech, optic atrophy, ataxia,

progressive spastic, quadriparesis

Gait and postural abnormalities,

emotional and behaviornal

disturbances, optic ahophy,

progressive spastic quadriparesis

Behavioural abnormalities,

poor school performance,

language regression, gait disturbance,

slowly progressive spastic tetraparesis

Mental regression,

psychiatric symptoms, incontinence,

slowly progressive spastic tetraparesis

Spinal fluid

protein

Elevated

Elevated

Elevated

Normal or

elevated

Nerve conduction

velocity

Slowed

Slowed

Slowed

Normal or

slowed

Urinary sulphatide

excretion

Elevated

Elevated

Elevated

Elevated

Table reproduced from von Figura et al. (2001).
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1.4.2.3. Adult MLD

patients with adult MLD can present clinically as early as the late-teens or as late as the

fourth decade. The presenting clinical symptoms are mostly associated with psychological

disorders such as schizophrenia-like psychosis and dementia, with neurological signs

appearing very late in the course of the disease (Baquis et al', 1991)' Baumawt et al'

(2002) further sub-divided adult MLD into a neurological form and a psychiatric form

based on the presenting signs at the onset of disease. other profound symptoms include

incontinence and a slow but progressive spastic quadriparesis.

1.4.3. Biochemical changes in MLD

The biochemical changes in MLD arise from the deficiency of ASA that leads to the

accumulation of sulphatide in several visceraù ofgans, notably the CNS. Morphological

changes resulting from accumulating sulphatide include demyelination and deposits of

metachromatic granules in the central and peripheral nervous systems. Analysis of the

metachromatic granules has shown a sulphatide content of 39o/o of the total lipid content;

other major lipid components in these metachromatic granules are cholesterol and

phosphatides (Suzuki and Chen' 1967).

1.4.3.1. Arytsulphatøse A (8.C.3.1.6.1)

A deficiency in ASA activity is the major cause of MLD. Except for the form of MLD

caused by saposin B deficiency, all forms of MLD are due to allelic mutations in the ASA

gene, which has been mapped to distal chromosome22band ql3 (Phelan et al.,1992)' The

full-length .DNA of ASA spans 3.2kb with eight exons that encode a62kDaprotein with

three N-glycosylation sites (Kreysing et at., 1990) but various Mw have been reported

depending on the origin of the ASA. The ASA cDNA transcribes three different mRNA

species of 2.7, 3.7 and 4.4 kb in length, which produce identical polypeptides but in

different amounts. The shorter mRNA accounts for about 90o/o of the polypeptides and the

two longer transcripts account for the rest (Gieselmann et a1.,1989)'

The ASA mRNA is translated into a precursor protein of 507 amino acids in the rough ER.

After translocation to the ER, the nascent ASA is transformed into a mature protein of 489

amino acids with the putative signal peptide of 18 amino acids cleaved off (Lukatela et al.,

199S); within the ER it also undergoes glycosylation, receiving three N-linked

oligosaccharides on Asn 158, Asn 184 and Asn 350 (Sommerlade et a1.,1994)'
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The protein is then trafficked through the Golgi apparatus where further modification to the

carbohydrate side chains occurs and the M6PR residues are incorporated into Asn 158 and

Asn 350. Prior to leaving the ER, the ASA forms dimers and maintains this form until

reaching the lysosome where octamerisation occurs (Sommerlade e/ al., 1994).

Crystallographic analysis of ASA suggests that octamerisation of ASA is due to the

protonation of glutamic acid at position 426located at the interface between the dimers that

formed the octamer (Lukatela et a1.,1998). Figure 1.3 shows the tertiary structure of ASA

from human oDNA sequence reported by Stein et al. (1989). Figure 1.4 shows the ASA

structure in octamer form (A) and an enlargement of the contact site showing Glu 426

involvement in the octamerisation process (B) (reproduced from von Bulow et a1.,2002).

1.4.3.1.1. Bíochemical chøracterßtics

The Mw of ASA by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) has been reported to be either 62kDaor 59.5 kDa and can exist in both forms. The

difference in Mw has been attributed to the number of N-linked oligosaccharides present on

the polypeptide (Waheed et al.,1983). In neutral or alkaline pH media, ASA is known to

exist as a dimer and associates to become an octamer at acidic pH (Nicholls and Roy,

I97l). Both forms of ASA have been reported to be equally catalytically active with the

same specific activities (Roy, 1976).

ASA is also known to be non-specific in its catalytic action; it cleaves a variety of synthetic

sulphate esters at a higher rate than its physiological substrates and has a pH optimum

between five and six Q.{icholls and Roy, 1971; V/aheed and van Etten, 1980). Apart from

sulphatide, other physiological substrates hydrolysed by ASA include lactosylceramide 3-

sulphate and seminolipids (von Figura et a|.,2001).

ASA is also known to have anomalous kinetic behaviour with the artificial substrate p-

NCS. It has been suggested that this phenomenon is due to the loss of its secondary

structure as a result of the interaction between eîzyme and substrate (Waheed and van

Etten, 1980); this anomaly is not observed with the use of the fluorogenic substrate 4-MUS

(Christomanou and Sandhoff, 1977). ASA can be inactivated by the presence of ferrate

ions, structural analogues of orthophosphate and oxidising agents (Laidler, 1991). Heavy

metals such as lead have been used to inhibit the activity of ASA to differentiate it from the

activity of ASB (Christomanou and Sandhoff, 1977).
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ASN158

Figure 1.3 Secondary structure of ASA

The ASA enzyme is moulded around 10 cr-helices and 18 B-strands with six disulphide

bonds; the three glycosylation sites are labelled at their respective positions as ASN 158,

ASN 184 and ASN 350, with the active site labelled as FGL 69 (Lukatela et a1.,1998). The

figure is drawn with Mol script based on human oDNA sequence by Stein et al. (1989).

I
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Figure L.4 Quaternary structure of ASA

The ASA structure in octamer form, consisting of four homodimers held together by

hydrogen bonds surrounding Glu 426 (A), and a close-up of the contact points involving

amino acids between two homodimers (B). Figures are from von Bulow et al. (2002).

\

25



1.4.3.2. Sulphatide

Sulphatide, or galactosylceramide 3-sulphate (shown in Figure 1.5), is a major component

of the myelin sheath. Sulphatide is known to play an important role in insulating the

myelin membrane bilayer (Bosio et al., 1996). In MLD patients, sulphatide is known to

accumulate not only in the CNS but also in other organs such as the kidney, gall bladder,

liver, pancreas, adrenal cortex and sweat glands; sulphatide is also excreted in the urine in

all types of MLD (von Figuraet a1.,2001).

Analysis of sulphatide from human brain and kidney shows that these two organs share the

same species of fatty acids but in different proportions: kidney sulphatides have l0-times

more behenic acid (22:0); the kidney also has a higher proportion of lignoceric acid (24:0)

than nervonic acid (24:1) compared to the brain (Malone et al., 1966). In addition,

dihexosyl sulphatide has been detected in human urine (Whitfield et a1.,2001a) but not in

the human brain. These differences, together with the normal amount of sulphatide in

MLD serum (Svennerholm and Svennerholm, 1962), has led to the suggestion that the

sulphatide excreted in the urine of MLD patients originates from the kidney rather than the

brain or from any other organs (von Figura et a|.,2001)'

1.4.3.2.1. Biosynthesis ønd degradation

Sulphatide is an essential component of myelin membranes with the site of synthesis

located almost exclusively in the oligodendrocytes of the CNS (Vos et al., 1994).

Sulphatide is synthesised through the action of ceramide galactosyltransferase on ceramide

to attach the galactose moiety, forming galactosylceramide (also known as

galactocerebroside). The subsequent sulphation of galactocerebroside by the action of

galactocerebroside sulphotransferase (3'-phosphoadenosine-5'-phosphosulphate) (Hauser,

1964) results in sulphatide. The degradation of sulphatide is mediated by saposin B for the

catalytic action of ASA (Fischer and Jatzkewitz, 1977). This is followed by the catalytic

action of galactosylceramidase on galactocerebroside, producing ceramide and galactose.

1. 4. 3. 2. 2. Pathop hysio logy from acc umulating s ulp hatides

In MLD, sulphatide accumulates in a number of organs in the body (section 1.4.3-2).

Except for the pathological effect on the CNS, which leads to demyelination, other organs

are not affected by this accumulation even though investigations have shown that

sulphatide accumulation in some organs can be up to 100-fold higher than normal (von

Figura et a1.,2001). Accumulation of sulphatide in the gall bladder has been reported to

26



lead to progressive functional impairment of the organ but this impairment does not

contribute to the fatality of the disease (Heier et al',1983; Burgess ¿/ al'' 1985; Clarke er

al., 1989; SimanovskY et a|.,1998)'

In normal myelin, sulphatide constitutes about 3.5 to 4Yo of total lipids; in MLD patients

this rever is grossly elevated (seven-ford) and an increase in the sulphatide-to-cerebroside

ratio has also been noted Q'{orton and Poduslo' 1982)' It has been suggested that

demyelination in MLD results from the changes brought about by sulphatide accumulation

in the cells involved in myelin maintenance. This was supported by the finding of

subcellular changes in the cells of MLD patients long before any morphologic

abnormalities are found in the myelin sheath (von Figura et a1.,2001). A number of

hypothetical explanations about the cause of myelin breakdown have been put forward'

including:

a) the loss of integrity in the myelin sheath due to defective resorption of sulphatide in the

sheath,s innermost rayer. It has been proposed that cataborism of this layer is required for

cross-sectional diameter growth of the axon, which, in the absence of functional ASA in the

catalytic process, leads to structural impairment of the sheath (Austin, 1973);

b) the cytotoxic effect from lysosulphatide. Toda et at. (1990) reported that lysosulphatide

is markedly increased in the white matter, spinal cord and sciatic nerve of MLD patients'

Lysosulphatide is known to inhibit the activity of cytochrome kinase and protein kinase c

in the cell metabolism cYcle;

c) unstable myelin due to altered lipid composition found in the myelin sheath in MLD

patients. This form of myelin has been found to be unstable at physiological temperature

leading to earlier than usual break-down (Ginsberg and Gershfeld, 1991)'

In addition, other possible pathogenic effects resulting from sulphatide accumulation

include the failure in signal transduction and protein sorting in oligodendrocytes (Saravanan

et a:.,2004). Furthermore, the involvement of lipid rafts in the pathogenesis of this disease

cannot be ruled out as these domains are reportedly enriched in sphingolipids and

cholesterol (Munro, 2003). The accumulation of cholesterol in the endosomes and

lysosomes of MLD fibroblasts has been reported (chen et al., 1999) to result in altered

cholesterol homeostasis in these cells (Puri et al', 1999)' These events are known to
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Figure 1.5 Structure of sulphatide

The molecule consists of sphingosine, fatty acids and galactose; the sulphate moiety is

joined by an ester linkage to the C-3 hydroxyl of galactose.
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have detrimental effects on the cell that lead to the impairment of functions such as

signalling, protein sorting and cholesterol transport, hence contributing to the clinical

phenotype of this disease.

1.4.3.2.3. Lipíd røfts in the pathogenesis of MLD

Lipid rafts are plasma membrane microdomains that are highly enriched in sphingolipids,

cholesterol and associated proteins. Simons and Ikonen (1997) described lipid rafts as

simply "the dynamic clustering of the sphingolipids and cholesterol to form rafts that move

within the fluid bilayer". The functional roles of these rafts in the membrane trafficking of

proteins and membrane signaling have recently been reviewed by Simons and Gruenberg,

(2000), who suggest that the disturbed homeostasis in these rafts in relation to their

function(s) plays a major role in the pathogenesis in several disorders including the

glycosphingolipidoses (GSD).

A variety of cellular processes have been proposed to occur in these microdomains,

including signal transduction (Parpal et al., 1995), cholesterol transport (Oram and

Yokoyama, 1996; Smart et al., 1996), calcium homeostasis (Isshiki and Anderson, 1999)

and protein sorting (Simons and Ikonen,1997). Each of these four processes has been

implicated in LSD pathogenesis. It has been suggested that heterogeneity in LSD depends

on accumulating GSL and their effect on a range of cellular pathways and processes (Raas-

Rothschild et al., 2004).

Recently, Saravanan et al. (2004) demonstrated that sulphatide in the MLD mouse model is

elevated in both the lysosome and myelin membranes. An important finding from this

study was the derangement in targeting of a lipid raft-associated protein known as myelin

and lymphocyte protein (MAL), resulting in a reduction of this protein. MAL is known to

organise and stabilise GSL in lipid rafts and is assumed to have some involvement in the

regulation of myelin turnover and stability; diminished MAL may therefore contribute to

the pathogenic mechanisms in MLD (Saravanan et a|.,2004). This is the first description of

the involvement of lipid rafts in the pathogenesis of MLD.

1.4.4. Molecular pathology in MLD

The genetic heterogeneity of MLD is reflected in the high number of mutations detected in

the ASA gene. Most of these mutations are caused by either point mutations or small
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insertions and deletions (Gieselmann et al., 1998)' Two common mutations, each

accounting for approximately 25Yo of MLD alleles, have been detected within the ASA

gene: the first mutation, which alters the first base of intron 2 (459+l G>A), affects a

splice donor site; the second mutation is a C to T transition at nucleotide 1277 of the

.DNA, which causes the substitution of proline at position 426 fot a leucine (P426L)

(polten et a1.,1991). Another mutation, a substitution of isoleucine at position 179 for a

serine (I179S), accounts for an additional 12Yo oftotal mutations (Berget et al',1997);the

I179S mutation was only founcl in late-onset MLD individuals and is therefore expected to

retain some residual AsA activity (Lugowska et al',2002)'

The permutations arising from the first two mutations lead to the three major forms of

MLD: individuals who are homozygous for the 459+1 G>A mutation will develop the late-

infantile form of MLD, as no functional ASA enzyme is produced due to the effect of the

splicing of a donor site; P426L homozygotes will develop the adult form of MLD; and

compound heterozygotes (459+1 G>NP426L) will present with the juvenile form of the

disorder (Polten et a|.,1991).

Other, less frequently occurring mutations have often been associated with a particular

ethnicity: for example, the T274M mutation is common in patients of Lebanese origin

(Harvey et a1.,1993);P37zLhomozygotes have been found in all affected Habbanite Jews

in Israel (Zlotogora et a1.,1995); and the 848+1G>A single splice donor site mutation is

coÍìmon in patients of Alaskan Eskimo and Navajo Indian origin (Pastor-Solet et al.,

1995). The majority of the remaining mutations reported thus far are single amino acid

substitutions. The deleterious effects of these mutations are likely to result in the instability

and abnormal intracellular sorting of ASA. The least frequent mutation is the small

deletion which leads to either a frame-shift or frame-loss with no ASA protein detected in

patient hbroblasts (von Figura et a|.,2001).

t.4.5. Incidence of MLD

MLD is thought to occur pan-ethnically, with a high incidence observed in populations that

are segregated and involved in intra-tribal or consanguineous marriages (Zlotogora et øl',

1g80; Heinisch et al., 1995; Ozkata and Topcu, 2004). The reported incidence varies

greatly between countries, as cited in the literature: a figure of 1:40 000 has been quoted by

Gustavson and Hagberg (1971), Gieselmann et al. (1989), Hess et al. (1996),Betger et al'

(lgg7) and Eng et al. (2003) but this number is believed to be attributed to the earlier report
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made by Gustavson and Hagberg (1971) from their suryey in a restricted locality of

Northem Sweden; in Australia, an occuffence of 1:92 000 live births has been reported

(Meikle et al., lg99); Portugal has a reported incidence of 1:55 000 (Pinto et a|.,2004); The

Netherlands (Poorthu\s et al., 1999) and Turkey (Ozkara and Topcu,2004) have the same

incidence of approximately 1:70 000; Germany has a much lower incidence of about

1:170 000 live births (Heim et a|.,1997).

1.4,6. Pseudo-defÎciencY in MLD

Enzyme pseudo-deficiencies are known to occur in many LSD, including MLD. The first

case of ASA pseudo-deficiency (ASA-PD) was reported by Dubois and co-workers in

1975, when they discovered the absence of ASA activity in a healtþ father of a MLD

patient (Dubois et al., 1975). The absence of activity mentioned in that report could be due

to the low sensitivity of the analytical method employed, as it is now widely accepted that

the range of ASA activity in ASA-PD individuals is between 5-15% of normal. In general,

ASA-PD individuals are clinically normal, as the residual ASA activity in-vivo is assumed

to be sufficient to degrade sulphatide.

Even though ASA-PD has been perceived to have no clinical consequence, it has been

acknowledged that the high occurrence of these individuals - estimated to be l-2o/o in

Europe¿q¡_- causes diagnostic problems. Baldinger et al. (7987) proposed that ASA-PD

individuals can be either ASA-PD/ASA-PD homozygotes or ASA-PD/MLD compound

heterozygotes. The problem encountered in diagnosis is the inability to differentiate these

individuals from adult-onset MLD patients based on the measurement of enzyme activity

alone (Kihara et a|.,1980).

Difficulties caî also arise in genetic counselling of ASA-PD/MLD compound

heterozygotes who have a MLD carrier partner, as their ofßpring can be either unaffected

or affected. Speculation has arisen about the potential clinical implications for ASA-

pD/MLD compound heterozygotes (Hohenschultz et al. 1988). However, this remains a

subject for on-going research, as a study by Penzien et al. (1993) on 16 individuals with

this genotype did not show progressive neurological symptoms that resemble those of

MLD, thus ruling out the possible clinical implications suggested by Hohenschultz et al.

(1e88).
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1.4.6.1. ASA pseudo-deJicíency at the molecular level

Langenbeck et al. (1977) were the first to propose that the gene encoding ASA-PD was

allelic to the ASA gene. This proposal was supported by the finding of Chang and

Davidson (1983), who used somatic cell hybrids from MLD and ASA-PD patient

fibroblasts to demonstrate that, even in diploid and tetraploid clones, these cells failed to

restore ASA activity. Gieselmann et at. (r9g9) found that the mutations in ASA-PD were

associated with two A to G transitions: the first resulted in the amino acid substitution of

asparagineatposition350withserineG\r350S)inexon6thatledtothelossofaN-

glycosylation site; and the second resulted in the loss of a polyadenylation signal in exon 8

at the 3, end of the ASA gene. The loss of the oligosaccharide side chain explains the

reduced Mw (Fluharty et a\.,1983; Kihara et al.' 1936) and different isoelectric point (pI)

(Chang et a|.,1984).

The reduced ASA activity seen in ASA-PD individuals has been attributed to the second A

to G change that alters the sequence of the major 2.1 kb polyadenylation signal from

MTAAC to AqIAAC. Northem blot analysis showed that this 2.1kb mRNA species was

translated to produce about 90% of the totar ASA mRNA in unaffected individuals and that

this transcript was absent in ASA-PD homozygotes. In addition, the amount of enzyme

activity expressed in baby hamster kidney cells or sF transfected with the cDNA of a

N350S mutant was comparable to normal. with these findings, it has been suggested that

the low ASA activity observed in ASA-PD individuals is due to reduced synthesis of ASA

rather than an effect of the N350S mutation (Gieselmann et a1.,1989)'

The results of earlier studies that examined the kinetics and biochemical characteristics of

the ASA-PD and Wt ASA enzymes showed no significant difference between the two

except the pI value (chang et al., 1984;Herz and Bach, 1934). However, the ASA-PD

enzyme was found to have a higher affinity for the p-NCS substrate and was more

susceptible to heat-inactivation compared to the V/t ASA enzyme (Qu e/ al',1997198)'

The assumption that the N350S mutation has no effect on enzyme activity in the mutant

enzyme has also been proven incorrect by a number of researchers' Shen ¿/ al' (1993)

reported that N350S/MLD compound heterozygotes without the polyadenylation defect

have lower ASA activity compared to obligate MLD carriers: they estimated that the

N350S mutation results in ASA activity that is 12 to 2l%o of normal and suggested that the

reduced activity is due to the instability of the mutant protein that shortens the half-life of

32



the enzyme. In a separate study, Harvey et at. (1998) found that the combined effect of the

N350S mutation and the loss of the polyadenylation signal reduced ASA activity to

approximately 8o/o of normal, as opposed to the estimated value o110Yo due to the loss of

the polyadenylation signal alone, as reported by Gieselmanrt et al. (1989). Hawey et al'

(lggs) attributed the further reduction in activity to the aberrant targeting of the mutant

enzyme to the lysosome.

It has now been established that both the N350S and the polyadenylation defect can exist

independently: while most ASA-PD individuals are known to have both the N350S and the

polyadenylation defect mutations, individuals with either one or the other mutation have

also been reported Q'{elson et al.,l99I; Barth et a1.,1994; Ricketts et a1.,1996).

1.4.6.2. Incídence ofASA-pseudodeJicíency

ASA-PD is transmitted as a simple Mendelian trait in affected families (Langenbeck et al.,

lglT). It has been estimated that I-2o/o of the European population is homozygous for

ASA-pD based on the reported ASA-PD carrier frequencies of 7 .3%o to 26Yo (von Figura e/

a|.,2001).

1.4.7. Genotype-to-phenotype correlation

Due to the heterogenic nature of MLD, direct genotype-to-phenotype correlation does not

always hold, with the exceptions of those clinical phenotypes resulting from the 459+1

G>A and p426L mutations, as mentioned in section 1.4.4. Poor correlation between

genotype and presenting phenotype was often observed in compound heterozygotes who

had a non-functional allele together with a mutant allele that produced some residual

enzyme activity, and cases of siblings with the same genotype but marked differences in the

age of clinical onset and severity have also been reported (Clarke et a1.,1989; Arbour et al.,

2000).

The finding of a late-infantile patient with the P426L mutation was more puzzling and

funher complicated direct genotype-to-phenotype correlation (Barth et al., 1993).

Moreover, the majority of mutations identified thus far are due to single amino acid

changes unique to each family. To date, a number of these single amino acid mutations

have been studied through site-directed mutagenesis, expression studies or biosynthesis

studies. This is discussed in section 7.4'7.1, below'
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1.4.7.1. Enzyme actívity and phenolype correlation

A correlation between residual enzyme activity, measured as catalytic capacity, and disease

severity has been demonstrated for some LSD (Ashton et al',1992; Bunge et al'' 1998): a

high amount of residual enzyme activity suggests attenuated disease progression;

conversely, the absence of enzyme would suggest severe onset' It has been predicted that a

threshold exists between disease and normal, and that 'normal' is just a fraction of the

normal activity of the enzyme Q'{eufeld, 1991)'

With the exception of three permutations arising from the 459+l G>A and P426L

mutations, which show good correlation between enzyme activity and clinical phenotype,

the same does not apply to other combinations of mutations in MLD' It has been

acknowledged that conelations between genotype and enzyme activity do not enable the

accurate prediction of clinical severity for most LSD (Wegrzyn et al',2004)' In MLD'

most mutations have been found to cause altered intracellular sorting that leads to the

retention of the mutant enzymes in the ER. Mutations reported to have this effect include:

Gl54D and P167R (Kappler et a1.,1994);T274[and D335V (Hess et al',1996);P426L',

which is known to produce unstable enzyme despite correct targeting to the lysosome (von

Figura et a1.,1983); and G309S (Kreysing et al., lgg3), which is also known to produce

unstable enzymewith degradation occurring in the post-Golgi compartment'

In cases where the defect is due to altered trafficking or lysosomal instability, it is

anticipated that a reasonable amount of enzyme activity can be detected in-vitro but the

actual catalytic capacity in-vivo is altered. In these cases, as well as those where residual

enzyme activity is rrery low, there is a need to perform additional assays' such as

sulphatide-loading ií Sf,ìto determine the 'in-situ'activity of the eîzyme. The use of the

sulphatide-loading assay and other auxiliary assays to distinguish between normal, ASA-

pD and MLD individuals will be discussed in section 1.4.8.1.1.

1.4.8. Laboratory diagnosis of MLD

Biochemical diagnosis of MLD is usually achieved through the measurement of ASA

activity in peripheral blood leucocytes and/or cultured sF. Prior to the introduction of

enzymaticassays, laboratory diagnosis was mostly confined to histological methods for the

detection of metachromatic staining material on either autopsy or biopsy tissues' Due to the

complexity in the interpretation of results, a definitive diagnosis was usually only obtained

after extensive testing with an array of supplementary labotatory assays' The analytical
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methods employed to resolve these ambiguities include enzymatic assay' sulphatide-

loading tests, electrophoresis and polymerase chain reaction (PCR)'

1.4,8.1. EnzYmatic asssYs

The first enzymatic assay for the determination of ASA activity was developed in 1959

using p-NCS as substrate (Baum et al., 1959). p-NCS and 4-MUS are two artificial

substrates that are widely used in enzymatic assays' as mentioned in sectionl'2'2'I;the

structural formula of these substrates is shown in Figure 1'6' These substrates can be

cleaved by other sulphatases, leading some laboratories to use the natural substrate'

sulphatide (radio-labelled), in the presence of detergent to obtain a more selective

measurement of ASA activitY'

The radio-labelled natural substrate is more cumbersome and expensive to use than the

artificial substrates. Consequently, methods modihed from the original protocol of Baum

et at. (1959) are now used for the determination of ASA activity in various biological

samples.In|gT6,KolodnyandMumfordreportedthesuccessfulutilisationof4-MUSin

the determination of ASA and ASB activity in MLD and MPS VI' respectively' This was

achieved with prior physical separation of the arylsulphatases using ion exchange

chromatography. To increase specificity, the assay conditions were performed using the

differential thermal stabilities and heavy metal inhibition properties of these enzymes'

The assay used by Kolodny and Mumford (1976) was reported to be more sensitive and

have a higher selectivity when compared to the p-NCS substrate used by Baum' Another

modification of Baum,s method that is widely used in laboratories derives from Lee-Vaupel

and Conzelmann (1987), who used p-NCS as the substrate with the catalytic action of ASA

measured at 00c; at this temperature ASB was found to be almost inactive while ASA

retained 24o/o ofits activity measured at 37oC. Technically, this method sacrifices three-

quarters of its sensitivity to achieve a respectable specificity'

The loss of assay sensitivity inherent in these modifications and the low amount of enzyme

activity present in ASA-PD individuals makes enzyme analysis alone inadequate for

differentiating MLD from ASA-PD individuals, and has prompted the need for additional

methods to distinguish the two groups'
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Figure 1.6 Structures of artificial substrates used for the determination of ASA

activity

Figure reproduced from von Figura et al.'2001
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1.4.8.1.L Auxíliøry methods used in the diøgnosis of MLD

MLD, ASA-PD and ASA-PD/MLD individuals can now be distinguished using a number

of methods, the most reliable of which is the sulphatide-loading test (Fluharty et al', 1978)'

However, this assay is laborious, primarily because the radioactive substrates are not

available commercially and must be prepared in the laboratory' In addition, SF or amniotic

cells are required for this assay, which is technically demanding (Gieselmann' 1991)' Other

methods utilise electrophoretic techniques, using either cellogel or isoelectric focusing to

separate the enzymes based on their physical properties: Chang et al' (1984) reported that

residual ASA activity can be detected in ASA-PD individuals, while MLD patients have no

detectable enzyme activity in fibroblast extracts. However, these methods are also

laborious, offer low sensitivity and are regarded as semi-quantitative analyses'

A simple method by Gieselmann (1991) employing 3'-mis-match PCR is also used in a

number of laboratories to screen for the two A to G transitions simultaneously' Howevet' a

weakness of this method is its inability to identify a MLD mutation on the ASA-PD allele

(Gieselmann et a:.,1991) and the ASA-PD variant with only the N350S mutation (shen e/

al.,1993).

A further auxiliary parameter that is considered useful in differentiating MLD from ASA-

pD is the detection of urinary sulphatide. This is based on the fact that normal and ASA-

pD individuals excrete very little sulphatide in their urine while a large amount of

sulphatide can be detected in the urine of MLD patients (Kolodny and Fluharty, 1995)' A

number of methods have been successfully employed to detect sulphatide in urine'

including thin layer chromatography (TLC) (Molzer et al., 1992; Lugowska et al'' 1997)'

high perfonnance liquid chromatography (HPLC) (Strasberg et al',1985; Natowicz et al''

Igg6)and, more recently, electrospray ionisation-tandem mass spectrometry @SI-MS/MS)

(Whitfield et al., 2001a) :

Lugowska et al. (1997) reported increased excretion of urinary sulphatide in ASA-

PD/MLD compound heterozygotes using TLC separation followed by densitometry

measurement. Another interesting finding was made by Whitheld et al' (2001a) who

reported higher than expected urinary sulphatide excretion in ASA-PD individuals when the

calculation of total sulphatide was adjusted to urinary phosphatidylcholine instead of

creatinine, which is normally used; sulphatide quantification was achieved using ESI-
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MS/MS. These two f,rndings point to possible clinical complications later in life for these

individuals, as speculated by some researchers (see section 1.4.6).

1,4.8.2. Immune-bøsed øssaYs

Immune-based approaches to differentiate the allelic variants of ASA present in individuals

with suspected MLD have been used: in 1971, Stumpf et al. reported an immuno-

precipitation method to determine the presence of residual ASA in the urine of MLD

patients using a mono-specific antibody produced against human liver ASA; Neuwelt ¿/ a/.

(lg7l) also reported the successful identification of residual ASA in MLD patients;

Shapira and Nadler (1975) used the Ouchterlony precipitation method to prove that the

residual activity detected with Baum's method in three liver homogenates from MLD

patients derived from ASB, and concluded that the enzyme activity assay was not suitable

for use in studies of the nature of residual ASA and ASB'

A quantitative immune-based assay using a radioimmunoassay (RIA) technique was

developed by Laidler et at. (1985a) to measure ASA in sera and urine from patients with

colon cancer; the method was later reported to be suitable for use as a diagnostic tool for

lung and CNS cancer, in which ASA is elevated compared to controls (Laidler, 1991).

However, no quantitative immune-based assay for the determination of ASA in MLD has

been described. The intrinsic ability of the antibody, such as specificity and strong binding

capacity, can be exploited to provide the specificity and sensitivity required for a reliable

assay. The major challenges faced in the development of immune-based assays are the

availability of proteins (antigen) required to produce antibody and the production of

specifi c antibo die s with appropriate affinities.

1.4.8.3. Problems ìn laboratory díagnosß

MLD or ASA-pD? This question arose from complications caused by the presence of

ASA-PD individuals who are known to have low ASA activity. Differentiating these

individuals from MLD patients by determination of ASA activity alone is not possible and

is further compounded by the presence of the 'MLD vadant', which is caused by a

deficiency of saposin B. Thus, low ASA activity does not necessarily mean MLD, and

normal ASA activity does not unequivocally exclude MLD (von Figura et a1.,2001).

From the methods described in sections 1.4.8.1 and 1.4.8.1.1, there is no single assay that

can be used independently with high reliability to diagnose MLD. This led Penzien et al.
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(1993) to make this concluding remark about the best approach to the diagnosis of MLD:

..A proper diagnosis can only be achieved by combined determination of enzyme activities

and sulphatide excretion, cerebroside sulphate-loading assays and molecular genetic

techniques".

A diagnostic protocol proposed by Li et al. (1992) is shown in Figure 1'7, which

demonstrates the diffrcult and laborious nature of testing for ASA-PD, ASA-PD/MLD and

MLD statrs. The number of assays involved and the degree of diffrcuþ in establishing

those assays is not achievable by many laboratories; not surprisingly, delays in diagnosis

and mis-diagnosis are still common, even in developed countries.

1.4.9. TheraPY for MLD

Several strategies have been evaluated in the development of therapy for MLD, the earliest

being the restricted dietary intake of sulphur (Moser et al., 1967) and vitamin A (Warner,

lg75). These regimens were carried out with the aim of slowing down the synthesis and

accumulation of sulphatide in the lysosome, as sulphur and vitamin A are required for

sulphatide synthesis; however, the outcome was disappointing' Therapeutic strategies

based on in-vitro findings such as the use of chemicals to stabilise the mutant enzyme' as

proposed by von Figura et at. (1983), and enzyme replacement therapy (ERT) by direct

infusion have also been unsuccessful (Kolodny and Fluharty, 1995). However' recent ERT

experiments in MLD knock-out mice have shown promising results: after single

intravenous administration, ASA was detected in several organs, including the brain albeit

at very low levels; the half-life of the enz¡rme was estimated to be four-days. More

importantly, prolonged high-dose treatment (20 mglkg once weekly for four-weeks)

showed a reduction of sulphatide in several organs including the brain and spinal cord

(Matzner et a1.,2005). However, further assessments are required to substantiate these

results, as intravenously administered enzymes are thought to be ineffective due to their

inability to permeate the blood-brain barrier (BBB)'

To date, the only effective therapy for MLD has been bone marrow transplantation (BMT)'

Bayever et at. (1985) reported the first positive outcome from allogeneic BMT. Since that

report, BMT has been carried out in a number of MLD patients by various groups, with

results showing a slowing down of disease progression; stabilisation of symptoms was also

noted after full engraftment (Kidd et al., 1998). The best outcomes have been reported in

the adult and juvenile forms of MLD following successful engraftment, while the outcome

i'
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in the majority of the late-infantile types has been disappointing (Krivit' 2004)' The reason

for this is that both the juvenile and adult forms of MLD retain residual enzyme activity,

hence only a small amount of enzyme is required from BMT to alter the course of the

disease (Polten et a1.,1991). Results from these treatments showed that the highest efficacy

was obtained when BMT was carried out before the onset of clinical symptoms. It has been

acknowledged that the pathophysiological state of the cNS is not reversible once symptoms

are apparent (Navarro et al',1996;Kapaun et al'' 1999; Krivit et al'' 1999)'

On the same note, Bayever et al. (1985) suggested that BMT should be carried out soon

after birth. One way of achieving this is to unambiguously diagnose and treat the

presymptomatic sibling of an affected child (Krivit et al',1990)' Howevef in the absence

of an affected sibling, clinical diagnosis before the appearance of symptoms is not cunently

possible. The only practical way to diagnose an asymptomatic child is by newborn

screening (NBS). This might become a reality in the near future' as a group of researchers

led by Professor Hopwood in Australia has started the process of establishing NBS for LSD

(Krivit,2004).

In conclusion, two factors are crucial in ensuring a better prognosis for MLD patients: 1)

early detection; and 2) successful BMT with full engraftment' However' with

presymptomatic detection, the decision about the most appropriate form of treatment and

when to initiate it will depend on the accurate prediction of clinical severity in an

asymptomatic individual. The accurate prediction of severity in MLD is not possible

through genotype/phenotype or enzyme activity/phenotype correlations' as discussed in

sections 1.4.7 and 1.4.7 .L In view of this, the development of a melhod to predict clinical

phenotypehasbeenidentifredasoneaimofthispresentstudy.

I
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The diagnostic protocol proposed by Li et at. (1992). The analytical work involves the

extraction of DNA and supematant from sF. The supematant is used to assay ASA
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1.4.10. Newborn screening

Currently, NBS is available for a number of inherited disorders in most developed

countries, including Australia. NBS is used to reduce the morbidity and mortality

associated with these disorders (Fanell et al., 1994) and as a preventative medicine

(Wilcken, 2003). The disorders for which screening is available in Australia include

primary congenital hypothyroidism, cystic fibrosis, phenylketonuria and galactosaemia. In

addition, some scleening centres ií Australia also screen for biotinidase deficiency, l,

congenital adrenal hyperplasia and the haemoglobinopathies; recently, the NBS progralnme

has been expanded to include more than 30 disorders of amino acid, organic acid and fatty

acid metabolism (Human Genetics Society of Australasia-Royal Australasian College of

Physicians, NBS PolicY, 2004).

1.4.10.1. Newborn screeningfor LSD

In general, for a disorder to be incorporated into a NBS progralnme, the following criteria

must be met: (i) there should be a benefit to the infant from early diagnosis; (ii) there must

be suitable and cost-effective tests; and (iii) treatment and follow-up services must be

availáble. The high incidence of LSD as a group, together with their devastating effects on

patients and families, and the impact on the health system in general, make LSD a probable

candidate for inclusion into NBS programmes. NBS would enable presymptomatic

detection and, where available, treatment before the onset of otherwise irreversible

symptoms, particularly for those LSD with CNS involvement, such as MLD (see section

I.4.9). However, screening for LSD remains a contentious issue, partly because of the

current lack of effective treatments for every disorder. Nevertheless, early detection would

provide families with appropriate genetic counselling and reproductive options in

subsequent pregnancies (Meikle et al.,1997)'

To successfully incorporate LSD into a NBS progralnme, a single procedure is required for

the detection of all, or at least the majority of LSD. One way to achieve this is to use

diagnostic markers that are altered in multiple LSD, such as LAMP-I (Meikle et al., 1997),

LAMp-2 (Hua et at.,1998) and saposins (Chang et a\.,2000). Altematively, ESI-MS/MS

or multiplexing technology can be employed for the measurement of multiple analytes or

substrates and the quantification of specific protein markers, respectively (Meikle et al.,

2004b). These technologies have the potential to provide rapid, reproducible and cost-

effective screening procedures.
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1.4.11. Monitoring of therapy in MLD

post-BMT monitoring is a complex process, requiring long-term clinical and laboratory

investigations. Weitzner et al. (1999) have shown that continuous monitoring increases the

patient,s emotional distress at all stages of the process. The period of laboratory

monitoring can take many years, as the engraftment progress is slow with only incremental

changes expected over a long period of time; clinical evaluations can take up to 20-years

before conclusions can be drawn about the treatment's effectiveness (von Figura et al-,

2001).

In the case of MLD, the main laboratory parameters that are deemed crucial and indicative

of successful engraftment are: (i) leucocyte enzyme activity; (ii) urinary sulphatide; and

(iii) karyotyping of the marrow cells and CSF leucocytes to determine the origin of the cells

(Bayever et a1.,19S5). Methods are currently available by which to monitor these changes,

however there is a need for more sensitive methods that provide more definitive

measurement and allow accurate monitoring of therapy in presymptomatic individuals.

1.5. DELFIA technology for immune-based assays

Dissociation-enhanced lanthanide fluorescence immunoassay (DELFIA) is a technology

based on time-resolved fluorometry. DELFIA has been reported to be more sensitive and

specific in a number of applications when compared to RIA (Menjivar et al., 1993) and

enzyme-linked immunosorbent assay (ELISA) (Smith et al., 2001)' It has also been

reported to be suitable for use in high-throughput screening in the diagnostic industry

(V/ilson and Howell, 2002).

The higher sensitivity, precision and ability to detect over a wide dynamic range was

achieved by using lanthanide metal such as europium (Ent) as the fluorescent label (Ryall

et al., 1993); measurement of Eu3* concentration as low as 10-la M has been reported

(Hemmila et al. l9g4). A further advantage of using Eu3*as the fluorescence label is its

long-lived fluorescence emission after excitation; this characteristic has been utilised to

reduce the background reading of other contributing fluorescence from sera, solvents,

cuvettes and reagents, which have a shorter half-life, by delaying the measurement of the

fluorescence emission (Diamandis et al., 1988).

In the commercial kit manufactured by Wallac, Eu3* is chelated to a polycarboxylic acid,

Nl-(p-isothiocyanatobenzyl)-diethylenetriamine-Nr, N', N', Na-tetraacetic acid' This
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Eu3*chelate is bound to the target substance (i.e. antibody, antigen, hapten) and used in

immune-based assays as the detecting reagent. The Eu3* dissociates from the chelate after

lowering of the pH and is subsequently chelated with the 2-napthoyltrifluoroacetone and

tri-N-octylphosphine oxide present in the enhancement solution to emit highly intense

fluorescence (Diamandis et al., 1988).

Its high sensitivity, wide dynamic range, non-isotopic nature and the availability of

commercial kits has made DELFIA technology the preferred method for many clinical

biochemistry measurements.

1.6. Electrospray-tandem mass spectrometry for the quantifÏcation of lipids

MS is a powerful and highly sensitive analytical technique that can be used for structural

characterisation of unknown biomolecules and for the quantification of known materials.

The analysis of organic compounds by MS involves the following events: (i) ionisation of

the compound in the ion source; (ii) separation of the ions based on their mass-to-charge

(m/z) ratio in the mass analyser; and (iii) determination of the abundance of the separated

ions by the detector Q'{iwa, 1995).

Electrospray ionisation (ESI) was developed by Dole and co-workers almost 4O-years ago

(Dole et a1.,196S). Unlike other soft ionisation methods, ESI can produce multiple charged

molecular ions if the analyte has multiple sites in which protonation or deprotonation can

occur. This property has allowed ESVMS to be used in the analysis of protein molecules in

the range of 10s Da with a measurement error of 0.01% (Meng et al-,1988)'

Early work in the study of lipids and their sub-classes was achieved with the use of HPLC

(cooper and Anders, 1975). The use of MS technology in the analysis of endogenous

lipids such as sphingolipids (Kerwin et al.,1994) and ceramides (Gu et al',1997; Liebisch

et al., lggg) started in the mid-1990s and it has since gained prominence in the field of

lipidomics.

The use of ESI/MS was reported to enable rapid and comprehensive quantitation of all lipid

sub-classes and individual molecular species without prior chromatographic separation or

derivatisation when the samples were appropriately prepared (Han and Gross' 2003); this

method was also found to have a better signal-to-noise ratio, a wider dynamic range with an

experimental error of less than 5Yo, and excellent reproducibility of sample measurement'
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Figure 1.8 illustrates a general approach tothe analysis of lipids from different biological

sources without prior chromatographic separation. According to Han and Gross (2003),

ESV/MS is preferred over ESI-MS/N4S because the latter may yield different fragment ion

patterns in individual molecular species with various acyl components under different

collision energies.

However, the use of ESI-MS/MS techniques to quantify lipid species in various biological

samples has also been reported, including the quantif,rcation of ceramide species (Liebisch

et al., 1999; Han,2002), glucosylceramide and lactosylceramide (Whitfield et a1.,2002),

sulphatides and phosphatidylcholine (V/hitheld et al.,200la), and galactosylsphingosine or

psychosine (V/hitfield et al., 2001b). More recently, the simultaneous analysis of 29

individual lipid species, including ceramide, glucosylceramide, lactosylceramide and

ceramide trihexoside, was reported using the same technology (Fuller et a1.,2005a). With

the exception of the quantitation of ceramide species by Liebisch et al. (1999) and Han

(2002), quantitation of the lipid species mentioned above was achieved using the multiple

reaction monitoring (MRM) mode.

MRM enables the simultaneous identihcation of multiple anal¡es in a single analysis. This

mode is highly specif,tc, in which the first (Q1) and third (Q3) quadrupoles of the

instrument are set to identify specif,rc m/z values of an analyte. The specific m/z values of
the analyte can be obtained from Q1 and product ion scanning using MS/MS.

The application of this technology to lipidomics has opened up another frontier in science

after genomics and proteomics. This exciting development will improve our understanding

of the effects of lipid alteration and their potential role in disease pathogenesis, diagnostics

and therapeutics (Han and Gross, 2005).
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Figure 1.8 Schematic diagram of the experimental approach of Han and Gross for
the analysis of cellular lipids using crude extracts of biological samples

Figure reproduced from Han and Gross,2003

Abbreviations:

PC : choline glycerophospholipids;
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TAG : triacylglycerol(s);

FFA: free fatty acids;
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1.7. Aims and objectives

Thetwomajorgoalsofthisstudyweretodeveloplaboratory-basedmethodsthatwould

enable (1) improved diagnosis of MLD; and (2) accurate prognosis in asymptomatic

individuals. The difficulties associated with the diagnosis of MLD have been discussed in

sectionl.4.S.3.Toovercomethesedifficulties,thedevelopmentofimmune-basedaSSayS

using DELFIA technology was proposed: the immune-based assay system was preferred

since the intrinsic specificity and strong binding capacity of antibodies would provide the

necessary assay specificity, and the use of DELFIA technology would enhance assay

sensitivity; furthermore, combining these technologies would result in assays that are rapid'

amenable to high throughput' easy to use and cost-effective'

Three immune-based assays will be developed in this study: (i) an immune-capture ASA

activity assay that measures activity from the catalytic action of antibody-captured ASA

towards the synthetic 4-MUS substrate; (ii) an immune-quantification ASA protein assay

that uses a sandwich immune assay to combine antibody-captured AsA protein with a

secondary antibody labelled with Eu3*; and (iii) an immune-quantification assay for the

mutant N350S ASA protein that uses a sandwich immune assay to combine antibody-

captured N350S ASA protein with a secondary antibody labelled with Eu3*'

In common with most LSD, the prognosis for MLD patients is poor because diagnosis is

usually made after the onset of clinical symptoms' However' if treatment can be initiated

before symptoms are apparent, improved clinical outcome is expected' In the near future'

presymptomatic detection of MLD may be possible through a NBS programme' In this

scenario, the clinician will rely on the laboratory to provide accurate information about a

patient,s expected clinical phenotype before making a decision about the most appropriate

form of therapy and when it should commence'

Thus, the second major aim of this study was to develop methods that can be used to

predict the clinical phenotype of MLD patients in asymptomatic individuals' To achieve

this, biochemical profiling utilising a combination of approaches' including the

determination of residual enzyme proteirVactivity using the immune-based assays and

metabolite profiling using ESI-MS/MS, has been proposed' A cohort of urine and sF

samples representing the clinical spectrum of MLD plus unaffected controls will be'used in

the study.
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The specific aims of this project are to:

1. develop an immune-capture activity assay for ASA;

2. develop an immune-quantification assay for ASA protein;

3. develop an immune assay for the detection of ASA-PD individuals;

4. improve an existing sulphatide quantification assay using ESI-MS/MS;

5. validate these methods to enable the prediction of clinical severity of MLD;

and

6. evaluate the suitability of these methods towards the diagnosis of MLD

1.8. Further organisation of this thesis

This thesis is organised into six additional chapters:

Chapter2 Materials and methods;

Chapter 3: Expression, purification and characterisation of Wt ASA and

N350S ASA enzYmes;

Chapter 4: Production and purification of antibodies, and development

and validation of immune-based assays;

Chapter 5: Establishment of a sulphatide quantification method using

ESVMS-MSanddevelopmentofasulphatide-loading

protocol;

Chapter 6: Prediction of clinical severity in MLD;

Chapter 7: Concluding remarks'
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CHAPTER TWO

Materials and Methods

2.L. Materials

2.I.1. Solvents and chemicals

All solvents and chemioals used in this study were of anal¡ical grade unless otherwise

specified.

Acetic acid

Ammonium PersulPhate

2, 2' - Azino-bis (3 -ethylbenzo-thiazoline-
6-sulphonic acid) diammonium salt (ABTS)

Boric acid

p-Mercaptoethanol

Calcium chloride tissue culture grade

Chloroform (HPLC grade)

Chloroform with 1% (v/v) ethanol

(HPLC grade)

4-Chloro-1-naphthol

3-[Cyclohexylamino]- I -

propanesulPhonic acid (CAPS)

Dimethyl sulPhoxide (DMSO)

Ethanol

Ethidium bromide

Formaldehyde

Formic acid

Glutaraldehyde

Glycine

Glycerol

Hydro gen peroxide 3 0olo

Ajax Chemical Ltd., Auburn, NSW, Australia

Bio-Rad Laboratories, Richmond, VA, USA

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Pty. Ltd., Kilsyth' Vic,

Australia

Sigma Chemical Co., St. Louis, MO' USA

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Pty. Ltd', Kilsyth, Vic,
Australia

BDH AnalaR@, Merck Pty. Ltd.' Kilsyth, Vic,

Australia

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

BDH Chemicals Pty. Ltd., Kilsyth, Vic,

Australia

Boehringer Mannheim, Sandhofer Strasse,

Mannheim, GermanY

Sigma Chemical Co., St. Louis, MO, USA

Ajax Chemical Ltd., Auburn, NSW, Australia

Sigma Chemical Co., St. Louis' MO' USA

BDH Chemicals Pty. Ltd., Kilsyth, Vic,

Australia

Biolab Scientific., Clayton, Vic, Australia

Univar, Asia Pacific Specialty Chemical Ltd',

Seven Hills, NSW, Australia
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Hydrochloric acid

1 -[2-HYdroxYethYl]- 1 -

piperazinethansulphonasaure (HEPES)

BDH Chemicals Pty. Ltd.' Kilsyth, Vic'

Australia

Roche Diagnostics Corp', Indianapolis' IN'

USA

Ajax Chemicals Ltd., Auburn, NSW' Australia

Unichrom, Ajax Finechem, Auburn' NSW'

Australia

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co.' St. Louis, MO, USA

M & B Australia, West FootscraY, Vic'

Australia

Sigma Chemical Co., St' Louis' MO' USA

Ajax Chemicals Ltd., Auburn' NSW' Australia

BDH Chemicals Pty. Ltd., Kilsyth, Vic'

Australia

Sigma Chemical Co., St' Louis, MO' USA

Ajax Chemicals Ltd., Aubum, NSW' Australia

Ajax Chemicals Ltd., Auburn, NSW' Australia

BDH Chemicals Pty. Ltd.' Kilsyth, Vic,

Australia

Ajax Chemicals Ltd., Aubum, NSW' Australia

Sigma Chemical Co'' St' Louis, MO' USA

Ajax Chemicals Ltd., Auburn, NSW' Australia

Ajax Chemicals Ltd., Aubum, NS'W' Australia

Calbiochem-Novabiochem Corp'' La Jolla'

CA, USA

Ajax Chemicals Ltd., Auburn, NSW' Australia

Roche Diagnostics Corp', Indianapolis' IN'

USA

BDH Chemicals Pty. Ltd', Kilsyth, Vic'

Australia

Bio-Rad Laboratories, Richmond' VA' USA

Sigma Chemical Co., St' Louis, MO' USA

Sigma Chemical Co., St' Louis, MO' USA

Isopropanol

Methanol (HPLC grade)

Mineral oil

Nonidet P-40

OrthophosPhoric acid

Phenol

Potassium chloride

Sodium acetate

Sodium azide

Sodium chloride

Sodium carbonate anhYdrous

Sodium di-hYdrogen
orthopho sPhate monohYdrate

Sodium citrate

Sodium dodecYlsulPhate (SDS)

Sodium hYdrogen carbonate

Sodium hYdroxide

Silver nitrate

Sodium thiosulPhate

Tris fhydroxymetþlaminomethane]
(Tris)

Tween 20

N, N, Nt, Nt-
Tátramethylethylenediamine (TEMED)

Thiourea

Urea
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2.1.2. Antibodies

Donkey anti-sheeP HRP

conjugated antibodY

Sheep anti-mouse HRP

conjugated antibodY

Anti-ASA polYclonal antibodY

Anti-N3 50S PePtide conjugate

polyclonal antibodY

2.1.3. Cells and Vectors

CHO-KI cells

N350S ASA CHO-KI cell line

All SF cell lines used in this studY

E. coli Top 10 strain

P3-653 murine mYeloma cells

(NS-l variant)

ASA cDNA in PRSVN.O7 vector

ImmuneEasyrM mouse adjuvant

IsoStrip mouse monoclonal isotyping kit

Polyethylene glycol 1500 (PEG 1500)

Chemicon Pty. Ltd., Boronia, Vic, Australia

Chemicon Pty. Ltd., Boronia' Vic, Australia

Generated in this studY

Generated in this studY

CSL Ltd., Melbourne, Vic, Australia

Dept. of Genetic Medicine, Women's and

Children's Hospital, Adelaide' SA, Australia

Dept. of Genetic Medicine, Women's and

Children's Hospital, Adelaide, SA, Australia

Invitrogen New Zealand Ltd., Penrose,

Auckland, New Zealand

American Type Culture Collection (ATCC)'

Manassas, VA, USA

Dept. of Genetic Medicine, Women's and

Children's, Adelaide, SA, Australia

QIAGEN Pty Ltd., Clifton Hill, Vic, Australia

Roche Diagnostics Corp., Indianapolis, IN,

USA

Roche Diagnostics GmbH, Sandhofer Strasse,

Mannheim, Germany

2.1.4. Monoclonalantibodyproductionreagents

Freund,s adjuvant (complete) Gibco@ Laboratories, Life Technology Inc''

Grand Island, NY, USA

Freund,s adjuvant (Incomplete) sigma chemical co', St. Louis, Mo, usA

Hypoxanthine, aminopterin and Gibco@ Laboratories, Life Technology Inc',

thymidine (HAT) ' G'and Island' NY' USA

Hypoxanthine and thymidine (HT) Gibco@ Laboratories' Life Technology Inc''
Grand Island, NY, USA
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2.l.5.Peptideconjugatesfortheproductionofantibodies

All peptide conjugates were manufactured by MIMOTOPES Pty. Ltd', clayton, vic,

Australia

H.CAGAPLPSVTLDG-NHZ

H-LPGLEARYMAFAC-OH

H-GFDLSPLLLGTGC-OH

H-LFFYPSYPDEVRC-OH

All peptides were conjugated to diphtheria toxoid with maleimidocaproyl-N-hydroxy-

succinimide (MCS) as a linker

2.1.6. Enrymes, enrymatic substrates and standards

wtAsAenzymeGeneratedinthisstudy
N350S ASA enzyme Generated in this study

4-Methylumbelliferyl sulphate (4-MUS) Sigma chemical co., st. Louis, Mo, usA

4-Methylumbelliferone (a-MU) Koch-Light Laboratories Ltd., colnbrook, uK

2.1.7. Tissue culture reagents

Ampicillin

Bacto-agar

Dulbecco's modified eagle media

(DMEM)

Foetal calf serum (FCS)

G 418

HAM'S F 12 media

Penicillin/Streptomycin sulphate

Dulbecco's phosphate buffered saline

(PBs)

RPMI 1640 media

Trypsin-versene

Boehringer Mannheim, Sandhofer Strasse,

Mannheim, GermanY

Difco Laboratories, Detroit, MI, USA

Gibco BRL, Life Technology Inc., Grand

Island, NY, USA

CSL Biosciences, CSL Ltd., Melbourne, Vic,

Australia

Boehringer Mannheim, Sandhofer Strasse,

Mannheim, Germany

MP Biomedicals Ltd., Aurora, Ohio, USA

CSL Biosciences, CSL Ltd., Melbourne, Vic,

Australia

CSL Biosciences, CSL Ltd., Melbourne' Vic,

Australia

ICN Biomedicals Inc., Aurora, WI, USA

CSL Biosciences, CSL Ltd., Melboume, Vic,

Australia
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2.l.S.CustomPCRprimersforASAplasmidDNAsequencing

All custom pcR primers were manufactured by InvitrogenrM Life Technologies, Invitrogen

New Zealand Ltd., Pentose, Auckland' New Zealand'

CTG GAC CTG CTG CCT ACC

AGC AAA AAC CCC ACG GAC

CAG CTC TCT GAC TGC TCA

AGG TCA CAG CTG CGT CTA

TCC AGG TTG GGA GTG GTA

CAT TGC CCA GAT CCC CAT

TCC CTC CTC CTG GCC CTG G

GAT GGG CAT GTA CCC TGG

ATG GGG GGG CAG GAA GGC

TTG CGA CGG TGG CTG TGA CC

ACA GGA AGA AGG GGC GAT

CTG ATG GAG CTG GAT GCA

GTC GTT CCC TTT CCA CAC

TTT TTT CAG ATG TGC AAG

Sequences are listed from 5' to 3'end'

2.1.g. Standards for mass spectrometry analysis

ceramide (cer17:0) Matreya Inc., Pleasant Gap' PA, USA

Glucocerebroside deuterated (GCl6:0-d3) Matreya Inc., Pleasant Gap, PA, USA

Monosialoganglioside s (G¡v222:l and24:l) Matreya Inc., Pleasant Gap, PA, USA

Lactosylceramide, deuterated (LCl6:0-d3) Matreya Inc., Pleasant Gap, PA, USA

Palmitoyl sulphatide (sulpl6:0) Matreya Inc'' Pleasant Gap' PA' USA

phosphatidylcholine (PC28:0) sigma chemical co., st. Louis, Mo, usA

Phosphatidylglycerol (PG2S:0) Avanti Polar Lipids, Inc', Alabaster' AL' USA

Phosphatidylinositol (PI32:0) Avanti Polar Lipids, Inc', Alabaster' AL' USA

Sulphatide (bovine brain) Sigma chemical co., St' Louis, Mo, usA

2.1.10. Commercial kits

DELFIA@ assay buffer

DELFIA@ enhancement solution

DELFIA@ Eu-labellin g kit 1244 -302

DELFIA@ wash buffer

Micro BCArM protein assay reagent kit

Wallac, North RYde, NSW, Australia

Vy'allac, North RYde, NSW, Australia

Wallac, North RYde, NSW, Australia

Wallac, North RYde, NSW, Australia

PIERCE, Chemical Co., Rockford, IL USA
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QIAGEN plasmid midi/maxi kit QIAGEN Pty Ltd., Clifton Hill, Vic, Australia

2.1.11. EquiPment and software

Analyst version 1.1 software

Agilent 1100 binarY HPLC

Beckman J A-20 centrifuge

Megafuge 1.0R centrifuge

Biofuge 13 centrifuge

Biologic DuoFlow sYstem

Ceres 900 HDI Plate reader

BTX electrocell manipulator ECM 395

ChemoViewNT version 1.2

DELFIA 1234 reseatch fluorometer

DELFIA@ plate shaker

DELFIA@ plate washer

Dry block heater

Electrophoresis power supply EPS 600

Gilson 233 autosamPler

Hoefer Mighty Small II
electrophoresis unit

Horizontal gel electrophoresis tanks

LKB Biochrom UltrosPec II
spectrophotometer

Luminescence sPectrometer LS 50 B

with autosampler AS 91

Microtitration Plate shaker

Microtitration plate washer

Perkin-Elm er | 420 multilabel
counter

ReactivaprM evaPorating unit
with reacti-therm heating unit

PE Sciex, Foster City, CA, USA

Agilent Technologies, Inc., Palo Alto, CA,

USA

Beckman Instruments, Inc., Palo Alto, CA,

USA

Heraeus Sepatech Instruments, Radiometer

Pacific, Adelaide, SA, Australia

Heraeus Sepatech Instruments, Radiometer

Pacific, Adelaide, SA, Australia

Bio-Rad Laboratories, Hercules, CA, USA

Bio Teck Instruments, Inc., Vinooski, VT,
USA

BTX Pty. Ltd., San Diego, CA, USA

PE Sciex, Foster City, CA, USA

Wallac, North Ryde, NSW, Australia

Wallac, North Ryde, NSW, Australia

Wallac, North Ryde, NSW, Australia

Ratek Instruments Pty Ltd., Melboume, Vic
Australia

Amersham Pharmacia Biotech, Inc., Uppsala,

Sweden

Gilson, Inc., Middleton, WI, USA

Hoefer Scientific Instruments, San Francisco,

CA, USA

Eastman Kodak Co., New Haven, CT, USA

BIOCHROM, Cambridge Science Park,

Cambridge, England

Perkin-Elmer Ltd., Beaconsfield, Bucks, UK

ADIL Instruments, Strasbourg, Schil Tigheim,

France

ADIL Instruments, Strasbourg, Schil Tigheim,

France

Perkin-Elmer Ltd., Norwalk, CT' USA

Pierce Chemical Co., Rockford,IL, USA
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SEQMAN Program software

TE Series transPhor transfer unit

Triple-quadrupole mass spectrometer

(PE Sciex API-3000)

UVItec- gel documentation sYstem

2.1.12. Miscellaneous

Affr-Gel 10

BenchMarkrM prestained protein ladder

BenchMarkrM Protein ladder

Bovine serum albumin (BSA)

Brilliant blue G-colloidal stain

BTX electroPoration cuvette Plus
(model #610,1 mm gaP)

corning@ 25 cm2,75 crr], L75 cm2

tissue culture flasks

Corning@ 96,24,12 and 6 well
tissue culture Plates

Corning@ 100 mm tissue culture dishes

Costar@ 96-well vinYl assaY Plate

Diaflo YM 30 and YM 10 ultrafiltration
membranes

Pharmacia K9lI5 column

HiTrap affinitY column (1.0 mL)

HiTrap IgM purification HP (1'0 mL)

HitraprM protein G column (1.0 mL)

Immunlon@ 4HBX Removawell@ strips

and holder

ISOLUTE-96 Cl8 column (25 mg)

DNA Star, Madison, WI, USA

Hoefer Scientif,rc Instruments, San Francisco,

CA, USA

Perkin-Elmer Sciex, Foster City, CA, USA

UVItec Ltd., Union Lane, Cambridge,

England

Bio-Rad Laboratories, Hercules, CA' USA

GibcoBRL@ Lif" Technologies, San Diego,

CA, USA

Invitrogenrt Life Technologies, San Diego,

CA, USA

Sigma Chemical Co., St. Louis, MO, USA

Sigma Chemical Co., St. Louis, MO, USA

BTX Pty. Ltd., San Diego, CA' USA

Coming Costar CorP., Cambridge, MA,
USA

Coming Costar Co.P., Cambridge, MA,
USA

Corning Costar CorP., Cambridge, MA,
USA

Costar@, Cambridge, MA, USA

Amicon@, BeverlY, MA, USA

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Dynatech Laboratories, Inc., Chantilly, VA,

USA

International Sorbent Technology Ltd', Mid

Glamorgan, UK

ICN Biomedicals Inc., Aurora,'WI, USA
Linbro@ plate sealer
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Microtitre plate, 96 wells, V-shaPe

Ministart@ single use syringe filter
(0.2 pm)

Minicon fi lter cartridge

MultipinTM peptides

Mw standards

Neubauer hemocYtometer

Nunc 1264 cmz 2-traY cell factorY

USA

PolyScreen@ PVDF transfer

membrane

Prep/scalerM-TFF concentrator

Pyrex@ culture tube (size 16 x 100 mm)

Self PackrM PoRoS@20 Rl media

SGE Hamilton sYringe (100 PL)

Stined-eell ultrafi ltration untt
(10 mL and 250 mL)

Superose 6 HR 30 FPLC column
(1.0 x 30 cm)

Superose 12 HR 30 FPLC column

(1.0 x 30 cm)

Supelco VisiPrePrM 24

Tris glycine-SDS gels (12%)

LINOTM Q1 anion exchange column

UV trans-illuminator model 44-16

Vibron sonicator

YSTROM sonicator

Greiner Bio-One GmbH, Maybachstrasse,

Frickenhausen, GermanY

Sartorius, Weender Lanstr, Göttingen,

Germany

Sartorius, Weender Lanstr, Göttingen,

Germany

Chiron Mimotopes Pty. Ltd., Clayton, Vic,

Australia

Pharmacia Biotech, UPPsala, Sweden

Superior, Bad Mergentheim, GermanY

Nalge Nunc International, Rochester, NY,

NENrM Life Science Products, Boston, MA,

USA

Milipore Corporation, Bedford, MA, USA

Corning Inc., New York, USA

PerSeptive Biosystems, Inc., Framingham,

MA, USA

Sigma Aldrich Pty. Ltd', Castle Hill, NSW,

Australia

Amicon@, BeverlY, MA, USA

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Amersham Pharmacia Biotech, Inc', Uppsala,

Sweden

Sigma Aldrich Pty. Ltd., Castle Hill, NSW,

Australia

Gradipore Ltd., Pyrmont, NSW, Australia

BIO-RAD Laboratories, Hercules, CA, USA

Polaroid Ltd., Cambridge, MA, USA

Galsonic Pty. Ltd., Valley View, SA, Australia

Technic International Inc., Westwood, NJ,

USA

2.1.13. Buffers, solutions and cell culture media

All buffers and solutions were prepared in Milli-Q@ water' cell culture media was

prepared in sterilised distilled water and sterilised by filtration (0'2 pm)'
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2.1.13.1. Buffers and solutions

10x acetic acid

lYo agatose gel

Buffer A

Buffer B

2x HEPES buffered saline

10 x loading buffer (agarose

gel electrophoresis)

2x loading buffer (SDS-PAGE)

Phosphate buffered saline (PBS)

10 x PBS, pH7.2

10x PBS (for pin Plate disruPtion)

10x sodium acetate

Sodium hydrogen carbonate buffer

10 x SDS-PAGE running buffer

TE buffer

5x TBE buffer

10x Tris-NaCl

2.1.13.2. Cell culture media

Basal media eagle (BME) 10% FCS

COON's media

COON's media, 10% FCS

LB-agar

LB-amp

LB-broth

HAT media

HT media

Selection media

F12 media 10% FCS

0.2 M CH3COOH

1x TBE buffer, l% (wlv) agarose

20 mM sodium acetatelacetic acid buffer, pH 5.0

20 mM sodium acetatelacetic acid buffer, 1.0 M
NaCl, pH 5.0

0.28 M NaCl, 0.05 M HEPES, 1.5 mM
NazHPO¿A{aOH, pH 7.05

92.5% (v/v) formamide,20 mM EDTA,O.lyo
(w/v) xylene cyanol, 0.1% (wlv) bromophenol

blue

125 mM Tris/HCl, pH 6.8, 4% (wlv) SDS, 20%

(v/v) glyce rol, l0o/o (v I v) 2-mercaptoethanol

10 mM H¡PO¿/lllaOH, pH 7.4,0.15 MNaCI

1.37 MNaCl, 26 mM KCl, 81 mM NazHPO+,

14 mM KHzPO+

2.5 MNaCl, 28 mM NazHPO+, 75 mM NazHPO+

0.2M CH3COONa.3HzO

0.1 M NaHCO¡

0.25 M Tris,1.92 M glycine, 1% (w/v) SDS

10mM Tris/HCl, PH 8.0, 1mM EDTA

45 mM Tris/borate, PH 8.0, 1 mM EDTA

0.2 MTris/HCL, pH 7 .2, 2.5 MNaCI

commercially prepared BME, 10% FCS

DMEM 15.5 glL

DMEM 15.5 glL,10% FCS

LB broth, 1.5% (wlv) Bacto agar

LB agar,100 mgll- amPicillin

l% (wlv) Bacto tryptone, 05% (wlv) Bacto

yeast extract,lYo (wlv) NaCl, NaOH, p}{7 '5

RPMI 1640 10.4 glL,l0o/o FCS, lx HAT, 1% PS

RPMI 1640 10.4 glL,I0o/o FCS, lx HT, 1% PS

Fl2 10.6 glL,l\Yo FCS, G 418 750 pglmL

BME 9.19 glL, l0% FCS
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2.2. Methods

2.2.1, Expression of full-length ASA

The full-length ASA expression vector was constructed by Dr J Harvey (Department of

Genetic Medicine, 'Women's and Children's Hospital, Adelaide, SA, Australia). The full-

length ASA .DNA clone in HT l4lCP 8 pBluescript@ vector (Stein et al., 1989) was

provided by professor Volkmar Gieselmann (Biochemisches Institut, Christian-Albrecht-

Universitat, Kiel, Germany). The full length ASA cDNA was excised from the

pBluescript@ vector with restriction endonucleases Nco I and Not I- The excised ASA

cDNA, together with 5' untranslated rat preproinsulin sequences (synthesised and annealed

from oligonucleotides encoding the rat preproinsulin 5' untranslated sequences containing a

5, Hind III anda3, Ncolsticky end sites), were ligated in a single reaction intofhe Hind

III- and Not I-restricted pRSVN.O7 expression vector. The final yield of ASA cDNA 5'

untranslated sequence was achieved by mixing equal molar amounts of each

oligonucleotide, heating the mixture to 70oC and allowing it to cool to room temperature

(Harvey, PhD Thesis, 1996).

2.2.1.1. Agarose gel electrophotesis

Electrophoresis of DNA for analltical purposes was performed on 7%o agarose gels in a

horizontal gel electrophoresis tank (Eastman Kodak Co', New Haven' CT, USA)' Samples

were prepared by mixing the DNA with Hzo and 3x agarose gel loading buffer. The gel

was electrophoresed (40-60 mV) in lx Tris/borate-buffered ethylene diamine tetra-acetic

acid (TBE) running buffer until the bromophenol blue dye indicator had migrated a distance

sufficient to ensure adequate separation of the DNA fragments. The gel was stained in

ethidium bromide (10 pglml,) for 10 min and destained with running water (5-10 min)'

The DNA was then visualised on an UV trans-illuminator, model 44-16 (Polaroid Ltd.,

Cambridge, MA, USA). An image of the gel was then recorded using the UVltec-gel

documentation system (uvltec Ltd., union Lane, cambridge, uK).

2.2.1.2. Puriiication of plasmid cDNA

purification of the plasmid cDNA was performed using a QIAGEN plasmid midi/maxi kit,

following the manufactufer's instructions. Briefly, recombinant E. coli cells from an

ovemight culture (100 mL) were harvested by centrifugation in a Beckmann JA-20

centrifuge (6 000 x g, 4oC,15 min) then resuspended in Buffer Pl (4'0 mL) containing

RNase A (100 pglm1-). This was followed by the addition of Buffer P2 (4.0 mL), mixed by

,9
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gentle inversion (a-6x) and left at room temperature (RT) for 5 min. Buffer P3 (4.0 mL)

was then added, mixed by inversion and incubated on ice for 20 min. The mixture was then

centrifuged (20 000 x g, 4oC, 30 min) and the supernatant containing plasmid DNA

retained. The supematant was centrifuged again (20 000 x g, 4oC,15 min) before being

applied to a QIAGENtip 100 that had been pre-equilibrated with 4.0 mL of QBT buffer.

The eIAGEN-tip was washed twice with 10 mL of Buffer QC before elution of the plasmid

DNA with 5.0 mL of Buffer QF. The eluted DNA was precipitated with 3.5 mL of

isopropanol and pelleted by centrifugation (> 15 000 x g,4oC,30 min). The resulting pellet

was washed with 2.0 mL of 70Yo (v/v) ethanol, air-dried, then redissolved in 100 ¡rL of TE

buffer, pH 8.0.

2.2.1.3. QuantiJication of DNA

DNA purif,red by the QIAGEN plasmid midi/maxi kit was quantified by diluting in water

(l:500) and measuring the absorbance at260 nm. The formula of Sambrook et al. (1989)

was used to calculate the DNA concentration:

ODzoo: 1.0 for 50 pglml- solution of DNA

or amount of DNA : ODzeox dilution factor x 50

2.2.1.4. Sequencing of plasmid DNA

The plasmid was sequenced directly using Big Dye Termination (version 3). Cycle

sequencing and analysis was performed by the Institute of Medical and Veterinary Science

Sequencing Centre, Molecular Pathology Department, Adelaide, SA, Australia. Fourteen

custom pCR primers listed in section 2.1.8 were used as the sequencing primers'

Sequencing results were analysed using the SEQMAN program software.

2.2.1.5. Electroporation of E. coli cells with plasmid DNA

plasmid DNA was transferred into electrocompetent E. coli strain Top 10 (Invitrogen New

Zealand Ltd., Penrose, Auckland, New Zealand) by electroporation using the following

protocol: 25 ¡tL of electrocompetent E. coli was added to 2.0 pL of plasmid DNA in a

sterile Eppendorf tube and mixed gently before transfer to an ice-cooled, sterile BTX

electroporation cuvette plus (model #610, 1 mm gap). Electroporation was carried out

using a BTX electrocell manipulator ECM 395 set at HV mode, 1.5 kV (BTX Pty. Ltd., San

Diego, CA, USA). After electroporation, 500 ¡rL of LB-broth was added and the cells were

then transferred to a new sterile Eppendorf tube and incubated at 37oC for 30 min. Cells

were then pelleted by centrifugation (740 x g, 5 min); 90%o of the supernatant was removed
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and the pellet was resuspended before plating onto a LB-amp agar supplemented with 100

pglmLampicillin and incubation overnight at 37oC'

2.2.1.6. Transfection of a chinese hamster ovary-Kl (cHo-KI) cell líne

Plasmid DNA samples for transfection (5.0 Frg in a final volume of 100 ¡rL) were

precipitated by the addition of 10 ¡rL of 3 M sodium acetatelacetic acid, pH 5 '2, and 200 pL

of 700/o (v/v) ethanol (cooled at -20.c) followed by incubation (-g00c, 30 min). The

precipitate was pelleted by centrifugation (13 S00 x g,4oC,20 min)' The pellet was washed

with 200 pL of 70% (vlv) ethanol and the plasmid DNA was pelleted by centrifugation (13

g00 x 8,4oC,10 min). The pellet was then resuspended in sterile water (a50 pL) and 50 pL

of 2.5 M CaClz was added. The DNA/CaCl2-complex solution (500 ¡rL) was added drop-

wise to a tube containing 500 pL of 2x HEPES-buffered saline with continuous vortexing'

The mixture was vortexed for a further 30 sec, then left at 20oC for 60 sec' The DNA

mixture was then added drop-wise to the culture dish grown with cHo-Kl cells for

transfection. After an overnight incubation in a 37oC, 5Yo COz humidified incubator' the

media from the cell lines was repraced with fresh media and the cells were further

incubated for 48 hrs.

After 72 hrs,dishes containing confluent transfected cell lines were harvested by removing

the media followed by washing with Dulbecco's PBS (1x, 5'0 mL) (CSL Biosciences' CSL

Ltd., Melbourne, Vic, Australia), then adding I0% (vlv) trypsin-versene solution (3'0 mL)

(csl Biosciences, csl Ltd., Melbourne, vic, Australia). The dishes were left at RT for 5

min before cells rvere dislodged by pipetting gently several times. cells transfected with

DNA were split 1:3, whereas control cells without DNA were split 1:50' in duplicate' into

75 mLculture flasks containing selection media (F 12,10% FCS with 750 pglmL G 418)'

cells were then incub ated at 370C iî a 5%o coz humidified incubator for seven-days with

media changes every three-days. On day eight, transfected cells were harvested and

resuspended in new flasks with fresh selection media. The transfected cells were harvested

and resuspended again(in duplicate) on day 14'

2.2.1.7. Cloning of recombinant cells

Cloning of recombinant cells was carried out using a serial dilution method' Briefly' cells

were counted using a Neubauer hemocytometer (Superior, Bad Mergentheim' Germany)

and diluted to a solution containing 80 cells/ml in a sterile 10 mL polyethylene tube

containing 6.0 mL of selection media. serial dilutions were then carried out to obtain
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concentrations of 40 cells/mL, 20 cells/ml and 10 cells/ml. Each cell dilution was

pipetted into a 96-well ptate (100 pllwell) in the following positions: rows A and B, 80

cells/ml; rows c and D,40 cells/ml; rows E and F,20 cells/ml; and rows G and H, 10

cells/ml. A further 100 ¡rL of F 12 with l0% FCS was added to each well before

incubation at 37oC in a 5%o coz humidifred incubator for seven- to lO-days; 50 pL

media/well was subsequently added within that period and the number of clones in each

well were counted before the media was analysed for ASA activity as described below.

2.2.1.8. Enzymatic assay for ASA (free assay)

ASA enzyme activity was assayed in wells of Immunlorr@ 4HBX Removawell@ strips,

(Dynatech Laboratories, Chantilly, VA, USA). Samples (50 ¡rL, in duplicate) or blanks (50

¡rL H2O, in duplicate) were incubated (37oC,2 hrs) with 4-MUS substrate (40 mmol/L, 50

pL) prepared in 0.1 M sodium acetatelacetic acid buffer, heat-treated 0'1% BSA, pH 5'6'

After incubation,4-methylumbelliferone standard (0.142 mmol/L, Koch-Light Laboratories

Ltd., colnbrook, uK) was diluted I in 20 before 100 ¡rL was pipetted into three empty

wells (100 ¡rllwell). The enzyme reaction was stopped by the addition of 0'2 mol/L

glycinea{aoH buffer, pH 10.7 (100 ¡rllwell). For the glycine blank, 0'2 mol/L

glycinea{aoH buffer, pH 10.7, was pipetted into three empty wells (200 ¡rllwell)' The

fluorescence was read on a Perkin-Elmer 1420 multilabel counter (Perkin-Elmer Ltd''

Norwalk, CT, USA). The reading from wells with H2O was used as the substrate blank'

Enzyme activity was calculated according to the following formula:

Þ

Enryme activitY :
(pmol/min/ml)

FU: fluorescence unit

vol. : volume

test- f x1
(FU of standard-FU of glycine blank) x 120 x vo l. of sample (¡rL)

2.2.1.9. Enzymatic assøyfor ASA (free assüy' tube method)

ASA activity was assayed using two v/t ASA calibrators with concentrations of 250 and

500 nglml. Briefly, each wt ASA calibrator (5.0 ¡rL, in duplicate) and Hzo (5'0 pL' in

duplicate) was added to tubes containing 4-MUS substrate (5.0 mmol/L) prepared in 0'1 M

sodium acetaielacetic acid buffer, heat-treated 0.1% BSA, pH 5'0 (100 plltube)' In

addition, two tubes were used as standards (0.142 mmol/L 4-methylumbelliferone, 20

¡rlltube). The tubes were then incubated at37oC for 60 min in a water bath'
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The enzyme reaction was stopped by the addition of glycinea{aoH buffer' pH l0'7 (0'2

mol/L; 1.6 ml/tube); two additional tubes were used as glycine buffer blanks with the

addition of the same amount of glycine buffer. Fluorescence w¿Ìs read on a Luminescence

spectrometer LS 50 B with autosampler AS 91 (Perkin-Elmer Ltd., Beaconsfield' Bucks.,

UK). The instrument settings for excitation and emission wavelengths/slit widths were set

at366115 nm and 446 nm/15 rìm, respectively. The reading from the tubes with HzO was

used as the substrate blank. Enzyme activity was calculated according to the following

formula:

Enryme activitY
(pmol/min/ml)

FU: fluorescence unit

Vol. : volume

x7
(FU of standard-FU of glycine blank) x 60 x vol' of samp

2.2.1.10. Freezing-down of cells

cells that were to be stored frozenwere grown to confluence in 75 cm2 flasks' Each flask

was harvested by removing the media, followed by washing with Dulbecco's PBS (1x, 5'0

mL). Trypsinisation was carried out by the addition of 10% (v/v) trypsin-versene solution

(3.0 mL). The flasks were incub ated, atRT for 5 min, after which the cells were dislodged

from the flask by pipetting gently several times. The cells were then transferred to sterile

polypropylene tubes containing PBS (7.0 mL), mixed and centrifuged (415 x g, 5 min)

before the supernatant was carefully discarded. This washing plocess was repeated once

before the pellet was resuspended gently in selection media containing I0% (vlv) DMSO

(1.0 mL). The cells were then pipetted into freezing vials, snap frozen and stored in liquid

nitrogen.

2.2.2. Production of conditioned media for purification

CHO-KI cells expressing the recombinant enzyme (V/t ASA or N350S ASA) were grown

to confluence in Nunc 1264 cm2 2-tray cell factories Q'{alge Nunc International, Rochester,

Ny, usA) in cooN's media with 10% FCS (250 mL). Cells were then conditioned with

FCS-free media (200 mL) for four- to five-days, after which media was collected'

centrifuged (970 x g, 10 min), pooled and kept at 4oC. The f,rrst collection immediately

following the change from 10% FCS to FCS-free media was not used for protein

purification. Media was pooled until a volume of 6.0 to 8'0 L was reached, before it was

concentrated and purified. After three- to four collections of FCS-free media (depending

le (pL)
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on the condition of the cells), cells were cycled back with COON's containing 5% FCS and

the process of conditioning and collection of mediawas repeated.

2.2.2.1. Concentration of condítíoned medíø

The conditioned media from the V/t ASA or N350S ASA CHO-KI cell expression systems

was pooled and kept at 4oC in a sterile condition. Media with a volume of less than 1.0 L,

was clarified by centrifugation (970 x g, 10 min) and concentrated using a250 mL stirred-

cell ultrafiltration unit with either a Diaflo YM 30 or YM 10 ultrafiltration membrane

(Amicon@, Beverly, MA, USA).

Media with a volume of more than 1.0 L was clarified by centrifugation (970 x g, 10 min)

before concentration in a Prep-ScalerM-TFF concentrator (Millipore Corp., Bedford, MA,

USA) using the protocol specified by the manufacturer. Concentrated media from this step

was fnrther concentrated in a 250 mL stirred-cell ultrafiltration unit using either a Diaflo

YM 30 or YM 10 ultrafiltration membrane.

2.2.3. Purification of Wt ASA and N350S ASA from conditioned media

The method used to puri$' V/t ASA and N350S ASA was developed during this study

(developmental work discussed in section 3.3). Briefly, the concentrated media (section

2.2.2.I) was dialysed ovemight at 4oC against 20 mM sodium acetatelacetic acid buffer, pH

5.0 (Buffer A), and clarified by centrifugation (970 x g, 4oC,10 min). The supematant was

filtered with a Ministart@ single use syringe hlter (0.2 pm) before loading onto an anion

exchange column (Self Packrt POROST 20 Rl media in a Pharmacia K9lI5 column)

connected to a Biologic DuoFlow system (Bio-Rad Laboratories, Hercules, CA, USA)

using Buffer A as loading buffer. The flow rate was set at 2.0 mLlmin with the fraction

collector set to collect 1.0 ml/fraction.

A combination of isocratic and linear gradients between Buffer A and 20 mM sodium

acetatelacetic acid buffer, 1.0 M NaCl, pH 5.0 (Buffer B), was used in the elution protocol.

Before loading, the column was equilibrated with Buffer A (60 mL). After sample loading,

the column was washed with Buffer A (15 mL), then eluted with a linear gradient from 0 to

7%o of Buffer B (4.0 mL), followed by an isocratic flow (35 mL) and a second linear

gradient fromT to l2Yo of Buffer B (7.5 mL); a further isocratic flow followed (15 mL)

before a final gradient from 12 to 700%;o of Buffer B (4.0 mL). This final concentration was

maintained (a.0 mL) before returning the column to its starting condition with a gradient

from 100 to 0o/o Buffer B (4.0 mL).
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The third purification step was performed using size exclusion chromatography (SEC). A

Superose 6 HR 30 column (1.0 x 30 cm) was connected to a Biologic DuoFlow system

with the flow rate set at 0.5 mlimin and the fraction collector set at 0.5 ml/fraction. The

colnmn was equilibrated with 20 mM sodium acetatelacetic acid buffer with 0.15 M NaCl

(30 mL) before loading the sample. Fractions containing enzyme from anion exchange

chromatography (AEC) were pooled and concentrated to 250 ¡rL using a 10 mL stirrer-cell

ultrafiltration unit with either a Diaflo YM 30 or YM 10 ultrafiltration membrane. The

eîzyme concentrate was then loaded and run on the SE'C column using 20 mM sodium

acetatelacetic acid buffer with 0.15 M NaCl as elution buffer (26 mL). Fractions containing

the enzyme were collected and analysed by SDS-PAGE (12% Tris-glycine-SDS gels) using

the method of Laemmli (1970), as described in section 2.2.4, to determine enzyme purity.

The enzyme concentration in these fractions was determined with bicinchoninic acid

(BCA), as described in section 2.2-5.

2.2.4. Sodium dodecylsulphate-polyacrylamide gelelectrophoresis

SDS-pAGE was performed according to the method of Laemmli (1970) on I2o/o Tris-

glycine-SDS gels (Gradipore Ltd., Pyrmont, NSW, Australia). Samples were mixed with

SDS loading buffer containing 5% (vlv) B-mercaptoethanol and heated (95oC, 10 min)'

The polyacrylamide gels were run at a constant voltage (1S0 V) in a Hoefer Mighty Small

II electrophoresis unit (Hoefer Scientific Instruments, San Francisco, CA, USA). The Mw

of the proteins was determined using semi-log plot comparison of the bands in the

BenchMarkrM protein ladder (InvitrogenrM Life Technologies, San Diego, cA, usA)

versus the migration distance travelled. Visualisation of the bands was made possible by

either Coomassie staining (see section 2.2.4.1) or silver staining (see section 2.2-4.2).

2.2.4.1. Coomassie støining of the SDS-PAGE gel

SDS-pAGE gels were hxed with fixing solution (7%o glacial acetic acid in 40%o methanol

[v/v]) for t hr. The brilliant blue G-colloidal stain (Sigma Chemical Co., St. Louis' MO,

USA) was prepared according to the manufacturer's instructions. The gel was then placed

in the staining solution (ovemight, with shaking), followed by destaining with l0o/o acetic

acid in 25yo ethanol [v/v] (60 sec, with shaking) and rinsing with 25o/o methanol before

fuither destaining with25%o methanol until a clear background was obtained. An image of

the gel was then recorded using the UVltec-gel documentation system.
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2.2.4.2. Silver staining of SDS-PAGE gels

Silver staining of SDS-PAGE gels was performed according to the method of Chataway

and Barritt (1994), with minor modifications. Briefly, each gel was fixed for 60 min (40%

(v/v) ethan ol, lTYo (v/v) acetic acid), then incubated in periodic acid solution (25 mM

periodic acid,25Yo (v/v) ethanol,5Yo (v/v) acetic acid) (5 min) and washed with water (3 x

10 min). The gel was then placed in incubation solution (0.5 M sodium acetate, 13 mM

sodium thiosulphate,0.l3%o (v/v) glutaraldehyde, 33% (vlv) ethanol) overnight, washed in

water (3 x l0 min), then incubated in silver nitrate solution (12 mM silver nitrate, 0.05%

(v/v) formaldehyde) for t hr. Following a brief rinse with water (2 min), the gel was

developed in developing solution (0.24 M sodium carbonate, 0.05% (v/v) formaldehyde)

until the protein bands reached the desired intensity; development was stopped by placing

the gel in stopping solution (40 mM EDTA) for 10 min. Each gel was then washed in water

(2 x 5 min) and incubated in preserving solution (10% (v/v) glycerol) for 30 min and air-

dried between cellophane sheets at RT.

2.2.4.3. Western blotting

Following SDS-PAGE, each gel was rinsed (3x) in transfer buffer (10 mM CAPS, pH 11.0,

10% M9OH [v/v]) before transfer to a PolyScreen@ PVDF transfer membrane çNENTM Life

Science products Inc., Boston, MA, USA) using the TE Series transphor transfer unit

(Hoefer Scientific Instruments, San Francisco, CA, USA). Transfer was performed in

transfer buffer at a constant current (250 mA) for 70 min. On completion, the transfer

membrane was rinsed with wash solution (1x,20 mM Tris/HCL,250 mM NaCl, l% (wlv)

BSA, pH 7.0), then incubated in blocking buffer (20 mM Tris/HCl, 5% (wlv) BSA, 0-05%

(v/v) Tween 20, pH 7.0) for t hr. The membrane was then washed (3 x l0 min) in 100 mL

wash solution and probed with sheep polyclonal antibody diluted (1:1 000) in wash solution

or monoclonal antibody from culture media (10 mL) at 4oC, overnight. Each membrane

was then washed (3 x 10 min) with the wash solution and incubated with a HRP-conjugated

secondary antibody (sheep anti-mouse HRP-conjugated or donkey anti-sheep HRP-

conjugated) at a dilution of 1:1 000 (RT, t hr, with shaking). The membrane was washed

in the wash solution (3 x 10 min), then in PBS (1 x 10 min)'

For visualisation, the membrane was developed by incubation in 4-chloro-1-naphthol

substrate (60 mg) dissolved in ice-cold MeoH (20 mL), added to 100 mL of 20 mM

Tris/HCl, 250 mM NaCl, pH7.0, and 60 ¡tLH2O2. Colour development was stopped by

placing the membrane in water. Mw was estimated by semi-log plot comparison of the
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bands in the BenchMarkrM prestained protein ladder (GibcoBRL@ Life Technologies' San

Diego, CA, USA)

2.2.5. Protein determination

Protein determination was performed using the micro assay, BCA method of Smith et al'

(1935). Assays were performed in CostaP 96-well vinyl assay plates with the use of a

Micro BCArM protein assay reagent kit according to the protocol recommended by the

manufacturer. BSA was used as the assay calibrator at a concentration of 10 to 200 pglmL'

plates were read on a ceres 900 HDI plate reader (Bio Teck Instruments Inc" vinooski'

vr, usA).

2.2.6. Production of polyclonal antibodies

Two polyclonal antibodies were generated in sheep for this study by the veterinary

Division of the Institute of Medical and Veterinary Science, Adelaide, SA' Australia' The

first polyclonal antibody was raised against a l3-mers peptide, H-CAGAPLPüVTLDG-

NH2, conjugated to diphtheria toxoid at arafio of 4.2 mg peptide to 30'3 mg diphtheria

toxoid, with maleimidocaproyl-N-hydroxysuccinimide as a linker; this peptide conjugate

will hereafter be referred to as the N350S peptide conjugate and the polyclonal antibody

raised against it will be referred to as the anti-N350S peptide conjugate polyclonal

antibody. The second polyclonal antibody was raised against the N350S ASA enzyme and

will be henceforth referred to as the anti-ASA polyclonal antibody. The immunisation

protocol used to produce the polyclonal antibodies was as follows: a pre-bleed sample was

taken before the primary inoculation (2.0 mg peptide conjugate or 1'0 mg N350S ASA) was

administered at week zero, followed by three booster doses of the same amount of antigen

given at three-week intervals. A test bleed was taken at 7'5-weeks; the sheep was bled-out

at week 10.5.

2.2,7. PurifTcation of polyclonal antibodies

Sheep sera was subjected to ammonium sulphate precipitation, by adding an equal volume

of saturated ammonium sulphate (761 dL ammonium sulphate) to sheep sera drop-wise

with continual mixing followed by overnight incubation (4oC, with stining)' The mixture

was then centrifuged (l 162 x g, 3 min) and the supernatant discarded' The pellet was

resuspended in PBS and dialysed against PBS (4"C, ovemight), then filtered with a

Ministart@ single use syringe hlter (0.2 pm). The immunoglobulin (IgG) fraction from

sheep sera raised against the N350S ASA enzyme was then affrnity-purified on a HiTrap
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affinity column (1.0 mL) (Amersham Pharmacia Biotech Inc., Uppsala, Sweden) coupled to

2.0 mgN350S ASA. The IgG fraction from sheep sera raised against the N350S peptide

conjugate was affinity-purified using thiopropyl-sepharose 6B, gel (3'0 mL) (MIMOTOPES

Pty. Ltd., Clayton, Vic, Australia) covalently coupled to the same peptide used for

immunisation.

Antibody was loaded onto the affinity column at a flow rate of 1.0 mllmin. After loading,

unbound proteins were removed by washing with PBS (10 mL). The polyclonal antibody

was eluted with 0.1 M H¡PO+À{aOH, pH 2.5, at 1 ml/min; 0.5 mL fractions were collected'

To neutralise the acidic eluant, 200 ¡tL of 1'0 M Na2HPO 4, pH 9'0, was added to each

fraction. Eluted antibody was immediately dialysed against PBS (4oC, overnight).

2.2.8. Production of monoclonal antibodies

Several methods were used to produce monoclonal antibodies in this study, which will be

elaborated upon in Chapter 3; in general, however, the monoclonal antibody production

strategy was based on that of Zolaand Brooks (1982), as described below'

2.2.8.1. Immunisøtion regimefor mice using Freund's adiuvant

Briefly, the immunisation regime used was as follows: antigen was administered either via

subcutaneous or intra-peritoneal injection with a 26 G needle. The first inoculation

consisted of antigen in PBS mixed with complete Freund's adjuvant in a 1:1 mixture (100

plimouse); the second and third booster inoculations were given with antigen in PBS

mixed with incomplete Freund's adjuvant in a 1:1 mixture (100 ¡rllmouse); the last booster

was given with antigen in PBS (100 pllmouse). Inoculations \ /ere administered three-

weeks apart, with the last inoculation given four-days before fusion. Each inoculation

contained between 35 to 100 ¡rg N350S ASA or Wt ASA in a final volume of 100 ¡rL,

while the amount of peptide conjugate used was 100 ¡rgl100 pL.

2.2.8.2. Immunisation regimefor mice using ImmuneEas¡íÎM mouse adiuvant

The immunisation regime for mice using ImmuneEasyrM mouse adjuvant was carried out

as recommended by the manufacturer. The amount of antigen used for each inoculation

was between 5 to 25 ¡rglmouse. A total of three inoculations (100 ¡rllmouse,

subcutaneously) were administered at two-week intervals, with the last inoculation given

three-days before the fusion was performed'
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2.2.8.3. Fusion Protocol

A standard fusion protocol was used to generate monoclonal antibodies, as described by

Clements et al. (1985). Briefly, the mouse was killed by CO2 asphyxiation' The mouse

spleen was removed and placed in a Petri dish containing Dulbecco's PBS (5'0 mL); blood

was collected by puncturing the heart with a Pasteur pipette'

The connective and fatty tissues were trimmed and discarded before injecting Dulbecco's

pBs (-5,0 mL) into the spleen using a2l G needle to expel the plasma cells' The spleen was

then teased apart into very fine shreds with another needle' The shredded tissues were

transferred to a 50 mL centrifuge tube; the dish was rinsed with Dulbecco's PBS (10 mL)

and the slurry transferred to the centrifuge tube. The tube was left to stand at RT for 5 min'

after which it was decanted into a new 50 mL centrifuge tube and left to stand for a further

5 min (RT) bef'ore being decanted into a 50 mL centrifuge tube containing 107 murine

myeloma cells'

The mixed cells were pelleted by centrifugation (415 x g, 5 min) before pre-wanned (37"C)

42%PEG 1500 (1.0 mL, [v/v] in 75 mM HEPES, pH S.0) was added drop-wise over I min'

with shaking. This was followed by the addition of RPMI (10 mL) drop-wise' with

shaking, over 5 min before further addition of RPMI (a0 mL)' The fusing cells were then

centrifuged(415xg,5min)andpelleted.Thecellpelletwasresuspendedinl0mLRPMI

containing 10% FCS, lx HAT, 1% penicillin/streptomycin sulphate and 2'0 mL of feeder

lavage that had been prepared earlier (section 2.2.8'3'l),and mixed' The volume was made

up to 200 mL with the same media, before plating into eight Corning@ 24-well tissue

culture plates (1.0 mllwell). plates were labelled and incubated (5o/o co2' 37"c).

Hybridomas were examined microscopically with colonies marked and counted after

incubation for one-week; hybridoma screening was performed after two-weeks (after two

changes of media) using the protocol described in section 2-2.8.5.
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2.2.8.3,1. Feeder løvøge

Feeder lavage was obtained from a non-immunised mouse on the same day as the fusion.

Briefly, the mouse was killed by COz asphlo<iation. Dulbecco's PBS (5.0 mL) was injected

into the peritoneal cavity using a syringe with a 21 G needle, with the bevel of the needle

facing downward to avoid the organs. Once the Dulbecco's PBS was fully injected, at least

2.0 mL of clear liquid (lavage) was withdrawn using the same syringe; the lavage was

added to 200 mL of RPMI containing 10% FCS, lx HAT andl%o penicillin/streptomycin

sulphate. The media was kept incubated at37uC until use.

2.2.8.4. Determination of antibody titres

Determination of antibody titres was carried out by ELISA using a secondary HF{P

detection system. Briefly, samples (100 ¡rllwell) consisting of sheep sera or mouse sera

(1:1 000 dilution in lo/o (w/v) BSA, 20 mM Tris/HCl, 0.25 M NaCl, pH 7 .2) were serially

diluted 1:2 across the wells in a Costar@ 96-well vinyl assay plate coated with the antigen or

BSA (2.0 ¡rglm1-). The plate was shaken (10 min, speed 4) on a DELFIA@ plate shaker

(Wallac, North Ryde, NSW, Australia) before incubation at RT for 2 hrs. The plate was

then washed (6x) with 20 mM Tris/HCl, 0.25 M NaCl, pH 7.2, on a microtitration plate

washer (ADIL Instruments, Strasbourg, Schil Tigheim, France)'

Depending on the sample being tested, either donkey anti-sheep HRP-conjugated antibody

or sheep anti-mouse HRP-conjugated antibody (1:1 000 dilution inlYo (w/v) BSA,20 mM

Tris/HCl, 0.25 M NaCl, pH 7.2) was added (100 ¡rllwell) before incubation at RT for t hr.

This was followed by washing (6x) with 20 mM Tris/HCL,0.25 M NaCl, pH7.2, before

freshty prepared ABTS substrate (see section 2.2.8.4.I) was added (100 pllwell). Colour

development was aided by shaking (speed 4,20 min) on a DELFIA@ plate shaker before the

OD (410 nm) was read on a Ceres 900 HDI plate reader. Antibody titre was determined as

the lowest dilution of sera at which the OD was greater than two standard deviations above

background reading.

2.2.8.4.1. Prepøration of 2, 2'-azino-bis (3-ethylbenzo-thiazoline-6-sulphonic acíd)

diammonium salt (ABTS)for ELISA

ABTS (10 mg) was dissolved in H2O (0.6 mL) before the addition of 0.2 mL to 0.05 M

citric acid6traOH, pH 4.0 (10 mL). Just before use, 30oá H2O2 (10 ¡^rL) was added to the

solution. The solution was kept away from light until use.
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2.2.8.5. Screening of hybridoma clones

Hybridoma clones were screened for the production of monoclonal antibodies against the

corresponding antigen used to raise the antibodies by ELISA with a sheep anti-mouse HRP-

conjugated antibody detection system. A non-related peptide conjugate and BSA were used

as false-positive and negative controls, respectively. Briefly, hybridoma clone media (50

¡rL) and 1% BsA in 20 mM Tris/HCI,0.25 MNaCl, pH7.2 (50 ¡rL), was added to the

wells in Costar@ 96-well vinyl plates pre-coated with the corresponding antigen, non-

related peptide conjugate and BSA (5.0 ¡rglml-, 100 ¡rllwell) diluted in 0.1 M NaHCO¡ and

incubated (RT, 2 hours). Plates were washed (6x, 20 mM Tris/HCl, 0.25 M NaCl, pll7.2)

in a microtitration plate washer before sheep anti-mouse HRP-conjugated antibody (100 pL

of 1 :1 000 dilutio n in IYo BSA in 20 mM Tris/HCl, 0.25 M NaCl, pH 7 .2) was added to

each well and incubated (RT, t hour). After incubation, the plates were washed and freshly

prepared ABTS (section 2.2.8.4.1) was added (100 ¡rL). The plates were then incubated on

a DELFIA@ plate shaker for 20 min (at speed 4) for colour development before the OD

(a10 nm) was read on a Ceres 900 HDI plate reader'

2.2.8.6. Isotyping, cloning andfreezing-down of hybridomas

Hybridomas testing positive were expanded to T25 flasks in RPMI media (RPMI 1640 10.4

glL,l}YoFCS, 1x HT,lo/oPS) until day 30' At that time, the media was changed to RPMI

media with 10% FCS. Monoclonal antibodies were isotyped using an IsoStrip mouse

monoclonal isotyping kit (Roche Diagnostics Corp', Indianapolis, fN, USA)' Hybridomas

deemed useful were cloned using the procedure described in section2-2'1.7. Hybridomas

were frozen-down using the protocol described in section 2'2-l-10.

2.2.8.7. Puriftcatíon of øntí-N350 peptide coniugate monoclonal antibody

Media from hybridomas was pooled and clarified by centrifugation (970 x E,4oC,l0 min)'

The supernatant was filtered with a Ministart@ single use syringe filter (0.2 ¡rm) before

loading onto a HitraprM protein G column (1.0 mL) (Amersham Pharmacia Biotech Inc',

Uppsala, Sweden) connected to a Biologic DuoFlow system using PBS, pH7 '2, as loading

buffer. The flow rate was set at 0.5 ml/min with the fraction collector set to collect eluate

in 0.5 mL fractions. All unbound proteins were removed by further washing with PBS (25

mL). The monoclonal antibody was then eluted with 0.1 M H¡PO+AtraOH, pH 2'5, at I'0

mllmin. The eluates were neutralised with Naz HPO+, pH 9.0 (200 p"Llftaction). Eluted

antibody was immediately dialysed against PBS, pH 7.2 (4oC, ovemight).
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2.2.8.8. QuantíJicatíon of øntibodies

Antibodies were quantified based on their absorbance at 280 nm using the formula of

Harlow and Lane (1988):

ODzso: 1.4 for 1.0 mg/ml Protein

2.2.8.9. Europium løbetting of anti-ASA polyclonøl antibody

purified anti-ASA polyclonal antibody was labelled with Eu3* chelate using the DELFIA@

Eu-labelling kit 1244-302 (wallac, North Ryde, NSW, Australia) according to the

manufacturer,s instructions. Labelled antibodies were purified on a Superose 12 HR 30

fast protein liquid chromatography (FPLC) column (1.0 x 30 cm, Amersham Pharmacia

Biotech Inc., Uppsala, Sweden) connected to a Biologic DuoFlow system' The column

was equilibrated with 50 mM Tris/HCl, pH 7.8, 0.9% (wlv) Nacl (elution buffer) (30 mL)'

The sample (200 ¡rL) was applied at a flow rate of 0.5 mllmin and eluted with elution

buffer; 1.0 mL fractions were collected. The fractions with the labelled antibody were

pooled and the concentration determined (section 2-2.8.8)' BSA was added to purified

labelled antibodies to a final concentration of 0.lo/o and stored in aliquots of 20 ¡rlltube at

-200c.

2.2.9. Epitope mapping of antibodies

Epitope mapping of antibodies was performed using MultipinrM peptide plates (Chiron

Mimotopes Pty. Ltd., clayton, vic, Australia). The method used to synthesise peptides for

epitope mapping was as described in Rodda and Tribbick (1996). A total of 84 peptides

were synthesised. Each peptide was 12 amino acids in length and had an overlap of six

amino acids with the previous peptide. The peptide represented the entire amino acid

sequence of ASA. Six extra peptides were made, three each across the amino acid

asparagine (1.{) at position 350, with N positioned at the first quarter' middle and last quarter

of the peptide, respectively; three additional peptides were also made across the same

position with serine (S) substituting N. The protocols used were those recommended by the

manufacturer, and the processing steps involved are described below'

2.2.9.1. Peptide pín plate cleaning

The peptide pin plate was washed by sonication (15 min) in a Vibron sonicator (Galsonic

Pty. Ltd., valley view, sA, Australia) with preheated (60"c) disruption buffer (650 mL

10x PBS, 20 mL 10% SDS, 750 p"L B-mercaptoethanol)' The plate was then rinsed with

preheated (60"c) Milli-Q water (2 x 30 sec) followed by a wash with preheated (60oc)
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Milli-e water (30 min). The peptide pin plate was then placed in preheated (60"C) MeOH

for 30 sec. The entire cleaning process was carried out at least twice before proceeding to

conjugate testing, as follows.

2.2.9.2. Peptíde pin plate coniugate testing

The peptide pin plate was washed with PBS (10 min) before being placed into a Costar@ 96-

well vinyl assay plate containing 200 ¡rllwell of blocking solution (PBS with 1% BSA and

0.1% Tween20). This was then placed on a microtitration plate shaker (speed 5) at RT for

60 min. After washing with PBS (10 min, with shaking), the peptide pin plate was

incubated in a new Costar@ 96-well vinyl assay plate containing 200 pllwell of HRP-

conjugated secondary antibody (1:1 000 dilution with PBS containing 1% BSA and0.lo/o

Tween 20 (vlv)) and incubated at RT (1 hr, with shaking, speed 5). The peptide pinplate

was then washed with PBS (4 x 10 min) before incubation (20 min, with shaking, speed 5)

in the same Costar@ 96-well vinyl assay plate containing 200 ¡rllwell of freshly made

ABTS substrate (section 2.2.8.4.1). The OD was then measured af 410 nm; an OD reading

of 0.3 or lower was required for each pin before epitope mapping was performed.

2.2.9.3. Preparation of primary antibody

Antibody for epitope mapping was pre-absorbed by incubation with ovalbumin/BSA

coupled to Affi-Gel 10 (Bio-Rad Laboratories, Hercules, CA, USA) by incubation at 4oC,

ovemight. Albumin-absorbed antibody was then diluted to 1:1 000 in PBS with 1% BSA

and 0.Io/o Tween 20 (vlv), pH 7.2, before being used in epitope mapping, as described

below.

2.2.9.4. Prímary antibodY testing

To epitope map antibodies, the peptide pin plate was placed in a Costar@ 96-well vinyl

assay plate containing 200 ¡rllwell of blocking solution (PBS with 1% BSA and 0.Io/o

Tween 20, pH 7.2) for t hr, with shaking, on a microtitration plate shaker (RT, speed 5).

The pin plate was washed with PBS containing 0.1% Tween 20 (vlv) before incubation

(4oC, overnight) in a new Costar@ 96-well vinyl assay plate containing 200 ¡rllwell of

primary antibody (1:1 000 dilution in PBS withl|zo BSA and 0.1% Tween 20 (v/v), pH

7.2). The pin plate was then washed with PBS (1 hr, with shaking, speed 5) before

incubation (1 hr, with shaking, RT) with 200 ¡rllwell of secondary antibody (HRP-

conjugated sheep anti-mouse or donkey anti-sheep [albumin-absorbed], 1:l 000 dilutions in

pBS with l% BSA and}.l%o Tween 20 (vlv),pH7.2). The pin plate was washed with PBS
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(3 x 10 min) before being placed in a new costaP 96-well vinyl assay plate containing 200

pllwell of freshly prepared ABTS solution (section 2'2'8'4'l) for colour development on a

microtitration plate shaker (with shaking, speed 5). The oD (410 nm) was read on a ceres

HDI plate reader after 10 min and 20 min of incubation'

2.2.10. Determination of ASAwith immune-based assays

Two immune-based assays have been developed in this study and utilised to determine

ÀsA activity and protein in biological samples. The protocols for carrying out the assays

are described below.

2.2.10.1. Immune-capture of ASA actívíty in dried blood spots and skin fibroblast

lYsates

ASA enzyme activity in dried blood spots was determined by eluting two blood spots (3'0

mm in diameter) in pre-coated (anti-ASA polyclonal antibody, 5'0 ¡t'glmL) wells of

Immunlon@ 4HBX Removawell@ strips. The blood spots were eluted in 0'1 M sodium

acetatelacetic acid buffer, 0.1% heat-treated BSA, pH 5'0 (200 ¡rL) for t hr' with shaking'

on a microtitration plate shaker (RT, speed 4) before incubation (4oC, overnight)' After

incubation, the plate was shaken (speed 4, 30 min) and the filter papers removed' The plate

was then washed (6x) with 20 mM sodium acetatelacetic acid buffer, pH 5'0' using a

microtitration Plate washer'

Depending on the cell line assayed, ASA activity in SF lysates was determined with

different quantities of lysate. The quantity of sample used in the assay was as follows: 2 to

5 pL for unaffected SF lysate; 25 ¡Lfor ASA-PD SF lysate; and 40 pL for MLD SF lysate'

Briefly, up to 40 pL sample was placed in pre-coated wells (anti-ASA polyclonal antibody'

5.0 ¡rglml) of Immunlon@ 4HBX Removawell@ strips. The volume in the wells was then

made up to 100 ¡rL by the addition of 0.1 M Tris/HCl,0'25 M NaCl buffer' pH 7'2'

containing 0.1%o heat-rreated BSA, and the plates were incubated at 4oC overnight' After

incubation, the plate was washed (6x) with buffer (0'1 M Tris/HCl' 0'25 M NaCl' pH 7 '2)

on a microtitration Plate washer

Immune-captured AsA activity in dried blood spots and SF lysates was determined by

adding 5.0 mM 4-MUS, 0.1 M sodium acetatelacetic acid, o.lYoheat-treated BsA, pH 5'0

(100 pL) to each well. The plate was then sealed with Linbro@ plate sealer (ICN

Biomedicals [nc., Aurora, wI, USA), placed in a plastic zip-bag, sealed to prevent
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evaporation, and incubated at 37oC for 24I'rs. The enzyme reaction was stopped by the

addition of 0.2 M glycine/1.{aOH buffer, pH 10.7 (100 ¡rliwell), and the fluorescence read

on a perkin-Elmer 1420 multilabel counter. wt ASA (40 ng/ml) was used to generate the

calibration curve by a 1 :2 serialdilution across the wells, with a final concentration ranging

from 2.0 nglwell to 2.0 pglwell. The specific activity of the calibrator was determined on

the same day using the free assay tube method, as described in section 2.2.1-9.

2.2.10.2. Immune-quøntificøtion of ASA protein in dried blood spots ønd skinJibroblast

lysates

ASA protein was quantif,red from single dried spots (3.0 mm in diameter) eluted in pre-

coated (anti-ASA polyclonal antibody, 5.0 ¡rglml) wells of Immunlon@ 4HBX

Removawell@ strips. The blood spot was eluted in DELFIAT assay buffer (Wallac, North

Ryde, NSW, Australia) (100 ¡rL), with shaking, on a microtitration plate shaker (RT, speed

4, I hr) before incubation at 4oC, overnight. After incubation, the plate was shaken (RT,

speed 4, 30 min) and the filter papefs removed. The plate was then washed (6x) with

DELFIA@ wash buffer (Wallac, North Ryde, NSW, Australia) on a DELFIA@ plate washer

(Wallac, North Ryde, NSW, Australia).

The quantity of SF lysate used in the ASA protein assay was as follows: 2.0 to 5.0 ¡iL for

unaffected controls; 25 ¡tL for ASA-PD individuals; and 40 ¡tL for MLD patients. Briefly,

up to 40 pL sample was placed in pre-coated (anti-ASA polyclonal antibody, 5.0 ¡rglml)

wells of Immunlon@ 4HBX Removawell@ strips. The volume in the wells was then made

up to 100 pL by the addition of DELFIA@ assay buffer and the plate was incubated at 4oC,

overnight. The plate was washed (6x) with DELFIA@ wash buffer on a DELFIA@ plate

washer.

The amount of immune-captured ASA protein in the dried blood spots and SF lysates was

determined by the addition of DELFIA@ asruy buffer (100 pL) containing 0.2 ¡tglmL of

Eu3*-labelled anti-ASA polyclonal antibody to each well followed by incubation at 4oC,

overnight. The plate was washed (6x) with DELFIA@ wash buffer on a DELFIA@ plate

washer before DELFIA@ enhancement solution (wallac, North Ryde, NSw, Australia) was

added (200 ¡rllwell). The plate was shaken (15 min) before fluorescence was read on a

DELFIA 1234 research fluorometer (wallac, North Ryde, NSW, Australia). wt ASA

calibrator (40 nglmL) was used to generate the calibration curve by serial dilution of I;2

across the wells, with a final concentration ranging from 2.0 nglwell to 2.0 pglwell'
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2.2.11. Preparation of the calibrator for immune-based assays

The concentration of the Wt ASA used as a calibrator for the immune assays was

determined using the protein determination method described in section 2.2.5. The enzyme

was then diluted to 1.0 ¡tglmL with DELFIA@ assay buffer for the immune-quantification

protein assay, and 0.1 M sodium acetatelacetic acid buffer, O.lYoheat-treated BSA, pH 5.0,

for the immune-capture activity assay. The diluted Wt ASA calibrator was stored at -20"C

in aliquots of 60 plltube until use.

2.2.12. Skin fibroblast culture

Human SF were established from primary skin biopsies. SF cell lines were cultured in

Basal Media Eagle (BME) (10 mL) containing l0% (vlv) FCS in 75 cm2 culture flasks,

with incubation in a humidified atmosphere (5% CO2,37oC) and media changed every

four-days.

2.2.13. Harvesting of skin fibroblasts

SF were harvested using neat trypsin-versene. Briefly, SF were washed with Dulbecco's

pBS (3 x 10 mL) before neat trypsin-versene (2.0 mL) was added and left to stand (RT' 3

min). The flask was gently tapped to dislodge the cells, which were then transferred to a 10

mL sterile tube containing 8.0 mL of Dulbecco's PBS with l% FCS. The tube was then

centrifuged (700 x g, 5 min) and the supematant discarded. The cell pellet was washed

with Dulbecco's pBS (10 mL), centrifuged (700 x g, 5 min) and the supernatant discarded.

The cells were washed two more times and the cell pellet was stored at -20oC'

2.2.14. preparation of sulphatide stock and its incorporation in culture media

Bovine brain sulphatide was prepared to a stock solution (20 mM) in chloroform/methanol

(2:l fvlvl). To prepare 25 mL of SF culture media containing 64 ¡t}ú of sulphatide, 80 pL

of stock solution (20 mM) was added to 25 mL of pre-warmed (37"C) BME containing 5%

heat-inactivated FCS and 1% penicillin/streptomycin in a sterile 50 mL Falcon centrifuge

tube, and mixed gently by inverting the tube for at least 5 min. This preparation was used

immediately or maintained at37oC until use.

2.2.15. Sulphatide-loading for cultured skin fibroblasts

SF were cultured as described in section 2.2.12. At one-week post-confluence the cells

were washed with Dulbecco's PBS (3 x 10 mL) and BME (8.0 mL) with 5% heaG
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inactivated FCS (HIFCS), 1% penicillin/streptomycin; 64 ¡rM bovine brain sulphatide

(Matreya Inc., Pleasant Gap, PA, USA) was added and the cells were incubated (5Yo CO2'

37.C) for up to eight_days. cells were then harvested as described in section 2.2.13, and

the pellets stored at -20oC until use'

2.2.16. Preparation of skin fibroblast lysate

Cell pellets were resuspended in either Tris-NaCl + }'lYoNP 40 (for enzyme assays) or in

stcrile water for mass spectrometry experiments (200 p'L175 cm2 culture flask) and

transferred to Eppendorf tubes. The tubes were placed in a container filred with crushed ice

to keep the temperature low for the suspension' Sonication was carried out using a Ystrom

sonicator (Technic International Inc., Westwood, NJ, USA) for 20 sec' with the power set at

8 and tune set at3.5. After sonication, the cell suspension was centrifuged (13 800 x g' 5

min, 4oC) and the supernatant stored at -20oC until use'

2.2.17. Sample preparation for mass spectrometry experiments

Urine and SF lysates were used in the mass spectrometry experiments: urine was subjected

to lipid extraction using the method of Bligh and Dyer (1959)' and SF lysates were

subjected to lipid extraction using the method of Folch et aI' (1957) with some

modification. The protocols for both extraction methods are briefly outlined below'

2.2.17.1. Sample extraction using the method of Blígh and Dyer

Urine (1.5 mL) was added to screw-cap Pyrex@ culture tubes (size 16 x 100 mm; Corning

Inc., New York, usA) containing chloroform/methanol (l:2 lvlvl' 5'6 mL)' Internal

standards(ISTD)consistingofsulpl6:0(2.5nmol)andamixtureofcerlT:0'GCl60-d3'

Grr¡2, LC16:0-d3,PC28:0, PG28:0 and PI32:0 (400 pmol/each) were then added to each

tube. The tubes were shaken (150 rpm, 10 min) and left to stand (RT' I hour)' Phase

partitioning was promoted by the addition of chloroform (1'9 mL) and Milli-Q@ water (1'9

mL). The tubes were shaken again (150 rpm, 10 min) before centrifugation (830 x g' 2

min). The upper phase was gently transferred to a new tube and kept aside for ganglioside

extraction (see sectio n 2.2.17 .3); the lower phase was washed by the addition (0'5 mL) of

synthetic upper phase, vortexed and centrifuged (830 X g, 2 min) before the upper phase

was removed and discarded. The samples wele dried under Nz flow at 40oC on a

ReactivaprM evaporating unit with a reacti-therm heating unit (Pierce chemical co''

Rockford,IL,USA).Thedriedlipidextractwasthenresuspendedin200pLofmethanol

containing 10 mM ammonium formate prior to analysis by ESI-MS/MS'
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2.2.17.2. Sample extraction using the method of Folch

SF lysates (100 pL) were added to screw-cap Pyrex@ culture tubes containing

chloroform/methanol (2:I lvlvl,2.0 mL). ISTD consisting of Sulpl6:0 (2.5 nmol) and a

mixture of Cer17:0, GC16:0-d3, GM2, LCl6:0-d3, PC28:0, PG28:0 and PI32:0 (400

pmol/each) were then added to each tube. Tubes were shaken (150 rpm, 10 min) arrd left to

stand (RT, t hour). Phase partitioning was promoted by the addition of Milli-Q@ water (0.4

mL). Tubes were shaken again(l50 rpm, 2 min) before centrifugation (1 108 x g, 10 min).

The upper phase was gently transferred to a new tube and set aside for ganglioside

extraction (section 2.2.17.3); the lower phase was washed by the addition (0.5 mL) of

synthetic upper phase, vortexed and centrifuged (830 x g, 2 min) before the upper phase

was removed and discarded. The lower phase was dried under Nz flow at 40oC on a

ReactivaprM evaporating unit and a reacti-therm heating unit. The dried lipid extract was

resuspended in 200 ¡rL methanol containing 10 mM ammonium formate prior to analysis

by ESI-MS/MS.

2.2.17.3. Gøngliosíde extraction

The upper phase from either the Bligh and Dyer or Folch extraction methods (sections

2.2.17.1 and2.2.17.2) was loaded onto a primed (3 x 1.0 mL methanol followed by 3 x 1.0

mL Milli-e@ water) ISOLUTE-96 Cl8 column (25 mg; Intemational Sorbent Technology

Ltd., Mid Glamorgari, UK) and placed on a Supelco VisipreprM 24-position extraction tank

(Sigma Aldrich Pty. Ltd., Castle Hill, NSW, Australia). After the upper phase had

completely entered the solid phase, the column was washed with Milli-Q@ water (3 x 1.0

mL). The gangliosides were eluted (2 x L 0 mL methanol) and collected into a clean glass

tube and dried under Nz flow at 40oC on a ReactivaprM evaporating unit and a reacti-therm

heating unit. The dried lipid extract was resuspended in 200 pL methanol containing 10

mM ammonium formate prior to analysis by ESI-MS/MS'

2"2.18" Mass sPectrometry

All mass spectrometric analyses were performed on a PE Sciex API-3000 triple-quadrupole

mass spectrometer (Perkin-Elmer Sciex, Foster City, CA, USA) equipped with a turbo-

electrospray ion source. All samples (20 p,L) were injected into the turbo-electrospray ion

source (200"C) using a Gilson 233 autosampler (Gilson Inc., Middleton, WI, USA) at a

flow rate of 80 ¡rllmin using an Agilent 1100 binary HPLC system. Where necessary'

samples were infused manually, as described in section 2.2.18.5. Nitrogen was used as the
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collision gas at a pressure of 4 x 10-s Torr; air was used as the nebuliser gas. Neat methanol

was used as the carrier solvent for all analytes. Quantification of analytes was performed

using MRM mode. For each quantitative measurement ions were monitored for 100

milliseconds (ms) each over the injection period and the consecutive scans were averaged.

The ions monitored for each lipid type are detailed in the following sections. The ratio of

the signal intensity for each ion to the respective ISTD was used to calculate

concentrations, assuming an equal response. Thus, the ratio of the signal intensity from

GC16:0 to GC16:0-d3 was used to calculate the concentration of GC16:0. Analysis of

mass spectrometric data was performed using a combination of Analyst version 1.1

software with ChemoView NT version 1.2 software (Perkin-Elmer Sciex, Foster City, CA,

usA).

2.2.18.1. Determination of sulphatide by ESI-MS/MS

Urine extracts (140 pllwell; section 2.2.17.1) or SF extracts (140 ¡rllwell; section

2.2.17.2) were pipetted into a 96-well V-shape microtitre plate (Greiner Bio-One GmbH,

Frickenhausen, Germany) and covered with aluminium foil before analysis. Sulphatide

analysis was caried out on these samples in negative ion mode using MRM mode with ion

pairs as shown in Table 2.1. 
^total 

of 19 molecular species were monitored, representing

18 prominent species of sulphatide and Sulp16:0 (ISTD)'

The MS settings for sulphatide analysis were as follows: declustering potential (DP) :

-100; focusing potential (FP): -310; collision energy (CE): -120Y; collision cell exit

potential (CXp) : -15.00; exit potential (EP) : -10.00; ion spray voltage (IS) : -4 500;

nebuliser gas setting (NEB) : 3.00; curtain gas setting (CUR) : 10.00; and collision cell

gas (CAD):4.00. Other instrument settings were as specihed in section 2.2.18.

2.2.18.2. Determination of phospholipids by ESI'MS/MS

phospholipid analysis was carried out on the same samples used for sulphatide analysis

(section 2.2.15.1). Analysis was carried out in negative ion mode using MRM mode with

ion pairs as shown in Table 2.2. The MRM method used to determine the phospholipid

species measured both phosphatidylglycerol (PG) and lysobisphosphatidic acid (LBPA),

both of which are structurally similar (Matsuzawa and Hostetler, I9l9), hence the amount

measured using the ion pairs for MRM can represent both or either species. LBPA is also

referred to in the literatufe as bismonoacylglycerophosphate (BMP). A total of 13

pG/LBpA species and 10 phosphatidylinositol (PI) species were monitored; PG28:0 and

PI320 were used as ISTD. 
7g
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The MS settings for phospholipid analysis were as follows: DP : -80; FP : -330; CXP :

-10.00; EP : -10.00; IS : -4 200; NEB : 5.00; CUR : 10'00; CAD : 2'00' Other

instrument settings were as specified in section 2.2.18'

2.2.18.3. Determination of glycolipíds, sphingomyelín and phosphatidylcholine by ESI-

MS/]WS

prior to the determination of urinary glycolipids, sphingomyelin and phosphatidylcholine'

the 96-well, V-shape microtitre plate used for the analysis of sulphatide and phospholipids

(sections 2.2.18.1 and 2.2.18.2, respectively) was removed and the samples were dried

under a gentle flow of Nz on a dry-block heater (Ratek Instruments Pty. Ltd., Vic.,

Australia). The samples were then resuspended with the addition of methanol containing

10 mM ammonium formate (100 pllwell). The plate \¡/as covered with aluminium foil

before analysis was carried out in positive ion mode using MRM mode with ion pairs as

shown in Table 2.3. Seven ceramide (Cer) species, six glucosylceramide (GC) species, six

lactosyl ceramide (LC), six ceramide trihexoside (CTH) species, seven phosphatidylcholine

(pC) species and three sphingomyelin (SM) species were monitored; CerlT:0, GCl6:0-d3,

LCI6:0-í3 and PC28:0 were used as ISTD.

The MS settings for DP and FP in Cer, GC, LC, and CTH species analysis are shown in

Tab1e 2.4. All of these glycolipid species have the same value for the following: CXP :

12.00;EP : -10.00; IS : 5 000 NEB : 6.00; cuR: 8.00; and cAD :2.00' The MS setting

for sM and PC species analysis was as follows: DP : 96; FP :230; CXP : 12.00; EP :

10.00; IS : 5 000; NEB : 6.00; cuR: 8.00; and cAD : 2.00. other instrument settings

were as specified in section 2.2.18.

2.2.18.4. Determínøtion of gøngliosídes by ESI'MS/IVIS

Urine or SF samples extracted for ganglioside analysis (section 2.2.11.3) were pipetted into

a 96-well, V-shape microtitre plate (100 ¡rllwell) and covered with aluminium foil before

analysis. Determination of gangliosides in these samples was carried out in negative ion

mode using MRM mode with ion pairs as shown in Table 2.5. Four G¡a3 species were

monitored; G¡,¡222:l andG¡ø224:1 were used as ISTD'

The MS settings for DP, FP, CE, and CXP for the ganglioside species analysis are listed in

Table 2.6. Allganglioside species have the same values for the following parameters; EP :

It
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-10.00; IS : -4 200; NEB : 10.0d; CUR : 6.00; and CAD : 4.00. Other instrument

settings were as specified in section 2.2.18-

2.2. 1 8.5. Infusìon method

Infusion of samples into the mass spectrometer was carried out with samples diluted in a

mixture of chloroform/methanol (1:4) using a SGE Hamilton 100 ¡rL syringe (Sigma

Aldrich pty. Ltd., Castle Hill, NSW, Australia) with a Harvard apparatus syringe pump (5.0

pT, /min). Other instrument settings were as specified in section 2-2.18-

::
t
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Table2.lsulphatidespeciesandionpairsusedforMRManalysis

ies lonS s

Sulpl
hSulpl6:0
Sulp18:0
hSulpl S:0

Sulp20:0
hSulp20:1
hSulp20:0
Sulp22:0
Sulp23:0
hSulp22:0
Sulp24:1
Sulp24:0
hSulp23:0
hSulp24:1
hSulp24:0
hSulp25:1
hSulp2S:0
dhSulP22:0

778.8197.0
794.8197.0
806.7/97.0
822.8t97.0
834.7t97.0
848.8/97.0
850.8/97.0
862.7t97.0
876.9197.0
878.9/97.0
888.7/97.0
890.7/97.0
892.8197.0
904.8/97.0
906.8/97.0
918.8/97.0
920.8197.0
1024.7197.0
1052.7t97.0dhSulp24:0

u sulp : sulphatide; hSulp : hydroxy sulphatide; dhSulp : dihexoxyl sulphatide;

b 
Ion pairs indicate Q I /Q3 settings

.ISTD
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Table2.2 Phospholipid species and ion pairs used for MRM analysis

lonAn

PG28

PG/LBPA16:0122:6
PG/LBPA16 1120:4

PG/LBPA18:1/1 8:0

PG/LBPA18:1118:1
PG/LBPAl B:1118:2

PG/LBPA1 8:1120:4

PG/LBPA18:1122:5
PG/LBPA18 1122'.6

PG/LBPAl B:2122:6

PG/LBPA20:4122:6
PGILBPA22:5122:5
PGILBPA226122:5
PGILBPþ22:61226

Pl32:Od

Pl16:0/18:0
Pl160120'.4
Pll B:0/1 8:1

Pl18:0/1 B:1

Pl18:0/20:3
Pl18:0120.4
P118:0122:5

Pll S:1/18:1
Pl18:1120:4

665.5t227.2
793.51255.2
767.51253.3
775.61281.3
773.51281.3
771.51281.3
795.51303.2
821.61281.3
819.s1281.3
817.51279.2
841.5t303.2
869.5/329.3
867.51329.3
865,61327.3

809.51255.2
835.61283.2
857.51255.2
863.6/283.3
865.6/283.3
887.61283.3
885.6/2B3.3
911.61283.3
861.6/281.3
883.5/281.3

cEc

-50
-50
-54
-50
-54
-54
48
-60
-54
-50
-50
-55
-48
-50

-66
-61

-61

-67

-48
-73
-70
-73
-60
-70

u pG/LgpR : phosphatidylglycerol/lysobisphosphatidic acid; PI : phosphatidylinositol

b 
ion pairs indicate Ql/Q3 settings;

c 
collision energy used in analysis, unit in volts;

d rstp.
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Table 2.3 Glycotipid, sphingomyelin and phosphatidylcholine species and ion pairs

used in MRM analYsis

cEca b
lon

Cer17

Cer16:0
Ce120:0
Cer20:1
Cer23:0
Cer23:1
Cer24:0
Cer24:1

GC16:0-d3d
GC16:0
GC18:0
GC20:0
GC22:0
GC24:0
GC24:1

LCl6:0-d3d
LC16:0
LC20:0
LC22:0
LC22:0-OH
LC24:0
LC24:1
CTH16:0
CTHlB:0
CTH20:0
CTH22:0
CfH24:0
CIH24:1

PC28:0d

PC32:0
PC32:1
PC34:1
PC34:2
PC36:2
PC36:4
PC38:4
SM16:0
SM 22:0
SM 24:0

552.71264.4

538.7t264.4
592.71264.4
590.71264.4
636.71264.4
634.81264.4
650.71264.4
648.71264.4

703.81264.4
700.61264.4
728.61264.4
756.81264.4
784.71264.4
812.71264.4
810.81264.4

865.41264.4
862.41264.4
918.71264.4
946.71264.4
962.71264.4
974.81264.4
972.81264.4
1024.81264.4
1052.71264.4
1080.91264.4
1108.91264.4
1136.91264.4
1134.91264.4

678.51184.1

734.71184.1
732.71184.1
760.61184.1

758.51184.1

786.6t184.1
782.61184.1
810.81184.1

703.91184.1
787.81184.1
815.81184.1

37
37

37
37
37
37
37
37
47

47
47
47
53
59
59
59

59
59
59
59
59
59
75
75
75
75
75
75
41

41

41

41

41

41

41

41

41

41

41

u Ce. : ceramide; GC : glucosylceramide; LC : lactosyl ceramide; CTH : ceramide trihexoside; PC :

phosphotidylcholine; SM : sphingomyelin;

b 
ion pairs indicate Ql/Q3 settings;

c collision energy used in analysis, unit in volts;

d rsto
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Table 2.4 Declustering potential and focusing potential values for glycolipid species

Analytes DP (volts) FP

Cer
GC
LC
CTH

36
56
51

81

180
270
250
360

u Cer:ceramide; GC : glucosylceramide; LC : lactosyl ceramide; CTH : ceramide trihexoside;

Table2.5GarrgliosidespeciesandionpairsusedinMRManalysis

Gang lioside sPecies lon pairD

Gy222"1c

Guz24'.1c

Grr¡s16:0

Gw22'.0
Gw24'.0
Gug24'.1

r 383.0/290.0

1410.81290.0
1 151 .9/290.0
1235.91290.0
1263.11290.0
1261.6t290.0

a 
Gy2 and Gr'¡¡ : monosialogangliosides;

b 
ion pairs indicate Ql/Q3 settings;

.ISTD

Table 2.6 Declustering
and collision

potential (DP), focusing potential (FP), collision enerry (CE)

äeit e*it poì"ttíiut (CXP)values for ganglioside species

FP CE (volts) cxP
Analytes DP

GM222'.1

GM224'.1

Grr¡g16:0

GMs22'.0

Gn¡s24:0

-330
-350
-350
-350
-350
-320

-82
-84
-64
-74
-74
-70

-19
-66
-71

-91

-101
-96
-81

-19
-21

-19
-19
-13

G 1

a 
Gy2 and Gr,¡: : monosialogangliosides
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CHAPTER THREE

Expression, Purification and characterisation of wt ASA and

N350S ASA Enrymes

3. Introduction and aims

One aim of this study was to improve the diagnostic procedures for MLD by the

development of immune-based assays. To do so, ASA enzyme from a continuous and

viable source was required for both the production of antibodies and ongoing

developmental work. Thus, the two aims of this section of the study were, fìrstly, to obtain

purif,red Wt ASA and N350S ASA enzymes from a viable source and, secondly, to

characterise these enzymes before utilising them for the production of antibodies. The

antibodies were subsequently used for the establishment of the immune-based assays

(Chapter 4).

ASA is constitutively expressed and can be found in most tissues. ASA has been purified

from a number of biological sources such as urine (Steveîs et al., 1975; Laidler et al.,

1985b), liver (James and Austin, 1979) and placenta (Gniot and Dzialoszynski, 1964).

ASA has also been purified from a baby hamster kidney cell expression system by

immuno-affrnity purification of the culture media (Schmidt et al., 1995; Lukatela et al',

1ee8).

In this study, Wt ASA was generated using a CHO-KI cell expression system. In addition

to this, a mutant enzyme associated with ASA-PD (N350S ASA) was also generated using

the same expression system. The N350S ASA CHO-KI cell line was previously

established by Harvey et al. (1998) in the Department of Genetic Medicine at the Women's

and Children's Hospital, Adelaide, SA, Australia. CHO-KI cells were used to express both

enzymes, as this expression system had been successfully used for a number of other

lysosomal enzymes such as cr-glucosidase (Fuller et al., 1995), sulphamidase (Bielicki e/

a\.,1998; Perkins et al.,1999) and cr-mannosidase (Berg et a|.,2001).

3.1. Expression of ASA in CHO-KI cells

To establish the Wt ASA CHO-KI cell expression system, the ASA cDNA in the

pRSVN.67 expression vector (section 2.L3) was transfected into CHO-KI cells. The

original full-length ASA oDNA in the HT 14lCP 8 pBluecript@ vector was provided by

professor Volkmar Gieselmann (Biochemisches Institut, Christian-Albrecht-Universitat,
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Kiel, Germany), and the reconstruction of the full-length ASA in the pRSVN'O7 expression

vector was performed by Dr J Harvey' as described in section 2'2'I '

3.1.1. Plasmid purification and transfection into CHO-KI cells

Prior to transfection, the plasmid containing the ASA cDNA in the pRSVN'O7 vector'

designated as ASAp RS\rN.O7, was electroporated into competent E coli cells using the

method described in section 2.2.1.5,and purified using a QIAGE'N plasmid midi/maxi kit

(section2.2'1.2).Thepurifiedplasmidswerequantified(section2.2.|.3)andtheASA

oDNA was sequenced (sectio n 2'2'1'4)'

Transfection of GHO-KI cells with the ASAp RS\rN'O7 vector was performed using the

calcium phosphate transfection method described in section 2'2'l'6' As a negative control'

the pRSVN.O7 vector (5 pgl100 pL) was transfected into cHo-Kl cells under the same

conditions, and a fuither two flasks of cHo-Kl cells were also grown using the same

media and conditions (untransfected controls). colonies that were G 4l8-resistant were

evident after one-week in selection media; the untransfected CHO-KI cells had died during

this period.

3.|.2.Demonstrationofsuccessfullytransfecte.dCHo-Klcells

To demonstrate successful transfection or otherwise, 50 ¡rL media from each mass culture

flaskwasassayedforAsAactivityusingthefreeassaymethoddescribedinsection2.2'l'8.

Figure 3.l shows the enzyme activity detected in the culture media: media from the ASAp

Rs\rN.07-transfected cells was approximately 100-times higher than the media from the

cells transfected with the pRSVN vector and the control CHO-KI cells' both of which had

negligible ASA activitY'

3.1.2.1. cloning and selection of cqo-Kl cells expressing the highest level of ASA

enzyme

The cloning of successfully transfected cells was carried out on day 2I using the protocol

described in section 2.2.1.1. The first round of selection was performed on day 14 post-

cloning; 22 clorrcswere selected from a total of 56 wells that had colonies' based on the

amount of enzyme activity detected in the culture media' These clones were expanded

using corning@ 2L-welltissue culture plates. A second round of selection was carried out

one-week later and the six highest-expressing clones were selected, expanded and frozen

(section 2.2.1.10). ASA activity detected in the culture media of these six clones'

designated wt I through to wt 6, ranged from 205 to 387 pmol/min/ml' The highest-
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expressing clone, designated Wt 3, was re-cloned, expanded and used to produce the Wt

ASA enzyme.

3.2. CHO-KI expression system for N350S ASA

A CHO-KI cell line producing N350S ASA was previously established by Dr J Harvey at

the 'women,s and children's Hospital, Adelaide, sA, Australia. construction of mutant

N350S ASA cDNA, its incorporation into a cHo-Kl cell line and its characterisation have

been reported previously (Harvey et al. 1998). This cell line was expanded and cloned

(section 2.2.1.7)before being used to produce N350S ASA'

3.2.1. optimisation of culture conditions for ASA enzyme expressron

cHo-Kl cells expressing wt ASA and N350S ASA (seven flasks each) were grown to

confluence in F 12 with 10% FCS. The media in each flask was changed to F 12; MEM;

cooN,S; F 12 with 10% FCS; COON'S with lyo FCS; COON'S with 10% FCS; and

cooN,s with 10% FCS plus 1.0% DMSO, respectively. Media was conditioned for three-

days and sampled for the determination of enzyme activity (section 2'2'I'8)'

The amount of enzyme activity detected in the media from each flask is summarised in

Table 3.1: both the wt ASA- and N350S ASA CHO-KI-expressing cells had the highest

ef[Zyme activity when cultured in COON'S media, at 599 pmol/min/ml and 737

pmol/mirvml, respectively. Based on these results, cooN's media without FCS

supplement was used for the CHO-KI cultures'
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Figure 3.1 Enzyme activity detected in media from transfected and non-transfected

cells

Transfected cHo-Kl cells (pRSVN vector and ASAp RSVN.O7) were grown in F 12

supplemented with 10% FCS and G 418 (750 þglmL). The control (CHO-KI cells) was

grown in the same media without G 418 and conditioned for the same period. The media

was conditioned for six-days before 50 pL was used to determine enzyme activity using the

free assay method (section 2.2.1'8).

88



Table 3.1 Expression of Wt ASA and N350S ASA in CHO-KL cells

Activity
Wt ASA N35OS ASACulture media

F12
MEM
COON'S
F' 12, 10% FCS
COON'S, 1.0% FCS

COON'S, 10% FCS

COON'S 1O% FCS 1.0% DMSO

256
389
599
298
345
157

68

252
327
737
348
585
7I

r2t

V/t ASA and N350S cell lines (seven flasks each) were grown to confluence in F 12 with

l0% FCS before being changed to the media listed in the table. Media was conditioned for

three-days before 50 ¡rL of each was used for the determination of ASA activity, as

described in section 2.2.1.8.
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3.3. Purification of ASA enzyme

The use of afflrnity chromatography to purify ASA from cell culture media has been

previously reported (Schmidt et al., 1995; Lukatela et al.,l99S) and is the ideal purif,rcation

method. However, in this study, an antibody against the ASA eîzyme was not available'

hence a three-step purification protocol using two chromatography columns was developed

to purify Wt ASA and N350S ASA using conditioned media from the CHO-KI cell

expression systems. The first step involved concentration of the conditioned media,

followed by the use of AEC to partially purify the media; the final step involved the use of

SEC. The development of the purification protocols is described below'

3.3.1. Anion exchange chromatography

The initial procedure using AEC to purify ASA enzyme was performed on a 1.0 mL

LINOTM el anion exchange column (Bio-Rad Laboratories, Hercules, CA, USA) connected

to a Biologic DuoFlow system at a flow rate of 1.0 ml/min. Briefly, media from a V/t

ASA CHO-KI expression system \ilas concentrated (section 2.2.2.1) and dialysed against

Buffer A (4oC, ovemight). Dialysed media (2.0 mL) was then applied to the column,

followed by a wash with Buffer A (15 mL). Elution was carried out using a linear gradient

(0-25%) from Buffer A to Buffer B (40 mL), followed by a second gradient of 25-100%

Buffer B (5.0 mL). The hnal concentration (100% Buffer B) was maintained (5.0 mL)

before a final gradient of 100-0% Buffer B (2.5 mL) was used to return the column to its

starting condition. Fractions (1.0 mL) were collected and assayed for enzyme activity

(section 2.2.1.8). Figure 3.2 (Panel A) shows the chromatogram of ASA separation' with

absorbance (2S0 nm) plotted against enzyme activity'

3.3.1.1. Optimisøtion of ASA enzyme purfficatíon wíth anion exchange

chromatogrøPhY

ASA enzyme separation by AEC was further optimised using a combination of gradient and

isocratic elution. In this experiment, pooled Wt ASA media was concentrated (section

2.2.2.1)and dialysed against Buffer A. Dialysed media (5.0 mL) was loaded onto the AEC

column that had been equilibrated with Buffer A (20 mL), and washed with Buffer A (10

mL) before elution. The enzyme fractions were eluted with a linear gradient from 0 to 7o/o

of Buffer B (5.0 mL), followed by an isocratic flow (15 mL). A second linear gradient

from 7 to l2Yo of Buffer B (2.0 mL) was then applied, followed by another isocratic flow

(1g mL), before the application of a final gradient from 12 to 100% of Buffer B (10 mL)'

This lrnal concentration was maintained (5.0 mL) before the gradient was reduced to 0oÁ

Buffer B (2.0 mL) to return the column to its starting condition.
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Fractions (1.0 mL) were collected and assayed for enzyme activity (section 2'2'l'8)' Figure

3.2 (Panel B) shows the chromatogram of ASA separation, with absorbance (280 nm)

plotted against the amount of enzyme activity detected. compared with the linear gradient

elution (section 3.3.1), this elution protocol resulted in a higher purification fold (>3) and

the enzyme was eluted as a single peak in a total volume of 10 mL.

3.3.1.2. Scaling-uP

The final elution protocol was later adapted to a larger volume AEC column using Self

packrM poRos@ 20 Rl media packed in a PharmaciaKgll5 column with the following

modifications: the flow rate was set at2.0 mllmin and 1.0 mL fractions were collected; the

wash volume after sample loading was increased from l0 mL to 15 mL' followed by a

steeper gradient of 0-7Yo Buffer B (4.0 mL); the isocratic flow was also increased (35 mL);

the second isocratic flow was decreased from 18 mL to 7 '5 mL and the increase of the final

gradient ftoml2to 100%of BufferBwasalsodecreasedfrom5.0to4'0mL' Figure3'3

(panel A) shows the chromatogram of the AEC using the finalised protocol' The use of the

larger column enabled the run time to be reduced by 30 min. scaling-up to a larger column

was necessary to accommodate a higher level of protein load from larger volumes of media'

3.3.2. Size exclusion chromatography

The partially purif,red ASA enzyme fractions from AEC were pooled and concentrated

(x10) using a 10 mL stirred-cell ultrahltration unit with a Diaflo YM 10 ultrafiltration

membrane before loading onto a Superose 6 HR 30 column connected to a Biologic

DuoFlow system at a flow rate of 0.5 mlimin; 20 mM sodium acetatelacetic acid buffer,

0.15 M NaCl, pH 5.0, was used as the loading buffer. Fractions (0'5 mL) were collected

and assayed for errÚ¿yme activity (section 2.2.1.8). Figure 3.3 (Panel B) shows the

chromatogram of ASA enzyme separation using sEC, with absorbance (2s0 nm) plotted

against enzyme activitY'

3.3.2.1. Polishing step using size exclusíon chromatography

An additional polishing step was performed by pooling five fractions from eluates at 13 to

15 mL from the sEc run (Figure 3.3, Panel B). The eluates were concentrated to 250 pL

using a Minicon filter cartridge (Sartorius, Weender Lanstr, Göttingen' Germany)' and then

reapplied to the sEc column using the protocol described in section 3'3'2' The resulting

polishing effect is shown in Figure 3.3 (Panel C). By performing this step, the eluates at

13.5, 14.0 and 14.5 mL were found to have a purity of more thart95Yo'
91



3.3.3. Recovery of ASA enzyme from purification

The complete ASA enzymepurification process consisted of five steps' Media from each

step was analysed for enzyme activity (section 2'2'l's) and protein (section 2'2'5): Step 1'

conditioned media (3.6 L) from the wt ASA cHo-Kl expression system was concentrated

(section 2.2.2.1)to approxim ately 250mL with a three-fold purification achieved; Step 2' 
I

the media was further concentrated to 36 mL using a250ml stirred-cell ultrafiltration unit

withaDiafloYM30ultrafiltrationmembrane.Theconcentratedmediawasdialysed

against Buffer A (4oC, overnight), clarified by centrifugation (970 x g' 10 min) and filtered

through a Ministart@ single use syringe frlter (0'2 ¡rm) to achieve a 25-fold purification;

step 3. the f,rltered media was loaded onto the AEC column and eluted as described in

section 2.2.3. The eluate from 56 to 64 mL with enzyme activity was pooled (see Figure

3.3, panel A) and a six-fold purification achieved; Step 4. the partially purified media was

concentrated to approximately 250 ¡tLusing a 10 mL stirred-cell ultrafiltration unit with a

Diaflo YM 10 ultrafiltration membrane, and a further l'2-fold purification achieved; Step 
l

5, the concentrated media was loaded onto a SEC column (section 2'2'3)' The enzym" 
j

activitydetectedindicatesthattheeîzymewaselutedbetweenl2'5and'l5mL'asshownini

Panel B in Figure 3.3. Fractions at volumes 13'5 and 14'0 mL (1'0 mL) that contained the I

purified ASA were pooled and afurther five-fold purification was achieved. Table 3'2 I

summarises the purification steps, recovery and the purification fold achieved for the wt j

AsAenzyme.Enzymewithaspecificactivityor2.2¡rmol/mirVmgproteinwasobtainedl

through a2,142-folcL purification with 36'2%yield' I
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Figure 3.2 Anion exchange chromatography of ASA enzyme

Panel A shows the chromatogram of Wt ASA on a 1.0 mL IINOTM Ql anion exchange

column. Dialysed Wt ASA media (2.0 mL) was loaded on the column and eluted with a

linear gradient as described in section 3.3.1. Panel B shows the chromatogram of Wt ASA

on the same column using a combination of gradient and isocratic elution, as described in

section 3.3.1.1. The value of absorbance (280 nm) is represented by the solid line; enzyme

activity is represented by the intermittent line; and the concentration of elution Buffer B is

represented by the dotted line.
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3.3.4. Determination of the purity of ASA enzyme

To determine the purity of the eluted enzyme from SEC, eluates at 13.5, 14.0 and 14.5 mL

(Figure 3.3, panel B) were subjected to SDS-PAGE (section 2.2.4). Visualisation of the gel

was achieved by silver staining (section 2.2.4.2). Figure 3.4 shows the polyacrylamide gel

image of purified Wt ASA: eluate at 13.5 mL (lane 1) showed one major polypeptide band

at 58 kDa with a lesser band at 5l kDa, while eluate at 14.0 mL (lane 2) showed only one

major band at 58 kDa; eluate at 14.5 mL showed one major polypeptide band at 58 kDa

with two very faint bands at 64kDaand 51 kDa; eluates at 13.5 and 14.0 mL were found to

be of higher purity compared to eluate at 14.5 mL, based on the calculated specific activity

of the eîzyma

3.4. characterisation of the wt ASA and N350S ASA enrymes

ASA was one of the first sulphatases to be identified and is the best known among all

sulphatases (Roy, 1976). The physical and kinetic properties of this eîzyme have been

characterised from different tissues and biological sources. Depending on the origin of

ASA, differences have been reported in its physical properties and kinetic values. Hence'

structural and kinetic characterisation of the enzymes used in this study was performed to

clarify the inconsistencies reported in the literature and to confirm the properties of the

enzymes used for antibody generation and assay development.

3.4.1. Mw determination of the Wt ASA and N350S ASA enrymes by SDS-PAGE

To determine the Mw of these enzymes, purified wt ASA and N350S ASA were run on

SDS-pAGE under reducing conditions, as described in section 2.2.4. Visualisation of the

gel was achieved by coomassie staining (section 2.2.4.1). Figure 3.5 shows wt ASA and

N350S bands on the SDS-PAGE gel image captured using the uvltec-gel documentation

system. The Mw of protein bands was determined using semi-log plots of the

BenchMarkrM protein ladder versus the migration distance travelled. The calculated Mw

was 58 kDa for Wt ASA and 56 kDa for N350S ASA'
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Figure 3.3 Anion exchange chromatography and size exclusion chromatography
of ASA enzyme

Panel A shows the chromatogram of Wt ASA on a PharmaciaK9ll5 column, packed with

Self PackrM POROS@20 Rl media. Dialysed Wt ASA media (36 mL) was loaded onto the

column and eluted with a combination of gradient and isocratic elution, as described in

section 3.3.I.2. Eluate from 56 to 64 mL was pooled for further purification. Panel B

shows the Wt ASA enzyme on the SEC column. Pooled and concentrated eluate from AEC

was loaded onto the SEC column and eluted using the protocol described in section 3.3.2.

Panel C shows the chromatogram of the Wt ASA enzyme obtained in the polishing step

using the same SEC column. Eluate from 13 to 15 mL in the first SEC separation (Panel B)

was pooled and concentrated using a Minicon filter cartridge before being loaded onto the

same SEC column. The value of absorbance (280 nm) is represented by the solid line;

enzyme activity is represented by the intermittent line; and the concentration of elution

Buffer B is represented by the dotted line.
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Figure 3.4 SDS-PAGE of Wt ASA

Eluate collected from SEC at 13.5 mL (lane 1), 14.0 mL (lane 2) and 14.5 mL (lane 3) was

electrophoresed (1 pglsample) ona l2Yo polyacrylamide gel at a constant voltage (180 V)

using the method described in section 2.2.4. A BenchMardt protein ladder (5.0 pL) (A)

was used to determine the Mw of the protein bands. The gel was stained with silver

staining (section 2.2.4.2) and the image was captured using the UVltec-gel documentation

system.
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Table 3.2 Purification of \ilt ASA'

Volume Protein Activity Total activity Recovery Purification

Purification
Crude media
After concentration 1

After concentration 2 and dialYsis

Anion exchange column
After concentration 3

Purified ASA after SEC

mL
3600
250

36
I
0.25
1

0.8
4.0
0.9
0.5

11.4
0.4

5952
5431
5044
3935
3079
2153

100
91.3
84.8
66.1
51.7
36.2

1

x3
x25

x6
x1.2
x5

nmol/min/
2

5

943
1 078
551 0

nmol/min o/o o

150

" The ASA enzyme purification process consisted of five steps: in each step the volume was measured, and an aliquot of media was taken and analysed for enzyme activity (section

2.2.1 .8) and protein (section 2.2.5).
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3.4.2. Determination of ASA quaternary structure using size exclusion

chromatograPhY

To determine the quaternary structure of N350S ASA, SEC was performed on a Superose 6

HR 30 column using purified N350S ASA in buffers at pH 5.0 and pH 7.2. Prior to this

experiment, the column was calibrated using commercial Mw standards (Pharmacia

Biotech, Uppsala, Sweden), as described below'

3.4.2.1. Calibration of the Superose 6 HR 30 column

The Superose 6 HR 30 column was calibrated with the lollowing Mw standards:

thyroglobulin (669 kDa), fenitin (440 kDa), catalase (232lcDa), aldolase (158 kDa) and

albumin (67 kDa). Each standard was dissolved in 20 mM sodium acetatelacetic acid

buffer, pH 5.0, with 0.15 M NaCl (10 mglml). A solution containing 100 pg of each

standard was prepiled and made up to 250 ¡rL with the same buffer. The standards were

loaded onto the column using the same buffer at a flow rate of 0.5 ml/min' Figure 3'6

shows the chromatogram of the Mw standards from the Superose 6 HR 30 chromatography

column.

3.4.2.2. Size exclusion chromatography of N3505 ASA at pH 5.0 and pH 7'2

To determine the Mw of N350S ASA at pH 5.0, purified N350S ASA (34 ngl250 ¡rL) in 20

mM sodium acetafelacetic acid buffer, 0.15 M NaCl, pH 5.0, was loaded onto the Superose

6 HR 30 column connected to a Biologic DuoFlow system. Elution was performed using

the same buffer at a flow rate of 0.5 mllmin. Figure 3'7 (Panel A) shows the SEC

chromatogram with a single peak at volume 13.1 mL. The Mw of this peak was calculated

to be 337 kDa (Panel C). To determine the Mw of the enzyme at pH 7 '2, a fuither aliquot

of the same enzym e (34 ngl250 pL) was dialysed in PBS, pH 7 '2 (overnight, 4oC)' before

loading onto the Superose 6 HR 30 column and elution with PBS, pH 7 '2' Figure 3'7

(panel B) shows the sEC chromatogram with a small peak at volume 13.1 mL and a major

peak at volume 15.6 mL; the Mw of the major peak was calculated to be 138 kDa (Panel

c).

3
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Figure 3.5 SDS-PAGE gel image of Wt ASA and N350S ASA

Gel image showing the Wt ASA band (lane 1) and the N350S ASA band (lane 2) with the

BenchMarkrvr protein ladder (lane A).
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3.4.3. The pH optima of Wt ASA and N350S ASA

To determine the pH optima for Wt ASA and N350S ASA, the activity of each enzyme was

determined using the 4-MUS substrate (20 mM) prepared in 0.1 M sodium acetatelacetic

acid buffer, heat-treated0.lo/o BSA, with pH ranging from 4.0 to 6.5. The assays were

performed using the protocol described in section 2.2.1.8. Figure 3.8 shows the pH profiles

for V/t ASA and N350S ASA; both enzymes were found to have a pH optima of slightly

less than pH 5.0.

3.4.4. Kinetic properties of Wt ASA and N350S ASA

The kinetic parameters, K. and V,n*, were determined for Wt ASA and N350S ASA. Each

enzyme was assayed using 4-MUS substrate at concentrations ranging from 0.3125 to20

mM prepared in 0.1 M sodium acetatelacetic acid buffer, 0.1% BSA, pH 5'6, using the

assay conditions described in 2.2 -l .8'

A Lineweaver-Burk plot was constructed, with K' determined as the negative reciprocal of

the x intercept, and Vn]* as the reciprocal of the y intercept (Figure 3.9)' The K' values for

Wt ASA and N350S ASA were 7.3 and 8.5 mM, respectively, whilst the V'*values for Wt

ASA and N350S ASA were 48.5 and 36.6 ¡tmollu^g,respectively.

l}
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Figure 3.7 Size exclusion chromatography of N350S ASA under different pH
conditions

Panel A: chromatogram showing the peak from the separation of N350S ASA at pH 5.0

using the protocol described in section 3 .3 .2 (third step of puriflrcation process); Panel B:

chromatogram showing the peak(s) from the same enzyme (after dialysis in PBS, pH 7.2)

separated at pH 7.2; Panel C: the graph used to determine the Mw was plotted using the log

value of the following standards: thyroglobulin (669 Ðu); ferritin (440 kDa); catalase (232

kDa) and aldolase (158 kDa) on the y-axis, with the value of elution volume of each

standard on the x-axis.
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FÍgure 3.9 Lineweaver-Burk plots of wt ASA and N350S ASA

The activity of wt ASA (o) and N350S ASA (r)was determined using the assay protocol

described in section 3.4.4. K, was determined as the negative reciprocal of the x intercept,

and V'* as the reciprocal of the y intercept.
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3.5. Discussion

Expression of lysosomal enzymes using cHo-Kl cells has been performed successfully in

this Department over many years (e.g. Fuller et al., 1995; Bielicki et aI',1998; Perkins ¿r

a1.,1999 and Berg et a|.,2001). The CHo-K1 cell expression system offers the advantages

expected of a mammalian expression system: the intracellular processes of the CHO-KI

cell during post-translational modifications are known to retain most of the lysosomal

enzyme characteristics such as activity, stability and the mannose-6-phosphate moieties

necessary for correct trafficking. However, CHO-KI cell expression systems can result in

lower levels of expression when compared to non-mammalian expression systems (Berg et

a\.,2001).

The amount of enzyme expressed by the wt ASA and N350S ASA CHO-KI cell lines used

in this study was relatively low at 1.7 mglL(O.4 mg-r L-lday-l¡ and2.4 mdL (0'5 mg-l L-

,duy-t), respectively. Attempts to increase the expression level of each cell line by the

addition of IYoDMSO (v/v) in the culture media, as described by Berg et al' (2001)' were

unsuccessful: the addition of DMSO resulted in an increased number of dead cells

(observed microscopicatly) and decreased enzyme activity (see Table 3'1)' However' the

CHO-KI cells could be grown in serum-free media, which not only reduced the cost of

enzymeproduction but also resulted in an enzyme preparation of higher specific activity

that required less purification steps'

purification of wt ASA and N350S ASA was optimised to provide the highest yield and

purity in the least steps possible. The use of the Prep-ScalerM concentrator (Mw cut-off

10,000) was not expected to have a significant effect, with only a three-fold purification

achieved. However, lowering the pH to 5.0, followed by centrifugation and further

concentration over a stirred-cell ultrafiltration unit with a Diaflo YM 30 ultrafiltration

membrane (Mw cut-off of 30,000), removed more thang5o/o of the contaminating protein

and was the most effective step, achievinga25-fold purification. The high purification fold

achieved in this step was thought to result from the precipitation effect due to the acidic pH

on the protein during dialysis, as a large precipitate (pellet) was obtained after dialysis upon

centrifugation.

The choice of AEC as the first step in ASA purification took advantage of the low pI of the

enzyme,which was reported to be a.0 (Qu et al', lggTlgS)' Enzymes are known to bind

adequately to the anion column when separated at 1 pH unit above their pI value' hence 20

mM sodium acetatelacetic acid buffer, pH 5.0 (Buffer A) was chosen as the loading buffer'
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The acidic buffer system was not only effective in binding ASA to the column but' as

discussed earlier, the concentrated media dialysed in this buffer removed more than 95% of

the contaminating protein; furthermore, it was found that ASA was stable at pH 5'0' sEC

was used in the subsequent purification step, since the ASA from the first purification step

using AEC was expected to be in octamer form with a Mw of approximately 411 kDa in

acidic pH (Roy, 1916). Therefore' the partially purified ASA could be loaded directly to

the SEC column without additional steps, such as dialysis, and with minimal change to the

buffer system.

IncontrasttoWtAsA,thebiochemicalcharacteristicsofN350sAsAhavenotbeen

extensively cited in the literature. Most reports about this enzyme refer to SF studies in

individuals who were either ASA-PD homozygotes or ASA-PD/MLD compound

heterozygotes. Qu e/ al. (1997198) found that the enzyme in the SF of an ASA-PD

homozygote had a higher affinity towards the p-NCS substrate and was more susceptible to

heat_inactivation compared to contrors. This contrasted with earlier findings by both chang

and Davidson (1983) andHerzand Bach (1984), who reported no difference in the kinetic

propertiesdeterminedwith4-MUssubstratebutaslightdifferenceintheplvalueofthe

residual enzymeobtained in the sF of ASA-PD/MLD compound heterozygotes'

In this study, v/t ASA and N350S ASA were obtained from a new expression system

(cHo-Kl cells). Therefore, enzyme characterisation was performed to ensure that the

enzymesproducedwereindeedAsAandalsotoevaluatetheircharacteristics.TheMwof

v/t ASA and N350S ASA determined using SDS-PAGE under reducing conditions was 
.

calculated to be approximately 58 and 56 kDa, respectively' and within the range reported

thus far: Qu ef al. (1997198) reported that the Mw of ASA in SF from unaffected controls

was 54 kDa, while ASA in SF from ASA-PD individuars was determined to be 51.5 kDa; in

separate studies, Stevens (1974) reported a Mw of 55 kDa for controls' and Laidlet et al'

(1985b), who isolated ASA from urine under reducing conditions' found the Mw to be 63'5

kDa with a subunit at 54.5 kDa; it was also reported that, in cultured celrs, the precursof

form of ASA has a Mw of 62kDa(von Figur a et a1.,2001); the Mw of recombinant human

AsAobtainedfiomaCHoexpressionsystemsimilartotheoneusedinthisstudywas

recently confirmed to have a Mw of 57 kDa using SDS-PAGE and matrix-assisted laser

desorption ionisation-time of flight mass spectrometry (Matzner et al' 2005)'
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The difference in Mw of 2kDabetween Wt ASA and N350S ASA observed in this study is

consistent with earlier reports and is due to the loss of the carbohydrate moiety in the

N350S ASA enzyme (Fluharty et al-,1983; Kihara et al',1986)'

The lack of available Wt ASA at the beginning of the project meant that only N350S ASA

could be evaluated for its ability to octamerise under acidic pH using sEC. ASA is known

to exist as a dimer at neutral pH and octamerises at acidic pH; octamerisation was attributed

to the protonation of glutamic acid at position 426 located at the interface between the

dimers that formed the octamer (Lukatela et al., 1998). It has been reported that the

quaternary structure of ASA is highly pH-dependent and some mutations, such as C300F

and p425T, were reported to have altered octamerisation capacity that leads to a lowered

catalytic property (Marcao et- a\.,2003).

Evaluation of the octamerised mutant N350S by SEC showed that it was eluted in a single

peak at pH 5.0 with a calculated Mw of 337 kDa. After overnight incubation at pH 7.2 in

PBS, the enzyme eluted with a major peak at 138 kDa and a small peak with a Mw of 337

kDa; the latter was from the enzyme that remained in octamer form. The Mw obtained

from this experiment did not correspond exactly to the expected Mw of dimer and octamer

forms, which was calculated to be ll2 kDa and 448kDa, respectively. This discrepancy,

however, can be attributed to the limitations of sEC, a method that is known to be less

accurate when used to estimate Mw.

In this study, the K. for V/t ASA and N350S ASA was determined tobeT '25 mM and 8'16

mM, respectively. These values do not signif,rcantty differ from those reported in SF

lysates by Chang and Davidson (1983), where K* in unaffected cells (mean value, n:4)

was 7.g7 mM, and 11.6 mM in ASA-pD/MLD cells; Stevens e/ al. (1975) reported an

almost similar Knl value for ASA purified from urine (8'0 mM); both experiments were

performed using 4-MUS as substrate. The V** values obtained from the Wt ASA and

N350S ASA enzymes in this study showed no significant difference between the two,

although Stevens et at. (1975) reported â Vru" of 311 ¡rmol/h/mg for ASA purified from

urine, six-times higher than the value obtained in this study. The difference could be

attributed to differences in the source of the ASA, storage conditions or the assay

conditions. In terms of the pH optima, Stevens et al. (1975) reported pH 5'2 and Chang and

Davidson (1933) reported pH 5.0 to 5.3; the finding from this study shows that the pH

optima for both enzymes studied was alound pH 4.9 (see Figure 3'7)' Once again, the

slight difference in these values could be due to differences in the source of the enzymes or
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the assay conditions. The results of these characterisation studies showed that the enzymes

were indeed ASA and that their characteristics did not significantly differ from earlier

reported values.

In conclusion, the successful development of a purification protocol led to the procurement

of purihed Wt ASA and N350S ASA that enabled this study to proceed to the next phase -

the production of the anti-ASA antibody - which is discussed in the following chapter.
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CHAPTER FOUR

Production and Purification of Antibodies and

Development and Validation of Immune-based Assays

4. Introduction and aims

The shortcomings associated with current laboratory diagnostic procedures fbr MLD have

been discussed in section 1.4.8.3. To briefly reiterate, however, the diagnosis of MLD is

often difficult and requires a complex array of laboratory assays to be performed on various

biological samples. The high incidence of ASA-PD individuals further complicates

diagnosis because conventional enzymatic assays employed in most laboratories are not

sufficiently sensitive to distinguish between ASA-PD individuals and MLD patients, based

on analysis of enzyme activity alone. The lack of specificity of enzymatic assays that use

artificial fluorogenic substrates has also compounded the problem, since other sulphatases

are known to also act on these substrates. Despite the availability of improvised assays that

have increased specificity by suppressing the activity of other enzymes, the sensitivity of

these assays tends to be compromised. The biochemical confirmation of an ASA-PD

individual is usually achieved with auxiliary testing such as sulphatide-loading or

genotyping. However, these methods are time-consuming and can only be carried out by

experienced staff in specialised laboratories'

To improve the MLD detection system, Laidler et al. (1985a) suggested the use of immune-

based methods for the measurement of ASA, reasoning that an antibody would provide the

necessary specificity to resolve the interference of other sulphatases. However, the use of

immune-based assays to quantify protein or determine enzyme activity was limited until

recently. ln 2001, an immune-based assay with 100% sensitivity and specificity was

reported for the determination of a-glucosidase activity in dried blood spots, which has

been used successfully to detect individuals affected by Pompe disease (Umapathysivam e/

a1.,2001). The advantages reported for this method augur well for the development of a

NBS progranìme for LSD, and prompted the development of better, more rapid and

definitive procedures for use in the diagnosis of MLD'

This chapter commences with a discussion of the experimental approach used to produce

and purify the antibodies used in this study. In addition, details of the development and

validation of the immune-based assays, as outlined at the end of chapter 1, are also

provided. The experimental work described in this chapter encompasses the first three aims

of this study, which were to develop: (1) an immune-capture activity assay for ASA

111



enzyme; (2) animmune-quantification assay for ASA protein; and (3) aSSayS similar to

those in (1) and (2) for the detection of ASA-PD cases (without genotyping' for the N350S

polymorphism). The experimental work relating to Aim 3 commenced simultaneously with

most of the work described in chapter 3. The discussion therefore commences with Aim 3,

followed by a discussion of the work related to Aims I and2'

4.|.Developmentofanimmune-basedassayforthedetectionofASA.PD

ASA_PD is known to be associated with the polymorphism that causes the substitution of

asparagine by serine at position 350 of the amino acid sequence' This results in the loss of

the glycosylation site, leading to the loss of a carbohydrate moiety (section 1'4'6'1)' The

crystalstructureofAsArevealsthattheN350siteiswell-exposedandcouldbeapotential

binding site for antibodies. This prompted the use of a synthetic peptide that spans the

N350S sequence for the production of a polyclonal antibody'

4.|.|.ProductionofapolyclonalantibodyagainsttheN350speptideconjugate

The immunisation of sheep was carried out at the Institute of Medical and veterinary

science, Adelaide, SA, Australia, using the immunisation protocol described in section

2.2.6. The antigen used was the N350s peptide conjugated to diphtheria toxoid (4'2 mg

peptideto30.3mgdiphtheriatoxoid;section2.2.6).Apre-bleed(atweek0)andatest-

breed (at week 7.5) sampre were taken and titrated against the N350s peptide conjugate (H-

CAGAPLPgVTLDG-NH2-DT) and against an unrelated peptide also conjugated to

diphtheria toxoid (H-CLUGRKRSHAGYQTI-OHNH2-DT; Mimotopes Pty' Ltd" clayton',

vic, Australia). BSA (2.0 pglml) was used as a negative control in these antibody

titrations. The protocol used for this assay is specified in section 2'2'8'4'

The pre-bleed sample had a titre of 1:1 000 (antibody titre was determined as the lowest

dilution of sera at which the OD was greater than two standard deviations above

background reading; section 2.2.8.4) against the peptide conjugate and the unrelated

peptide conjugate. In the test-bleed sample a strong immune response was observed against

thepeptideconjugate,withatitreofl:1024000'approximatelythree-foldgreaterthanthe

titre obtained against the unrelated peptide conjugate' where the antibody reacted against

diphtheriatoxoid.Thisindicatedthattheantibodyhadastrongandspecificreaction

against the H-CAGAPLPIVTLDG-NH2 sequence'
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4.1.1.1. PuriJication of the sheep ønti-N3505 peptide coniugate polyclonal øntibody

From 100 mL sheep sera, 0.9 g of an ammonium sulphate-precipitated immunoglobulin

fraction was obtained in 50 mL. After dialysis against PBS, pH 7 '2 (4oC, overnight), 8'0

mL was applied to the peptide affinity column described in section 2.2.1;14 mg of affrnity-

purified antibodY was recovered.

4.1.1.2. Western analysß of the lm ASA and N3505 ASA enzymes with sheep anti-

N3505 peptide coniugøte polyclonal antibody

westem analysis was performed in accordance with the protocol outlined in section 2'2'4'3,

to assess the reactivity of the sheep anti-N350S peptide conjugate polyclonal antibody

against the N350S peptide conjugate, wt ASA and N350S ASA (1.0 pg)' Figure 4'1 shows

the PVDF membrane with the pre-stained marker on the left, the N350S peptide conjugate

(1), N350S ASA (2) and wt ASA (3). A single cross-reactive band at approximately 56

kDa (2), representing N350S ASA, was obvious; no cross-reactive band was apparent on

the lane loaded with Wt ASA. This indicated that the polyclonal antibody produced against

the peptide conjugate cross-reacted with N350s ASA but not'wt ASA.

4.1.1.3. Attempts to develop an immune'capture øctivíty üssay using sheep anti-

N3505 peptíde conjugøte polyclonal antíbody

The polyclonal antibody was diluted in 0.1 M NaHCO3 (5'0 ¡"tglml), coated onto wells of

Immunlon@ 4HBX Removawell@ strips and incubated (4oC, ovemight)' After the plate was

washed (6x, 0.1 M Tris/HCl, 0.25 M NaCl, pH 7 .2), culture media from the wt ASA and

N350S ASA expression systems was diluted in 20 mM Tris/HCl, 0'25 M NaCl, pH 7'2 (80

¡rL in 1.0 mL), before 1:2 serial dilutions were performed across the plate (100 ¡rllwell)'

Activity was determined by the addition of 20 mM 4-MUS substrate prepared in 0'1 M

sodium acetatelacetic acid buffer, heat-treated,0.l% BSA, pH 5.8. As a control, the same

media was diluted in 0.1 M sodium acetatelacetic acid buffer, heat-treated 0.1% BSA, pH

5.S (160 pL in 1.0 mL), before 1:2 serial dilutions were performed across a plate with

uncoated wells (50 ¡rllwell). Fifty ¡rL of 40 mM 4-MUS substrate in 0'1 M sodium

acetatelacetic acid buffer, heat-treated 0.1% BSA, pH 5'8, was then added to each well and

incubated at 37oC for 2 hrs. The enzyme reaction was stopped by the addition of 0'2 M

glycineatraoH buffer, pH 10.7 (100 ¡rllwell), and fluorescence read on a Perkin-Elmer

1 420 multilabel counter.
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Figure 4.1 'Western blot analysis of wt ASA and N350S ASA with sheep anti-N3s0S
o 

peptide conjugate polyclonal antibody

Pre-stained marker (left) (5.0 pL), N350S peptide conjugate (1), N350S ASA (2) and Wt

ASA (3) (1.0 pgleach) were electrophoresed on al2Yo Tris-glycine-sDS gel at a constant

voltage (180 V), as described in section2.2.4, and transferred to a PVDF membrane at a

constant current (250 mA), as described in section 2'2'4'3' The membfane was probed with

sheep anti-N350S peptide conjugate polyclonal antibody (1'0 pg/ml) and reactive protein

detected with donkey anti-sheep HRp-conjugate (1:1 000 dilution). The image of the

PVDF membrane was recorded using the UVltec-gel documentation system'

60

50

TI4



No enzyme activity was detected in the immune-captured wells but the positive controls

showed activity averaging 5.6 pmol/min/ml for the highest concentration of N350S ASA

and 4.1¡rmol/min/ml for wt ASA. This indicated that the polyclonal antibody was either

notcapturingtheenzymesorthatthecapturedenzymeswereinactive.

To define this, a separate experiment was carried out in which the amount of enzyme

removed from the media during the capture step was measured: 50 ¡rL of media from each

well was transferred to new wells after the overnight incubation (capturing step) and

assayed for activity using the protocol described above for the positive controls' The

amount of activity detected was the same (after correction) as that detected in the positive

controls, thus conhrming the inability of the polyclonal antibody to capture both forms of

the enzyme.

4.2.Productionofananti-AsAmonoclonalantibody

In addition to the polyclonal antibody, the production of a monoclonal antibody was also

proposed for use in the immune-based assays. Apart from offering defined specificity' a

monoclonal antibody would also resolve the problem of lack of uniformity resulting from

batch-to-batch variation that can be encountered with polyclonal antibodies, since the

production of monoclonal antibodies can be maintained indefinitely through an immortal

hybridoma cell line.

4.2.1. Immunisation, fusion and hybridoma screening of mice immunised with

N350S ASA and Wt ASA

To produce a monoclonal antibody, three mice were immunised with N350S ASA (40

pgldose) using Freund's adjuvant (section 2.2.8.1), and two mice were immunised with the

same enzyme (one each at 20 ¡rgldose and 5.0 ¡rgldose) using ImmuneEasyrM mouse

adjuvant (section 2.2.8.2). At the completion of the immunisation protocol the mouse

spleens wefe removed and the plasma cells fused with myeloma cells' as described in

section 2.2.8.3. Hybridoma screening was performed two-weeks post-fusion using the

protocol described in section 2.2.8.5. Blood was collected from each mouse during fusion

for assay of sera antibody titre (section2'2'8'4)'

Table 4.1 summarises the fusions performed on the five mice immunised with N350S ASA'

Of the five, only three fusions \¡/ere performed because the mice immunised with

ImmuneEasyrM mouse adjuvant failed to respond to the immunisation: the antibody titre
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was only l:4 000, compared with 1:256 000 for the mice immunised using Freund's

adjuvant.

Hybridoma screening identified two wells containing hybridomas that were positive, one

each from fusion N350S 2 andN350s 3, with OD values against Wt ASA of >5.0 and 3.8

compared to BSA control values of 1.3 and 0.8, respectively. The hybridomas were cloned

(section 2.2.1.7) and expanded, however, the antibody titre of the media from these two

hybridomas dropped to background reading on subsequent testing during the expansion

process.

Four additional mice were immunised with Wt ASA (40 pgldose) using Freund's adjuvant

(section 2.2.g1) and had fusions performed (section 2.2.8.3). Hybridoma screening was

performed two-weeks post-fusion using the protocol described in section 2.2.8.5. Blood

was collected from the mice during fusions for assay of sera antibody titre (section2-2.8.4).

Table 4.2 summarises the fusions carried out in mice immunised with Wt ASA.

Hybridoma screening in the four fusions identihed one well that contained hybridomas

(fusion Wt 1) with an OD reading of >5.0 against V/t ASA and N350S ASA, while the OD

reading for the BSA control was 0.6. The hybridomas were cloned (section 2-2.1-7),

expanded and isotyped (section 2.2.8.6),and designated as MonoWt 1' The subclass of the

monoclonal antibody was determined to be IgM'

4.2.1.1. PuriJícation of IgM monoclonal antibody

Conditioned media (50 mL) from cloned hybridoma MonoWt 1 was collected and purified

using affinity chromatography (Hi-Trap IgM purification HP, 1.0 mL; Amersham

Pharmacia Biotech Inc., uppsala, Sweden) according to the manufacturer's instructions'

The yield of monoclonal antibody from 50 mL of media was 1 .4 ^$ corresponding to 28

pglmLin the hybridoma supernatant. The purified monoclonal antibody was kept at -20oC

in aliquots of 200 PL until use.
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Table 4.1 Summary of fusions from mice immunised with N350S ASA

Wells with hYbridoma Positive

Fusion ID

N350 1 40

N350 2 40

N3s0 3 40

No fusion 20

No fusion 5

Amount Number of doses of

3 plus 1

3 plus 2b

3 plus 2b

3 plus 1

3 plus 1

uvanta

Freund's complete/incomPlete

Freund's comPlete/incomPlete

Freund's comPlete/incomPlete

ImmuneEasyrM mouse adjuvant

ImmuneEasy rM mouse adjuvant

I atd2.2.8.2;

Sera titre
1:256 000

1:256 000

1:256 000

1:4 000

1:4 000

otal w

164 (8s%)

t41 (12%)

n2 (e0%)

NAC

NAC

bridoma

None
1

1

None
None

u Mice were immunised according to the protocol described in sections 2'2'8

b 
extra booster dose was given three-days prior to fusion;

t NA : not available
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Table4.2SummaryoffusionsfrommiceimmunisedwithWtASA
Wells with hYbridoma Positive

Fusion ID

v/t I
wt2
wt3
wt4

3 plus 1

3 plus 1

3 plus 2b

Sera titre
1:256 000

1:512 000

1:256 000

1:256 000

otal wells=

1s8 (82%)

144 (7s%)

1s4 (80%)

Amount Number
ân

of doses of
uvanta

Freund's comPlete/incomPlete

Freund's comPlete/incomPlete

Freund's comPlete/incomPlete

40

40

40

40

1

None
None
Nonet29 67%

J ^busz Freund's

Mice were immunised according to the protocol described in sections 2'2'8'l and2.2.8.2;

b 
extra booster dose was given three-days prior to fusion
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4.2.1.2, Attempts to develop an immune-quantification assøy using IgM monoclonal

antibodY

The IgM monoclonal antibody (MonoWt 1) was diluted in 0.1 M NaHCO3, coated onto

wells of Immunlon@ 4HBX Removawell@ strips (5 pglml-) and incubated at 4oC, overnight.

The coated strips were used to capture Wt ASA with concentrations ranging from 2 nglmL

to 2 pglmL (100 ¡,rllwell). sheep anti-ASA polyclonal antibody (5.0 ¡rg/ml) was used as

the secondary antibody with the HRP-conjugated donkey anti-sheep antibody (1:1 000

dilution); ABTS was used for colour development. The results indicated non-specific

capturing/binding by the IgM monoclonal antibody as the oD was similar at different

concentrations of enzyme in each well, ranging from 1'5 to 1'7' This experiment was

repeated and similar results were obtained'

4.2.2. Epitope mapping of polyclonal antibody from sheep and mice

The low number of positive hybridomas obtained from a total of seven fusions in mice

immunised with the native enzyme prompted a revised strategy for monoclonal antibody

production. The use of peptides representing the speciltc sequence of ASA was proposed

for mouse immunisations. The peptide sequences were determined by epitope mapping of

the polyclonal antibodies (sheep and mouse sera) against the linearised ASA enzyme

sequence using a MultipinrM peptide plate'

Epitope mapping of antibodies was performed using the protocols described in section

2.2.91through to section 2.2.9.4. Figure 4.2 shows the epitope maps of the polyclonal

antibodies from sheep and mouse sera: sera from sheep immunised with N350s ASA

(Panel A) and the sheep anti-ASA polyclonal antibody (Panel B) show very similar

reactivity pattems with25o/o and,27o/o of high affinity epitopes (defined as an OD of greater

than2.5),respectively; mouse sera immunised with the same enzyme had 3l%high affinity

epitopes (Panel D); and the sera from mice immunised with wt ASA (Panel c) had only

four high afhnity epitopes (5%). None of the four samples tested reacted to the N-linked

glycosylation site at amino acid position 350 (peptide number 56, LAGAPLPNVTLD; and

peptide number 57, PNVTLDGFDLSP), which is associated with the N350S mutation.

4.2.2.1. Designing the ASA peptides

The design of ASA peptides for immunisation was based on the results obtained from

epitope mapping of the sheep anti-ASA polyclonal antibody, sera from sheep and mice

immunised with N350S ASA, and sera from mice immunised with Wt ASA. All epitopes

with an oD >2.5 (high affinity) toward the linear ASA sequence were compared to
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sequences reported by Schierau et al. (1999), who reportedly produced eight monoclonal

antibodies against the ASA enzyme. The serected sequences were then mapped onto the

crystal structure of the ASA enzyme to evaluate their location'

Table 4.3 lists all epitopes with an oD readingor>2'5,their amino acid sequence and the

hydrophobicity index; the amino acid sequences recognised by the anti-ASA monoclonal

antibodies produced by schierau et at. (rggg) were added for comparative purposes. Three

amino acid sequences were selected (bolded in Table) and mapped onto the crystal structure

of the ASA enzyme, as shown in Figure 4.3' The sequences selected to construct the ASA

peptides were: 1) peptide pin 33 (WLPGLEARYMAF); 2) peptide pin 60

(GFDLSPLLLGTG); and 3) peptide pin 63 (LFFYPSYPDEVR)'

4.2.3.GenerationofmonoclonalantibodiesagainsttheAsApeptideconjugates

Three groups of mice (three/group) were immunised with ASA peptide conjugate 1 (H-

wLpcLEARyMAF-oH/lgg pgldose), ASA peptide conjugate 2 (H-GFDLSPLLLGTG-

oH/100¡rg/dose)andAsApeptideconjugate3(H-LFFYPSYPDEVR-OH/100pg/dose),

respectively, using Freund's adjuvant (section 2'2'8'l)' Antibody titre levels were

determinedfollowingthesecondboostusingthecorrespondingpeptideconjugatesandWt

ASA; an unrelated peptide conjugate was used as a control' according to the protocol

described in section 2'2'8'4'

Table4.4summarisesthetitrelevelsofthemousesera.Allmicerespondedwelltothe

immunisation regime with a minimum titre of 1:1 040 000 achieved towards the

corresponding peptide conjugate; all mice showed strong cross-reactivity to the unrelated

peptide conjugate (cross-reactivity against the diphtheria toxoid)' although the titre was

lowerinsomemiceatapproximatelyhalfthevalueobservedforthespecificpeptideused

for immunisation; and all mice had low titres against the ASA enzyme.4

Fusions were carried out after the test-bleed, as described in section 2.2.9.3. Five fusions

were performed: one mouse from group one (peptide 1) and two mice each from groups

two (peptid e 2) andthree (pe tide 3). Table 4'5 summarises the fusions performed on the

frvemice,togetherwiththeimmunisationdetails'thenumberofhybridomasandthe

hybridomas that tested positive in each fusion'

s
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A hybridoma from fusion 2b (designated P2P4B4), with an OD >5.0 against peptide 2, an

OD of 1.3 against Wt ASA and an OD reading of <0.15 (background) for both diphtheria

toxoid and BSA, was cloned and isotyped (section 2.2.8.6), which identified the

monoclonal antibody as IgGl subclass with kappa light chain'

4.2.3.1 Purificatíon of the P2P4B4 monoclonal ønlibody

Culture media (60 mL) from the P2P4B4 hybridoma culture was purified using the protocol

described in section 2.2.8.7. The yield of monoclonal antibody from 60 mL of media was

1.8 ffig, corresponding to 30 pglmL in the hybridoma supematant. The purified

monoclonal antibody was kept at -20oc in aliquots of 200 pL until use.

4.2.3.2 Afiempts to develop an immune-capture activity assay using the P2P4B4

monoclonal antibodY

purified p2p4B4 monoclonal antibody was diluted in 0.1 M NaHCO3, coated onto wells of

Immunlon@ 4HBX Removawell@ strips (5.0 pglml-) and incubated (4oC, overnight). An

immune-capture activity assay was performed using Wt ASA at concentrations ranging

from 2.0 nglmL to 2.0 pglmL (section 2.2.10.1). As a control, wt ASA with the same

concentration was captured using strips coated with anti-ASA polyclonal antibody. The

activity of the captured enzymes was determined by the addition of 20 mM 4-MUS

substrate prepared in 0.1 M sodium acetate buffer, heat-treated 0.1% BSA, pH 5.8 (100

pllwell).

No activity was detected in the strips coated with the monoclonal antibody but the activity

reading in the control strips was proportionate to the amount of enzyme in each well. These

results indicated that either the monoclonal antibody was not capturing the enzymes or that

the captured enzymes were inactive. This could result from the antibody binding to the

active site or near the active site and limiting its access to the substrate'

The inability of the antibody to capture ASA was conhrmed by an ASA activity assay of

the capture solutions after incubation in the antibody-coated wells; no change in activity

was observed before or after the capture step.

l}
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Figure 4.2 Epitope maps of polyclonal antibodies from sheep and mouse sera

Epitope mapping of antibodies was performed using a MultipinrM peptide plate and the

protocol described in section 2.2.9.4. All samples were diluted in PBS with l% BSA and

0.1% Tween20 (vlv),p}J7.2 (1:1 000 dilution). Epitope maps were as follows: sera from

sheep immunised with N350S ASA (Panel A); sheep anti-ASA polyclonal antibody (Panel

B); sera from a mouse immunised with Wt ASA (Panel C); and sera from a mouse

immunised with N350S ASA (Panel D).
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Table 4.3 Alignment of high affinity epitopes with known anti-ASA monoclonal antibody sequence

Schierau et a1.,1999

Amino acids position

19

8s-86

93,9'1

165-169

202-206

239-240

256,260

287-459

Amino acids

Hydrophobicity index
0.42

0.43

0.21

0.49

0.59

0.46

0.57

0.49

0.19

0.36

0.47

0.4

0.35

0.55

0.22

0.71

0.49

0.59

0.39

0.48

o.29

0.25

-0.08

0.51

0.39

0.7

0.63

Position
l9-30
31-42

37-48

55-66

6t-72
67-78

8s-96

91-102

103-l l4
109-120

139-150

145-l 56

t5t-162
I 57- 168

163-174

1 75-l 86

1 87-198

193-204
t99-210
21',7-228

223-234

229-240

235-246

259-270

271-282

313-324

337 -348

Sequence

RPPNIVLIFADD
LGYGDLGCYGHP
GCYGHPSSTTPN

GGLRFTDFYVPV
DFYVPVSLCTPS
SLCTPSRAALLT
MGMYPGVLVPSS
VLVPSSRGGLPL
EEVTVAEVLAAR
EVLAARGYLTGM
QGFHRFLGIPYS
LGIPYSHDQGPC

HDQGPCQNLTCF

QNLTCFPPATPC
PPATPCDGGCDQ
GLVPIPLLANLS
VEAQPPWLPGLE
WLPGLEARYMAF
ARYMAFAHDLMA
RPFFLYYASHHT
YASHHTHYPQFS
HYPQFSGQSFAE

GQSFAERSGRGP

GTLMTAIGDLGL
LEETLVIFTADN

PALAFWPGHIAP
LPTLAALAGAPL

OD405 nM
Mouse

Wt ASA

2.907

>5.0

Mouse
N35OS ASA

3.096

2.64

2.s52
2.595

2.603

3.281

2.s45

2.988

2.842
>5.0

2.973

>5.0

2.585

2.7s2

2.858
>5.0

3.581

3.022

Sheep
polv-Ab

2.s36

2.782

2.586

2.605

2.888

2.839
2.686

3.609

2.859

2.979
>5.0

3.067

Sheep sera

2.971

2.909

2.583

2.807

2.957

2.724

3.936
2.706

2.542

2.807

2.568
2.642

3.384

2.548

2.s52

Pin no.

4

6

7

l0
11

12

15

16

18

19

24

25

26

27

28

30

32

33

34

5t
38

39

40

44

46

53

57
124



Table 4.3 Continued

462-507

1999Schierau ef ¿/.

Amino acids

0.45

0.03

0.52

0.04

0.40

0.19

0.14

0.46

0.22

index

0.s6

493-504

475-486

487-498

439-450

397-408
427-428

433-444

373-384

379-390

35s-366

Position

ACCHCPDCTPRP

ARGEDP

ICCHPGCTPRPA

YNILLGGVAGATP

AVR

FDLSPLLLGTGG
LFFYPSYPDEVR

Amino acids

3.345

2.833

Mouse
Wt ASA

2.s98
3.461

3.1 59

3.763

3.866

2.731

>5.0

>5.0

Mouse
N35OS ASA

>5.0

3.086

3.646

3.148

3.8s1

2.593

Sheep

3.229

3.378

2.904

3.112

2.617

sera

3.136

OD value

80

82

83

74

'1''

73

64

6'.7

60

63

Pin no.
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Pin 33

Pin 63
Pin 60

Figure 4.3 Mapping of high affinity epitopes onto the ASA crystal structure

Three epitopes of high affinity were identified: peptide pin 33 (WLPGLEARYMAF);

peptide pin 60 (GFDLSPLLLGTG); and peptide pin 63 (LFFYPSYPDEVR)' These

epitopes were mapped onto the crystal structure of ASA (Lukatela et al'' 1998)' The figure

is drawn with Mol script software based on human oDNA sequence by Stein et al. (1989)'
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Table 4.4 Titre levels of mouse sera against the corresponding peptide conjugate,

diPhtheria toxoid and \ilt ASA

Mouset Antigen

Group 1 Peptide I
Diphtheria

toxoid Wild type ASA

la
1b

l:1 040 000

1:1 040 000

1:1 040 000

1:1 040 000

l:3 200

1:3 200

Mouseb Antigen

Group 2 Pentide 2

Diphtheria
toxoid Wild tvpe ASA

2a

2b

1:2 080 000

1:1 040 000

1:1 040 000

1:512 000

1:6 400

l:3 200

Mouse Antigen

Group 3" Peptide 3

Diphtheria
toxoid Witd tvpe ASA

3a

3b

3c

1:1 040 000

1:1 040 000

1:1 040 000

1:1 040 000

1:1 040 000

1 :512 000

l:3 200

1:1 600

1:l 600

a 
mice immunised with peptide conjugate I (H-LPGLEARYMAFAC-OH);

b 
mice immunised with peptide conjugate 2 (H-GFDLSPLLLGTGC-OH);

c 
mice immunised with peptide conjugate 3 (H-LFFYPSYPDEVRC-OH).
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Table 4.5 Fusions and immunisations of mice immunised with conjugated peptides

\ilells with hYbridomas Positive
Fusion

ID"

Pep la
Pep2a
Pep 2b

Pep 3a

Amount
dose Number of doses otal wells=l

146 (76%)

t4s (76%)

14r (73%)

t87 (e1%)

of bridoma
1

None
J

None
None

100

100

100

100

100

3 plus 1 booster

3 olus 1 booster

f pt,r. 2 boostersb

3 plus 1 booster

1

2

2

J

J
3b J 2 boosters 180 %

mice2aand 2b were immunised with peptide conjugate 2 (H-GFDLSPLLLGTGC-OH); and mice

"moore la was immunised with peptide conjugate I (H-LPGLEARYMAFAC-OH);

3a and 3b were immunised witt, peptiae conjugate 3 (H-LFFYPSYPDEVRC-OH);
b 

an extra booster dose was given three-days prior to fusion
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4.3. Development and validation of immune-based assays using the anti-ASA-

polYclonal antibodY

Two immune-based assays were developed in this study to determine captured ASA

activity and to quantify the ASA protein in dried blood spots, sF lysates and culture media'

4.3.1. Production of anti-ASA polyclonal antibody

The production of an anti-ASA polyclonal antibody was carried out at the Veterinary

Division of the lnstitute of Medical and Veterinary Science, Adelaide, SA, Australia, as

described in section 2.2.6. Pre-bleed (at week 0) and test-bleed (at week 7'5) sera were

titrated against wt ASA and N350S ASA with BSA as a negative control using the protocol

described in section 2.2.g.4. pre-bleed sera had a titre of l:2 000 with the three proteins

tested; a strong immune response was observed against wt ASA and N350S ASA in the

test bleed sera, with a titre of l:2 048 000'

4.3.1J PuriJicøtion of sheep anti-ASA polyclonøl antibody

Precipitation of sheep sera (250 mL) with ammonium sulphate (section 2'2'7) produced2'7

g of Ig fraction in 150 mL of PBS, pH 7.2. This was dialysed against PBS, pH 7 '2 (4oC,

overnight), and 5.0 mL was further purif,red by affinity chromatography on the N350S ASA

affinity column, as described in section 2.2.7. The eluate from the affinity column (Figure

4.4) contained4.6 mg, an equivalent yield of 0.6 mglmL of sera.

4.3.1.2 laesturn anølysis of ltt ASA and N3505 ASA with sheep ønti-ASA polyclonal

antibodY

Using the protocol outlined in section 2.2.4.3, Western analysis was performed to

determine the reactivity of the sheep anti-ASA polyclonal antibody against Wt ASA and

N350S ASA (1 .0 ¡tglenzyme). Figure 4.5 shows the PVDF membrane with the pre-stained

marker on the left, wt ASA (1) and N350S ASA (2). Single cross-reactive bands were

detected at 58 kDa (1) and 56 kDa (2), representing wt ASA and N350S ASA'

respectively. This indicated that the polyclonal antibody produced against N350S ASA

cross-reacted with both enzYmes'
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Figure 4.4 Loading and elution profile from the purification of sheep sera

immunised with N350S ASA

Ammonium sulphate-precipitated Ig fraction (5.0 mL) was dialysed against PBS' pH 7'2

(4oC, ovemight), and loaded onto the N350S ASA enzyme affinity column as described in

section 2.2.7. Arrows indicate the point at which loading of the sample and its elution with

0.1 M H¡PO¿A{aOH, pH 2.5, commenced. Eluates (44 mLthrough to 46 mL) were pooled'

dialysed and quantified (section 2'2'8'8)'
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21

kDa

Figure4.5WesternanalysisofWtASAandN350SASAwithanti-AsApolyclonal
antibodY

pre-stained marker (left) (5.0 ¡rL), wt ASA (1) and N350S ASA (2) were electrophoresed

on a l2VoTris-glycine-SDS gel at a constant voltage (180 V), as described in section 2'2'4'

and transferred to a PVDF membrane at a constant current (250 mA)' The membrane was

probed with sheep anti-ASA polyclonal antibody (1.0 pglml) and reactive proteins

detected with donkey anti-sheep HRp-conjugate (1:1 000 dilution), as described in section

2.2.4.3. The image of the PVDF membrane was recorded using the UVltec-gel

documentation sYstem.

60
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4.3.2. PreParation of reagents

The purification procedure for the sheep anti-ASA polyclonal antibody is described in

section 2.2.7. The purified polyclonal antibody was stored in aliquots of 60 plltube at

-200c until use. purified wt ASA from the cHo-Kl cell e*pression system (section

2.2.II) was used as a calibrator for these assays'

4.3.2.1 Preparation of the europium'labelted antì-ASA polyclonal antibody

The Eu3*-labelled anti-ASA polyclonal antibody was prepared by labelling the anti-ASA

polyclonal antibody (1.0 mgl200 pL) with Eu3* according to the manufacturer's

instructions (section 2.2.g.g). Figure 4.6 shows the chromatogram of the Eu3*-labelled anti-

ASA polycronal antibody on SEC (Superose 12 HR 30). The eluate containing the Eu3*-

labelled anti-ASA polyclonal antibody (24 through to 27 mL) was pooled and the

concentration determined (sectio n2.2.g.g). The final yield of labelled anti-ASA polyclonal

antibody was 0.7 mg in a volume of 3.0 mL. The labelling efficiency was within the range

recommended by the manufacturer (7 Eu3* atoms per antibody molecule)'
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Figure 4.6 size excrusion chromatography of the Eu3*Jabeted anti-ASA polyclonal

antibodY

Anti_ASA polyclonar antibody (r.0 m{200 pL) was labelled with Eu3* according to the

manufacturer,s instructions, and purified by SEC (Superose 12 HR 30) connected to a

BiologicDuoFlowsystemusingtheprotocoldescribedin2.2.s.g.Eluates24throughto2T

mL were Pooled and quantified'
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4.3.3. Immune-capture activity assay

An immune-capture activity assay using the sheep anti-ASA polyclonal antibody was

developed, optimised and validated. The experimental details involved in establishing this

assay follow.

4.3.3.1. optimisíng the concentration for primøry antíbody coatíng and incubøtion

time

To determine the optimal coating concentration for the primary antibody (anti-ASA

polyclonal antibody) and the optimum capturing period for the assay' Immunlono 4HBX

Removawell@ strips (12 wells/strip) \ilere coated with the primary antibody at

concentrations of 10, 8, 4, 2 and I pglmL (in duplicate), diluted in 0'1 M NaHCO3 (100

pllwell) and incubat ed at 4oc, ovemight. A total of 10 strips were coated, with two strips

each (one blank and one test) designated for each incubation time. The strips were washed

(6x) before V/t ASA (3.2 ngin 100 ¡rL in 0.1 M sodium acetatelacetic acid buffer, 0'1%

BSA, pH 5.6) was added to eachtest strip. The strips were incubated for 1,2,4 and 8 hrs at

RT, and also for 8 and 16 hrs at 4oC. At the end of each incubation time, strips were

washed (6x) before 20 mM 4-MUS substrate in 0.1 M acetate buffer, heat-treated 0'1%

BSA, pH 5.6, was added (100 ¡rllwell) and incubated at3loc for 2 hrs' The reaction \¡/as

stopped by the addition of 0.2 M glycine/l"laOH buffer, pH 10'7 (100 pllwell), and

fluorescence read on a Perkin-Elmer 1420 multilabel counter.

Figure 4.7 shows the fluorescence units plotted against the concentration of primary

antibody used in coating. From these results, it was determined that a coating concentration

of 5.0 pglmLand an incubation time of 16 h¡s at 4oC were optimum for the assay' These

values were chosen as a compromise between assay sensitivity, consumption of reagents,

convenience and consistency of assay performance'

4.3.3.2. Determination of substrate concentration

To determine the optimum substrate concentration for the assay, Wt ASA in 20 mM acetate

buffer with 0.1% BSA, pH 5.5 (16 nglwel1), was added to Immunlon@ 4HBX Removawell@

strips pre-coated with the primary polyclonal antibody (5.0 ¡rglml) and incubated at 4oC'

overnight. The strips were washed (6x) before the addition of 4-MUS substrate at

concentrations of 2.5, 5, l0 and 20 mM prepared in 0.1 M sodium acetate/acetic acid

buffer, heat-treated 0.1% BSA, pH 5.8 (100 ¡rL, in duplicate), and incubated at3ToCfot2

hrs. Reactions were stopped by the addition of 0.2 M glycine/l'{aoH buffer, pH 10'7 (100
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¡rllwell), and fluorescence read on a Perkin-Elmer 1420 multilabel counter' Figure 4'8

shows the fluorescence units plotted against the concentration of 4-MUS substrate used in

the assay.

From these results, it was determined that 4-MUS substrate at a concentration of 10 mM

gave the highest activity reading but, as a compromise between assay sensitivity due to

background reading and consumption of reagents, it was decided to use 4-MUS substrate at

a concentration of 5.0 mM. The lower background reading for 4-MUS substrate at 5'0 mM

gave ahigher signal-to-noise ratio, thus increasing the lower limit of detection in the assay'

4.3.3.3. Determination of optimum pH

To determine the optimum pH, Wt ASA (40 ng/ml) in 20 mM sodium acetatelacetic acid

buffer, heat-treated 0.1% BSA, pH 5.5 (100 ¡rllwell in duplicate), was added to Immunlon@

4HBX Removawell@ strips pre-coated with the primary polyclonal antibody (5.0 pglml)

and incubated (4oc, overnight). The plates were washed (6x) before 5 mM 4-MUS

substrate in 0.1 M sodium acetalelacetic acid buffer, heat-treated 0'1% BSA, pH ranging

from 4.5 to 7.o,was added (100 ¡rllwell) and incubated at 37oC for 2 hrs' Reactions were

stopped by the addition of 0.2 M glycine/lr{aoH buffer, pH 10'7 (100 ¡rllwell), and

fluorescence read on a Perkin-Elmer 1420 multilabel counter' Figure 4'9 shows the

fluorescence units plotted against the pH. From this result, the pH optimum of the

immune-capture assay was determined to be pH 5'0'

4.3.3,4. Immune-capture activity assay perþrmunce

The Wt ASA calibrator was serially diluted from 2.0 ng/well to 2.0 pglwell in 20 mM

sodium acetatelacetic acid buffer, heat-treated 0'I% BSA, pH 5'5, in Immunlott@ 4HBX

Removawell@ strips pre-coated with the primary polyclonal antibody (5'0 pglml)' in

duplicate. The plates were incubated at 37oC overnight and washed (6x) with 20 mM

sodium acetalelacetic acid buffer, pH 5.0, before the addition of 5 mM 4-MUS substrate

prepared in 20 mM sodium acetatelacetic acid buffer, heat-treated 0.1% BSA, pH 5'0 (100

¡rllwell). The plate was sealed with Linbro@ plate sealer and incubated at 37oC for 24 hrs'

Reactions were stopped by the addition of 0.2 M glycine/f{aoH buffer, pH 10'7 (100

pllwell), and fluorescence read on a Perkin-Elmer 1420 multilabel counter' The specific

activity of the Wt ASA calibrator used in the assay was determined using the tube method

(section 2.2.1.9).

3

135



g,
Ë
tr

o(J
oooo
o
tr

800000

700000

600000

500000

400000

300000

200000

100000

o
2 4 10

Polyclonal antibodY (pg/m L)

Figure 4.7 Immune capture activity assay of wt ASA with varying concentrations

of antibody coating and incubation times

Immunlon@ 4HBX Removawell@ strips were coated with the primary antibody at

concentrations of 10, 8, 4,2 and I p"glmL. V/t ASA (3.2 ng in 100 pL) was assayed as

described in section 4.3.3.1, with incubations carried out for t hr (r), 2 hrs (t), 4 hrs (r,)

and 8 hrs (o) at RT, and 8 hrs (x) and 16 hrs (*) at 4oC'
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Figure 4.8 ImmunecaptureactivityassayofWtAsAwithvaryingsubstrate
concentrations

Immunlon@ 4HBX Removawell@ strips were coated with primary polyclonal antibody (5

p,glmL) and incubated at 4oC, overnight. wt ASA (16.0 ngl100 pL) was assayed as

described in section 4.3.3-2.
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Figure 4.9 Immune capture activity assay of wt ASA with varying pH

Immunlon@ 4HBX Removawell@ strips were coated with primary polyclonal antibody (5

pglml) and incubated at 4oC, ovemight. Wt ASA (40 nglmL) was assayed as described in

section 4.3.3.3.
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Figure 4.10 shows the calibration curve for the v/t ASA calibrator in the immune-capture

activity assay. The assay showed a linear response over the range 3.0 to 780 pmol/h/well'

To monitor assay performance, thtee liquid quality control samples prepared from Wt ASA

at concentrations of 0.2,0.g and 2.0 ngrmL in 20 mM sodium acetatelacetic acid buffer,

0.lo/oheat-treated BSA, pH 5.0, were used: intra-assay CV, based on 20 observations' was

l8yo, l4yo and 6%o, respectively. Two quality control samples prepared from wt ASA'

designated Low QC (0.4 nglmL) and High QC (4.0 nglmL),were included in each assay for

the determination of inter-assay CV: based on six observations over 3'5 months, inter-assay

CV was IgYo and l3%o, resPectivelY'

The intra-assay CV was also determined for dried blood spot samples from an unaffected

control, which, based on20 observations, was found tobe 7o/o' A second blood spot from

another unaffected control was used as a quality control in each assay for the determination

of inter-assay cv, which, based on six observations ovel 2.5 months , was 160/o'
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Figure 4.10 calibration curve for ASA in the immune-capture activity assay

The ASA calibrator, at concentrations of 2.0 pglwell to 2.0 ng/well, was assayed using the

immune-capture activity assay described in section 4.3.4.1. The specific activity of ASA

was determined using the tube method described in section 2'2.1.9. The insert is an

enlargement of the graph showing the values of the ASA calibrator between 0 to 100

pmol/h/well.
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4.3.4. Immune-quantification protein assay

An immune-quantification assay using the sheep anti-ASA polyclonal antibody was

developed, optimised and validated. The experimental work involved in establishing this

assay is detailed below.

4.3.4.1. Optímising the concentrøtion for antíbody coating and the üssay incubation

time

To determine the optimum coating concentration for the primary antibody and the optimum

capturing period for the assay, Immunlon@ 4HBX Removawell@ strips (12 wells/strip) were

coated with the primary antibody at concentrations of 10, 8,4,2 and 1 p"glmL' diluted in

0.1 M NaHCO¡ across the strip in duplicate (100 pllwell) and incubated at 4oC, overnight'

Ten strips were coated, with two strips each (one for blank) designated for each incubation

time. The strips were washed (6x with DELFIA@ wash buffer) on a DELFIA@ plate washer

before V/t ASA (2.0 ngin 100 pL) diluted in DELFIAT arsay buffer was added to each.

The strips were incubated for 1,2,4 and 8 hrs (RT), and a further two strips were incubated

for 16 hrs (4oC). At the end of each incubation time, the strips were washed (6 x,

DELFIA@ wash buffer) on a DELFIA@ plate washer. DELFIA@ assay buffer (100 ¡rllwell)

containing 0.3 pglml of Eu3*-labelled anti-ASA polyclonal antibody was added and the

strips were incubated overnight at 4oC. The strips were then washed (6x, DELFIA@ wash

buffer) before the addition of 200 pL of DELFIA@ enhancement solution to each well. The

plate was shaken (15 min) and fluorescence measured on a DELFIA 1234 research

fluorometer.

Figure 4.11 shows the fluorescence units plotted against the concentration of antibody

coating. From these results, it was determined that a coating concentration of 5'0 pglml

with an incubation time of 16 hrs at 4oC was optimum for the assay. These values were

chosen aS a compromise between assay sensitivity, consumption of reagents' convenience

and consistency of assay perfoÍnance'
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Figure 4.11 Immune-quantifÏcation of wt ASA with varying primary antibody

concentrations and incubation times

Immunlon@ 4HBX Removawell@ strips were coated with the primary antibody at

concentrationsof10,8,4,2,Iand0'5pglmL'WtASA(2'0ngin100prl-)wasassayed

(section 4.3.4.1)with incubations carried out for t hr (r), 2 hrs Q, 4 hrs (r) and 8 hrs (x)

at RT, and 16 hrs (*) at 4oC'
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4.3.4.2 Optimising the detection antibody concentrøtion

To determine the optimum concentration of the detection antibody 1Eu3*-labelled anti-ASA

polyclonal antibody) for the immune-quantification assay, wt ASA (40 nglml) prepared in

DELFIA@ assay buffer was serially diluted 1:2 (100 ¡rL, in duplicate) in the pre-coated

(primary polyclonal antibody, 5.0 pglml) wells of Immunlo.t@ 4HBX Removawell@ strips

and incubated at 4uC, overnight. The strips were washed (6x' DELFIA@ wash buffer)' then

DELFIA@ assay buffer (100 pL) containing 0.1,0.2 and 0'4 pglmL of Eu3*-labelled anti-

ASA polyclonal antibody was added to each designated strip and incubated ovemight at

4oC. The strips were then washed (6x, DELFIA@ wash buffer) and 200 ¡rL of DELFIA@

enhancement solution was added to each well' The plate was shaken (15 min) and

fluorescence measured on a DELFÍA 1234 research fluorometer'

Figure4.l2showsthefluorescencelevelplottedagainstdifferentconcentrationsof

detection antibody. From the results, it was determined that a detection antibody

concentration of 0.2 p,grmLwas the most suitabre despite the fact that 0.4 pgrmL gave the

highest reading. The decision was based on the background reading obtained from the

concentrations tested at 0.1, 0.2 and 0.4 pglmL, which were 3 577,5 444 and 8 874

fluorescence units, respectively. The selection of 0.2 p"glmL for the assay was a

compromise between assay sensitivity, consumption of reagents and consistency of assay

performance.

4.3.4.3. ASA immune-quøntiJication assøy pedormønce

wt ASA was diluted to 40 nglmL in DELFIA@ assay buffer, serially diluted 1:2 (100

pllwell, in duplicate) in pre-coated þrimary polyclonal antibody, 5.0 pglml) wells of

Immunlon@ 4HBX Removawe'@ strips and assayed in the finar conditions described in

section2.2.|0.2.Figure4.l3showsthecalibrationcurveforthewtAsAcalibratorinthe

immune-quantification assay. The results showed that the assay was linear in its response

over the range 8.0 to 1 000 Pglwell'

To monitor assay performance, three liquid quality control samples prepared from wt ASA

at concentrations of 0.2,0.8 and 2.0 nglmL in DELFIA@ a'say buffer were used: the intra-

assay CV, based on 20 observations, was l8o/o, l4o/o and 9o/o, respectively' A further two

samplespreparedfromWtAsA,designatedLowQC(0.4nglmL)andHighQC(4.0

nglmL),were also included in each assay as quality controls for the determination of inter-

assay cv, which, from a total of seven observations over five-months' was found to be

l}Yofor both samPles.
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Dried blood spot samples from an unaffected control were also used for intra-assay CV

evaluation, which, based on 20 observations, was found to be 10%. A further blood spot

from an unaffected control was used as a quality control in each assay for the determination

of inter-assay CV, which, based on six observations over three-months, was 19%o.

4.4. Additional parameters affecting assay performance

In addition to the assay optimisation process, other parameters that were considered to have

an effect on the assay were also assessed.

4.4.1. Comparison of enryme activity in the free and immune-captured activity

assays

The specific activity of v/t ASA in the free and immune-captured activity assays was

compared. The Wt ASA calibrator (2.0 nglwell lo 2.0 pg/well) was immune-captured and

activity determined using the protocol described in section 4.3.3.4. The free assay rù/as

performed using the same amount of Wt ASA calibrator in each well (50 ¡rL in 20 mM

sodium acetatelacetic acid buffer, heat-treated0.l% BSA, pH 5.0), with 50 ¡rL of 10 mM 4-

MUS substrate prepared Á 20 mM sodium acetatelacetic acid buffer, heat-treated 0.I%o

BSA, pH 5.0, assayed using uncoated Immunlon@ 4HBX Removawell@ strips, followed by

incubation at 37oC for 24 hrs. Reactions were stopped by the addition of 0.2 M

glycine¡.laOH buffer, pH 10.7 (100 pllwell), and fluorescence read on a Perkin-Elmer

1420 multilabel counter. The specific activity of Wt ASA used in the assay was determined

using the tube method (section 2.2.1'9).

Figure 4.14 shows the amount of ASA activity detected in the immune-capture activity

assay and the free assay: on average, the amount of activity detected using the immune-

captured assay was 47%o of the level detected using the free assay.
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Figure 4.12 Immune-quantifTcation of wt ASA with varying concentrations of

detection antibodY

Wt ASA, at concentrations ranging from 4 pg/well to 2 000 pglwell' was assayed in pre-

coated (primary polyclonal antibody, 5.0 ¡rg/ml) wells of Immunlo"t 4HBX Removawell@

strips using the protocol described in section 4.3.4.2. In each test strip, fluorescence was

determined by the addition of Eu3*-labelled anti-ASA polyclonal antibody (detection

antibody) at concentrations of 0.1 (a), 0.2 (l) and 0.4 pglmL ( ), respectively'

Fluorescence was measured on a DELFIA 1234 research fluorometer'
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Figure 4.13 Calibration curve for wt ASA in the immune-quantiflrcation assay

The Wt ASA calib rator, atconcentrations of 2.0 pglwell to 2.0 nglwell, was assayed using

the immune-quantification assay described in section 2'2'10'2' Fluorescence was

determined by the addition of Eu3*-rabelred anti-ASA polyclonar antibody (0.2 pglml).

Fluorescence was measured on a DELFIA 1234 research fluorometer' The insert is an

enlargement of the graph showing the values of the V/t ASA calibrator between 0 to 70

pglwell.
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Figure 4.14 calibration curves for wt ASA in the free and immune-capture activity

assays

Wt ASA calibrator, at concentrations of 2.0 pg/well to 2'0 ng/well' was assayed using the

immune-capture activity assay (t) described in section 4'3'3'4' and the free assay (O)

described in section 4.4.1. ASA specific activity was determined using the tube method

described in section 2.2.1.9. The insert is an enlargement of the graph showing the values

of the ASA calibrator between 0 to 100 pmol/h/well'
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4.4.2. percentage of Wt ASA captured by the anti-ASA polyclonal antibody

in the immune-capture activity assay

To determine the percentage of enzyme captured by the anti-ASA polyclonal antibody in

the immune-capture activity assay, wt ASA (4.0 ng in 100 ¡rL diluted in 0.1 M sodium

acetatelacetic acid buffer, heat-treate d 0.1% BSA, pH 5.6) was captured in pre-coated (5.0

pglmL anti-ASA polyclonal antibody) Immunlon@ 4HBX Removawell@ strips (itt

duplicate) by incubation at 4oC, overnight. After incubation, 50 ¡rL was transferred to new

uncoated wells of Immunlon@ 4HBX Removawell@ strips. The coated test strips were

washed (6x) before the addition to each well of 100 pL of 20 mM 4-MUS substrate

prepared in 20 mM sodium acetalelacetic acid buffer, heat-treated0.l% BSA, pH 5.6; 50

¡rL of 40 mM 4-MUS substrate prepared in 20 mM sodium acefatelacetic acid buffer, heat-

treated 0.1% BSA, pH 5.6, was added to each well of the uncoated strip. Both test strips

were incubated at 37oC for 2 hrs. The reactions were stopped by the addition of 0.2 M

glycineÀ{aoH buffer, pH 10.7 (100 pllwell), and fluorescence read on a Perkin-Elmer

1420 multilabel counter. As a control, the same amount of Wt ASA was assayed using the

free assay method (section 2.2.I.8). The results showed that, on avelage,the percentage of

enzyme captured by the anti-ASA polyclonal antibody was 90olo.

4.4.3. Effect of pH on the immune-capture activity assay

To determine the effect of pH during the capture step, immune-capture activity assays wele

carried out using (Ð 0.1 M sodium acetatelacetic acid buffer, heat-treated 0.1% BSA at pH

5.5, and (iÐ 0.1 M Tris/HC\,0.25 M NaCl buffer with 0.1% BSA at pH 7 '2 as diluent for

Wt ASA (4.0 ng/well to 2.0 pg/well), followed by incubation (4oC, overnight). The strip

incubated at pH 5.5 was washed (6x) with 20 mM sodium acetatelacetic acid buffer, pH

5.5, while the strip incubated atpH 7.2was washed (6x) with 20 mM Tris/HCl,0'25 M

NaCl buffer at pH 7.2. Activity was determined by the addition of 100 ¡rL of 10 mM 4-

MUS prepared in 20 mM sodium acetatelacetic acid buffer, heat-treated 0.1% BSA, pH 5'0,

using the protocol described in section 4'3 '3 '3 '

Figure 4.15 shows the difference in ASA activity using the capture step at pH 5.0 and pH

7.2, respectively: the activity obtained by capturing the protein at pH 5'0 was

approximately 20%o higher than that atpHT '2'
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Figure 4.L5 Effect of pH on the capture step in the immune-capture activity assay

Wt ASA (4.0 nglwell to 2.0 pglwell) was diluted and captured in 0'1 M sodium

acetatelacetic acid buffer, heat-treate d 0.1'% BSA, pH 5'5 (.,), and 0'1 M Tris/HCl' 0'25 M

NaCl buffer, heat-treate d,0.1%BSA, pH7 .2 (r). The strip incubated at pH 5'5 was washed

(6x) with 20 mM sodium acetatelacetic acid buffer, pH 5'5, and the strip incubated at pH

T.2waswashed(6x)with20mMTris/HCl'0.25MNaClbuffer,pHT.2.Activitywas

determined by the addition of 100 ¡rL of 10 mM 4-MUS prepared in 20 mM sodium

acetatelacetic acid buffer, heat-treate d 0.1% BSA, pH 5'0, using the protocol described in

section 4.3.3.3
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4.4.4. Effect of BSA on the immune-capture activity assay

To determine the effect of BSA on the background reading of the assay, l0 mM 4-MUS

substrate was prepafed using 20 mM acetatelacetic acid buffer, pH 5.8, with heat-treated

(60oC, 40 min) and non-heat-treated BSA (1 .0 glL), respectively. Each substrate was then

dispensed (100 pllwell) into two Immunlon@ 4HBX Removawell@ strips (12 wells/strip);

four control strips using 10 mM 4-MUS substrate prepared without BSA were also

included. one strip of each substrate was incubated at 37oC for 2 hrs; 100 ¡rL of 0.2 M

glycineÀtraOH buffer, pH l0.7,was added to the remaining strips (zero hr incubation). The

fluorescence was measured immediately on a Perkin-Elmer l42O multilabel counter. The

reactions on the incubated strips were stopped after the incubation period by the addition of

100 ¡rL of 0.2 M glycinea{aoH buffer, pH 10.7, and fluorescence measured on a Perkin-

Elmer 1420 multilabel counter.

The results showed that the fluorescence units obtained from the control, untreated BSA

substrate and the heat-treated BSA substrate were almost identical at zero hr incubation; no

increase was observed in the activity of the heat-treated BSA substrate after a 2 br

incubation, however a l2%o increase in activity was observed in the untreated BSA

substrate after a2 hr incubation.
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4.5. I)etermination of ASA in dried blood spots

The two immune-based assays developed in this study (sections 4'3'3 and 4'3'4) were

evaluated for their ability to measure ASA activity and protein in dried blood spots from

unaffected controls, ASA-PD individuals and MLD patients'

4.5.1. Immune-capture activity of ASA in dried blood spots

ASA activity in dried blood spots was determined using the immune-capture assay

described in section 2.2.10.1. Two blood spots (equivalent to 6 ¡rL whole blood) from 20

unaffected controls, four ASA-PD individuals and five MLD patients were assayed in

duplicate. Figure 4.16 shows that ASA activity in unaffected individuals was between 1'48

and7.|2pmollh/pl whole blood (median:4.16 pmol/h/pl), while no detectable activity

was observed in either ASA-pD or MLD individuals. Results shown are the mean of the

duplicate samPles.

4.5.2.Immune-quantifÏcationofAsAproteinindriedbloodspots
ASA protein in dried blood spots was determined using the immune-quantification assay

described in section 2.2.10.2. one blood spot (equivalent to 3 ¡rL whole blood) from 20

unaffected controls, four ASA-PD individuals and five MLD patients was assayed in

duplicate. Figure 4.17 shows that the median amount of ASA protein in unaffected and

ASA-PD individuals was 3 t.9 pglpL(range :2l.0to 46.3 pelÞLL) and 13.0 pelþL (range:

8.3 to 17.0 pglp"L) whole blood, respectively; no detectable ASA protein was observed in

MLD individuals. Results shown are the mean of the duplicate samples'

4.5.3.StabitityofAsAindriedbloodspotsstoredatroomtemperature
To assess the stability of ASA protein and activity, dried blood spots from an unaffected

control were stored at RT: six 3 mm spots were subsequently punched out at days 0, 1,2,3,

4, 5, 6,7, !0, 14, 18, 22,26 and 30. The dried blood spots were immediately placed in a

sealed plastic bag, placed in a desiccator and stored at -20oc until analysis on day 30' Two

spots (duplicate) were used for the immune-capture activity assay (section 2'2'10'l) and

one spot was used for the immune-quantification protein assay (section 2.2.10-2). Figure

4.18 shows that AsA protein was stable over the 30-day period but ASA activity had

decreased signihcantly, with only 39Yo of activity remaining at the 30-day time-point'

Results shown are the mean of the duplicate samples'
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To confirm this result, blood from an unaffected control was spiked with wt ASA and

N350S ASA (400 nglml), then spotted onto filter paper, dried and subjected to the same

experiment. The results showed that the amount of ASA protein was stable' with no

significant change observed over the 30-day period; wt ASA and N350S ASA activity had'

however, decreased to 28%o aú30Y"of the activity measured on day zero, respectively'

4.5.4.Effectofanti-coagulantonAsAactivityindriedbloodspots
To determine the effect of anti-coagulant on ASA activity in dried blood spots' blood

samples from three unaffected controls were collected in plain' lithium heparin and EDTA

tubes. The blood samples were spotted onto dried blood spot cards (50 ¡rllspot) and air-

dried. These dried blood spots were assayed in duplicate and the immune-capture activity

assay performed on the same day using the protocol described in section 2'2'10'l' No

difference in activity was observed in blood samples co[ected in plain, lithium heparin or

EDTAtubes,indicatingthatlithiumheparinandEDTAdonotinhibitAsAactivity.
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Figure4.16Immune.captureactivityofAsAindriedbloodspots

Two dried blood spots each were collected from unaffected controls (n:20), ASA-PD

individuals (n:4) and MLD patients (n:5). Assays were run in duplicate using the

immune-capture activity assay described in section 2'2'10'l' Results shown are the mean

of the duplicate samPles.
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Figure4.lTlmmune.quantificationofAsAproteinindriedbloodspots

Dried blood spots from unaffected controls (n:20), ASA-PD individuals (n:4) and MLD

patients (n:5) rwere assayed in duplicate using the immune-quantification assay described

insection2.2.|0.2.Resultsshownarethemeanoftheduplicatesamples.
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Figure 4.18 ASA stability in dried blood spots stored at room temperature

A dried blood spot was collected from an unaffected control. Six 3 mm punches were taken

from this blood spot at days I ,2,3,4,5,6,7,I0,14,18,22,26 and 30 post-collection. The

punches were immediately placed in a sealed plastic bag in desiccant and stored at -20oC

until analysis on day 30. Two spots were used for the immune-capture activity assay (in

duplicate) using the protocol described in section 2.2.10.1; one spot was used in the

immune-quantification assay (in duplicate) using the protocol described in section 2.2.10.2.

o : ASA protein; I = ASA activity.
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4.6. Discussion

A major aim of this study was to improve the diagnostic protocol for the detection of MLD'

From the literature, it is known that the major weakness in current biochemical diagnostic

methods is the inability to unambiguously diagnose a MLD patient by enzyme assay of

ASA activity alone: the repertoire of assays required to confirm a diagnosis is cumbersome'

time-consuming and only available in specialised laboratories. In consequence, relatively

few laboratories offer such testing. Furthermore, collection and transport of samples such

as whole blood and skin biopsies present logistical problems, particularly from remote

locations. l'o overcome these diffrculties, it was proposed to develop immune-based assays

for the measurement of ASA enzyme activity and protein from dried blood spots, which are

easily collected and transported'

There is also a requirement to ovelcome the diagnostic dilemma posed by the existence of

ASA-PD individuals. The approach taken in this study was to develop antibody-based

methodology that could distinguish ASA-PD individuals from unaffected controls and

MLD patients by detection of the enzyme with the N350S mutation. The N350S mutation

substitutes an aspalagine with a serine, thereby removing a glycosylation site on the surface

of the protein. The 3-D structure of the ASA protein (drawn with Mol script based on

human cDNA sequence by Stein et al., 1989) shows that the amino acid sequence

surrounding the N350S mutation is on the surface of the protein. Consequently, the

absence of the glycosylation site due to the substitution of the asparagine will expose the

surrounding amino acids. An antibody generated to recognise those peptides would

therefore be expected to differentiate N350S ASA from Wt ASA' However' the sheep

polyclonal antibody raised against the peptide conjugate across the N350 sequence failed to

capture the N350S protein in this study, despite showing specific cross-reactivity to N350S

ASA by Western blotting. This failure could be due to the surface being folded (buried)

consequent to a conformational change resulting from the missing carbohydrate residue' as

N-linked oligosaccharides are known to be associated with the folding, function and

stability of glycoproteins (Hammond et al', 1994)'

The carbohydrate residue in the ASA enzyme could also act as a buoy due to its hydrophilic

nature, thus maintaining the surface structure seen in the 3-D structure of the protein' This

hypothesis is further supported by the results obtained from epitope mapping of the sheep

and mice sera immunised against N350S ASA: no reactivity was observed on the 12 amino

acid sequence across the N350 site (section4.2.2) in all sera tested' Attempts to expose the

surface through heating and the addition of areducing agent (1% p-mercaptoethanol) were
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also unsuccessful (results not shown), suggesting that the level of denaturation was

insufficient to expose the N350S epitope or the protein. However, the failure to establish

an immune assay system to detect ASA-PD did not hamper' the aim to improve the

detection system for MLD. This initial impediment to the detection of ASA-PD was

overcome by the development of two immune-based assays with the necessary specificity

and sensitivity required to discriminate between ASA-PD and MLD'

Monoclonal antibody production was a challenging aspect of this study' Despite a number

of attempts, no useful monoclonal antibodies were generated' While strong titres were

obtained using Freund's complete adjuvant, immunisation using the ImmuneEasyrM mouse

adjuvant produced almost no immunological response. The manufacturer of the

ImmuneEasyrM mouse adjuvant claimed that it had the ability to invoke antibody titres that

were at least equal to or higher than that induced by Freund's complete adjuvant, using less

antigen and in less time, however, the resultant titre of 1:4 000 indicated otherwise' There

was no plausible explanation for the failure, as the titre level did not increase subsequent to

the administration of an extra booster dose'

Epitope mapping has aided our understanding of the epitope reactivity of polyclonal

antibodies produced against native enzymes obtained from sheep and mouse sera towards

the linear sequence of the ASA enzyme. The result showed that the polyclonal antibodies

generated against Wt ASA and N350S ASA produced a very low percentage of high-

affinity reactivity epitopes to the ASA enzyme. On avetage,the sheep polyclonal antibody

raised against N350S ASA produced slightly more rhan 20o/o of high-affinity epitopes,

while the sera from mice immunised against Wt ASA produced only 5Yo of high-affinity

reactivity epitopes. comparatively, the high-affrnity epitopes were far less than those

obtained with iduronate-2-sulphatase, which was reported to produce approximately 60Yo of

high-affinity epitopes (Parkinson-Lawrence et a1.,2005)' This suggests that the ASA

enzymeis not antigenic to mice and could be due to the high degree of homology (86%)

between the mouse and human ASA amino acid sequence (Kresying et al'' 1994)'

Despite the low percentage of high affinity epitopes observed' three peptide conjugates

were designed based on the results of epitope mapping. It was anticipated that the peptide

conjugates would be more antigenic than the native enzymes since they were specifically

designed to represent the surface of the native protein' However' test-bleed samples from

mice immunised with these peptide conjugates showed that the antibody titre against wt

ASA was very low (1:4 000), even though an overall increase in titre level (>1:1 000 000)
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was obtained in most mice. These results indicated that the epitope on the ASA enzyme

was not recognised by antibody produced against these peptide conjugates' Due to time

constraints and the fact that the anti-ASA polyclonal antibody was working weli in the

immune-based assays, the task of producing a monoclonal antibody was discontinued'

A number of problems encountered in the immune-based assay optimisation process were

resolved. It is noteworthy that the concentration and pH of the 4-MUS used in the study

ranged from 5 mM to 40 mM, and the pH ranged from pH 5'0 to pH 5'8' The concentration

of 4-MUS substrate used in the earlier part of the study was either from the existing

protocol used in the Department of Genetic Medicine or obtained from the literature.

However, the final concentration and pH used was determined through characterisation of

the enzymes and optimisation of the immune-based assays'

High background readings were evident in both the immune-capture and immune-

quantification assays. It was found that the background reading in the immune-capture

activity assay was inherent to the 4-MUS substrate and, to a lesser extent, to the 0.1% BSA'

which was used as a stabiliser in the assay buffer. This finding led to the use of 4-MUS

substrate at a concentration of 5 mM rather than 10 mM. Although results of the substrate

concentration experiment showed that 10 mM 4-MUS gave a higher signal at the higher

end of the calibration curve, the background reading was almost two-fold higher' which

would have significantly reduced assay sensitivity' The contribution of BSA to the

problem of background reading was ovefcome by heat-treating the BSA at 60oc for 40 min

before use. The higher background reading may have been due to the presence of

catalytically active bovine ASA acting on the 4-MUS' High background reading was

overcome in the immune-quantification protein assay through the use of detection antibody

at a lower concentration (0.2 ¡rglml) than was optimal (section 4'3'4'2)'

An additional factor affecting assay background was the pH of the buffer used as diluent in

the immune-capture activity assay in SF lysates: it was found thaf at pH 5'0' the

background was almost two-fold higher when compared to the capture step carried out at

pH 7 .2. The reason for this is unknown but from observations made during the assay' SF

lysates diluted in buffer at pH 5.0 became turbid, which may have been due to the protein

aggregations present in SF, hence contributing to the higher background reading due to

unspecific protein binding. For this reason' the immune-capture activity assay for SF

lysates used 0.1 M Tris/HC!, 0.25 M NaCl, pH 7 '2, as opposed to the sodium acetatelacetic

acid buffer, pH 5.0, used in the dried blood spot assay' 
15g
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Azf%increaseinactivitywasobservedintheimmune-captureactivityassayindried

blood spots when the capturing step was carried out at pH 5'0 (Figure 4'15) compared with

pH7.2. This increase could be due to the nature of the ASA enzyme captured at pH 5'0

(octamer form), thus binding more tightly to the antibody-coated wells and having more

accessible active sites for substrate cleavage' It was also demonstrated that the immune-

capture activity assay was captur\ng >90o/o of the ASA enzyme using the wt ASA

calibrator (40 nglml), hoìfevel, the activity of the captured enzymewas only about 47% of

the level obtained in the free assay. The reduced activity could be due to the steric

restriction of the captured eîzyÍrre,thus reducing its accessib'ity to the substrate. Another

possible reason is the inhibitory effect on the enzyme arising from the capturing polyclonal

antibody. However, the lower activity was corrected by the use of an activity calibration

curve with each assay.

The absence of ASA activity in the dried blood spots co'ected from ASA-'D individuals

led to studies of enzyme stability (section 4'5'3)' It was expected that these individuals

would retain some residual enzyme activity since a reasonable amount of ASA protein was

detected in the immune-quantification assay. The resurts of the experiment carried out in

section 4.5.3 showed that ASA in dried blood spots stored at RT was unstable, with

significant loss of activity over time. One explanation that may account for this is the

change in pH that occurs in dried blood. However, this particular problem was overcome

by storing the dried blood spots at -z}oc: ASA enzyme in dried blood spots stored at this

temperature was stable for up to three-months'

Theeffectofanti-coagulantonbloodcollectedinheparinandEDTAwasalsoinvestigated.

Anti-coagulants that act by chelating (such as EDTA) are known to have inhibitory effects

on the activity of some lysosomal enzymes @ersonal communication' Prof' J' Hopwood)'

The results of these experiments showed that neither EDTA nor heparin had such an effect

on the ASA enzYme

In conclusion, the two immune-based assays developed in this study were shown to be

highly specific, with the immune-quantification ASA protein assay having the ability to

clearly distinguish between unaffected controls, ASA-PD individuals and MLD patients

(section 4.5.2) using a 3 mm blood spot sample' This is one of the most important

achievements of this project. The ability of these assays to measure ASA protein and

activityindriedbloodspotsandunequivocallyidentiffMLDpatientswillsimplifythe159
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procedures for sample collection, handling and storage for MLD testing' This will be

particularly important for countries where sample collection and transport services are not

well established or where transport overseas is required. The development of these assays

will provide a more rapid and definitive diagnostic procedure for MLD'
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CHAPTER FIVE

Establishment of a Sulphatide Quantification Method using

ElectrospraY Ionisation-Tandem Mass Spectrometry and

Development of a SulPhatide Loading Protocol

5. Introduction and aims

with the detection of asymptomatic MLD patients viaNBS pfogrammes' it will be essential

to ascertain the crinical phenotype of these individuars. The ability to accurately predict

clinical phenotype in an asymptomatic newbom will help the physician reach a decision

about the most appropriate form of therapy and when it should commence' In addition'

careful assessment of the benefit or otherwise of therapy in these patients will require new

biochemical monitoring strategies. As discussed in section l'4'7, genotype-to-phenotype

and genotype-to-enzy me (1.4.7.1) correlations have limited application for the prediction of

clinical severitY for MLD.

In the case of MPS I (Bunge et a1.,1998) and Gaucher disease (Whitfield et a|"2002)'

biochemical prediction of clinical severity utilises multiple parameters such as enzyme

activity and protein, accumulated substrate and genotyping in SF, thus making SF a suitable

model for the measurement of these parameters in MLD' However' because sulphatide

does not accumulate in the sF of MLD patients (Dawson et al., 1972)' the only way to

determine the substrate in SF is by induced accumuration through sulphatide-loading in

cultured cells using either a radio-labelled substrate (Leinekugel et al'' 1992) ot a

fluorescent substrate (Bach et al., 1987). In this study, ESI-MS/MS methodology was

established and employed to measure the rate of sulphatide accumulation as well as

secondary storage of other lipids in SF that had been subjected to sulphatide-loading' The

use of ESI-MS/MS for the direct quantification of sulphatide in SF extracts was expected to

simplify the loading protocol by avoiding the use of radio-labelled sulphatide'

Furthermore, the method is amenable to the measulement of urinary sulphatide as a means

bywhichtopredictclinicalseverityaswellasmonitortherapy.

An ESI-MS/MS sulphatide quantification method was previously established in this

Department, which enables the measurement of 13 species of monohexosyl sulphatide and

one species of dihexosyl sulphatide in MLD urine (whitfield et al',2001a)' This study

seeks to improve that methodology by characterising and identiffing additional sulphatide

specles.
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Hence, the two main aims of this chapter wele, firstly, to establish an EsI-MS/MS method

to accurately quantify sulphaticle, and' secondly, to develop a functional SF assay to enable

the quantification of stored substrate. In addition, an established glycosphingolipid

quantification method (Fuller et a1.,2005a) was employed to quantify secondarily stored

lipids resulting from sulphatide accumulation'

5.1. Sulphatide quantification using ESI-MSiNIS

Sulphatides show strong ionisation in negative ion mode and produce a characteristic

daughter ion at m/z 97 during collisionally activated dissociation (cAD) (Hsu e/ al'' 1998

and whitfr eld et at.,200la). Hsu et al. (rggg) also characterised the sulphatide species

based on their fatty acid substituents using CAD MS/MS' CAD-MS/MS can also be used

to resolve ambiguities associated with some sulphatide species where m/z values

correspond to either a sulphatide with a non-hydroxylated fatty acid substituent or a

hydroxylated fatty acid substituent with one additional double bond in the fatty acid; an

example of a m/z value that demonstrates this ambiguity is 890.8' which can be either

sulphatide 24O or sulphatide h23:7'

According to Hsu et al. (1998), sulphatide species with an cr-hydroxy fatty acid (hFA)

substituent will yield a characteristic ion cluster consisting of m/z 522, m/z 540 and m/z

568: the product ion at m/z 568 originates from the a-hydroxy-direct cleavage of the fatty

acid side-chain fiom the parent ion; the subsequent loss of CO produc es m/z 540' and the

loss of Hzo f-orms m/z 522. This ion cluster is either absent or ress abundant in the non-

hydroxylated fatty acid substituent. These characteristics, together with the common ions

at m/z 97 anð m/z 241and the ions resulting from the fatty acid amides (FA-amide), allow

the identifrcation of each sulphatide species'

5.1.1. Identification of sulphatide species

The identification of sulphatide species in this study was carried out using urine from a

known MLD patient and sulphatide from bovine brain (sigma chemical co'' st' Louis'

MO, USA). Lipids were extracted from urine (1.0 mL) according to the method of Bligh

and Dyer (section 2.2.17.1); a sulphatide preparation from bovine brain was dissolved in

chloroform/methanol (1:a) (50 ¡rmol/L). Both samples were analysed by the infusion

method described in section 2.2.1g.5 using the instrument settings described in section

2.2.18. Figure 5.1 shows the Ql scan in negative ion mode for both the MLD urine extract

(A) and bovine brain sulphatide (B)'
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cAD MS/MS identified both the hydroxylated and non-hydroxylated sulphatide species in

MLD urine and bovine brain. Each ion corresponding to a theoretical [M-H]-r of a

sulphatide species identified in the Ql scan was subjected to CAD MS/MS analysis' CAD

was performed by scanning the cE value, starting at -130V and finishing at -5'0v' using

the method of identification employed by Hsu ¿/ at. (1998), a total of 18 sulphatide species

were identified in MLD urine: nine species each of the hydroxylated and non-hydroxylated

species were found in significant amounts, including two dihexosyl species (Table 5'1)'

Table 5.2 summarises the sulphatide species identified in the bovine brain sulphatide: 18

sulphatide species were identified, 10 of which were found to be hydroxylated; the

remainder consisted of the non-hydroxylated species'

CAD-MS/MS was used to resolve the ambiguity of sulphatide species at m/z 890 and m/z

g04. The tandem mass spectra in Figure 5.2 show the daughter ions obtained after CAD-

MS/MS on the parent ions at m/z 890 (Panel A) and at m/z 904 (Panel B). CAD-MS/MS of

the parent ion at m/z 890 produced an FA-amide ion at m/z 392 andthe common ions at m/z

24I and m/z 97; the common ion at m/z 241is known to be a dehydration product of the

galactose-sulphate moiety, while the latter is known to be HSOa- (Hsu et al',1998)' This

identified the sulphatide as a non-hydroxylated species with a fatty acyl chain of 24:0'

6AD-MS/MS of the parent ion at m/z 904 produced the cluster ions of m/z 568, m/z 540

and m/z 522, and a FA-amide ion at m/z 406. This fragmentation pattern identified the

sulphatide species as a hSulp24:1 rather than Sulp25:0'
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Figure 5.1 Mass spectra of sulphatide from MLD urine and bovine brain obtained

from Q1 scan.

A lipid extract from MLD urine (sect ion 2.2.17 .1) and bovine brain sulphatide (50 pmol/L

in chloroform/methanol [1:a]) was analysed by the infusion method described in section

2.2.18.5. Sulphatide species were detected in negative ion mode' Panel A shows the

sulphatideprolrleobtainedfromMLDurineandPanelBshowsthesulphatideprofile

obtained from bovine brain sulphatide using a Q1 scan.

164



Table 5.1 Sulphatide species identified in MLD urine

hFA ion

clusterb
Fatty acYl.a

chatn A-amide ionF

794
806
822
834
848
850
862
876
878
888
890
892
904
906
918
920

ß24b
rc52b

280
308
324
336
350
352
364
378
380
390
392
394
406
408
420
422

364

392

hSulPl6:0
Sulp18:0
hSulPl S:0

Sulp20:0
Sulp21:0
hSulp20:0
Sulp22:0
Sulp23:0
hSulp22:0
Sulp24:1
Sulp24:0
hSulP23:0
hSulP24:1
hSulP24:0
hSulP25:1
hSulp25:0

dhSulP22:0
dhSulp24:0

+

+

+

+

+
+

+

+

+

" sulp : sulphatide; hsulp : hydroxy sulphatide; dhSulp : dihexosyl sulphatide;

b - indicates the absence or low abundance of the ions associated with hFA (m/z 522' m/z 540 and m/z 568);

+ indicates the presence ofthe hFA cluster ions'
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Table 5.2 Sulphatide species identified in bovine brain

Fatty acYl
.a

charn FA-amide ion (m/z\

hFA

clusterb
m/z)(

280
308
324
336
352
364
378
380
390
392
394
404
406
408
418
420
422
434

+
794
806
822
834
850
862
876
878
888
890
892
902
904
906
916
918
920
932

hSulpl6:0
Sulpl8:0
hSulplS:0
Sulp20:0
hSulp20:0
Sulp22:0
Sulp23:0
hSulp22:0
Sulp24:1
Sulp24:0
hSulp23:0
Sulp25:0
hSulp24:1
hSulp24:0
Sulp26:1
hSulp2S:1
hSulp2S:0
hSulo26:1

+

+

+

+

+

+

+

+

+

r sulp : sulphatide; hSulp : hydroxy sulphatide; dhSulp : dihexosyl sulphatide;

b - indicates the absence or low abundance of the ions associated with hFA (m/z 522, m/z 540 and m/z 568);

+ indicates the presence ofthe hFA cluster ions'
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Figure 5.2 Tandem mass spectra of CAD-MS/MS on parent ions of tn/2890 ùnù m/z

904

parent ions were identified using ESI-MS/MS with Q1 scan before being subjected to

CAD-MS/MS with CE scanned from -130V to -5'0V' Panel A: tandem mass spectrum of

parent ion m/2890 producing daughter ions of m/z 97, m/z 241 (common ions) and m/z 392

(FA-amide ion) in the absence of hFA cluster ions; Panel B: tandem mass spectrum of

parent ionm/zg04producingdaughterions of m/297,m/2241 (commonions) andm/2406

(FA-amide ion) in the presence of hFA cluster ions (m/z 522, m/z 540 and m/z 568)'
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5.1.2. Establishing multiple reaction monitoring mode for sulphatide

quantification

Quantification of individual sulphatide species was performed using MRM mode where the

ions monitored represented the parent [M-H]-' ion and the most abundant daughter ion (m/z

97) resulting from the release of HSO+-. Based on the results obtained from the

characterisation and identification of individual sulphatide species in MLD urine and

bovine brain, a total of 19 MRM pairs, including m/z 778.8197.0 (16:0-sulphatide' which

was added as ISTD), were selected based on their relative abundance in both sample types'

The MRM ion pairs used to quantify sulphatide are listed in section 2.2.l8.l,Table2'I'

The coefficient of variation (inter-assay) of the assay in the Department of Genetic

Medicine at the women's and children's Hospital, Adelaide, sA, Australia, has previously

been reported as s.1% (whitfield et al. 2002); in the present study the coefhcient of

variation (intra-assay), determined in triplicate assays ftom 22 cultured SF in the presence

of sulphatide, was 2-26%.

5.2. Development of a sulphatide-loading protocol

The development of a sulphatide-loading protocol for SF cell cultures was essential since

sulphatide does not accumulate in the SF of MLD patients. All loading protocols reported

to date utilise either 35s-labelled (Porter et al., 1971; Fluharty et al., 1978; Kihara et al.,

l9S0) o, toc-rtearic acid-labelled sulphatide (Kudoh et al., l98l); various fluorescence

derivatives of sulphatide have also been employed (Viani et al',1989; Monti et al'' 1992)'

The use of ESI-MS/MS to quantify accumulated suiphatide was expected to simpliff the

loading protocol by avoiding the use of radio-labelled substrate and replacing it with crude

bovine brain sulphatide that is directly incorporated into the culture media'

5.2.1. Optimisation of sulphatide concentration in culture media for sulphatide

loading

To determine the optimum concentration of sulphatide to be incorporated into the cell

culture media for loading, SF from late-infantile MLD and unaffected controls were

cultured to seven-days post-confluence using the conditions described in section 2'2'12'

The cells were washed with pBS (3 x 5.0 mL) before the addition to each flask of BME

(S.0 mL) containing 5% HIFCS ,l%o penicillin/streptomycin and bovine brain sulphatide in

concentrations of 0,2,4,8, 16, 32 and 64 ¡rM. The cells were then incubated (5o/o CO2'

37'C) for a fuither three-daYs.
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After the incubation period, all SF were harvested (section 2.2.13), sonicated (section

2.2.I6),and total protein quantified (section 2.2'5)' cell lysates (100 ¡rL) were extracted

forlipidanalysisusingthemethodofFolch(section2.2.|7'2),sulphatidewasquantified

in each cell extract as described in section 2'2'18't

Figure5.4showstheamountofaccumulatedsulphatideinSFfromlate-infantileMLDand

unaffected contrors curtured in BME with different concentrations of sulphatide over a

period of thre,ê'days: sulphatide accumulation was highest in late-infantile MLD SF

cultured in media containing 64 ¡rM sulphatide; the control cel lines showed onry a slight

increaseinsulphatideaccumulation,withthehighestamountinthecelllineculturedin64

prMsulphatide.At64¡rMsulphatide,controlcellsaccumulatedsulphatidetoslightlyless

than 100/o of that observed in the late-infantile MLD cell line' In view of this' it was

cretermined that the optimum concentration of surphatide to be used for roading was 64 ¡rM.

S.2.2.Optimisationoftheincubationperiodforsulphatideloading

To determine the optimum period for incubation, SF from rate-infantile MLD patients and

unaffected controls were cultured to ,"rr.rfþuy, post-confluence using the conditions

described in section 2.2.12. The cell lines were washed with PBS (3 x 5'0 mL) before the

addition to each flask of BME (S.0 mL) containing 5% HIFCS , ro/o penicillirvstreptomycin

and bovine brain sulph atide (64 pM). The ceils were then incubated (5% coz,37oc) for I'

2,4,6,8 and 10 daYs.

On reaching each incubation time point, one flask of each of the designated cell lines was

harvested (section 2.2.13) and the cell pellet stored at -20oc' upon harvesting at the last

time-point (day 10), all sF were sonicated (section2'2'16) and protein determined (section

2,2.5). Using the method of Folch (section 2,2'|7.2) each cell lysate (100 pL) was

extracted for lipid analysis. Sulphatide quantification was performed using ESI-MS/MS' as

described in section 2'2'18'I'

Figure5.5showstheamountofaccumulatedsulphatideinlate-infantileMLDandcontrol

SF cultured in media with 64 pM surphatide at different incubation times. sulphatide

accumulation in late-infantile MLD SF was highest on day 10' but the rate of increase had

started to taper-off from day g. It was determined that an incubation period of eie$avs in

BMEcontaining5%HIFCS'1%penicillirr/streptomycinwith64¡rMbovinebrain
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sulphatide was required for the optimum accumulation of sulphatide in late-infantile MLD

SF cell lines

5.2.2,1. Determínatíon of secondary lþid accumulatíon

The effect of sulphatide accumulation on other lipids in the unaffected control and late-

infantile MLD SF ceil lines over the incubation period was also investigated. The samples

.utilised in section 5.2.2 weresubjected to lipid profiling using ESI-MS/MS' as described in

sections 2.2.1g.2,2.2.1g.3 arÅ2.2.1g.4. Figure 5.5 shows the changes recorded in the level

of PG/LBPAI8:1/18:1, which was measured at each time point and plotted over lO-days'

These observations, together with the results obtained in sections 5'1 and 5'2'led to the

conclusion that the optimal conditions for maximum sulphatide accumulation can be

achieved by culturing sF in BME containing 5% HIFCS ' Io/o penicillirvstreptomycin with

64 pM bovine brain sulphatide over eight-days'
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Figure5.3EffectofsulphatideconcentrationinunaffectedandMLDskinfibroblasts

sF from late-infantile MLD (r) and unaffected controls (o) were cultured ín75 cmz flasks

to seven-days post-confluence in BME (10 mL) containing 10% FCS' The cell lines were

washed with PBS (3 x 5.0 mL) before the addition of BME (S'0 mL) containing 5%

HIFCS, 1% penicillirr/streptomycin and bovine brain sulphatide' The cell lines were then

incubated(5YoCOz,37'C)forafurtherthree-days'Aftertheincubationperiod'allSFwere

harvestedandsonicated,andtotalcellproteinmeasuredusingtheprotocoldescribedin

section 2.2.5. The cell lysates (100 pL) were extracted using the method of Folch and

sulphatide quantification was performed by ESI-MS/MS' as described in section 2'2'18'l'
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Figure 5.4 Effect of incubation time in unaffected and MLD skin fibroblast cultures

sF from late-infantile MLD (o) and unaffected controls (o) were cultured in15 crr] flasks

to seven-days post-confluence in BME (10 mL) containing 10% FCS and incubated (5%

co2,37uC). The cell lines were washed with PBS (3 x 5.0 mL) before the addition of BME

(s.0 mL) containing 5% HIFCS, lYo penicillin/streptomycin and bovine brain sulphatide

(6a pÐ. The cell lines were then incubated (5%o coz,37oC). On the days indicated' one

SF cell line each from MLD and unaffected controls was harvested and kept at -20oc; all

SF were sonicated on day 10. Extraction of ceil tipids (100 ¡rlieach cel line) was carried

out using the method of Folch before sulphatide quantification was performed by ESI-

MS/MS, as described in section 2'2'18'l'
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Figure 5.5 Effect of incubation time on secondary lipid accumulation in unaffected

and MLD skin fibroblast cultures

sF from late-infantile MLD (r) and unaffected controls (o) were cultured in75 cm2 flasks

to seven-days post-confluence in BME (10 mL) containing l0% FCS and incubated (5%

co2,37oC). The cell lines were washed with PBS (3 x 5'0 mL) before the addition of BME

(8.0 mL) containing 5% HIFCS , 7o/o penicillirvstreptomycin and bovine brain sulphatide

(6a ¡rM). The cell lines were then incub ated (5Yo COz,37oC)' On the days indicated' one

SF ce' line each from MLD and unaffected controls was harvested and kept at -20oc; all

SF were sonicated on day 10. Extraction of cetl lipids (100 plleach cell line) was carried

out using the method of Folch before the quantification of phospholipids was performed by

ESI-MS/MS, as described in section 2'2'18'2'
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5.3. Discussion

The need to accurately predict clinical phenotype in asymptomatic newborns and monitor

the effectiveness of therapy prompted the establishment of an ESI-MS/MS sulphatide

quantification method in this study. An existing method (whitfield et al.,200la) was

extended and adapted to a MS/MS instrument that had higher sensitivity and allowed the

quantification of more sulphatide species'

In this study, pure 16:0-sulphatide was used as the ISTD for quantification purposes'

consistent with that used by whitfield et at. (2001a)- The effect of endogenous 16:0-

sulphatide in urine on the quantification of sulphatide species was minimised by the

addition of an excess amount of ISTD (2.5 nmol). The endogenous contribution from this

species in bovine brain was less than 0.5o/o of the total sulphatide and was therefore not a

major source of error in the loading experiment'

The characterisation and identification of prominent sulphatide species in MLD urine and

bovine brain sulphatide was made possible with the use of the cAD ESI-MS/MS method

employed by Hsu et at. (1998). The sulphatide species in MLD urine and bovine brain

were similar, with the exception of dihexosyl sulphatide species, which were absent in the

bovine brain sulphatide. Two dihexosyl sulphatide species were found in the MLD urine'

which were identihed as having fatty acyl chains of 22.0 (m/z 1024) and 24:0 (m/z 1052),

respectively. overall, the assignment of MLD urine sulphatide species based on the parent

and daughter ion analyses are consistent with those assigned by Whitfield et al' (2001a)' In

addition to those species reported by v/hitfrerd et ar. (200ra), four additional sulphatide

species with m/z 848, 91 8, g20 and 1052 were identified in this study as sulphatides with

fatty acyl chains of 2|:0,h25:|,h25:0 and24]0 dihexosyl, respectively.

The assignment of each sulphatide species in the bovine brain is consistent with those

reported by Hsu et al. (1998). Five additional sulphatide species with m/z 794,822' 850'

g92 and 920 were identified in this study as sulphatides with fatty acyl chains of h16:0,

hl8:0, h20:0, b23:0 and h25:0, respectively. The major difference between sulphatide

species in MLD urine and bovine brain was relative abundance: the most abundant

individual species found in MLD urine was the non-hydroxylated species with a fatty acyl

chain of 22:0 (behenic acid), while the non-hydroxylated species with a fatty acyl chain of

24:0 (lignoceric acid) was the most abundant species found in the bovine brain'
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The second aim of this chapter was to develop a functional assay to measure the

metabolism of sulphatide in sF, which was essential because surphatide does not naturaily

accumurate in SF of MLD patients. previous reports have indicated that the methods used

to disperse exogenous lipids in media for loading studies can influence both the rate of

uptake (viani et a1.,1989; Rousseau and Gatt' 1990) and the distribution of lipids within

the cells (Sutrina and Chen, |982; Lipsky and Pagano, 1985; Inui et ø/. 1988). In this

study, bovine brain sulphatide was incorporated into BME' containing 5% HIFCS and lo/o

penicillin/streptomycin. Bovine brain sulphatide stock solution (20 mM) was prepared in

chloroform/methanol (2:1 [v/v]) prior to its incorporation into the media' with a final

concentration of less than 0.5% (v/v). The direct incorporation of this stock solution into

the media was achieved by adding it to pre-warmed media (37"C) with gentle mixing (at

reast 10 min). The media containing the dissorved surphatide was kept at 37oc until use'

The addition of 5% HIFCS to the culture media was essentiar since FCS has been reported

asbeingnecessafyforthecorrecttargetingofsulphatidetothelysosome(Inuie/ø/.1988).

The FCS was heat-inactivated to prevent the endogenous ASA in the FCS from digesting

the sulphatide.

To achieve maximum sulphatide accumulation in SF' two conditions thought to have an

effect on the rate of accumulation were optimised: 1) sutphatide concentration; and 2)

incubation period. The results of the surphatide-loading experiment using different

surphatide concentrations showed that sulphatide accumuration in sF from late-infantile

MLD patients was linear with sulphatide concentration up to 8'0 pM; thereafter' each2-

fold increase in sulphatide concentration resulted in an increase in surphatide accumulation

in these cells of approximat ely 30o/o. This result was comparable to the cell uptake rate

reported by Kudoh et ar. (1gs1) who used rac-stearic acid-labelled surphatide as the

substrate in their study. The amount of sulphatide hydrolysed by the control cell line at the

end of the three-day incubation period.was also comparable to the result reported by Kihara

et ar. (rgg0), who used a 24 t*'ovm' 3ss-rabelred rat brain surphatide/unlabelled beef brain

sulphatide mixture in their study. Kihara et al. (1980) reported that the control cells

hydrolysed between 82o/o to 92Yo ofthe incorporated sulphatide by day 5' while the initial

resurts from the loading experiments carried out in this study showed that the unaffected

control cells hydrolysed approximately g0% (average) compared to the amount

accumulated in the late-infantite MLD cell line'

Thedifferenceinsulphatideaccumulationobservedbetweenlate-infantileMLDand

control SF indicated that the loading protocol was delivering sulphatide to the lysosomg



andthatdegradationwasoccurTinginthecontrolcelllinebutnotintheMLDcellline.The

use of crude sulphatide as the sole substrate in the loading experiment has not been

previously reported. The results obtained in this study compare t'avourably with those

reportedbyothers'despitedifferencesinthesubstrates'loadingprotocolsand

quantification methods that were employed'

Previous reports suggest that altered lipid composition as a result of sulphatide

accumulation might play a role in defining the pathogenesis of MLD' as discussed in

sections \.4.3.2.2and 1 .4.3.2.3. In this study, additional lipids were measured in the cell

after sulphatide-loadin$, since secondary changes in lipid levels may be useful markers of

crinicar severity in MLD. The initiar resurts of lipid analysis showed relatively few changes

as a consequence of sulphatide accumulation, howevef' one significant observation was the

increase in the PG/LBPA species: eight out of the 13 species were found to be elevated in

the MLD SF when compared to the unaffected controls' Even though LBPA has been

reportedtobeelevatedinNiemann-Pickdisease(Hutereretal.,1983),theincrease

observed in this study courd be attributed to either pG or LB'A or both (section 2-2.18'2),

as the MRM mode used in this study does not differentiate between the two'

Thesuccessfuluseofunlabelledsulphatideasasubstrateforloadinghascircumventedthe

substratepreparationstep;priortothistheradiolabelledsubstrateanaloguerequired

preparation 'in-house' before loading could be performed' which restricted the use of this

technique to specialist laboratories only' This study has demonstrated that' with the

quantification of surphatide by ESI-MS/MS, crude surphatide can be directly incorporated

into culture media for loading studies'

Inconclusion,thefirstaimofthischapterwasachievedwiththeestablishmentasulphatide

quantification method using ESI-MS/MS on a API 3000 tandem mass spectrometer' A

total of 19 MRM ion pairs were used for quantification, based on the prominent sulphatide

species found in MLD urine and bovine brain'

The second aim of this chapter was met through the development of the loading protocol

for the sF functional assay. The initial results showed that the direct incorporation of

sulphatide into cell culture media was functional and comparable with other reported

sulphatide-loading methods. The application of these methods as prognostic indicators of

clinical severity will be reported and discussed in Chapter 6'
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CHAPTER SIX

Prediction of Clinical SeveritY in Metachromatic LeukodYstroPhY

6. Introduction and aims

The accurate prediction of clinical severity for MLD patients will become a laboratory

responsibility once presymptomatic detection of affected individuals is achieved' The

genetic and clinical heterogeneity observed in MLD makes accurate prediction of clinical

severity based on genotype-to-phenotype and genotype-to-enzyme activity correlations

unreliable (sections I.4.7 and 1.4.7.1). sulphatide is the primary storage substrate in MLD:

the measurement of this compound in urine as a means by which to differentiate ASA-PD

individuals from MLD patients has had some success but it does not' on its own'

unequivocally identify each of the MLD clinical phenotypes (section 1'4'3'1'1)' The

experimental aim of this section of the project was therefore to establish new analytical

techniques to improve the prediction of clinical severity for MLD'

To overcome existing limitations, two separate approaches were evaluated in this study'

The first approach was the measurement of sulphatide and other lipids by ESI-MS/MS in

urine collected from unaffected controls, ASA-PD individuals, and juvenile and late-

infantile MLD patients. The underlying hypothesis for this approach was that mass

spectrometric analysis of a wide range of lipid types would identify useful additional

diagnostic markers, since sulphatide accumulation is known to have an effect on lipid

homeostasis in the cell (sections I.4.3.2.2 and 1 .4.3.2.3); ESI-MS/MS would also provide

the necessary sensitivity and accuracy to detect the minute changes not otherwise

measurable by conventional methods'

The second approach was to perform biochemical profiling in sF collected from unaffected

controls, ASA-pD and ASA-pD/MLD individuals, and patients affected by the three major

forms of MLD. ASA protein and activity were determined using the immune-based assays

developed in this study and these were used to calculate the specific activity of ASA' which

provided additional information on the functional aspect of the mutant eîzyme' The SF

were then subjected to quantification of stored substrates and lipid profîling' This was

achieved through induced accumuration of surphatide with the surphatide-loading protocol

developed in this study (section 5.2). The results obtained from these experiments wefe

then correlated to both the patient phenotype and other biochemical data to validate the

markers for their usefulness as predictors of clinical phenotype'
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6.1. Sulphatide quantifÎcation and lipid profiling of urine samples

urine samples from 11 MLD patients, six ASA-pD individuals and 1g unaffected controls

wereusedinthisstudy;thecohortofunaffectedcontrolsconsistedofsixsampleseach

from adults (>18 years), juveniles (10-16 years) and infantiles (l-4 years)' The

biochemical data for all patients whose urine was analysed in this study are shown in Table

6.1 . Genotyping and measurement of ASA activity in blood leucocytes and sF was carried

out in the National Refenal Laboratory for the Diagnosis of Lysosomal' Peroxisomal and

Related Genetic Disorders, Department of Genetic Medicine' women's and children's

Hospital, Adelaide, SA, Australia'

6.1.1. Normalisation of urinary analytes

Earlier reports have shown that normalisation of urinary sulphatide against urinary

phosphatidylcholine (PC) enables better differentiation between ASA-PD and MLD

patients than urinary sulphatide normalised against volume or creatinine (cR)' This is

thought to result from urinary volume and cR being rerated to glomerular filtration, while

pc originates from the same renar ce's as surphatide and can thus effectively correct for the

amount of urinary sediment in each individual (whitfrerd et ar.,2001a); furthermore, Pc is

known to be unrelated to the MLD disease process (Whitfreld et a\.,2001a)' In this study'

statistical analysis was performed on the lipid analytes normalised to urinary volume' cR

and pc to assess the suitability of each method of normalisation (expressed as nmol/L'

nmol/mmol/cR and nmor/nmór pc): as reported by whitfrerd et aI. (2001a) normalisation

to urinary PC was most informative, thus all urinary lipid data are presented as nmol/nmol

PC.

6.1.2. ESI-MS/IVÍS determination of urinary sulphatide

using the method of Bligh and Dyer (section 2'2'17 'l)' sulphatide was extracted from sF

lysatescollectedfromthepatientcohortdescribedinsection6.landmeasuredusingESl-

MS/MS (section 2.2.15.1). Table 6.2 summarises the value of each sulphatide species and

total sulph atide,which was expressed as nmol/nmol PC'

s
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Table 6.1 Biochemical data of individuals providing urine samples in this study

Age at
sampling

ASA activityb
(nmol/min/mg

Urinary
creatinine

a Genotype

ASA-PD/?

ASA-PD/ASA-PD

ASA-PD/ASA-PD

ASA-PD/T3g1S

ASA-PD/ASA.PD

ASA_pD/ASA-pD+y39C

T274MlT274M

A212VN39C

Not done

Not done

R84Q/R1 14X

SDEx2/1027delC

SDEx2/P426L

Not done

Y306H/1622G>A(lVS5)

insG97-99/P426L

S Sex
1-UA6

(n=6)
UJ1 -UJ6
(n=6)
ur1-u16
(n=6)

U1

U2

U3

U4

14

10-16

Normal

Normal

27-51

23

27

31

I
29

26

M

F

M

M

M

M

F

M

F

F

M

M

F

F

M

F

M

U5

U6

U7

U8

U9

u10

u11

u12
u13

u14

u15

u16

u17

0.34

0.66

0.66

045
0.63

o 6oc

030
0.04

030
0.15

0.1 1

0.14

012
0.38

NAd

0.20

NAd

5.9

8.8

3.0

1.2

12.0

8.1

1.6

2.4

66
4.7

1.4

3.7

4.7

9.4

10.7

0.9

11.3

5

4

I
2

2

2

12

10

11

4

13

Normal

ASA-PD

ASA-PD

ASA-PD

ASA-PD

ASA-PD

ASA-PD

Late-infantile

Late-infantile

Late-infantile

Late-infantile

Late-infantile

Late-infantile

Juvenile

Juvenile

Juvenile

Juvenile

Juvenile

3

Y306H/1622G

. U.in" samples from: UAI to UA6: unaffected adults; UJI to UJ6: unaffected juveniles; UII to UI6:

unaffected infantiles; Ul to U6: ASA-PD individuals; tJT toUl2: late-infantile MLD; and U13 to U17:

juvenile MLD;

b 
blood leucocyte ASA activity measured using artificial substrate (control range I -5 nmol/min/mg protein);

. ASA activity measured in SF using artificial substrate (control range 6-50 nmoVmin/mg protein);

d Ne : not available.
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Table 6.2 U sulphatide (nmoVnmol PC)a in unaffected controls, ASA-PD individuals and MLD patients

hSulp
16:0

Sulp
18:0

0.06-
0.30
0.03-
o.29
0.1 6-
0.88

0.38

0.10

046
0.93

013
0.32

Sulp
20:0

Sulp
22:O

0.26
0.06-
0.22
0.22-
0.37

0.36

0.23

0.21

0.70

0.33

0.62

23:O

0.05-
0.15
0.03-
0.12
0.11-
0.21

0.19

o.12

0.12

0.34

o.17

032

h

21'3 20:0

hSulp
22'.O

Sulp
24t1

hSulp
23:0

018
0.04-
016
0.12-
0.27

0.34

0.15

0.20

0.57

0.25

069

hSulp
24:1

0

hSulp
25:1

hSulp

24iO 24:O 22:O 24:0

o.o2-
0.07
0.01-
0.07
0.02-
0.09

0.07

0.02

0.05

011

0.06

016

0.04-
0.17
0.02-
0.15
0.08-
0.32

0.24

0.07

0.20

039
0.08

o.24

0.02-
0.08
0.01-
0.07
0.03-
0.'t0

0.10

0.03

0.06

014
0.04

0.14

18:0

0.43

0.96

1.34

0.91

109

0.08
0.02-
0.09
0.07-
0.12

0.10

0.05

0.07

0.'19

0.07

015

0.03-
0.06
0.01-
0.07
0.03-
0.08

0.09

0.04

0.04

0.10

0.04

0.10

0 03-
0.07
0 01-
0.08
0.04-
0.11

013
0.04

0.08

o.21

0.07

0.20

0.05-
0.16
0.04-
0.15
0.11-
0.24

028
012
0.15

048
0.21

0.56

0.05-
0.14
0.02-
0.13
0.09-
0.25

0.18

0.07

0.16

030
0.13

018

0.07-
0.19
0.05-
018
0.18-
0.33

0.37

017
023
0.66

032
0.51

018
0.04-
015
0.'1 1 -
0.23

0.25

012
0.17

0.41

0.17

0.45

0.11-
0.38
0.09-
0.30
0.25-
055
0.75

0.29

0.36

1.25

0.57
'1.58

0.02-
0.10
0.01-
0.06
0.02-
0.09

0.20

005
0.07

0.11

003
0.12

0.07
0.01-
0.07
0.02-
0.09

0.14

0.06

0.09

0.14

0.05

0.18

0.07
0.01-
0.06
0.02-
0.09

0.11

0.02

0.07

0.11

0.07

0.22

2.71
0.51-
2.42
1.68-
4.42

4.28

1.76

2.80

7.15

2.76

6.73

03-0

UA1-UA6
(n=6)

UJ1-UJ6
(n=6)

ut1-u16
(n=6)

u10

u11

u12

Normal

Normal

Normal

ASA-PD

ASA-PD

ASA-PD

ASA-PD

ASA-PD

ASA-PD
Late-

infantile
Lete-

infantile
Late-

infantile
Late-

infantile
Late-

infantile
Late-

infantile

U1

U2

U3

U4

U5

U6

U7

U8

U9

068

1.38

1.45

1.11

138

0.56

106

092

081

'1 .46

1.00

1.58

1.92

1.62

2.50

0.43

0.61

1.02

0.65

104

0.74

1.33

2.10

140

'1.55

5.07

8.79

10.72

7.68

1'1.99

1.55

2.15

3.02

1.88

318

2.23

4.05

5.25

385

4.06

z.to
2.35

2.14

667
5.25

3.24

1.31

1.82

1.54

1.73

355

1.37

1.03

0.74

3.61

1.93

1.33

3.48

528

4.75

4.21

7.39

3.45

3.26

2.24

11 74

5.18

4.64

1.60

2.43

3.22

2.16

273

165
'1.50

1.34

4.66

296
238

2.68

4.67

5.43

4.00

4.98

2.83

2.68

2.24

9.89

517

4.94

916

10.66

7.79

8.15

5.52

6.77

4.67

22.84

11.36

10.27

0.30

040

0.56

0.35

050

026
0.19

0.21

0.87

0.47

0.41

0.35

0.50

0.88

044

0.47

0.33

0.20

o.26

0.81

0.58

044

1.23

0.63

1.00

1.09

0.86

078
0.27

1.19

1.55

0.54

0.53

172

0.84

1.44

1.39

1.20

1.33

0.41

2.08

2.22

1.00

28.3

49.1

56.2

43.0

584

324
28.9

22.9

88.0

56.2

0.78 0.68 0 64 1.28 0.48 0.98 5'87 1 54

U13 Juvenile 0.79 0.27 0 34 O'75 0 25 O'70 4'65 1 08

U14 Juvenile 0 60 O 33 O'41 0'65 O'35 0 69 4 19 1'19

U15 Juvenile '1 .95 O 81 0 98 1'91 0'66 1'90 1 1 99 3'51

U16 Juvenile 1.33 1.28 1 06 1 98 0'76 1'75 9'14 2 26
4

U17 J 102 0.49 0.91 1.O2 5.57 1

sulphatide species were determined by ESI-MS/MS using MRM mode (section 2'2'18'l);

b Sulp: sulphatide; hsulp: hydroxy sulphatide; dhSulp: dihexosyl sulphatide;

" Totul : the sum of the l8 individual sulphatide species'

ç
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6.1.3.ESI-MS/MSdeterminationofurinaryphospholipids,glycolipidsand
gangliosides

The lipid extracts used to determine urinary sulphatide (section 2'2'18'l) were also used to

measure urinary phospholipids in negative ion mode using the protocol described in section

2.2.|s.2,andurinaryglycolipids,sphingomyelinandPCinpositiveionmodeusingthe

protocol described in section 2.2.18'3' Gangliosides were extracted from the aqueous phase

using the Bligh and Dyer extraction procedure (section 2'2'17 '3)' and analysed by ESI-

MS/MS using the protocol described in section 2'2'18'4'

Sixty.oneindividualanalyesweredeterminedusingMRMmode,whichcomprised:Seven

ceramide (Cer) species; six each of glucosylceramide (GC), lactosylceramide (LC),

ceramide trihexoside (CTH) species; Seven phosphatidylcholine (PC) species; three

sphingomyelin (SM) species; 13 PG/LBPA species; nine phosphatidylinositol (P| species,

andfourmonosialoganglioside(Gv:)species.Thevalueofeachurinarylipidspeciesand

the total of each species was expressed as nmol/nmol Pc and summarised in Table 6'3'

6.|.4.FragmentationofsulphatidespeciesinpositiveionmodeusingEsl.Ms/NIS

Sulphatide can undergo a loss of sulphate in the erectrospray source (Naggar et al''2004)'

thereby producing galactosylceramide of dihexosylceramide that will subsequently

fragment under positive ion mode MS/MS conditions to produce a major product ion at m/z

264 anda minor product ion at m/z zg2 (whitfrerd et ar.,200ra). This suggests the

possibilitythatthesulphatidespecieswerecontributingtothesignalofGCandLC

measuredinpositiveionmode(section2.2.|s.3).Toinvestigatetheextentofthis

contribution,bovinebrainsulphatidestandard(0.64pM)preparedinchloroform/methanol

was analysed for gtycolipid content in positive ion mode (section 2'2'18'3)' The results are

summarised in Table 6'4

6.1.5. StatisticalanalYsis

The Mann_whitney u (M-W U) test was used to evaruate the ab'ity of each anal¡e to

differentiate between: (i) MLD and unaffected controls; (ii) ASA-'D and unaffected

controls;and(iii)ASA-PDandMLDpatients.Table6.5summarisestheM-wUvalues

and the significance (p) values for each analyte in each comparison' The values of a

number of analytes showed significant differences between the unaffected control and

MLDgfoups:sixofthesevenCerspecies(theexceptionbeingCer23:|);GC24:|,LC24:1

and CTH'8:0; two of the seven PC species ,PC32:0 and PC36:4; five PG/LBPA species,

PG/LBPA18:1/18:0, 18:1/18:1, 18:1/1 8:2, |8:|122.5 and |8:|122:6; a|| 18 sulp species; and
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total cer, cTH, PG and sulp. Although significantly different values were observed in

many anal¡es in the control and MLD patient groups, most did not completely differentiate

either group but rather tended to overlap (a M-W U value greater than 0)' The exceptions

to this were the urinary sulphatide species, minus Sulp18:0 (M-W U value of 17)' CTH

lg:0, which had a M-V/ U value of 0, was thought to be the signal from dhSulph24:O and

will be further discussed in section 6'3'

A comparison of the values between ASA-PD individuals and unaffected controls showed

significant differences in 19 analytes: cet23:0, Cer24:0, cTHl8:0, CTH20:0, SMl6:0'

'G/LBPA20:4122:6, 
PG/LBPA22:6122:6,PIl8,0122:5, and 11 of the 18 Sulp species; the

varues for total cer, SM and sulp were arso found to be significantly different. However,

no anal¡e unequivocally distinguished either group'

A comparison of the analyte values between ASA-PD individuals and MLD patients

showed signilrcant differences in22 analytes: CTHl8:0, PGiLBPAIS:1/18:0' 18:1/18:1'

I8:lll8:2, l8:1120:4, and 17 out of 18 sulp species; the values for total PG/LBPA and sulp

were also found to be significantly different; and cTHl8:0 and 17 sulphatide species found

in the MLD patients were elevated in comparison to ASA-PD individuals'

clear discrimination between the different MLD phenotypes could not be achieved using

total urinary sulphatide alone, as shown in Figure 6.1: statistically, no significant

differences were observed in the amount of sulphatide detected between the juvenile and

late-infantile forms. Despite significant differences in the values of most sulphatide

species, not all ASA-PD individuals had urinary sulphatide levels above the unaffected

control range (Figure 6.1).

The values for hve out of 13 PG/LBPA species were significantly different between the

MLD and unaffected control groups, and four were significantly different between the

ASA-PD and MLD groups. This prompted fuither assessment of their usefulness as

markers of clinical severity. A scatter plot of hSulp24:0 against PG/LBPAI8:1/18:1 is

shown in Figure 6.2, which shows that four out of five juvenile MLD patients had lower

PG/LBPA values compared to those with late-infantile MLD, thus enabling some

discrimination between the two MLD groups'

To determine whether a relationship could be drawn between lipid markers and disease

severity, correlation coefficients (Spearman's rho) between the age at diagnosis and each
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lipid analyte were calculated for MLD patients. Age at diagnosis was used as a measure of

severity. The same analysis was performed on the control group to identify those lipids that

showed a correlation with age in the unaffected population. Table 6.6 shows the

Spearman's rho values obtained from unaffected controls aged less than l8-years old

(n:12) and MLD patients aged two- to l3-years (n:11); values that represent a significant

correlation (p<0.05) are bolded. No correlation was established between age and any

sulphatide species in the MLD group although a significant correlation was observed in the

control group, suggesting that urinary sulphatide is unlikely to be a useful marker of disease

severity in MLD. In contrast, a strong correlation was observed between

pG/LBpAl8:1/18:1 or 18:1/18:2 and age in the MLD group that was not apparent in the

control group, which suggests that the concentration of these lipids in MLD may vary with

disease severity. panel A in Figure 6.3 shows the graph of hSulp24:0 plotted against age

(no correlation), and Panel B shows the graph of PG/LBPA18:1/18:1 plotted against age

(strong correlation).
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Table 6.3 Ranges for urinary glycolipids, phosphatidylcholine, sphingomyelin, phospholipids and gangliosides (nmol/nmol PC)a in

unaffected controls, ASA-PD individuals and MLD patients

Analyteb
controls

max

controls

Max

controls

max

nfantile

max

uvenile

mex
Min mtn

7

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.04

000

001

0.02

0.02

0.01

0.03

003

0.08

0.06

0.03

0.02

mln mtn max

31

0.04

0.01

0.01

0.01

0.01

0.03

002

085

0.34

0.05

0.11

010

0.06

0.42

0.59

3.24

051

040

0.31

mtn mtn

4

0.03

0.00

0.00

0.00

0.00

o.o2

0.01

009

001

001

0.06

0.04

0.02

0.08

005

0.13

0.13

0.10

0.06

Age (years)

Cer16:0

Ce20:0

Ce120:1

Cer23:0

Ce23:1

Ce¡24:0

Cer24:1

GC16:0

GC18:0

GC20:0

GC22:0

GC24:0

GC24"1

LC16:0

LC20:0

LC22"O

LC22:0-OH

LC24:0

LC24:1

27

0.01

0.00

000

0.00

0.00

0.0r

0.00

0.06

001

0.01

0.03

003

0.0'1

0.08

0.06

0.13

013

0.06

004

51

002

0.01

0.01

0.02

0.01

0.02

0.01

0.39

006

006

0.12

0.08

004

0.20

0.26

0.76

0.35

0.27

0.17

l6

0.05

0.00

000

0.01

0.00

002

0.01

0.30

003

006

0.10

0.08

002

0.19

0.18

0.83

0.31

0.15

o.14

05

0.01

0.00

0.00

0.00

000

0.01

0.00

0.1 1

0.01

o.o2

0.05

0.04

0.02

0.1 0

0.10

0.28

0.20

0.10

0.07

4

0.03

000

0.00

0.01

0.01

0.02

0.01

141

0.08

0.07

0.16

0.13

0.04

029

0.40

2.01

0.53

0.30

019

I
0.01

0.00

0.00

0.00

0.00

001

0.00

0.10

0.01

0.01

0.06

0.04

0.01

0.06

0.06

0.24

0.20

009

0.06

2

0.01

000

0.00

0.00

000

0.01

0.01

010

0.02

o.o2

0.07

0.05

0.02

008

0.06

0.17

0.18

0.09

0.07

9

0.07

001

0.01

0.02

0.01

0.11

0.03

037

0.05

005

0.15

0.11

0.05

1.27

0.22

0.67

0.30

0.35

0.71

13

o.22

0.01

0.01

0.02

0.01

0.10

0.11

0.53

005

0.04

0.14

0.13

0.05

2.37

036

r66

0.41

0.65

1.45
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Table 6.3 Continued

MLD le Juvenile
Adult uvenile lnfantile

b

max mrn max mrn

CTH16:0

CTH18:0

CTH20:0

CTH22:0

CTH24:0

CIH24j

PC32:0

PC32:1

PC34:1

PC34:2

PC36:2

PC36:4

PC38:4

SM16:0

SM22:0

SM24:0

mln

0.04

0.03

0.04

0.05

0.04

0.02

004

0.05

0.38

019

0.14

0.04

0.02

0.15

018

0.16

0.18

0.10

o.12

017

0.10

0.12

0.06

0.08

0.42

0.25

0.22

0.09

0.03

0.25

030

o.29

0.03

0.01

0.o2

0.02

o.02

0.01

002

0.02

0.23

0.17

013

0.05

o.o2

0.06

0.13

0.09

0.23

0.08

0.10

012

010

0.07

0.06

0.05

0.51

038

0.24

0.08

004

0.24

0.32

0.30

'1.03

0.14

0.26

0.24

0.17

0.19

0.06

0.08

0.51

0.22

0.18

0.07

0.03

0.32

0.57

055

0.08

0.07

008

008

0.07

0.05

0.04

0.05

037

0.17

0.'14

005

0.02

0.20

0.29

o.25

o.27

0.16

0.27

0.21

0.19

012

0.09

0.07

0.45

0.25

0.19

0.07

0.03

0.36

042

0.46

0.07

0.21

0.05

0.05

0.05

0.03

0.05

0.04

0.43

0.11

o.14

002

0.02

014

0.20

0'18

0.17

1.17

0.19

0.15

011

0.11

0.13

0.07

0.51

0.21

0.18

0.07

0.03

028

0.31

0.34

0.08

0.19

004

0.07

0.05

0.03

0.06

0.05

0.36

0.11

0.14

o.o2

0.02

0.20

0.18

017

0.63

0.99

0.25

0.36

0.33

0.18

0.17

0.08

0.48

o.25

0.21

0.06

0.03

0.32

037

0.34

max mtn Max mtn

0.10

0.04

0.06

0.07

007

0.04

0.05

0.05

0.41

0.17

0.14

0.04

0.02

0.16

0.29

0.28

max

185



Table 6.3 Continued

PG/LBPA16:0/22:6

PG/LBPA16:1/20:4

PG/LBPA1 8:1 /1 8:0

PG/LBPA18:1/'18:1

PG/LBPA1 8:1/1 8:2

PG/LBPA18:1/20:4

PG/LBPA1 8: 1 /22:5

PGILBPAlS:1122:6

PGILBPAlS:2122:6

PGILBPA2O:4122:6

PGILBPA22:5122'.5

PGILBPA22:6122:5

PGILBPA22:6122:6

Pl1 6:0/1 8:0

Pl16:0/20:4

Pl1 8:0/1 8:1

Pl'18:0/18:1

Pl18:0/20:3

Pl18:0/20:4

J controls
Juvenile

max
b

e
mtn max

Max mln
mrn max

0.00

000

000

0.01

0.00

000

0.00

0.01

000

0.00

0.00

0.00

0.00

0.01

000

0.01

0.00

001

0.02

000

0.01

0.00

0.02

0.07

0.0'l

0.00

0.01

0.03

0.0'1

0.00

0.00

000

0.01

001

0.01

o.o2

0.02

0.02

0.06

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

000

0.00

000

0.00

0.00

0.00

0.00

000

0.00

0.01

001

0.00

0.00

0.01

003

0.01

0.00

0.00

0.02

0.01

0.00

0.00

0.00

0.01

0.02

0.01

0.01

002

003

0.05

0.00

000

000

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

001

0.01

001

0.00

0.01

0.03

0.00

0.01

0.00

003

0.02

0.01

0.01

001

0.01

000

0.00

0.00

0.00

0.00

0.65

0.01

002

0.01

0.02

0.06

0.00

000

0.00

0.01

001

0.01

0.00

0.00

0.01

0.00

000

0.00

000

0.00

0.01

0.00

0.01

000

0.01

0.03

000

000

0.00

0.01

008

0.02

0.00

0.01

0.04

0.01

0.00

0.00

0.00

0.01

0.02

0.01

0.02

0.02

002

0.06

0.00

0.00

0.00

0.04

009

0.02

0.00

0.00

001

0.00

000

0.00

0.00

0.00

0.01

000

0.01

0.00

001

0.03

0.00

0.01

0.00

007

0.18

0.03

001

001

0.05

001

0.00

000

0.00

001

0.03

001

0.01

0.02

0.01

0.05

000

0.00

0.00

0.01

0.03

0.0'1

0.00

0.00

0.00

0.00

000

0.00

0.00

0.00

0.01

0.00

0.01

000

0.01

0.03

0.00

0.01

0.00

0.05

0.10

0.03

0.01

0.01

0.02

0.01

0.00

0.00

0.00

0.01

0.03

0.01

0.04

o.o2

0.06

0.10

0.00

P118:O122:5
0.00
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Table 6.3 Continued

controls ASA/PD MLD lnfantile MLD uvenile
controls J controls

b

n mln

0.01

0.00

0.03

0.00

o.o2

0.02

0.04

0.28

0.66

0.46

1.00

0.52

0.17

0.08

0.07

max mrn max
mrn max mtn

0.00

000

0.01

0.00

0.01

0.01

0.01

0.10

027

012

1.00

0.28

0.02

0.03

003

max

001

0.0'1

0.27

013

0.20

0.24

0.08

1.79

3.64

1.69

1.00

1.45

0.09

0.76

0.84

Max mrn

Pl18: 1/18:'1

Pl18:112O:4

Gr,¡g 16:0

Gw22'.0

Gu¡ 24:0

Guz24'.1

Cer total

GC total

LC total

CTH total

PC total

SM total

PG total

Pl total

Gug total

0.00

0.00

0.0'1

0.00

0.01

0.01

0.03

0.16

052

023

1.00

049

0.04

0.07

003

0.01

0.01

0.13

002

0.08

0.06

0.09

0.70

1.99

0.74

100

083

0.16

0.14

o28

0.01

0.00

0.06

0.02

0.04

0.04

0.09

046

1.60

0.66

100

0.85

0.09

0.13

0.14

0.00

0.00

0.08

0.02

0.07

0.05

0.03

0.28

0.94

041

'1.00

0.73

0.04

009

023

0.01

000

0.02

0.00

0.01

0.01

0.04

0.25

0.71

045

1.00

0.73

0.05

009

004

0.01

0.01

0.07

0.02

0.05

0.04

011

124

5.47

1.17

1.00

1.24

0.20

0.15

0.16

002

0.00

0.18

008

0.14

0.15

0.22

0.70

299

184

1.00

0.91

0.35

0.13

0.54

0.00 0.01

0.00 0.01

0.06 0.30

0.00 0.07

0.02 0.17

0.02 0.24

0.07 0 46

0.25 0.86

0.57 5.39

0.47 2.60

1.00 1 00

056 095

0.08 0.22

0 08 0.25

0.11 0.75

species were deteÍnined bY ESI-

sphingomyelin, PG/LBPA

a glycolipids, phosphatidylcholine, sphingomyelin species were determined by ESI-MS/MS using MRM mode (section 2'2'18'3)' phospholipids

MS/l\4s using MRM mode (secrio n2.2.1g.2)and gangliosides species were determined by ESI-MS/MS using MRM mode (section2'2'18'4)

b c.. : ceramide; GC : glucosylceramide; LC : lactosylceramide; cTH : ceramide trihexoside, PC : phosphatidylcholine; sM

phosphatidylglycerol/lysobisphosphatidic acid, PI : phosphatidylinositol, Gr'¡s : Monosialogangliosides'
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Table 6.4 concentration of glycolipids measured from sulphatide (bovine brain)

using positive ion mó¿e by ESI-MS/1US"

b .c
lon pair Concentratio n (nmol)

Analytes

Cer16:0
Ce120:0
Cer20'.1

Ce123:0
Cer23'.1
Cer24'.0
Cer24'.1

GC16:0
GClB:0
GC20:0
GC22'.0
GC24'.0
GC24'.1
LC16:0
LC20:0
LC22:0
LC24:0
LC24:1

0.49
0.02
0.01
0.11
0.06
1.46
0.13
0.60
0.43
0.11
0.52
2.19
5.13
8.14

11.06
1.07
1.05
2.00

538.71264.4
592.71264.4
590.71264.4
636.71264.4
634.81264.4
650.71264.4
648.71264.4
700.61264.4
728.61264.4
756.81264.4
784.71264.4
812.71264.4
810.81264.4
862.41264.4
918.71264.4
946.71264.4
974,81264.4
972.81264.4

" The con"entrations of these glycolipids were obtained by ESI-MS/MS analysis of bovine brain sulphatide

(0.6a pM) using the protocol described in section 2.2'18'3,with concentrations expressed as nmol/L;

b C"r: ceramide; GC : glucosylceramide; LC : lactosylceramide; CTH : ceramide trihexoside;

c ion pairs indicate Ql/Q3 setting'
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Table 6.5 Discrimination between unaffected controls, ASA-PD and MLD patients

with urinary s,rtfnatiOe, glycolipid, phospholipid and ganglioside

speciesa

MLD vs Unaffected ASA-PD vs Unaffected ASA-PD vs MLD

b M.W U p value M.W U p value
Analyte M-W U o value

Ce116:0

Cer20:0

Ce¡20:1

Ce123:0

Ce¡23:1

Cer24:0

Cer24:1

GC,I6:O

GC18:0

GC20:0

GC22:O

GC24:O

GC24:1

LC 16:0

LC20:0

LC22:0

LC22:O-OH

LC24:O

LC24:1

CTH16:0

CTH18:0

CTH20:0

CTH22:0

CTH24:0

CTH24:1

PC32:0

PC32:1

PC34:1

PC34:2

PC36:2

PC36:4

PC38:4

SM16:0

SM22:0

SM24:0

PG/LBPA16:0/22:6

PG/LBPA16:1/20:4

PG/LBPAI 8:1/18:0

PG/LBPAI 8:1/18:1

PG/LBPAl S:1/18:2

PG/LBPA1 8:1 /20:4

PGILBPAIS:1122"5

PGILBPAlS:1122:6

PGILBPAlS:2122:6

PGILBPA20:4122:6

PGILBPA22:5122:5

PGILBPA22:6122:5

16

26

23

28

38

16

22

58

52

52

35

36

20

44

58

57

55

43

32

64

0

57

52

58

64

25

51

49

35

63

28

51

51

56

63

35

38

5

2

2

44

13

34

37

39

39

40

50

0.002

0.014

0.008

0.019

0.085

0.002

0.007

o.622

0.389

0.389

0 056

0.065

0.005

0.1 76

o 622

0.580

0.498

0.157

0.036

0 902

0.000

0.580

0.389

0.622

0 902

0.0'12

0.356

0.295

0.056

0.854

0.019

0.356

0.356

0.538

0.854

0 056

0.085

0.000

0.000

0.000

0.'176

0.001

0.049

o.074

0.097

0 097

0.110

30

25

31

23

33

16

28

41

33

45

37

36

44

32

34

35

JO

28

27

35

18

19

29

30

34

41

40

49

51

53

37

42

'14

30

28

36

43

40

42

40

52

37

34

28

22

33

26

24

0.110

0.053

o.125

0.039

o.162

0.011

0.083

0.386

0.1 62

0.549

0.257

0.230

0.505

0.142

0.182

0.205

0.230

0.083

0.072

0.205

0.0'16

0.020

0.096

0.1 'l 0

0.182

0.386

0.351

0.739

0.841

0.947

0.257

0.424

0.008

0.110

0.083

0.230

0.463

0.351

o.424

0.351

0.894

0.257

0.182

0.083

0.033

0.162

0.062

0.046

20

33

32

21

32

25

21

21

25

29

16

26

20

32

27

20

16

31

29

z5

0

16

29

27

25

20

22

16

17

29

17

20

14

17

18

27

31

1

7

4

13

20

32

29

28

32

30

0.191

1.000

0.920

0.228

0.920

0.421

0228
0.228

0.421

0.688

0.088

0.482

0.191

0.920

0.546

0.1 91

0.088

0.841

0.688

0.315

0.001

0.088

0.688

0.546

0.421

0.191

0.269

0.088

0.1 08

0.688

0.108

0.191

0.056

0.1 08

0.132

0.546

0.841

0.001

0.009

0.004

0.044

0.1 91

0.920

0 688

0.615

0.920

0.763

0.269
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Table 6.5 Continued

b
MLD vs Unaffected ASA-PD vs Unaffected ASA-PD vs MLD

M-W U p value M-W U p valuep valueAnalyte M-W U

P l1 6:0/1 8:0

Pl16'.0120:4

Pl18:0/18:1

Pl18:0/18:l

Pl18:0/20:3

P118'.0120:4

P118:O122:5

Pl18:1/18:1

Pl18'.1120:4

Grvrgl6:0

G¡¡t22'.O

GM3 24:0

Gus24'.1

hSulpl6:0

Sulp18:0

hSulpl S:0

Sulp20:0

Sulp21:0

hSulp20:0

Sulp22:0

Sulp23:0

hSulp22:0

Sulp24:1

Sulp24:0

hSulp23:0

hSulp24:1

hSulp24:0

hSulp25:'l

hSulp25:0

dhSulp22:0

dhSulP 24:0

Cer total

GC total

LC total

CTH total

SM total

PG/LBPA total

Pl total

Gturs total

56

48

52

61

49

58

47

43

52

53

63

60

62

0

17

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

14

63

55

25

63

6

55

60

0

0.538

0.268

0 389

0 758

0 295

0.622

0.242

0.157

0.389

0.424

0.854

0.712

0.806

0.000

0.003

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.001

0.854

0.498

0.012

0.854

0.000

0.498

0.712

0.000

39

49

JO

29

44

39

20

26

40

41

44

50

49

29

34

27

32

26

23

18

19

15

27

17

12

't6

14

2l
19

27

18

19

36

32

28

23

33

45

50

20

0.317

0.739

0.230

0.096

0.505

o.317

0.023

0.062

0 351

0.386

0.505

0.790

0.739

0.096

0.182

0.072

o 142

0.062

0.039

0.016

0.020

0.009

0.o72

0.014

0.005

0.011

0.008

0.028

0.020

0.072

0.016

0.020

0.230

o.142

0.083

0.039

0.162

0.549

0.790

0.023

25

29

24

21

18

21

21

32

14

15

18

21

21

0

14

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

22

24

27

21

'14

10

24

19

0

o.42',1

0.688

0.366

0.228

o.132

0.228

0.228

0.920

0.056

0.070

0.132

0.228

0.228

0.001

0 056

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.269

0 366

0.546

0.228

0.056

o.021

0.366

0.159

0.001
Sul total

a 
The relative amount of each analyte was determined by ESI-MS/MS using the MRM mode described in

sections 2.2.18.1,2.2.18.2,2.2.18.3 and,2.2'18'4' The M-W U and p values (<0'05 bolded) are reported for

all sulphatide, glycolipid, phospholipid and ganglioside species to enable comparison between MLD patients

(n:l l), unaffected controls (n:lS) and ASA-PD individuals (n:6)'

b C". - ceramide; GC : glucosylceramide; LC : lactosylceramide; CTH : ceramide trihexoside; PC :

phosphatidylcholine;sM:sphingomyelin;PG/LBPA:phosphatidylglycerol/lysobisphosphatidicacid;PI:

phosphatidylinositol; Gy3 : nìorosialogangliosides GM3; Sulp: sulphatide; dhSulp: dihexosyl sulphatide'
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urine (1.5 mL) collected from unaffected adults (unaff. Adurts), unaffected juvenile (unaff'

Juv.), unaffected late-infantile (unaff' Inf'), ASA-PD individuals (ASA-PD)' late-infantile
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urine (1.5 mL) collected from unaffected adults (X), unaffected juvenile (n), unaffected

rate-infantile (o), AsA-pD individuals (+), juvenile MLD (r) and late-infantile MLD (o).

hSulp24:0 and PG/LBPA18:1/18:1 were measured by ESI-MS/MS (sections 2'2'18'1 and

2.2.l8.2,respectively) and expressed as nmol/nmol PC'
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Table 6.6 correlation analysis between unaffected controls and MLD patients

with agea

Unaffected MLD

b
Spearman's Spearma n's

valuevalue

Ce116:0

Ce120:0

CerZO:1

Ce123:0

Cer23:1

Cer24:O

Cer24:1

GC16:0

GC18:0

GC20:0

GC22:O

GC24:O

GC24:1

LC16:0

LC20:0

LC22:0

LC22:O-OH

LC24:0

LC24:1

CTHl6:0

CTH18:0

CTH20:0

CTH22:O

CTH24:0

CTH24:1

PC32:0

PC32:1

PC34:1

PC34:2

PC36:2

PC36:4

PC38:4

SM16:0

SM22:0

SM24:0

PG/LBPA16:0/22:6

PG/LBPA1 6:1 /20:4

PG/LBPA18:1/18:0

PG/LBPA18:1/18:1

PG/LBPA1 8:1 /1 8:2

PG/LBPAl 8:1 /20:4

PGILBPA1S:1122.5

PGILBPAlE:1122:6

PGILBPAl3:2122:6

PGILBPA20:4122:6

PGILBPA22'.5122:5

PGILBPA22:6122:5

{.088
4.767

4.574
4.627

{¡.795

4.273
-0.151

{¡.592

{).536

4.473
{1.595

{.546
{t.637

4.529

-0.480

-0.515

-0.483

{1.641

{.557
{.564
4.574
-0.662

-0.529

{1.680

{1.585

4.284
4.602

4.483

0.571

0.322

0.620

0.473

-0.518

4.785

4.792
4.291

-0.252

{1.739

0.200

-0.091

4.606

-0.193

0.263

0.228

-0.070

0.095

0.207

0.787

0.004

0 051

0.029

0.002

0.390

0.640

0.043

0.073

0.121

0.041

0.066

0.026

0.077

0.114

0 087

0.111

0.025

0 060

0.056

0 051

0.019

0.077

0.0'15

0.046

0.372

0.038

0.111

0.053

0.307

0.032

0.121

0.084

0.003

0.002

0.359

0.429

0.006

0.534

0.778

0.037

0.549

0.409

o.477

0 829

0.770

0.519

0.6s8

4.032
4.271

-0.037

-0.184

0.294

o.372

{.299
-0.308

-0 303

-0.331

4.313
-0.069

0.234

-0 018

0.097

-0.363

0.124

0.267

-0.202

-0.046

-0.143

-0.005

0.115

-0.1 89

0.726

0.418

-0.492

0.253

-0.129

-o.271

-0.552

0.308

-0.409

-0.046

-0 087

0.602

-0.731

4.782
-0.731

4.639

-0.395

-0.216

-0.372

-0.041

-0.529

-0.372

0.028

0.925

0.420

0.914

0.588

0.380

0.259

0.372

0.357

0 364

0.320

0.349

0.840

0.488

0.957

0.778

0.272

0.716

o 428

0.551

0.893

0.676

0.989

0.736

0.579

0.011

0.200

0.124

0.453

0.706

0.420

0.078

0.357

0.211

0.893

0.798

0.050

0.011

0.004

0.011

0.034

0.229

0.523

0.259

0.904

0.094

0.259

0.6360'147
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Table 6.6 continued

MU

b
Spearman's

Rho

Spearman's
Rho nificant

Pl16:0/1 8:0

Pl16:0120:4

Pl18:0/18:1

Pl18:0/18:1

Pl18:0/20:3

Pl18'.0120.4

Pl18:0122:5

Pl18:1/18:1

Pl18:1120:4

GMg16:0

Gus22:O

Gue 24:0

Gw24:1

hSulPl6:0

Sulp18:0

hSulPl S:0

Sulp20:0

Sulp2'l:0

hSulp20:0

SulP22:0

Sulp23:0

hSulP22:0

SulP24:1

SulP24:0

hSulP23:0

hSulP24:1

hSulP24:0

hSulP25:1

hSulP25:0

dhSulP22:0

dhSulP 24:0

Cer total

GC total

LC total

CTH total

SM total

PG/LBPA total

Pl total

Grurg total

-0.550

-0.708

-0.655

0 035

-0.123

-0 466

-0.480

-0.473

-0.736

-0.690

-0.781

-0.690

-0.760

-0.774

-0.676

-0.795

-0.837

-0.771

-0.802

-0.851

-0.851

-0.858

-0.806

-0.86s

-0.858

-0.858

-0.844

-0.764

-0.662

-0.620

-0.697

-0.284

-0.550

-0.546

-0.578

-0.809

-0.091

-0.630

-0.729

-0.897

0.064

0.010

0.021

0.914

0.704

0.127

0.114

0.121

0.006

0.013

0.003

0.013

0.004

0.003

0.016

0.002

0.001

0.003

0.002

0.000

0.000

0.000

0.002

0.000

0.000

0.000

0.001

0.004

0.019

0.032

0.012

0.372

0.064

0.066

0.049

0.001

0.778

0.028

0.007

0.000

0.083

-0.510

0 064

-0.244

-0.166

-0.120

-0.060

-0.326

-0.244

0.212

-0.009

0.005

0.147

-0.055

-0.593

-0.414

-0.533

-0.556

-0.207

-0.317

-0.216

-0.129

-0.409

-0.161

-0.083

-0.046

0.1 70

-0.028

-0.143

-0.437

-0.285

0.354

-0 354

0 179

0.074

0.009

-0.768

-0.175

0.1 33

0.809

0 109

0 851

0 470

0.627

0.726

0.861

0.327

0.470

0.532

0.979

0 989

0.666

0.872

0 054

0.206

0 091

0.075

0.542

0.342

0.523

0.706

0.211

0.636

0.809

0.893

0 617

0.936

0.676

0.1 79

0 395

0 285

0285
0 598

0.830

0 979

0.006

0 607

0.696

0.560-0 198
total

a The relative amount of each analyte was determined by ESI-MS/MS using the MRM mode (sections

2.2.1g.1,2.2.1g.2,2.2.1g.3 aîd2.2.7g.4). The spearman's rho and p values (10.05 bolded) are reported t-or

all sulphatide, glycolipid, phospholipid and ganglioside species in unaffected controls aged less than l8-years

old (n:12) and MLD patients aged two- to l3-years old (n:11)'

b c., : ceramide; GC : glucosylceramide; LC : lactosylceramide; crH : ceramide trihexoside; PC :

phosphatidylcholine;SM:sphingomyelin;PG/LBPA:phosphatidylglycerovlysobisphosphatidicacid'PI:

phosphatidylinositol; G¡a3 : monosialogangliosides; Sulp : Sulphatide; hSulp : hydroxy sulphatide; dhSulph

: dihexosyl sulPhatide
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6.2. Biochemical profiling of SF samples

To evaruate the utility of using multiple biochemical parameters to predict clinicar severity

in MLD, SF from 13 MLD patients, two ASA-PD' two ASA-PD/MLD individuals and five

unaffected controls were subjected to biochemical profrling. In this context, biochemical

profiling refers to the characterisation of residual ASA protein and activity' as well as the

response of intracellular lipids to sulphatide-loading' Genotype data for all patients whose

sF were used in this study are shown in Table 6'7' Genotyping was carried out in the

National Referral Laboratory for the Diagnosis of Lysosomal' Peroxisomal and Related

Genetic Disorders, Department of Genetic Medicine' Women's and Children's Hospital'

Adelaide, SA' Australia'

6.2.1. Determination of ASA

To determine ASA activity and protein in SF, cells were cultured (section 2.2.12) to seven-

days post-confluence before being harvested (section 2'2'13) and lysed by sonication

(section 2.2.16). The total protein in each sF lysate was determined using the BcA method

(section 2.2.5). ASA activity and protein are expressed as pmol/min/mg cell protein and

ngl mgcell protein' respectively'

6. 2. 1. 1. Immune-quantiJication of ASA protein

ASA protein in sF lysates was determined using the immune-quantifrcation assay and the

protocol described in section 2.2.I0.2;the results are summarised in Table 6'8' The amount

of AsA protein detected was approximately: (Ð 10% and 5o/o of normal in ASA-PD and

ASA-PD/MLD SF, respectively; (ii) 2o/o and 3',5Yo of normal in adult and juvenile MLD

sF, respectively. The higher percentage of AsA protein detected in the juvenile group was

due to patient s15 (29.1 nglmg cell protein); and (iii) tess than 2o/o of normal in late-

infantile MLD SF. patients s20 and s21 had no detectable ASA protein (below the assay

detection limit of 95 pglmgcell protein)'

6.2.1.2. Immune-cøpture of ASA activily

ASA activity in SF lysates was determined using the immune-capture activity assay and

protocol developed in this study (section 2'2't0'1);the results are suÛrmarised in Table 6'8'

The amount of ASA activity detected was apploximately: (Ð 18% and 8'5% of normal in

ASA-PD and ASA/MLD SF, respectively; (ii) 3o/o and 1'5% of normal in adult and juvenile

MLDSF,respectively;and(iii)lessthanlo/oornormalinlate-infantileMLDSF'Patients

Slg,S20andS2lhadnodetectableASAactivity(belowtheassaydetectionlimitof0'6

pmol/min/mg cell Protein)' ß6



Using a combination of ASA protein and activity, unaffected controls, ASA-PD and ASA-

pD/MLD compound heterozygotes could be distinguished from each other (Figure 6.4).

However, with the exception of three of the five late-infantile MLD patients who had a

severe phenotype (S19, S20 and S21) and two whose ASA activity and protein (S20 and

S21 only) were below the limit of detection, these two parameters did not clearly

discriminate between the different phenotypes of MLD.

6.2.1.3. SpeciJïc actívitY of ASA

The specific activity of ASA was calculated for all of the SF samples analysed and is

shown in Table 6.8. Specific activity was: (i) higher than the control range in ASA-PD and

ASA-pD/MLD individuals; (ii) within or above the control range in adult MLD patients;

and (iii) below the control in late-infantile MLD patients. Specific activity in juvenile

MLD patients showed no consistent trend, with values that were either below or above the

normal range.
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Table 6.7 SF cell lines used to evaluate multiple parameters for the prediction of

clinical severitY in MLD

Age at samPling
Genotypeb

SF (years Type

S1

S2
S3
S4
S5
S6
S7
S8
S9
s10
s11
sr2
s13
s14
sl5
s16
s17
s18
sl9
s20
s21
s22

NA
NA
NA

NA
NA
NA
NA
NA
31

19
17

I
7

11

8

6
1

3

2
3

4

NA

Normal
Normal
Normal
Normal
Normal
ASA-PD
ASA-PD
ASA-PD/MLD
ASA-PD/MLD
Adult
Adult
Adult
Juvenile
Juvenile
Juvenile
Juvenile
Juvenile
Late-infantile
Late-infantile
Late-infantile
Late-infantile
Late-infantile

ASA-PD/ASA-PD
ASA-PD/ASA-PD
ASA.PD/T274M
ASA-PD/D169N
SDEX2/I1795
P426Llunknown
SDEX2/unknown
SDEX2/P4261
G345ClÍ274M
R244Cl R288C
SDEX2/unknown
5DEX2IP426L, Y429S

T274Mn274M
DeICCT(EX7)/DelCCT(EX7)
SDEX2/SDEX2
SDEX2/SDEX2
D335V/P3771

l}

'NA : age not available;

b sosxz : single deletion at exon 2; delccT(EX7): deletion of ccT at exon 7

198



Table 6.8 ASA activity and protein in cultured SF

ASA proteina ASA activityb SPecific activitYc

Type (ng/mq) (pmol/m ASA)SF

S1

S2
S3
S4
S5
S6
S7
S8
S9
s10
s11
sl2
s13
s14
s15
s16
s17
s18
s19
s20
s21
s22

204
200
215
263.
218
27.5
25.2
11.4

9.2
5.3
4.7
3.2
2.6
0.5

29.1
0.3
6.1

1.8

0.9
,d

no
,d

no

4.3

r 395.
1223
1171
17 14

1017
241

222
118
106
60.4
26.1

26.5
9.3
7.6

32.0
4.5

50.7
1.3
,d

no
,d

no
,d

no

10.5

6.8
6.1

5.5
6.5
4.7
8.8
8.8

10.4
12.2
11.4

5.6
8.3
3.6

15.3
1.1

15.0
8.3
0.7

nc"
nc

e
nc

2.5

Normal
Normal
Normal
Normal
Normal
ASA-PD
ASA-PD
ASA-PD/MLD
ASA-PD/MLD
Adult
Adult
Adult
Juvenile
Juvenile
Juvenile
Juvenile
Juvenile
Late-infantile

Late-infantile
Late-infantile

Late-infantile
Late-infantile

3

u 
Sp ASA protein was determined using the immune-quantification assay described in section 2.2.10'2;

b 
Sp ¡SR activity was determined using the immune-capture activity assay described in section 2.2.10.1;

c 
Specific activity was calculated by dividing ASA activity by ASA protein;

d 
nd : not detectable;

e 
nc : not calculated.
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sF lysates from unaffected controls (x), ASA-PD individuals (+)' ASA-PD/MLD

compound heterozygotes (x), adult MLD patients (o)' juvenile MLD patients (¡) and late-

infantile MLD patients (¡) were assayed for total cerl protein (section 2.2.5). ASA protein

was measufed using the immune-quantification assay (section 2'2'10'2), and ASA activity

was measured using the immune-capture activity assay (section 2'2'10'1)' ASA protein in

patients S19 and S20 was assigned the lower assay limit of detection (0.095 nglmg cell

protein). ASA activrty in patients S19,20 and2l was assigned the lower assay limit of

detection (0.6 pmol/min/mg cell protein)'
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6.2.2. LiPid Profiling

The 22SF cell lines were cultured (in triplicat e,75 crÊ flasks) in BME with 10% FCs to

seven-days post-confluence, as described in section 2'2'12' The cell lines were washed

withPBS(3x5.0mL)andculturedwithBME(8.0mL)containing5%HIFCS,1%

penicillin/streptomycin and bovine brain sulph atide (64 pM)' The cell lines were incubated

(5Vo Coz,37"C) for a further eight-days (section 2.2.I5),harvested (section 2.2.13) and cell

lysates prepared by sonication (sectio n 2.2.16), Total protein was estimated for all cell

lysates (section 2.2.5).using the method of Folch (section 2.2.17.2),lipids were extracted

from each SF lysate for ESI-MS/MS analysis'

6. 2. 2. 1. ESI'MS/MS detetmination of øccumulated s ulphøtíde

sulphatide was determined in the SF cell lysates by ESI-MS/MS (section2'2'18'I)' Table

6.9 summarises the mean value (n:3) of sulphatide accumulation in each cell line' which is

expressedasnmol/mgprotein'Aresponsesimilartothatobservedforurinarysulphatide

was noted (discussed in section 6.1.5) for armost a' of the sulphatide species that were

monitored and this was reflected in the amount of total sulphatide: MLD patients

accumulatedmoresulphatidethanunaffectedcontrols'withASA-PDandASA-PD/MLD

individuals generally situated between the two groups'

The rate of total sulphatide accumulation in cultured sF fo[owing surphatide-loading

clearlydistinguishedunaffectedcontrolsfromMLDpatients,aswellasunaffectedcontrols

and three of four ASA_.D or ASA_pD/MLD individuals (Figure 6.5). However, it was not

useful in differentiating each of the MLD phenotypes'

Whenresidualeîzymeactivitywascombinedwiththerateofsulphatideaccumulation,an

inverse relationship was observed that enabled discrimination between unaffected controls'

ASA-PD,ASA-PD/MLDandallMLDpatients(Figure6.6).Inaddition,fouroffive

infantileMLDpatientscouldbedistinguishedfromthejuvenileandadultformsofthe

disease.AsAactivityinpatierÍL22(late-infantileMLD)wasconsistentwiththatexpected

in juvenile MLD but total sulphatide was higher and in the range suggestive of a severe

phenotype.SomeseparationwaspossiblebetweenthejuvenileandadultMLDpatient

groups, however su1p24:1 and ASA activity in patients s15 and s17 were in the adult MLD

range despite a clinical diagnosis ofjuvenile MLD'

l}
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Table 6.9 SulPhatide accumulation" in cultured SF (nmoVmg cell protein)

Sulphatide
hSulp
22:O

b

24'.1
25:O

p dulp
24:O Total

lp

16:0 18:0 20:0 21"0

lp

22'.0 23O
24"1 24'.O

1.44

(o.24)

1.51

(0.18)

1.34

(0.03)

25:'l 22:O

Cell
line

0.67

(0.16)

0.58

(0.15)

0.50

(0.10)

0.73

(0.13)

hSulP

0.06

(0.01)

1.32

(0.24)

1.51

(0.27)

3.86

(1 00)

5.41

(0.s8)

5.13

(0.s5)

2.15

(0.25)

3.23

(0.28)

392
(o 77)

9.34

(0.80)

17.21

(3 32)

22.35

(1.41)

110

(0 20)

1.19

(0.1e)

1.14

(0.03)

0.59

(0.07)

0.81

(0.07)

087

(o 06)

2.34

(0 11)

5.69

(1.68)

4.36

(0.12)

1.04

(0.24)

1.26

(0.17)

1.18

(0.14)

0.59

(0.07)

0.75

(0.12)

0.85

(0.11)

220
(0.11)

490

(1.38)

449
(0.20)

200
24:0

4.37

(0.84)

5.09

(0.87)

23.0

18:0 034

(0.06)

0.40

(0.07)

039

(0 03)

0.20

(0.03)

0.00

(0.02)

0.00

(0.03)

0.73

(0.06)

1.82

(0.57)

1.50

(0.06)

0.19

(0.03)

019

(0.01)

0.00

(0.00)

0.11

(0.02)

0.02

(0.02)

0.12

(0.01)

000

(0.00)

0.95

(0.2s)

0.62

(0.03)

0.00

(0.00)

0.00

(0.00)

0.01

(0.00)

0.00

(0.00)

0.00

(0 01)

0.00

(0.00)

0.02

(0.01)

0.04

(0.00)

0.04

(0.01)

0.01 162

(0.01)

0 01 18.7

(0 0o)

0.01 18.0

(0.00)

o 00 9.2

(0 00)

0.02 11.8

(0.00)

0.06 13.6

(0.00)

0.01 337

(0.01)

o.o4 74 0

(0.00)

o.o3 70 I
(0.01)

51 Normal

52 Normal

53 Normal

54 Normal

55 Normal

56 ASA-PD

ASA-
PD/MLD

ASA-
PD/MLD

0.11

(0.01)

0.14

(0.02)

018

(0.02)

0.00

(0.01)

0.00

(0.02)

0.06

(0 01)

0.17

(0.05)

0.13

(0.01)

0.37

(0.04)

0.53

(0 04)

0.42

(0.03)

048

(0.06)

0.37

(0.05)

0.26

(0.05)

034

(0 05)

0.69

(0.1e)

1.48

(0.38)

1.08

(0.13)

014

(0 03)

0.15

(0.03)

0.18

(0.03)

0.11

(0.03)

0.08

(0.01)

0.12

(0 02)

0.32

(0.07)

0.69

(0.1s)

0.66

(0.03)

004

(o o1)

0.00

(0.01)

004

(0.02)

0.03

(0.01)

000

(0.00)

001

(0 01)

0.04

(0.03)

0.08

(0.03)

0.08

(0.00)

0.53

(0.12)

0.61

(0.0e)

0.60

(0.06)

029

(0.03)

o.41

(0.05)

0.46

(0.05)

1.14

(0.08)

2.61

(0.78)

2.40

(0.03)

0.37

(0.07)

0.37

(0 05)

0.34

(0.01)

0.19

(0.03)

0.23

(0 03)

0.25

(0.03)

0.69

(0.07)

1.71

(0.52)

1.30

(0.02)

0.02

(0.00)

0.05

(0.01)

0.03

(0 01)

1.50

(0.16)

0.75

(0.10)

494

(0.64)

2.30

(0.16)

331

(0 2e)
0.02

(0.01)

o.o2

(0.01)

0.06

(0.0s)

016

(0.05)

097

(0.10)

1.20

(0.12)

2.81

(0.17)

6.33

(1.70)

0.75

(0.11)

0.95

(0.13)

0.93

(0.07)

57 ASA-PD

0.70

(0.12)

0.66

(0.12)

102

(0.2e)

3.77

(0.36)

9.34

(0.53)

21.02

(5.76)

19.67

(0.70)

S8

S9

2.62

(0.62)

1.86

(0.15)

0.13

(0.01)

6.08

(0.33)

276

(0 18)

6.88

(2.06)

4.70

(0 37)

202



Table 6.9 Continued
up

22tO

9.99
(0.5s)

23.10
(0.31)

17 14

(1.75)

17.58
(0.76)

11.92
(0.56)

Sulp
23:O 22'.0

209
(0.18)

5.57
(0 02)

3.75
(0.37)

3.61

(0.17)

243
(0.16)

SulP

41 18

(3.03)

22:O

0.01

(0 00)

002
(0.01)

o.o2
(0 00)

0.02
(0.00)

0.01

(0 00)

24:O

0.00
(0.00)

0.03
(0.01)

0.01

(0.00)

0.01

(0.000

0.00
(0 00)

125

115

110

137

140

110

113

103

123

213

213

2.55
(0.32)

2.46
(0.34)

241
(0.1e)

2.86
(o.22)

2.72
(0.15)

2.29
(0.34)

2.23
(0 05)

1.96

(013)

1.10
(0.15)

1.05
(0.17)

1.09
(0.10)

1.29
(0.13)

1.12
(0.05)

103
(0.13)

0.88
(0.05)

o.77

(0.05)

0.04
(0 00)

0.04
(o.oo)

0.02
(0 00)

0.03
(0.00)

0.02
(0 00)

0.01

(0.00)

0 0'1

(0.00)

o.o2

(0.01)

0.03
(0.00)

o.o2
(0.00)

0.02
(0 00)

0.03
(0.00)

0.01

(0.00)

000
(0.00)

0.01

(0.00)

o.o2

(0.00)

hSulP

24:0 23'.0 24"1 24tO 'l 25:O
h lp

ulp hSulp up Sulp

18:0 1 20:0 21

p

Cell
line

hSulP
16:0 8.17

(0.s4)

7.21

(1.24)

725
(0.65)

9.08
(0.41)

8.60
(0.32)

7.12
(1 .01)

6.85
(0 17)

6.19

(0.47)

807
(0.84)

7.63
(1.36)

7.83
(0.e4)

9.98
(1 .01)

7.95
(0.21)

746
(0.88)

6.36
(0.31)

5.64

(0.43)

4.06
(0.48)

3.91

(0.70)

3.83
(0.30)

4.63
(0.31)

4.57
(0.16)

3.75
(0.57)

3.62
(0.07)

327
(0.16)

3.92
(0.13)

2.24
(0.26)

2.14
(0.36)

2.19
(0.1s)

2.66
(0.25)

2.38
(0.12)

2.10
(0.2e)

1.87
(0 05)

1.66

(0 0e)

38 57

(5.17)

34.88
(4.48)

30.30
(2.5s)

39 47

(1.40)

45.52
(2.03)

31.90
(5.37)

37.41

(0.46)

34.61

(2.05)

33.71

(4.77)

31.90
(4.25)

30.74
(2.48)

37.56
(1 .81)

37.64
(1.41)

30.21

(4.64)

29.87
(0.3e)

27.43

(1.28)

7.41

(0.e8)

7.21

(0.ee)

7.07
(0.48)

8.39
(o.72)

781
(0.32)

6.77
(1.04)

6.22
(0 07)

5.52

(0 31)

S10 Adult

51 1 Adult

S12 Adult

S13 Juvenile

514 Juvenile

515 Juvenile

S16 Juvenile

517 Juvenile

0.'15

(0.01)

0.09
(0.03)

004
(0.02)

018
(0.02)

0.01

(0 01)

0.03
(0.01)

0.04
(0.00)

0.04

(0.02)

5.31

(0.52)

4.50
(0.5e)

4.66
(0.36)

570
(0.22)

617
(0.28)

4.91

(0.68)

4.99
(0.07)

4.58

(0.37)

560
(0.34)

12.62
(0.23)

2.26
(0.20)

1.83
(0.2s)

2.19
(0.24)

2.88
(0.22)

2.30
(0.08)

2.08
(0.22)

1.87
(0 02)

169

(0 20)

1.25
(0.17)

1.10
(0.16)

1.09
(0.08)

1.38
(0.10)

1.41

(0.03)

1.11

(0.16)

1.15
(0 03)

1.03

(0 08)

0.17
(0.02)

0.16
(0.02)

0.18
(0.01)

0.19
(0.02)

0.22
(0.01)

0.16
(0.03)

0.19
(0.00)

017

(0 01)

0.25
(0.03)

0.24
(0.05)

0.27
(0.02)

0.31

(0.02)

0.30
(0.01)

0.24
(0.03)

0.24
(0.01)

o.21

(0.02)

10.53
(1.42)

9.69
(1.1 5)

952
(0.75)

11.55
(0.54)

11 54

(0.49)

9.35
(1.52)

9.29
(0 15)

8.52

(0.25)

s18

s19

s20

Late-
infantile

Late-
infantile

Late-
infantile

Late-
infantile

Late-
infantile

0.00
(0.01)

0.39
(0.04)

0.04
(0.03)

0.08
(0.01)

0.04
(0.01)

2.11

(0.13)

5.62
(0 07)

398
(0.34)

3.79
(0.17)

255
(0.16)

124
(0.06)

2.76
(0.06)

2.07
(0.17)

2.15
(0.10)

1.44
(0.07)

0.21

(0.01)

0.45
(0.01)

032
(0.04)

0.34
(0.02)

021
(0.00)

0.27
(0.02)

0.72
(0 02)

0.48
(0.05)

o.47
(0 02)

032
(0.01)

9.46
(0 05)

661
(0.51)

6.78
(0 33)

4.64
(0.21)

83.91

(1.66)

69.95
(3.68)

69.66
(273)

50 43
(3.81)

32.58
(2.111

74.71

(1 46)

55.51

(4.01)

55.39
(1.66)

38.32
(1.e8)

661
(0.50)

16.65
(0.30)

11.23
(0.82)

11.56
(0 33)

783
(0.51)

7.55
(0.50)

19.46
(0.60)

13.71

(1.34)

13.48
(0.6e)

9.41

(1.03)

6.92
(0.32)

21.79
(0.38)

13.78
(1.74)

12.98
(0.55)

8.87
(0 ss)

232
(0.15)

6.25
(0 0e)

395
(0.36)

095
(0.05)

2.90
(0.13)

1.75
(0.14)

1.74
(0 11)

286

s21

9.07
(0.53)

9.62
(0 43)

6.80
(0.20)

4.17
(0 23)

2.89
(0.26)

121
(0 11)

149

s22
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Table 6.9 Continued

average and (standard deviation) of triplicate experiments for sulphatide species and expressed as nmovmg cell protein;

b 
Sutp:sutptratide; hSulp : hydroxy sulphatide; dhSulp = dihexosyl sulphatide'
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Figure 6.5 Sulphatide accumulation in cultured SF

sF were cultured using the conditions described in section 6.2.2. The amount of sulphatide

was determined in cultured SF from five unaffected controls (unaff' Ind'), two ASA-PD

individuals (ASA-PD), two ASA-PD/MLD individuals (ASA-PD/MLD), three adult MLD

patients (adult MLD), five juvenile MLD (Juv. MLD) and five late-infantile MLD (Inf'

MLD) patients. sF lysates were analysed for sulphatide using the ESI-MS/MS method

described in section z.z.Ig.L Each point in the graph represents the average of triplicate

samples.
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Figure 6.6 Relationship between ASA activity and sulp24:1 accumulation in

cultured SF

SF were cultured using the culture conditions described in section 6'2'2' The amount of

Sulp24:1 was determined in cultured SF from five unaffected individuals (x), two ASA-PD

individuals (+), two ASA-MLD compound heterozygotes (x) three adult MLD patients (o),

five juvenile MLD patients (¡) and five late-infantile MLD patients (¡)' ASA activity was

determined on cell lysates prepared from cultured SF collected from the patient cohort

described in section 6.2.1.2. The level of Sulp24:1 in the graph represents the average of

triplicate samPles.
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6.2.2.2. ESI-MS/MS determination of phospholipids, glycolípids, phophøtídylcholine,

sphìn go mY elin an d g øn glios ide s

phospholipid measurement in SF lysates was performed using the protocol described in

section 2.2.18.2; glycolipids were measured using the protocol described in section

2.2.18.3; and G¡a3 gangliosides were measured using the protocol described in section

2.2.18.4. Table 6.10 summarises the results, which are expressed as nmol/mg cell protein.

Values shown are the minimum and maximum obtained for each group studied.

6.2.3. Statistical analYses

The M-V/ U test was used to evaluate the ability of each analyte to differentiate between:

(Ð MLD and unaffected controls; (ii) ASA-PD (together with ASA-PD/MLD) and

unaffected controls; and (iii) ASA-PD (together with ASA-PD/MLD) and MLD patients.

Table 6.11 summarises the M-W U values and the significance (p) values for each analye

in each comparison.

The values of 4l analyes were significantly different between the unaffected control and

MLD groups: Cer16:0, 20:0,20'.I and23 7; four out of six GC species; CTH16:0; PC32:0,

32:l and36:4; eightout of 13 PG/LBPA species; PIl8:0/18:1, PIl8:1/18:1 and PILS:1120:4;

Gr¡t24:0 andG¡¡324:1; and 16 of 18 sulphatide species; the values of total PG/LBPA and

sulphatide were also found to be significantly different. Most of these analytes did not,

however, unambiguously differentiate unaffected controls from MLD patients but rather

showed some overlap (a M-W U value greater than 0); the exceptions to this were the

urinary sulphatide species, minus dhSulp22:0 (M-W U value of 10).

The LC, GC and Cer species, which appeared to discriminate between unaffected controls

and MLD patients (particularly LC20:0 and GC24:1; M-W U values of 0), were excluded

as potential markers for the prediction of severity. The values obtained for these

glycolipids were attributed to sulphatide, as a result of the loss of the sulphate moiety in the

electrospray source that leads to the formation of these glycolipid species, as demonstrated

in section 6.1.4.

No significant differences were observed in the lipid values between ASA-PD and the

unaffected control group

A comparison of the ASA-PD and MLD groups revealed a total of 27 anal¡es with

significantly different values: Cer20:0; GC24:l; LC20:0; PC32:l; five PG/LBPA species

207



(pG/LBpAl8:1/18/1, 18;112014,18:1122;5,l8:1122.6 and22:5122:5); PI 160120:4; Grr¡¡24:0

and Gr¡t24:1; and 15 of 18 sulphatide species; the values of total PG/LBPA and total

sulphatide were also found to be significantly different. V/ith the exception of the

sulphatide species that had a M-W U value of 0, most analytes did not completely

differentiate these groups but showed some overlap'

The finding of eight and five out of 13 PG/LBPA species with significantly different values

between the unaffected and MLD groups, and the ASA-PD and MLD groups, respectively,

prompted further assessment of their utility as markers of disease severity. A scatter plot of

Sulp24:1 plotted against PG/LBPAI 8:1122.6 is shown in Figure 6.7: PGILBPA is higher in

all of the five late-infantile MLD SF than the other groups, facilitating the discrimination of

this group of MLD patients from the others.
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accumulation in cultured SF" (nmoVmg cell protein)

Table 6.10 PhosPholiPid' glycotipid, phophatidylcholine' sphingomyelin and ganglioside
MLDleMLD

D
Controls

Max cv (%f

12

Max Min
Max MinMin

Max Min

0.45

0

0

0.06

o.o2

0.24

0.21

224

0.2

0.03

0.34

1

0.59

0.55

029

0.4

0.08

0.97

0.69

'1.56

0.01

0

0.21

0.09

1.59

1.04

3.61

0.4

0.07

0.48

1.14

0.79

0.79

0.5

1.07

0.18

1.92

087

0.79

0

0

0.1'l

0.04

0.61

055

117

0.1

o.o2

0.16

0.4

0.33

05

0.33

0.45

0.1

0.96

0.44

1.32

0

0

0.19

0.06

1.16

0.79

359

034

0.06

0.57

1.81

1.02

0.68

088

0.73

0.14

1.65

1.03

089

0

0

015

0.05

0.83

0.79

197

033

0.04

0.43

1.07

0.93

0.71

1.25

0.57

0.13

1.08

0.99

0

0

0.21

0.07

0.97

0.79

2.91

0.41

0.06

0.6

1.72

1.15

0.73

1.43

0.79

0.15

1.77

o.92

I

0

0

0.11

0.07

1.03

0.76

2.25

0.41

0.06

0.56

128

1.42

0.59

1.74

065

0.13

098

0.41

1.81

0.01

0.01

0.16

0.08

1.27

0.93

3.71

0.55

0.11

083

2.21

2

0.78

2.7

o.82

0.15

152

0.68

0

0

0.07

0.04

0.57

0.47

1.06

0.34

0.05

0.44

1.18

1.43

0.48

1.87

046

0.08

0.76

0.41

3.78

0.01

0.01

0.43

0.18

3.45

1.94

5.66

0.85

0.14

1.11

2.8

3

1.1

5.52

'1.11

0.28

1.76

0.66

0

0

0.04

0.03

0.36

0.31

0.95

o.27

0.04

0.3

0.7

105

0.64

1.32

0.56

0.08

089

0.6

3.5

0.01

0.01

0.29

0.21

238

191

386

065

009

0.94

2.31

2.52

1

3.28

0.93

0.15

1.59

1.22

18

20

13

13

13

17

24

26

18

19

19

18

16

11

15

12

12

11

Min

Cer16:0

Cer20:0

Cer20:1

Cer23:0

Ce¡23'.1

Ce¡24:O

Ce(24:1

GC16:0

GC18:0

GC20:0

GC22:O

GQ24:O

GC24:1

LC16:0

LC20:0

LC22:O

LC22:0-OH

LC24'.0

LC24:1

99
76
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Table 6.10 Continued

Min

Adult Juven MLD MLD

Max cv (%)

228

1.35

0.34

157

3.26

2.32

753

9.12

26.65

7.7

12.96

3.14

7.33

5.64

5.44

3.05

0.05

0.03

0.28

14

b

Max Min Max Min
Max

2.14

0.82

0.22

1.24

3.98

2.06

633

6.78

19.1

5.33

8.16

4.09

6.02

6.42

3.7

3.85

0.04

0.01

0.1

Min Max

2.21

0.83

0.22

129

3.33

2.32

9.48

5.38

21.3

4.29

923

4.83

6.29

6.29

4.06

3.5

0.01

0.01

Min
Max Min

CTH16:0

CTH18:0

CTH20:0

CTH22:0

CTH24:0

cTH24"1

PC32:0

PC32:1

PC34:1

PC34:2

PC36:2

PC36:4

PC38:4

SM16:0

SM22:0

SM24:0
PG/LBPA
16:0122:6
PG/LBPA
16:1120:4
PG/LBPA
I 8:l /1 8:0

1.88

0.66

0.12

0.7

2.33

1.5

284

3.76

17.81

2.95

5.53

2.21

4.03

4.49

2.9

1.8

0.01

0.01

2.38

1 .19

0.42

1.99

4.25

2.34

5.41

6.69

20 62

4.78

8.35

4.16

8.31

6.44

404

3.97

0.02

o.o2

0.15

2.12

0.67

018

1.18

3.17

1.93

3.23

3.35

16 37

2.26

4.24

1.93

4.27

4.64

2.66

3.4

0.01

0

0.1

1.'19

0.64

013

0.9

2.28

1.27

4.52

5.18

20 35

3.35

5.18

2.97

5.61

3.37

3.05

3.45

001

0.01

0.07

1.46

0.86

0.22

145

3.47

1.57

2.8

3.84

17.56

2.31

4.96

2.5'l

4.52

5.26

3.48

3.05

0.01

0

0.09

223

0.94

0.29

1.9

4.64

3.09

659

8.04

22.91

4.9

7.31

3.3

7.7

6.79

5.07

6.3

0.01

0.01

0.13

057

0.47

0.15

0.52

1.32

0.74

524

5.8

16 09

3.24

5.77

1.64

4.42

3.98

3.6

2.42

0.01

0.01

0.07

2.23

1.38

0.49

1.4

2.93

2.32

7.47

8.98

19 57

5.89

865

3.33

7

5.68

3.92

5.14

0.05

0.01

0.88

038

0.08

0.53

1.33

0.78

4.27

638

15.87

5.13

6.86

'172

4.31

3'12

2.86

178

o.o2

0.01

0.09

12

15

23

15

14

13

10

9

11

10

15

13

I
9

12

25

28

12
0. 2't9
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Table 6.10 Continued

Min

MLD Juvenile

Min Min Max CV

1.63

013

0.09

o.14

0.23

0.03

0.04

0.04

0.06

0.03

0.39

o.22

0.09

0.38

054

666

017

0.56

0.62

Max Min Max
Max Min Max Min

PG/LBPA
18:1/18:1
PG/LBPA
1811'18:2
PG/LBPA
18'.112O:4
PG/LBPA
18:1122:5
PG/LBPA
18:1122:6
PG/LBPA
18'.2122:6
PG/LBPA
20:4122:6
PG/LBPA
22:5122:5
PG/LBPA
22'.6122:5
PG/LBPA
22:6122:6

008

o.o2

0.03

0.05

0.03

0

0.01

0.01

0.01

0

0.19

0.09

0.01

0.12

0.25

3.53

0.07

0.12

o.27

0.25

0.04

0.05

0.17

0.1

0.01

0.02

001

0.03

0.01

0.26

0.14

0.05

0.28

0.51

5.02

0.14

0.23

0.36

0.06

0.01

0.01

0.04

0.06

0.01

0.02

0.01

0.01

0.01

o.32

012

0.04

015

0.29

3.67

011

0.'17

0.23

0.2

o.o2

0.05

0.07

0.06

0.01

o.o2

0.01

0.02

0.01

0.54

013

008

0.29

03

3.72

0.12

0.39

054

014

o.o2

0.04

007

0.06

0.01

o.o2

0.01

0.02

0.01

0.17

0.1

0.05

o.'14

0.3

4.57

0.06

0.13

0.35

0.19

0.03

0.05

0.07

0.07

0.01

o.o2

001

0.03

0.02

0.2

0.19

0.05

0.22

0.51

5.98

o.'17

0.16

0.36

0.23

0.02

0.05

0.06

0.07

0.01

0.01

0.01

o.o2

0.01

0.18

0.08

0.03

018

0.32

4.45

0.08

0.1

0.2

0.49

0.03

0.05

0.1

0.11

001

0.03

0.02

0.05

0.03

024

012

0.1

0.23

0.41

4.93

0.09

0.28

0.41

0.19

0.01

0.03

0.06

006

0

0.01

0.01

o02

0.01

0.18

0.06

0.03

0.22

0.31

3.92

0.08

0.22

0.27

0.49

0.03

0.07

014

0.12

0.01

0.02

0.05

0.06

0.01

0.28

0.1

0.05

0.29

0.38

4.33

0.13

0.46

0.48

03

0.03

0.05

0.11

013

0.01

0.01

0.01

o02

0.01

0.19

0.07

0.03

0.22

0.33

3.99

0.08

0.29

0.44

12

26

21

20

25

28

23

24

26

22

18

13

25

9

12

21

17

11

16

Pl16:0/18:0

Pl16:0/20:4

Pl1 8:0/1 8:1

Pl1 8:0/1 8:1

Pl18:0/20:3

Pl18Ol20:4

Pl18:0122:5

Pl18:1/18:1

Pl18:1120:4
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Table 6.10 Continued
MLD

Min

1

0

1.26

1.06

2.97

5.99

5.46

9.26

11.79

0.65

5.95

Max

1.46

0.01

1.62

1.68

4.17

8.6

6.05

11.84

17.19

1.04

6.67

477

Min

0.23

0

0.36

031

1.88

4.55

4.05

3.99

10.24

0.54

555

0.9

Max

1.4

0.01

1.4

1.25

9.81

13.56

10.18

10.44

14.75

1.1

6.11

3.98

Min Max cv (%)

Min

1.22

0

0.57

0.62

0.97

4.6

3.22

7.47

9.46

0.39

4.93

Max

1.68

0.01

1.34

1.42

4.5

6.36

5.25

12.3

13.66

097

6.89

412

Min

0.93

0

0.98

0.86

2.09

2.17

3.36

9.3

11.74

0.4

5.39

277

Max

1.22

0

1.09

1.07

352

7.39

4.52

10.39

12.93

0.64

5.83

3.39

Min Max

GMg16:0

GMs22'.0

Gr',r¡ 24:0

Guz24'.1

Cer total

GC total

LC total

CTH total

SM total
PG/LBPA
total

Pl total

1.31

0

089

0.95

2.78

4.77

4.71

6.41

10.93

0.55

6

362

178

0.01

1.26

1'l

2.98

6.85

5.59

10.2

12.79

0.72

7.71

3.67

1.08

0

148

1.43

'l 43

3.33

4.87

409

8.62

1.12

5.87

4.25

1.82

0.01

2.32

2.'18

8.31

10.35

7.11

11.12

14.13

2.58

942

16

38

18

19

5

212



Table 6.11 Discrimination between unaffected controls' ASA-PD and MLD patients

with sulphatide, glycouf,ia,^ prto.prrolipid and ganglioside species in

cultured SF"
u ASA-PD A MLD

and
p value M-W U o valueb

Analyte M-W U value M-W Up

0.05

0.04

0.03

088
0.05

0.13

0.10

0.18

0.02

0.02

0.03

0.08

0.00

0.40

0.00

010
0.73

0.96

0.96

0.03

0.96

0.26

0.81

0.13

0.10

0.03

0.05

0.18

0.07

0.30

0.03

0.35

0.46

007
088
0.07

0.59

0.81

0.00

0.35

0.00

0.26

0.00

0.03

0.03

0.02

0.01

0.02

7

7

7

7

5

5

5

7

7

8

6

8

5

7

3

7

7

9

I
I
7

6

10

7

7

6

7

9

8

I
10

6

10

10

10

5

5

9

9

I
I
I
4

4

2

I
5

3

0.46

0.46

0.46

046
0.22

0.22

0.22

0.46

0.46

062
0.33

0.62

022
046
0.09

0.46

046
0.81

0.62

0.81

0.46

0.33

1.00

0.46

0.46

0.33

0.46

0.81

0.62

0.81

'1.00

0.33

1.00

1.00

1.00

0.22

0.22

0.81

0.81

0.62

0.62

0.81

0.14

0.14

0.06

0.81

o.22

9

15

23

14

16

19

22

15

12

18

21

3

18

I
12

26

22

26

17

18

21

23

15

15

25

I
20

12

20

17

23

22

17

20

20

17

26

1

14

7

6

2

17

25

6

10

21

0.05

021

0.73

0.17

0.26

0.43

0.65

0.21

0.11

0.37

0.57

0.01

0.37

0.00

0.11

1.00

0.65

1.00

0.31

0.37

057
0.73

0.21

021

0.91

0.04

0.50

0.11

0.50

0.31

0.73

0.65

0.31

0.50

0.50

031

1.00

0.00

0.17

0.03

0.02

0.01

0.31

0.91

0.02

0.07

057

14 0.17

Cer16:0

Ce120:0

Cer20:1

Ce123:0

Cer23:1

Cer24:O

Cer24:1

GC16:0

GC18:0

GC20:0

GC22:0

GC24:O

GC24:1

LC16:0

LC20:0

LC22:0

LC22:0-OH

LC24:O

LC24:1

CTH16:0

CTH18:0

CTH20:0

CTH22:0

CTH24:0

CTH24:1

PC32:0

PC32"1

PC34:1

PC34:2

PC36:2

PC36:4

PC38:4

SM16:0

SM22:0

SM24:0

PG/LBPA16:0/22:6

PG/LBPA1 6:1/20:4

PG/LBPA1 8:1/1 8:0

PG/LBPA18:1/18:1

PG/LBPA1 8:1 /1 8:2

PG/LBPA1 8:1 /20:4

PGILBPAlS:1122:5

PG/LBPA1 8:1/22:6

PGILBPAlS:2122:6

PGILBPA2O:4122:6

PGILBPA22:5122:5

PGILBPA22:6122:5

13

12

11

31

13

17

16

19

I
8

10

15

0

24

0

16

29

32

32

10

32

21

30

17

16

10

13

19

14

22

10

23

25

14

31

14

27

30

4

23

3

21

4

11

10

I
6

I6
09
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Table 6.11 Continued

MLD and ASA.PD and unaffected ASA-PD and MLD

b M-W U p value M-W U p value
Analyte M-W U p value

Pl16:0/18:0

P116'.0120:4

Pl18:0/18:1

Pl18:0i 18:1

Pl18:0/20:3

P118:Ol2O:4

Pl18'.0122:5

Pl18:1/18:1

Pl18:1120:4

Gn¡g16:0

Grúg22:0

GMs24:0

Guz24'.1

hSulpl6:0

Sulp18:0

hSulpl S:0

Sulp20:0

Sulp21:0

hSulp20:0

Sulp22:0

Sulp23:0

hSulp22:0

Sulp24:1

Sulp24:0

hSulP23:0

hSulP24:1

hSulP24:0

hSulP25:1

hSulP25:0

dhSulP22:0

dhSulP 24:0

Cer total

GC total

LC total

CTH total

SM total

PG/LBPA total

Pl total

G¡,¡s total

28

19

I
17

22

26

20

9

'12

17

17

I
11

24

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

10

22

14

27

4

19

32

6

16

13

0.66

0.18

0.02

0.'13

030
0.52

0.22

0.02

0.04

013
0.1 3

0.02

0.03

0.40

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.30

0.07

0.59

0.00

0.1 8

096
0.01

010
0.05

0.00

I
6

2

I
I
I
7

10

7

7

9

7

6

7

5

4

3

3

3

3

3

4

3

3

3

3

4
â

4

5

9

5

9

6

9

I
7

6

8

3

081

033
0.06

081

0.62

081

0.46

1.00

046
0.46

0.81

0.46

0.33

046
0.22

0.14

0.09

0.09

0.09

0.09

0.09

0.14

0.09

0.09

0.09

0.09

0.14

009
0.14

0.22

081

0.22

0.81

0.33

081

0.81

0.46

0.33

0.62

009

25

9

16

11

11

22

18

12

'18

22

16

5

6

14

0

0

0

0

0

0

0

'l

0

0

1

0

3

0

3

'19

26

17

20

7

21

24

4

18

12

0

0.9.1

0.05

0.26

0.09

0.09

0.65

037
0.'11

0.37

065
0.26

0.02

0.02

0.17

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.01

0.43

1.00

0.31

0.50

0.03

057
082
0.01

0.37

0.11

0.00
Sulp totâl 0

t Th. M-w u and p values (10.05 bolded) are shown;

b C", : ceramide; GC : glucosylceramide; LC : lactosylceramide; CTH : ceramide trihexoside; PC :

phosphatidylcholine; SM : sphingomyelin; PG/LBPA: phosphatidylglyceroulysobisphosphatidic acid; PI:

phosphatidylinositol; G¡"13 : monosialogangliosides; Sulp : sulphatide; hSulp : hydroxy sulphatide; dhsulph

: dihexosyl sulPhatide
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Figure6.7 Sulp24:1 and PG/LBPAI.8:1/2226 in cultured SF following sulphatide-

loading

sF from five unaffected individuals (x), two ASA-PD individuals (+)' two ASA-MLD

compoundheterozygotes(x)'threeadultMLDpatients(o),fivejuvenileMLDpatients(o)

and five late-infantile MLD patients (4,) were cultured in BME containing 5% HIFCS' 1%

penicillirvstreptomycin and bovine brain sulphatide (64 pM)' cells were harvested and

lipids extracted using the method of Folch (section 2'2'17'2)' Quantification of Sulp24:1

(section 2.2,1,8.1) and PG/LBPA:I8:|122:6 (section 2.2.|8.2) was performed by ESI-

MS/MS. Each point in the graph represents the average of triplicate samples'
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6.3. Discussion

The major aim of the experiments in this chapter was to develop methods that would enable

the prediction of clinical severity of MLD. ESI-MS/MS, which is known to have high

sensitivity and specificity in the determination of biological compounds' was used to

measure sulphatide in urine and cultured SF from MLD patients; other lipids were also

measured in view of the previous finding of artered lipid trafficking and composition in

LSD cells, particularly GSL and cholesterol (sections 1.4.3.2.2 and' l'4'3'2'3; Pagano et al''

2000)

Historically, the measurement of total urinary sulphatide has been used as an auxiliary

parameter to differentiate unaffected and ASA-PD individuals from MLD patients' The

amount of sulphatide in urine is usually normalised against urinary creatinine or urinary

volume. Initial statistical analyses performed in this study using three methods of

normalisation (urinary volume, urinary cR and urinary PC) showed that normalisation

against urinary PC resulted in less variation in the control population and greater separation

of unaffected controls and MLD patients, supporting the earlier reports by Whitfield et al'

(2001a) and Fuller et al. (2005a)'

Statistical analysis was also performed to identify and evaluate those analytes that

correlated to disease severity. In this study, patient age atthe time of sampling was used as

a measure of severity; the same correlation was performed on unaffected control samples to

determine whether the effect was due to disease severity or simply to variations in urinary

lipids associated with patient age' Thus, markers that showed a significant correlation with

age in the MLD patient group but no correlation in the control group were considered as

potential markers of disease severity. Despite the significantly different values observed in

many urinary lipid species in the unaffected control and MLD patient groups' most of these

analytes did not correlate with age at disease onset and were unable to discriminate between

the different MLD phenotypes. However, the most interesting finding in this work was the

increase in some PG/LBPA species found in the urine of MLD patients: PG/LBPA species

such as 18:1/18:0, 18:1/18:1 and 18:1/18:18:2 showed a correlation with age at disease

onset and courd be utilised to further discriminate between the juvenile and late-infantile

forms of MLD; this finding also identified these PG/LBPA species as potential biomarkers

for fuither studies using cultured SF cells to predict phenotype'

The finding of elevated cTH18:0 in the urine of MLD patients was almost certainly the

result of the loss of sulphate in the source from dihexosyl sulphatide24:0' which has the
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same molecular mass of 1051, resulting in a m/z of 1052 in positive ion mode; the resulting

dihexosylceramide then fragments to produce the procluct ion at m/z 264' characteristic of

thesphingolipids.Althoughthemeasurementofbovinebrainsulphatideinpositiveion

mode (section 6.1.4)produced a relatively small signal at m/z 1052'bovine brain sulphatide

is known to have no or little dihexosyl sulphatide species (m/z 7052, dhSulp24:.)' In

addition, the relatively low concentration of CTH18:0 in urine means that a small increase

resultingfromdihexosylsulphat\de2k:}producingasignalwiththeionpair10521264w\ll

correlate well to the presence of MLD. Further studies involving product ion analysis will

helpresolvethisissuebutwereoutsidethescopeofthisstudy.

Metabolic profiling of sF sampres also produced some interesting results that can assist in

the prediction of clinical severity. The sF used in this study covered a broad genotypic and

phenotypic spectrum. Enzymeprofiling showed good correlation between the amount of

protein and activity in unaffected, ASA-PD and ASA-PD/MLD individuals' However'

there was overlap in the lange of enzyme activity and protein between the MLD patient

groups, thus making interpretation diffrcult; this overlap was not observed in the late-

infantile MLD patients with a severe phenotype'

In these studies, the determination of both residual ASA protein and activity provided an

extra diagnostic parameter (specifrc activity) that could be used to indicate the presence of

either: (i) normal amounts of enzyme with reduced/no activity; (ii) reduced enzyme with

normal activity; or (iii) reduced enzyme with reduced activity' The calculation of specific

activity provided additionar insight into the intraceilular processing and trafficking of ASA

in these patients. Specific activity of ASA in the unaffected gloup (including normal'

ASA_PD and AsA-PD/MLD) was between 5.5 and 12.2 pmol/mirlng. Interestingly,

specific activity in ASA-pD and AsA-pD/MLD individuals appeared to be higher than that

observed in the unaffected control group (Table 6'8), which contrasts with the apparently

similar kinetic properties of recombinant N350S ASA and wt ASA (discussed in chapter

3) and may indicate greater stability of ASA-PD in the hydrolytic environment of the

lysosome

Specific activity was in the normal lange in all adult MLD patients but no consistent trend

was observed in patients with the juvenile form of the disorder. specific activity in the sF

of patient S15 was 1.1 pmol/mirVng ASA, indicating relatively high ASA protein with low

activity. Patient S15 is aR244ClR288C compound hetero zygote:R244C is associated with

the severe form of MLD (Draghia et al', lg97) and R288C is known to produce some

217



residual activity (lg%of normal) using the 4-MUS assay (unpublished data; Harvey' PhD

Thesis, Adelaide University, Australia, 1996), which suggests that the R288C mutation is

likelytoproduceenzymewithalowspecificactivity,thusexplainingthispatient'sresult'

Specificactivityinallofthelate-infantileMLDpatientstestedwasbelowthecontrolrange

and enabled clear separation ofthese patients from the other groups: the value in four out of

five patients was below 1.0, and one patient (s22) had a specific activity of 2'5' Patient

s22 tsa compound heterozygote for the D335V (Hess et al'' 1996) andP37lL mutations

(Zlotogora et a:.,1995), both of which are known to lead to the retention of mutant erØyme

in the ER and its subsequent inability to act on lysosomal sulphatide' which may explain

the higher than expected amount of residual enzyme found in this patient who otherwise

has a severe clinical PhenotYPe'

The logic behind the use of sulphatide-loading in sF was to analyse the catalytic capacity of

theASAeîzymein-vivotoresolvetheanomaliesthataroseinthosepatientswhoseprotein

or activity was higher than expected after analysis with the immune-based assays. Further,

thenovelapproachofusinglipidprofrlinginculturedSFprovidedadditionaldiagnostic

markers that could be evaluated as predictors of clinical severity'

The amount of accumurated surphatide in sF showed an inverse rerationship to residual

enzyme activity. The two exceptions to this were patients S15 and 522" in these cases

higher than expected levels of accumulation relative to enzyme activþ were confirmed to

be due to either altered traffrcking of ASA (not reaching the lysosome) or to intra-

lysosomal instability of the mutated enzyme, as discussed earlier' However' sulphatide

accumulation on its own was a poor indicator of MLD phenotype in cultured SF' The

higher than expected level of sulphatide accumulation in the two ASA-PD/MLD

heterozygotes should certainly provoke more effort towards the study of this group of

individuals, as there is speculation about the potential for neurological involvement for

thesepatientslaterinlife(Proppingetal''1986;Kappleretal''1991)'

AlthoughthevaluesofmanylipidanalytesdifferedbetweenthecontrolandMLDpatient

groups, the only analyte to show potential as a marker of clinical severity was the

PG/LBPA species: by plotting the values of the significantly different PG/LBPA species

againstthesulphatidespeciesaclearseparationoflate-infantileMLDpatientswas

achieved. This finding allows the unambiguous identification of the most severe group of

s
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MLDpatientsandwillbeveryimportanttotheclinicianinpatientmanagementand

initiating earlY treatment'

In summary, prediction of phenotype from cultured SF involves the initial measurement of

ASA protein and activity: the absence of both indicates a severe phenotype (late-infantile

form), as does the presence of a measurable amount of protein but no activþ' Specific

activity can be calculated by dividing ASA activity by ASA protein: a specific activity

berow the normar range is likery to resurt in a juvenile or late-infantile phenotype (see

Figure6.4arñTable6.8),althoughthesephenotypesmayalsodisplaynormalspecific

activity. To further differentiate individuals who have significant ASA protein and activity,

which may include both juvenile- and adult-onset phenotypes' the sulphatideJoading

experiment is required: severe phenotypes can be identified by a high amount of

accumulated sulphatide as well as a significant increase in PG/LBPA (see Figure 6'7)' The

remaining patients can be stratified according to enzyme activity to identify likely juvenile

patients who have lower ASA activity (Figure 6'6)'

In conclusion, the most useful approach to the prediction of clinical severity for MLD is a

combination of genotype, residual ASA protein and activity' and sulphatide-loading' as no

single method is an accurate indicator of severity on its own. This study provides evidence

for the suitability of the methods that were utilised and an approach for a more

comprehensive study to be performed in alarger cohort of samples' Ideally' urine' SF and

bloodspotsshouldbeobtainedfromeachpatient,togetherwithfutlclinicaldetails'to

enable the accurate prediction of clinical phenotype.

s
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CHAPTER SEVEN

Concluding Remarks

7.1. Outcomes of the StudY

As therapeutic options are further developed for LSD' it will become increasingly important

toidentifyasymptomaticpatientsearlyinthediseaseprocesstoensureoptimaltherapeutic

efficacy. In anticipation of these developments, this study was undertaken to improve the

diagnosis and Prognosis for MLD'

Inthisstudy,recombinantwtAsAandN350sAsAwereexpressed'purifiedand

biochemically characterised. N350S ASA was used to produce a sheep polyclonal

antibody, which was subsequently used to develop both the immune-capture activity and

the immune-quantification protein assays; together, these assays enable the diagnosis of

MLD patients from dried blood spots' A sulphatide-loading protocol for SF was

established and used to study the accumulation of surphatide and secondarily stored lipids

in SF from controls, ASA-PD individuals and MLD patients' This protocol' in combination

with the measurement of ASA activity and protein' has been demonstrated to be useful for

the prediction of disease severity in MLD'

7.2. Concluding Remarks

ThestudyofLSDhasgainedprominenceoverthelastfewyears.Collectively'LSDhavea

reported incidence oî r:7 700 births in Austraria (Meikre et ar., t999); two-thirds of LSD

patients will develop progressive pathological cNS disease' To maximise the efficacy of

therapies,itisthereforeimportantthatpatientsaredetectedearly'preferablybeforethe

appearanceofclinicalsignsandsymptoms.Theonlypracticalwaytoachieveearly

detectionisthroughaNBsprogramme.MLD,withareportedincidencel:92000live

births in Australia (Meikle et al., lggg), is one of the mofe common LSD and results in

severe neurological pathology in all patients' The appearance of clinical symptoms can

occur from the first year to the seventh decade of life (von Figur a et al' , 200 1)' Given the

wide range in the age of onset, early detection, combined with accurate identification of

phenotypeandtheinitiationofBMTbeforetheonsetofpathology'islikelytoprovidethe

best outcome for Patients'

At present, MLD is biochemically diagnosed by analysis of ASA activity in peripheral

blood leucocytes and cultured sF. The conventional enzymatic assay' which has been in
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usenowformorethan40years'utilisesartificialsubstratetomeasureAsAactivity(Baum

et a1.,1959); whilst assay specificity has improved over the years' the assay's inability to

differentiate between ASA-PD and MLD remains unresolved' To overcome this problem'

the approach taken by most laboratories is to use auxiliary tests such as sulphatide-loading'

electrophoresis and PCR, but this only results in a diagnostic process that is more

complicated and time-consuming (Gieselmann' 1 99 1 )'

To simplifl the diagnosis of MLD, this study developed two immune-based assays that are

highly specific and eliminate the problems caused by the presence of other sulphatases that

cataborise 4_MUS in the free assay; with the measurement of ASA activity and protein in

driedbloodspots,theseassayscanalsodiscriminatebetweenunaffectedcontrols'ASA-PD

and MLD patients. The immune-quantification of ASA protein can be combined with

similar assays developed for the detection of other LSD such as a-glucosidase for Pompe

disease (Umapathysivam et al',2000), N-acetylgalactosamine-4-sulphatase for MPS VI

(Hein et. a1.,2005) and B-glucosidase for Gaucher disease (Fuller et al'' 2005b)' into a

single assay using currently available multiplex technology'

At the time of writing, a multiplexed immuno-quantification assay consisting of an 1 1-plex

assay, including ASA, has been established using the antibodies produced in this study'

Tlris has placed us one step closerto the implementation of NBS for LSD' :|y'reikle et al'

(2005) reported that more thangilo/oof patients were identified from the control populations

based on individuar markers or combinations of markers using dried blood spots. This

finding concurs with the results obtained in this study' whereby all MLD patients were

positively identified using the dried blood spot immune-quantification protein assay'

Importantly, in this study, the stability of ASA activity in dried blood spots was shown to

reduce with storage at RT but the amount of ASA protein remained constant' These

findings support the need for caution if measurement of AsA activity is used as the sole

means of identifying MLD patients and ASA-PD individuals'

InviewofthelatestdevelopmentsinthefieldofdiagnosisandtherapyforLSD,itwillbe

imperative to accurately predict clinical severity in asymptomatic patients using

biochemical means. The results presented in Chapter 6 suggest that multiple parametels are

required for the accurate prediction of clinical severity' since parameters such as ASA

activity,proteinandAsAspecificactivityshowedonlylimiteddiscriminatorycapacityif

measured individually (sections 6.2.1.1,6.2'I'2 and 6'2'l'3)' This finding concurs with

s
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earlier reports for other LSD such as Mps I (Fulrer et ar., 2005c), suggesting that

correlation of enzyme activity to phenotype aloue is insufficient to enable accurate

prediction of severitY.

The accumulation of substrates leading to an increase in the number and size of lysosomes

is a common feature of all LsD (Hopwood and Brooks, 1997). consequently,

measurement of the accumulating primary metabolites and secondarily-stored lipids and

proteins, combined with the measufement of residual eîzyme activity and protein' has

provided a powerful approach to the prediction of clinical severity for several LSD'

Whitfieldetat.(2002)reportedarelationshipbetweenphenotypeandseverallipidand

protein markers that was successfu[y used to differentiate Gaucher disease phenotypes.

In this study, metabolite profiling, which analyses both primary substrates and secondarily

stored metabolites by ESI-MS/MS, was used in combination with the ASA proteirvactivity

assays to predict clinical severity. This demonstrated that' although total sulphatide is a

useful marker by which to differentiate unaffected controls from MLD patients' it failed to

discriminate between the different MLD phenotypes. However, when this substrate was

plottedagainstanotherlipidbiomarker(PG/LBPA),whichwasalsosignificantlyincreased

in both urine and cultured SF loaded with sulphatide, improved discrimination was possible

betweenjuvenileandlate-infantileMLDinurine,andlate-infantileMLDwasclearly

separated fiom the other forms of MLD in the sulphatide-roaded sF. This finding

demonstrates that secondary lipid accumulation might have a role to play in the definition

of clinical severitY in MLD

In asymptomatic patients, a strategy will be required to biochemically monitor the benefit

or otherwise of therapy. In MLD, the most effective therapy currently available is BMT

(section 1.4.g),however a recent trial of high-dose ERT in mice has shown delivery of

ASA enzyme to the brain and signs of improved pathology (Matzner et al'' 2005); initial

results from a bone marrow stem cell gene therapy trial in mice have also been promising

(Matzner et a1.,2001). The common aim of these therapies is to deliver ASA to the most

critically affected tissue, i.e. cells within the cNs. Irrespective of the therapeutic strategy

used,methodstomonitorefficacywillberequired.Methodsthatmonitorthedevelopment

of clinical symptoms or techniques that provide images of the extent of demyelination in

the cNS are currently availabre but have limitations. The measurement of enzyme activity

in circulation can be monitored using the sensitive and specific immune-assays described

here, but the amount of enzyme in circulation will not necessarily reflect the amount of
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enzyme in the CNS due to the presence of the protective BBB' Similarly' the measurement

of urinary surphatide represents the surphatide that originates from renal ceils (von Figura et

at., 2001)rather than sulphatide from the brain' Measurement of residual enzyme and

sulphatide in cerebrospinal fluid would be useful' but' because of the invasive nature of the

sampling, it is unlikely to be adopted as a long term monitoring strategy' Nevertheless'

future studies in animal models such as mice may enable correlations to be drawn between

erúymein circulation or urinary sulphatide and CNS pathology that are useful for future

therapeutic monitoring strategies'

Alternatively, measurement of secondarily accumulated metabolites such as PG/LBPA

might be useful if the accumuration of this lipid is linked to disease pathology. It has been

suggestedthattheheterogeneityseeninLSDisduetotheeffectofcellularaccumulationof

secondary substrates in the cells (Raas-Rothschild et al'' 2004)' Thus' the finding of

increased pG/LBpA should be further investigated. Furthermore, smaller sulphated

glycolipids such as GC have been found in increased amounts in the kidneys of double

knock-out mice that are unable to produce ASA and galactosyl ceramide (Lullmann-Rauch

eta1.,2001),suggestingthatsmallersulphatedoligosaccharidesthatareabletotraversethe

BBB should also be evaluated as potential biochemical markers for predicting severity or

monitoring theraPY

7.3. Future'Work and Direction

This thesis presents a model for improved diagnosis and prognosis for MLD in particular

andLSDingeneral.Withthedevelopmentofhighlysensitiveandspecificimmune-based

assays for measuring ASA activity and protein' further studies can now focus on the

implementation of a NBS programme for LSD' Furthermore' the sulphatide-loading

protocol developed in this study for the prediction of clinical severity may be adapted to

other LSD where storage in sF is minimal, such as Krabbe disease of some of the MPSs'

Appropriate substrates can be used to load the cultured sF for a specific period before the

measurement of primary and secondary metabolites'

The finding of signihcant increases in some PG/LBPA species in urine and sulphatide-

loaded SF raises the possibility of a connection between secondary accumulation and

disease pathogenesis, hence providing a further avenue of investigation into the molecular

mechanisms of pathogenesis. LBPA was also found to be increased in Niemann-Pick

disease some 2O-years ago (Huterer et al',19S3) and so may lepresent a general marker for

lysosomal dysfunction. In addition, ASA is known to cleave a variety of sulphated
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substrates other than sulphatide (von Figur a et a|.,2001), so it may therefore be possible to

identiff additional markers, such as sulphateil carbohydrates or lipids for example' for use

as predictors of clinical severity'

sma' patient sampre numbers are a continuar rimitation when dearing with rare disorders

and this makes validation of new assays difficult and time-consuming' This may be

overcome to some extent by the establishment of national testing centres and by

collaboration between centres to share samples and data' Ideally' such centres would link

to provide a global bank/registry of patient samples and data' A positive development

towards this end was observed in a recent multi-centre study on the prevalence of certain

MLD mutations in Europe (Lugowska et a1.,2005)' Similarly' collection of samples'

particularly those required for ongoing therapeutic monitoring' could be better coordinated

and,withpatientconsent,thesamplescouldbemadeavailabletoresearchersforfurther

validation of diagnostic, prognostic and monitoring strategies' Such developments and

cooperation between laboratories and countries will be essential for the continued

development and validation of diagnostics prognostics and monitoring for MLD and other

LSD.
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ADDENDUM

List of amendments:

1. Page 8, Table 1.2 (B): Km (p/M) should read Km (¡rM)

2. Page 28, Figure 1.5: structure of sulphatide should be

()

lrt) tlH
FIN R

-L),scì

û11
OH

R: hydroxy and non-hydroxy fatty acyl chains of 15-23 carbons in length
(Figure reproduced from Whitfield et a1.,200I)

3. Page 44,line 9: section heading should read: 1.6 Electrospray ionisation-tandem mass

spectrometry for the quantification of lipids

4. Page 44,line 16: the sentence should read: Electrospray ion (ESI) was developed by Dole
and co-workers almost 40-years ago (Dole et al., 1968), while further advances were
achieved from the work of Fenn and colleagues who successfully used ESI-MS to analyse
large biomolecules (Fenn et al. 1989).

5. Page 45,line 16: the sentence should read: MRM enables the simultaneous identification
of multiple analles in a single analysis. When this mode, which is highly specific, is
utilised in a triple quadrupole tandem mass spectrometer, the first (Q1) and third (Q3)
quadrupoles of the instrument are set to identify specific m/z values of the analytes.

6. Pages 78 to 84, sections 2.2.18.2 to 2.2.18.4, and Tables 2.21o 2.5: the following product
ions were used in the characterisation of:

(i)

(iÐ

(iiÐ

7. Page

anionic phospholipids (page 78, section 2.2.1,8.2, and Table 2.2): l}d-}Jl- of the fatty
acid ions corresponding to the m/z values as shown inTable 2.2;

neutral glycolipids, sphingomyelin and phosphatidylcholine (page 79, section
2.2.18.3, and Table 23): for neutral glycolipids, [M+H]+ of the dehydrated product
of the sphingosine backbone coffesponding to the m/z 264. Whtle [M+H]+ of the
phosphocholine head group corresponding to the m/z 184 was used to characterise
sphingomyelin and phosphatidylcholine.

gangliosides (page 79, section 2.2.18.4, and Table 2.5): [M-H]- of the dehydrated
sialic acid moiety corresponding to m/z 290.

163, line 2: [M-H]-l should read [M-H]-
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C,2

8. Page 167, Figure 5.2: the amended figures are as follows

(A) daughter ion
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9. Page 168, line 4: [M-H]-t should read [M-H]-

10. Page 169, line 5: Figure 5.4 should read Figure 5.3

11. Page 169, lilre 27:Figwe 5.5 should read Figure 5.4

12. Page 178, line 24:'.....extracted from SF lysates.....'should read'
urine.....'.

extracted from




