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Abstract.

The substrate specificities of human a-mannosidases in relation  
to a-mannosidosis.

The specificities of the lysosomal and neutral forms of human a - 
mannosidase towards natural substrates have been established. The 
substrates were isolated from the urine of cases of genetically and
chemically induced a-mannosidosis, which excrete large amounts of 
mannose-containing oligosaccharides on account of a deficiency of
lysosomal a-m annosidase. The oligosaccharides were purified to 
homogeneity and their structures determined by a combination of high 
performance liquid chromatography (hplc), high performance thin layer 
chromatography (hptlc) and acetolysis followed by hplc. To increase the 
sensitivity of chromatographic procedures, a method was developed to 
radiolabel the substrates by reduction with tritiated sodium borohydride. The 
chromatographic properties of the reduced substrates and reference 
standards were established. The lysosomal and the neutral forms were 
partially purified from human liver. The identity of each form was confirmed 
by its physico-chemical and kinetic properties.

The pathways of hydrolysis of natural substrates by the lysosomal and the
neutral human liver a-mannosidases in vitro were established. These 
pathways were specific, non-random and reproducible and were different 
depending on the enzyme form and starting material used. The pathways 
were established by analysing the mixtures of digestion products by hplc 
and hptlc. The structures of most intermediates were deduced by 
comparison with authentic standards. The structures of intermediates which 
did not correspond to these standards were elucidated by isolating these 
intermediates by hplc followed by acetolysis and further hplc analysis.

The catabolism of the natural substrates by each form in vitro produced 
specific isomers indicating that the enzyme activity identifies the substrates 
used and cleaves specific mannosidic-residues. However when more than 
one mannosidic-linkage was hydrolysed the rate of hydrolysis showed that 
the enzyme although capable of hydrolysing all has a preference for one of 
these linkages. The lysosomal form was capable of completely hydrolysing
all the substrates to ManP(1,4)GlcNAc which is the final product expected to 
be found due to the action of the lysosomal form. The neutral form was 
capable of hydrolysing the high-mannose substrates to a limiting structure 
MangGlcNAc-j (5b). Further work using this limiting substrate as the starting
material confirmed this observation.

The substrate specificity of the lysosomal a-mannosidase in cells in culture 
was studied by using the potent reversible inhibitor, swainsonine, to induce 
a phenocopy of a-mannosidosis in normal human skin fibroblasts.



On removal of the inhibitor, enzymic activity was restored permitting the 
pathway for the catabolism of the induced storage material products to be 
followed in situ. The pathway observed for the catabolism of the induced 
mannose-containing oligosaccharides by lysosomal a-mannosidase in situ 
was the same as that established in vitro for the liver lysosomal enzyme 
validating the detailed substrate specificity studies obtained in vitro. The
storage material in genetic and chemically induced a-mannosidosis was 
shown to be localised in the lysosomes of fibroblasts in culture by sub- 
cellular fractionation on Percoll gradients and by electron microscopy.

Evidence for the presence of another form of lysosomal a-mannosidase was 
obtained by growing human mannosidosis fibroblasts in the presence of 
swainsonine. The resultant change in the pattern of the storage material was
consistent with the inhibition by swainsonine of a lysosomal a-mannosidase
specific for a(1,6)-mannosidic linkages. The break-down of the induced
storage material by the putative a(1 ,6) mannosidase was followed by the 
removal of the inhibitor. The results of this experiment showed that the 
induced storage material was partially removed to yield a mannose 
containing oligosaccharide lacking the peripheral a(1,6) linked mannose 
residue.

Synthetic compounds which are inhibitors of a-mannosidases were studied. 
The synthetic amino sugars 1,4-dideoxy-1,4-imino-L-allitol (DIA) and 1,4- 
dideoxy-1,4-imino-D-mannitol (DIM) proved to be potentially good inhibitors 
of the various forms of a-mannosidases. Therefore their effect on 12 different 
lysosomal human liver glycosidases and on lysosomal, cytosolic and Golgi II
a-mannosidases was determined. The effect of the substitution of the ring 
nitrogen and the addition of different compounds to the side chain of the 
pyrrolidine ring of the inhibitor were also investigated. It was shown that the 
ring substitution or the ring addition changed the degree of inhibition of the 
three forms of the enzyme a-mannosidase. In one case the specificity of
inhibition changed from a-mannosidase to a-fucosidase. The effect of these 
compounds on human normal skin fibroblasts in culture and their ability to 
induce mannose-containing storage material were studied. It was observed 
that certain derivatives namely 6-deoxy-DIM and 6-deoxy-6-fluoro-DIM were 
better inhibitors than DIM itself of the lysosomal activity in cells in culture.
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General Introduction
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1.1 The lysosomes.
An observation by de Duve and his colleagues (de Duve et al., 1955) while 

working on the enzyme acid phosphatase, followed by a clever 
interpretation led to the discovery of a population of membrane-bound 

cytoplasmic organelles. They noticed that upon storage of a fraction 

containing the acid phosphatase activity obtained by centrifugational 
fractionation of rat liver, the enzymic activity increased many fold . This led 

them to suggest that this activity was membrane-bound and that upon 

detergent treatment, storage or freezing and thawing it was fully released. 
Identification of these membrane bound organelles allowed studies to be 

carried out on them which showed that they contain other enzymes capable 

of hydrolysing a wide array of substances, de Duve called these organelles, 
lysosomes (de Duve et al, 1955). The lysosomes are morphologically 

heterogeneous organelles (de Duve, 1983) bound by a nonpermeable 

single lipoprotein membrane. They contain a battery of enzymes which can 

hydrolyse almost all the components of cells.

Lysosomes can be detected in cells by histochemical and immunochemical 
techniques. Studies on cells using these techniques show that lysosomes 

are found in almost all eukaryotic cells (de Duve and Wattiaux, 1966; 
Holtzmann, 1976; Schellens etal., 1977 ; Novikoff 1961,1973,1985, Carrol, 
1989) with the exception of mature mammalian red blood cells (Holtzman, 

1989; Scriver etal., 1989).

The lysosomal membrane has an important functional role. Its 

impermeability, except for very small molecules, prevents the lysosomal 
enzymes from escaping into the cytoplasm and protects the cellular 
components from random degradation. It is made up of a single phosphlipid 

bilayer, with a thickness of about 10 nm. The interior side of the lysosomal 

membrane contains material which stains positively for carbohydrates (Neis, 

1984). The lipids of lysosomal membranes are composed mainly of 
phosphlipids containing phosphatydil-serine, -choline, -ethanolamine and - 
inositol. Sphyngomyelins and sterols are also present. The lysosomal 
membrane lipids differ from other cell membrane lipids in the presence of 

dolichol derivatives (Wong etal., 1982) and bismonoacylglycerylphosphate
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(Wherret and Huterer, 1972).

Proteins constitute a large part of the lysosomal membrane. A group of 
lysosomal membrane specific proteins (LAMP’S) has been identified in the 

membranes of lysosomes from different species including rat, chicken, mice 

and humans (Reggio et al., 1984; Chen et al., 1985; Lippincott-Schwartz 

et al., 1986; Vitala et al., 1988). These proteins are also called lysosomal 
integral membrane proteins (LIMP’s) or lysosomal membrane glycoproteins

(igp)-

The lysosomes are the main site for the intracellular degradation of 

microorganisms, complex small molecules, organelles, macromolecules, 
cellular constituents and particles into their constituent units (Barret and 

Heath, 1977). This material can be of intracellular or extracellular origin. In 

order for the lysosomes to perform this function the material to be broken 

down is transported to the lysosome via various mechanisms (Hers and Van 

Hoof, 1973; Dean etal., 1984). Material of extracellular origin is delivered to 

the lysosome by the mechanism called heterophagy. The transportation of 
material by heterophagy deploys two main routes, phagocytosis and 

pinocytosis. In these two mechanisms the material destined for the 

lysosomes is engulfed in transport vesicles resulting from the invagination of 
the plasma membrane. These vesicles, the phagosomes and the 

pinosomes, then fuse with the lysosomes to form digestive vacuoles. 

Phagocytosis delivers solid particles while pinocytosis delivers droplets of 
the extracellular fluid to the lysosomes, fluid-phase pinocytosis.

Selective pinocytosis of a variety of solutes and soluble macromolecules by
binding to specific receptors on the plasma membranes is called receptor-
mediated endocytosis. A variety of material is introduced by this mechanism.
The ligands bind to cell-surface receptors in clathrin-coated pits on the cell
surface. These are then engulfed by the invaginating plasma membrane.
The vesicles produced are heterogeneous and lose their clathrin coat to
yield smooth vesicles. The resulting endosomes are part of the system
known as the Compartment of Uncoupling Receptor and Ligand (CURL).

*

The endosomes have a low pH, which facilitates the dissociation of the
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ligand from the receptor. The receptors are then packaged into vesicles that 
arise from the ligand-free sections of the endosome. These vesicles are then 

transported to the plasma membrane to be reutilised for further transport 
(Geuze et al., 1984). The material delivered to the lysosomes by this 

mechanism include antibodies, hormones, nutrients, toxins, viruses, 

lysosomal enzymes, serum glycoproteins and many others. Some of the 

receptors are taken up into the lysosome and are subsequently degraded, 
but the majority are recycled to the plasma membrane where they are 

reutilised. Some endosomes seem to contain hydrolase activity. This could 

be due to the fusion with other vesicles containing these enzymes (Schmid 

et al., 1988).

On the other hand material of intracellular origin enters the lysosomes by 

autophagy, whereby cells break down their own cytoplasm within their 
lysosomal system (Pfeffer, 1987). This mechanism proceeds in two steps. 
Firstly the portion of the cytoplasm to be digested is sequestered in a 

membrane-bound vacuole, an autophagosome. Secondly they acquire 

lysosomal hydrolases and become autolysosomes. Autolysosomes and 

autophagosomes are collectively called autophagic vacuoles. These 

organelles have a bilayer membrane in the beginning. This is due to the 

mechanism by which they are formed. The materials digested by the 

lysosomal system employing this method include peroxisomes, 
mitochondria, glycogen granules, ribosomes and sections of the 

endoplasmic reticulm. Autophagic vacuoles are heterogeneous in size and 

in shape. This could arise due to the fusion of these vacuoles with other 
existing vacuoles or with secondary lysosomes. Material from the cytosol 
can be introduced into the lysosomal system by crinophagy. In this process 

the secretory vesicles fuse with the lysosomes or pre-lysosomes and the 

material contained in these vesicles are subjected to the action of the 

lysosomal enzymes. Crinophagy is an autophagic character developed by 

certain secretory cells. The eventual digestion of the material introduced to 

the lysosomes takes place in the lumen of the lysosomes.

Most of the low molecular weight compounds resulting from the digestion of 
introduced material can diffuse through the lysosomal membrane into the
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cytosol of the cells where they can be reutilised. The remaining indigestible 

material accumulate inside the lysosomes. In some cases it can be released 

into the cytosol of the cells by fusion of the lysosomes with plasma 

membranes with the release of their contents into the extracellular space 

(defecation).

1.2 The lysosomal enzymes.
The lysosomal enzymes are glycoproteins (Strawser and Touster, 1980) with 

long half-lives ranging from a half day in some cases up to few weeks in 

others (Holtzman, 1989). The term acid hydrolases is applied to these 

enzymes because their pH optima range between 3.0 - 5.6 (Touster, 1973). 

There are about forty lysosomal acid hydrolases which catalyse the break 

down of all the major components of the cells. Proteins, carbohydrates, 
nucleic acids and lipids are broken down into their constituent units, by the 

different lysosomal proteinases (proteases), glycosidases, nucleases, 
phospholipases, phosphatases and sulphatases (Barret and Heath, 1977). 
These enzymes are highly glycosylated. This is believed to protect them 

from the action of lysosomal proteases. Glycosylation also plays an 

important role in the transport of proteins within and from cells and the 

carbohydrate units serve as a recognition marker in normal and pathological 
conditions. Protein glycosylation is a feature of eukaryotic species and is an 

essential requirement for the development of complex organisms (Hughes 

and Butters, 1981). The post-translational modifications of the asparagine- 
linked carbohydrate moieties of the newly synthesised lysosomal enzymes 

are of great importance in their transportation, binding to recognition 

markers, differentiation from secretory proteins and ultimately their targeting 

to primary lysosomes.

The two major groups of lysosomal enzymes are the proteases and the 

glycosidases. The proteases are predominantly endohydrolases, while the 

glycosidases are exohydrolases that work in a specific step-wise manner to 

degrade the carbohydrate moieties presented to them. The step-wise action 

of the different lysosomal enzymes means that the product from a reaction is 

the starting material for the next step in the catabolic pathway. Thus a 

deficiency in one of these enzymes would lead to the accumulation of
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partially degraded material in the lysosomes and would cause the 

pathological condition, a lysosomal storage disorder (Hers, 1965).

1.2.1 Biogenesis and life cycle of lysosomal enzymes.
The majority if not all of the lysosomal enzymes are synthesised as 

precursors of larger molecular weight, which undergo various processing 

steps including glycosylation and proteolysis to yield the mature active 

protein (Hasilik and Neufeld, 1980; Skudlarek and Swank, 1981; Cenci di 
Bello and Winchester, 1989). Lysosomal, secretory and plasma membrane 

proteins share the same initial steps in their biosynthesis (for reviews see, 
von Figura and Hasilik, 1986; Kornfeld and Mellman, 1989; Dahms et al.f 

1989; Kornfeld, 1990). The targeting of lysosomal enzymes into the 

lysosomes takes place by two pathways. A direct intracellular route which is 

also known as the biosynthetic pathway or by another different pathway 

known as the endocytic pathway. These first steps take place in membrane- 
bound polysomes in the rough endoplasmic reticulum (RER) Fig.1.1. A 

signal peptide or an amino-terminal extension interacts with a signal 
recognition particle initiating their transport across the membrane into the 

luminal compartment of the endoplasmic reticulum (Erickson et al., 1984). 
The signal peptide is then cleaved, and at the same time glycosylation of 
some asparagine residues in a specific sequence (-ASN-X-Thr-) takes 

place, where the -X- amino acid residue cannot be a proline or an aspartic 

acid (Struck & Lennarz, 1980; Holtzman, 1989).

The glycosylation process is carried out by the transfer en bloc of a large 

pre-assembled oligosaccharide (GIC3 M angG lcNAc2 ) from the lipid- 
carrier dolicholpyrophosphate to the acceptor, a nascent polypeptide 

(Hubbard and Ivatt, 1981; Schachter, 1981). The processing of this

carbohydrate moiety starts immediately in the RER by the action of a-

glucosidases I & II, which remove the three glucose residues, and an a- 

mannosidase activity associated with the RER which cleaves a specific 

a(1,2) linked mannose residue (Bischoff and Kornfeld, 1983). The lysosomal 

enzyme precursor is then transferred by vesicular transportation to the Golgi 

apparatus. In the c/s region of the Golgi the carbohydrate moiety is
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subjected to further trimming reactions by the action of the enzymes a- 

mannosidase IA and IB, which catalyse the removal of three a-linked 

mannose residues to give rise to the structure, Man5GlcNAc2 -Asn- (Tulsiani 

et al., 1982a). Another a-mannosidase activity found in the Golgi apparatus

is a-mannosidase II. This activity hydrolyse a(1,3) and a(1,6) mannosidic- 

linkages, but first requires the action of GlcNAc transferase I to add an N- 
acetylglucosamine to the Man5 GlcNAc2 substrate (Tulsiani et al., 1982a). At 
this stage mannosidase II removes two specific mannosyl residues to yield a 

hexasaccharide GlcNAcMan3 GlcNAc2 - This substrate is the starting 

material for other glycosyltransferases which will allow the formation of 
many bi- and tri-antennary complex-type oligosaccharides found in the 

mature glycoproteins.

In the case of proteins destined for the lysosomes, a very important step 

involving phosphorylation takes place in the Golgi apparatus. This is the 

step which distinguishes between secretory and lysosomal proteins. It was 

shown that although the secretory and lysosome-destined proteins are 

initially glycosylated by an identical oligosaccharide precursor, the 

lysosomal enzymes are much better substrates for a phosphotransferase 

than the non-lysosomal enzymes (Reitman and Kornfeld, 1981). The 

lysosomal enzymes contain a protein determinant which is recognised by 

the phosphorylating enzyme. The acquisition of a mannose-6-phosphate 

recognition marker enables the newly synthesised lysosomal enzymes to be 

targeted to the lysosomes by binding to a specific receptor known as the 

mannose-6-phosphate receptor (MPR). The enzymes destined for 
lysosomes bind with a very high affinity to this receptor. The acquisition of 
the lysosomal recognition marker takes place in the Golgi apparatus. And 

involves the sequential action of two enzymes. The first step is the transfer of 
an N-acetylglucosamine-1 -phosphate from UDP-N-acetylglucosamine to the 

C-6 hydroxyl of specific mannose residues on the glycoprotein catalysed by 

the enzyme, N-acetylglucosaminylphosphotransferase (Reitman eta!., 1981; 
Hasilik eta!., 1981; Waheed eta!., 1982). A diester is formed between the C-

6 of the mannose-residue and the C-1 of an outer a-linked N-



acetylglucosamine (Tabas and Kornfeld, 1980). This activity is located in the 

cis region of the Golgi and recognises the lysosome-bound enzymes but 
does not recognise the secretory proteins. The second step involves the 

removal of the N-acetylglucosamine residue by the enzyme N-

acetylglucosaminyl-1 -phosphodiester a-N-acetylglucosaminidase (Varki 

and Kornfeld, 1981; Waheed et al., 1981). This generates mannose-6- 

phosphate which is recognised by 215 kDa cation-independent (CI-MPR) 
(Sahagian et al., 1981) and 46 kDa cation-dependent mannose-6- 
phosphate (CD-MPR) (Hoflack and Kornfeld, 1985a) receptors. The two 

receptors are membrane glycoproteins and both are implicated in the 

sorting and delivery of proteins to lysosomes (von Figura et al., 1984; 
Gartung etal., 1985; Nolan et al., 1987; Lobel eta!., 1987). The structures of 
these two receptors are shown in Fig. 1.2. The CI-MPR has a segment, 17 

kDa, exposed to the cytoplasmic face and 15 homologous repeating units 

facing the luminal side of the membrane. These units are about 145 amino 

acids long and contain the mannose-6-phosphate binding site (Sahagian 

and Steer, 1985). The CD-MPR is made up of a cytoplasmic segment of 69 

amino acid residues and a luminal portion resembling the structure of the 

repeating units of the CI-MPR (Dahms et al., 1987). The cation-dependent 
MPR does not seem to be able to participate in the endocytosis of 
exogenous lysosomal enzymes (Braulke et al., 1987). The binding of the 

phosphorylated lysosomal enzymes takes place in the frans-Golgi network 

(TGN) (Duncan and Kornfeld, 1988). These two receptors are present in 

prelysosomes (endosomes), the Golgi complex and to some extent at the 

cell surface, and they recycle between these different sites (Pfeffer, 1987; 
Braulke et al., 1987; Duncan and Kornfeld, 1988). The exact site of binding 

to these receptors is still not fully identified yet. Immunocytochemical 
electron microscopy studies (Brown and Farquhar, 1984) suggest that this 

process takes place in the cis Golgi, while other studies suggest that it takes 

place in the trans Golgi and in TGN (Geuze et al., 1984; Lemansky et al., 

1987b).

The next step in the biosynthesis of lysosomal enzymes involves their 
transport via clathrin-coated vesicles (Lemansky et al., 1987b) to a
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prelysosomal compartment. In this compartment they dissociate from the 

receptor which then recycles to the Golgi apparatus to be reutilised in further 

transport (Sly et al., 1981; Griffiths et al., 1988). The dissociation of the 

proenzyme is facilitated by a decrease in the pH of this compartment 
(Lemansky et al., 1987, Duncan and Kornfeld, 1988).

The decrease in the pH is created by means of an ATP-driven proton pump 

in the prelysosomal compartment (Schneider et al., 1983) which is located 

on the membrane. These proton pumps have been isolated from the 

prelysosomes of a variety of tissues including liver and kidney and shown to 

be a large complex made up of several polypeptides which range in size 

from 250 kDa to 500 kDa. Most of the mass of these complexes is located at 
the cytoplasmic side of the membrane. They are believed to be situated in 

specialised patch-like sub-domains on the surface of the prelysosomes. The 

presence of these proton pumps is essential to maintain the intra-lysosomal 
acidic conditions necessary for the optimal action of the lysosomal acid 

hydrolases. The enzyme precursors then undergo further partial cleavage of 
their polypeptide chains and lose the phosphate group to form the mature 

soluble lysosomal enzyme in the lumen of the lysosomes.

Lysosomal enzyme targeting by the mannose-6-phosphate recognition 

marker is not the only system for their transportation. The oligosaccharide

chains of the enzyme, p-glucocerebrosidase (Beutler and Kuhl, 1986; 

Willemsen et al., 1987), which is associated with the luminal face of the 

lysosomal membrane, are processed to give sialylated complex 

oligosaccharides, which lack the mannose-6-phosphate recognition marker. 
This observation indicates that the enzyme is transported to lysosomes by a 

mechanism, which is independent of the mannose-6-phosphate pathway. 
Studies carried out on l-cell disease, in which there is a universal deficiency 

of N-acetylglucosaminylphosphotransferase activity showed that in many 

cell types such as macrophages and leukocytes and in tissues such as 

brain, spleen, kidney and liver a normal level of lysosomal enzymic activity 

is present (Owada and Neufeld, 1982; Waheed et al., 1982, Gabel et al., 
1984). Also some mutant cell lines which have no mannose-6-phosphate
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receptors contain normal levels of lysosomal enzyme activities (Goldberg et 
al., 1983). All these observations indicate that there is another 
mechanism(s) for the targeting of lysosomal enzymes in addition to the 

mannose-6-phosphate pathway. This was also suggested by Akihiko et al 

(1988), who showed that p-hexosaminidase A activity was localised in the 

lysosomes in l-cell disease patients. This observation led to the conclusion 

that although the enzyme molecules had abnormal carbohydrate chain 

structures lacking the mannose-6-phosphate residues, they had been 

transported to the lysosomes. This indicated the presence of an alternative 

pathway for their transportation which is completely independent of but 
works alongside the MPR pathway.

1.3 Lysosomal storage diseases.
The lysosomal system contains many acid hydrolases which can catalyse 

the hydrolysis of almost all macromolecules be they proteins, carbohydrates, 
lipids or nucleic acids. These reactions take place inside the lysosomes 

under acidic conditions in a very organised step-wise manner whereby the 

product from one step in the sequence of reactions is the starting material for 

the next enzyme. The loss of one or more of these activities leads to the 

accumulation of undegraded or partially degraded macromolecules inside 

the lysosomes. The progressive accumulation of these undigested or 
partially digested macromolecules leads to different biochemical and 

physiological changes in the cells , tissues and the whole organism. The 

pathological condition arising from the accumulation of these partially 

digested macromolecules is known as a lysosomal storage disease.

The reported enzymic defects show that glycosidases, sulphatases and 

lipid-degrading hydrolases are the main groups of enzymes affected (for 

reviews see Neufeld et al., 1975, Neufeld, 1991). No defects in specific 

lysosomal proteases have been reported in the literature. However, recently 

Palmer et al. (1989) and Hall et al. (1991) have reported the intra-lysosomal 
accumulation of a single polypeptide in the brains and other tissues of 
patients suffering from late infantile and juvenile Batten’s disease, a storage 

disorder inherited in an autosomal recessive manner. This single
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polypeptide had the NH2-terminal sequence of subunit C of the 

mitochondrial ATP synthase (Palmer et al., 1989). The defect leading to the 

accumulation of the subunit C in the lysosomes of patients suffering from 

Batten’s disease has not been identified yet. It could be a defect in the 

catabolism of subunit C inside the lysosomes, or a defect in the intracellular 

targeting of this polypeptide. The only other case involving storage of 
protein-derived material in the lysosomes is the lysosomal storage disease 

cystinosis. The deficiency here is not the inability of the lysosome to 

catabolise cystine but the inability to transport it out of the lysosome. The 

underlying enzymic defects in most of the lysosomal storage disorders have 

been established (Table 1.1). These disorders can be identified by 

demonstrating a deficiency of the appropriate activity in white blood cells, 
plasma or cultured fibroblasts of patients. Prenatal diagnosis in pregnancies 

at high-risk can be made for many lysosomal storage diseases by assaying 

the enzymes in cells from amniotic fluid or chorionic villi (Winchester, 1990).

1.3.1 Genetics of lysosomal storage diseases.
The lysosomal storage diseases are rare genetic disorders with an overall 
occurrence of approximately 1 in every 10,000 births but they make up 

about 15% of the inborn errors of metabolism. They have a wide range of 
genetic heterogeneity which is reflected in the observation that many of the 

disorders have variant forms with different clinical manifestations (Hers and 

Van Hoof, 1973; Callahan and Lowden, 1981; Galjaard and Reuser, 1984; 

Tagereta!., 1984; Tager, 1985; Scriver eta!., 1989).

To date over 30 lysosomal diseases have been reported in humans. They 

are all inherited in an autosomal recessive manner, except Hunter’s 

syndrome (mucopolysaccharidosis II) and Fabry’s disease (ceramide 

trihexoside lipidosis), which are X-linked disorders (for a review see 

Beaudet et al., 1989). The autosomal recessive manner of inheritance 

means that both alleles in a genetic locus should be mutated to give the 

clinical manifestations of the disease. It will also require that the affected 

gene be on one of the 22 autosomes which would consequently mean that 

both male and female populations are affected equally. This type of 
inheritance is apparent in the homozygous or the compound heterozygous
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state. In the case of heterozygotes, being of recessive inheritance the 

mutation does not completely abolish the activity of the affected enzyme, 
where the unaffected allele can still produce 50 percent of the enzymic 

activity. In biological systems the amount of substrate present is much less 

than the amount required for the saturation of the enzyme. So the amount of 

activity produced in heterozygotes or carriers is usually enough to 

catabolise the relevant natural substrates thus preventing their accumulation 

inside the lysosomes.

1.3.2 Classification of lysosomal storage diseases.
The classical classification of lysosomal storage diseases was based on the 

type and chemistry of the material accumulating in the tissue and secreted in 

the urine of patients (Table 1.1). This classification is useful from the clinical 
point of view because deficiencies in closely related enzymic activities lead 

to the accumulation of storage material with similar chemical properties and 

consequently the development of similar clinical symptoms. Extensive 

studies carried out to investigate the storage material in these disorders 

revealed a wide range of heterogeneity in the structures and nature of some 

storage material. This heterogeneity arises from the fact that a group of 
enzymes and not one single enzyme can some times act on a specific 

substrate as in the case of Sanfilippo disease (Coppa et al., 1983). The 

natural substrates, glycosaminoglycans, are hydrolysed by four different 
enzymes which catalyse the removal of either N-sulphated or N-acetylated

a-linked glucosamine residues. The material excreted in the four different 

variants of the disorder is heparan sulphate. This is caused by the loss of 

one of the activities heparan N-sulphamidase, a-D-N- 

acetylglucosaminidase, a-glucosamine-N-acetyl transferase or a-N- 

acetylglucosamine-6-sulphate sulphatase which leads to one of the known 

four variants Sanfilippo A, B, C or D respectively. It is clear from this example 

that the most convenient classification of lysosomal storage diseases should 

be based on the enzymic defect.

If we look at the example of l-cell disease and pseudo-Hurler polydystrophy, 
in which the defect is in the post-translational modification of lysosomal
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enzymes due to a deficiency of the enzyme uridine-diphosphate-N- 
acetylglucosamine phosphotransferase (Muller etal., 1983), it can be clearly 

seen that these two disorders although falling under the same group of 
lysosomal storage disorders according to this classification, have different 
clinical manifestations. Although this classification is very useful in the 

identification of lysosomal storage disorders, it cannot be considered as the 

perfect one. The classification of lysosomal storage diseases according to 

the defective enzyme is by far the most reliable and most convenient one. 
The deficient enzymic activities have been identified and extensively studied 

in most of the disorders.

The study of the biogenesis of lysosomal enzymes by the metabolic labelling 

in cells in culture followed by immunoprecipitation and detection of the 

precipitated normal or mutant enzymes by fluorography (von Figura et al., 
1984) could be the basis of another classification according to the site and 

nature of the block in the pathway of biosynthesis of the lysosomal enzymes. 
The most important feature in classifying lysosomal storage disorders would 

be the presence or the absence of cross-reacting immunological material 
(CRIM).

The recent advances in molecular biology and the subsequent cloning and 

characterisation of complementary DNAs (cDNAs) and genes encoding 

many lysosomal enzymes have expanded the horizons of the study of 
lysosomal storage disorders. The identification of many mutations causing 

these disorders leads to the identification of their causes. This will be 

discussed in the following part.

1.3.3 Causes of lysosomal storage diseases.
The reasons which could cause a lysosomal storage disorder arise from the 

complexity of the pathway for the biosynthesis of the lysosomal hydrolases. 
These involve post translational proteolytic processing, glycosylation, the 

synthesis of protector agents and attachment of recognition markers (Fig. 
1.3). A defect in any of these processes will cause a lysosomal storage 

disorder. Alongside these causes a defect in the mechanism for removal of 
metabolites from lysosomes can lead to one of these disorders. Studies
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Gene
♦

mRNA

Polypeptide

(1) Absent mRNA or Polypeptide.
(2) Defective or decreased polypeptide 

synthesis.

Lysosomal enzyme precursor 
in non-lysosomal compartment

(4) Stability. (3) Transport.

Lysosomes

(5) Molecular activity.
(6) Activator.
(7) Inhibitor.

Storage Material

Fig. 1.3 The possible causes of lysosomal storage diseases & examples.

(1) A 4 base insertion in exon 11 of a-sub-unit of p-hexosaminidase, causing 

Tay-Sachs disease in Ashkenazi Jews.

(2) Decreased synthesis of a-sub-unit of p-hexosaminidase precursor.

(3) Single base change in a-sub-unit of p-hexosaminidase leads to the 

retention of the enzyme in the endoplasmic reticulum, l-cell disease.

(4) Precursor of a-glucosidase rapidly degraded in a prelysosomal 

compartment, some cases of metachromatic leucodystrophy.

(5) Mutant form of a-mannosidase with a high Km in mannosidosis.

(6) Absence of GM2 activator leading to AB varient of Tay-Sachs disease.

(7) Inhibition of lysosomal a-mannosidase by the potent inhibitor 

swainsonine.
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carried out using cultured fibroblasts enabled the close monitoring and 

elucidation of many of these processes and showed how a genetic defect in 

a step in the sequence can lead to an enzyme deficiency.

Mutations (for reviews see Watts and Gibbs, 1986; Scriver et al., 1989; 
Neufeld, 1991) leading to the synthesis of a grossly abnormal protein that 
does not resemble the native polypeptide have been found in cases of many 

lysosomal storage disorders where no immunologically cross reacting 

material can be detected. These include the severe infantile form of 
Pompe’s disease (Reuser et al., 1985), Hurler’s syndrome (Myerowitz and 

Neufeld, 1981), metachromatic leucodystrophy (Waheed et al, 1982), Tay- 

Sachs disease (Hasilik and Neufeld, 1980; Myerowitz and Proia, 1984), 

Sandhoffs disease (Proia et al., 1984), a-fucosidosis (Johnson and

Dawson, 1985) and in a-mannosidosis (Pohlmann et al., 1983; Cenci di 

Bello and Winchester, 1989). In the case of defects in the post translational 
processing one or more abnormalities can arise. Reuser e ta l (1985) carried 

out studies on fibroblasts from patients of different forms of Pompe’s disease 

,Glycogenosis type II. In some cases normal amounts of the enzyme 

precursor, were synthesised and glycosylated but phosphorylation failed to 

take place and the maturation of the precursor was almost absent. This 

could be due to mutations stopping the precursor from being transported 

from the ER to the Golgi apparatus where phosphorylation can take place or 
in modification of the phosphorylation sites. This lack of phosphorylation 

prevented the precursor from being transported to the lysosome to complete 

the maturation process.

A defect in the structural gene for lysosomal enzymes or perhaps in a 

processing enzyme can lead to an increased rate of breakdown of an 

enzyme precursor. Johnson and Dawson (1985) reported that the precursor

of a-fucosidase is degraded rapidly in a prelysosomal compartment in a 

case of fucosidosis. Another example is the degradation in the ER of the 

water insoluble p-hexosaminidase a-chain precursor in a variant of Tay- 

Sachs disease (Proia and Neufeld, 1982). Studies on patients suffering from 

Gm i gangliosidosis also showed that premature degradation of the enzyme
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sometimes takes place (Hoogeveen et al., 1986). Defects that result in the 

increased degradation of the enzyme a-galactosidase (Lemansky et al.,

1987) have also been described in some cases of Fabry’s disease.

Another case of a lysosomal storage disorder is a deficiency in one of the 

cofactors that protect the lysosomal hydrolases from the proteolytic activity of 

the lysosomal proteinases. d’Azzo et al, (1982) showed that the defect in a 

32 kDa glycoprotein factor which acts as a protector of the enzyme (3- 

galactosidase in galactosialidosis patients leads to its rapid degradation 

inside the lysosomes (Hoogveen et al., 1983; Verheijin et al., 1985). The 

rapid degradation of lysosomal sulphatases in the multiple sulphatase 

deficiency, in which at least six different sulphatases are inactive, is believed 

to be due to the absence or the abnormality of a stabilising factor (Waheed 

et al., 1982).

The need for certain activator proteins to initiate the interaction between a 

substrate and the relevant hydrolase creates another area where a 

lysosomal storage disease can occur. In the case of the AB variant of GM2 

gangliosidosis, Sandhoff’s disease, the lipid storage inside the lysosomes is 

caused by the absence of a protein factor which facilitates the association of 
the substrate and the enzyme (Conzelmann and Sandhoff, 1978). The 

discovery of a group of glycoproteins (Mehl and Jatzkewitz, 1964; Ho and 

O’Brein, 1971) which are required to activate sphingolipids before their 
hydrolysis by specific lysosomal hydrolases, these glycoproteins were 

called sphingolipid activating proteins (SAPs) and the subsequent findings 

that these activators are deficient in patients with prosaposin and SAP1 

deficiency (Harzer et al., 1989; Scholte et al., 1991) shows that this is also 

another area where lysosomal storage diseases can occur.

Cystinosis represents a form of lysosomal storage disorder due to a defect 
in the metabolite transport system (Gahl e ta l, 1982). Also in this category is 

the metabolic deficiency in vitamin B12 in which cobalamin accumulates in 

the lysosomes due to a defect in a transport system (Rosenblatt etal., 1985).
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Normally the release of vitamin B12 in the lysosomes is achieved by the 

lysosomal degradation of a carrier protein, transcobalamin II. The carrier 

protein-vitamin complex is taken up into cells and delivered to the 

lysosomes by endocytosis. The lysosomal enzymes then break down the 

carrier protein to release the vitamin which passes through the lysosomal 

membrane for utilisation in the cytosol (Rosenblat et al., 1985). In 

methylmalonic aciduria, type F, degradation of the carrier protein takes place 

within the lysosomes but the defect in the outward transport system prevents 

the efflux of the free vitamin to the cytosol. This leads to a deficiency of the 

B12-dependent enzyme methylmalonyl CoA mutase.

Cloning of genes encoding some lysosomal enzymes (O’Brien et al., 1984) 
has opened the way to understanding the causes of the resulting lysosomal 
storage disorders at the gene level. A gene coding for an enzyme could be 

affected by many different abnormalities. By far the most common 

abnormalities at the gene level are point mutations. These could be the 

result of a single base substitution or deletion . The substitution will create a 

change of one amino acid in the peptide sequence altering the structure of 
the translated protein. A single base deletion or insertion will also cause the 

formation of a different protein due to the changing of the position of the 

reading frame and altering the downstream codons. Abnormalities could 

also arise due to insertion or deletion of stretches of DNA which will result in 

the production of altered protein or affect the production of the protein. Other 
mutations affecting the gene could result from the introduction of a 

premature stop codon which will result in the formation of a truncated 

protein. An abnormally long protein also can be formed due to an alteration 

of the position of a stop codon. mRNA can be affected by mutations of the 

intron donor or acceptor splice sites, which will eventually cause the 

formation of an unstable mRNA or its translation into an unstable protein. 

The number of mutations reported in genes for lysosomal enzymes is very 

large, and examples will be discussed in section 1.3.3.2.

The lysosomal storage disorder, a-mannosidosis, which results from a 

deficiency of lysosomal a-mannosidase, is the main subject of this thesis (for



reviews see Jolly et al., 1981; Chester et al., 1982). A large degree of 
heterogeneity is observed in the patients as judged from clinical 
manifestation, pan-ethnic distribution, residual enzymic activity and studies

of the biosynthesis of lysosomal a-mannosidase in cultured fibroblasts of 

patients (Cenci di Bello and Winchester, 1989). This will surely be reflected 

in a wide variety of mutations in the gene for a-mannosidase. To date the

lysosomal a-mannosidase has not been cloned. This is due to the difficulty 

in purification of the enzyme to homogeneity to raise monospecific 

antibodies which could be used to screen a human hepatoma cDNA library

expressed in the vector X gt 11 (De Wet etal., 1985). The expressed protein

is inserted into p-galactosidase of A, gt 11 in E. coli and is detected by the 

monospecific antibody which could be used in cloning the gene. 

Alternatively the purified enzyme could be used to obtain a protein 

sequence, which could be used to design specific oligonucleotide primers 

and probes. This was shown to be possible for another form of a- 

mannosidase, rat liver Golgi mannosidase II, (Moreman, 1989). The main 

limiting step for the lysosomal activity is the difficulty of obtaining a protein

sequence. A partial sequence of the N-terminal region of the sub-units of a- 

mannosidase B was obtained by Cheng (1983, PhD thesis) in this 

laboratory. It could not be used to design synthetic oligonucleotide probes or 
primers because it contained amino acids with many codons. The only other

report on the cloning of lysosomal a-mannosidase was by O’Brien et al 

(1984). Subsequent studies using the putative probe obtained showed 

however that lysosomal a-mannosidase had not been cloned.

In order to understand the various possible mutations which could be the 

cause of a-mannosidosis, I will discuss the different genetic aberations 

which have been found to cause one of the most well characterised 

lysosomal storage disorders, GM2-gangliosidosis. The discussion will try to 

illustrate the types of mutations found and how clinical and biochemical 
heterogeneity arises. The defect in this disease is in the lysosomal

catabolism of GM2-ganglioside by the enzyme p-hexosaminidase (for a
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review see Neufeld, 1989).

1.3.3.1 p-Hexosaminidase.

P-Hexosaminidase, p-D-N-acetylhexosaminidase (EC. 3.2.1.52), is a widely 

distributed enzyme in mammalian tissues and fluids (Watanabe, 1939; 
Robinson et al., 1967; Robinson and Stirling, 1968). It exists in two major 
isoenzymes, an acidic A and a basic B form, and a minor form S. The two 

major forms are separable by conventional protein separation methods 

(Dance et al., 1970; Poenaru and Dreyfus, 1973). Hexosaminidase A is

made up of two sub-units a and p (ap) with an Mr of 50-60 kDa and 25-30 

kDa respectively. The B form is made of two p-subunits (PP) with an Mr of 

25-30 kDa (Mahuran and Lowden, 1980), and the S form of two a-subunits 

(aa).

The genes encoding the two sub-units of the enzyme are HEX A assigned 

to chromosome 15 (Gilbert et al., 1975) and HEX B assigned to

chromosome 5 (Lalley et al., 1974) for the a- and p- subunits respectively. 

Cloning of the cDNA for the human HEX A gene (Myerowitz et al., 1985), 
showed that the cDNA insert was 1944 base-pair (bp) long with a 168 bp 5 ’ 
region and a 186 bp 3’ region. The open reading frame was 1587 bp long 

ending with a stop codon at nucleotide 1588-1590. Other clones for HEX A 

were isolated (Korneluk etal., 1986). The isolation of other overlapping DNA 

sequences for HEX A showed that the gene was 35 kilobases (kb) long and 

contains 14 exons (Proia and Soravia, 1987). The intron sequence started 

at the 5’ end with GT and terminated at the exon-intron boundary with AG. 
The size of intron 1 was shown to be about 18 kb long and the sizes of the 

other 12 introns range between 2.1 and 0.2 kb.

cDNA clones coding for the p-subunit were isolated (O’Dowd et al., 1985; 

Proia, 1988; Neote etal., 1988). Studies carried out on these clones and on 

a series of overlapping genomic clones showed that the gene was 45 kb 

long and consisted of 14 exons. The introns at the 5 ’ region were larger than 

those at the 3 ’ region. The gene also contained promoter-like sequences
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made of 700 bp at the 5’ end. These promoters were shown to lack the TATA 

box and to contain GC boxes at 59, 123, 169 and 338 bp upstream from the 

first ATG codon at exon 1.

A third gene is implicated in the catabolism of the substrate for p- 

hexosaminidase and encodes an activator protein (Sandhoff etal., 1989).

1.3.3.2 Genetic defects affecting p-hexosaminidase.

Different mutations like exon deletion, base pair substitution and insertion 

affect these three genes and lead to the loss of activity of the enzyme. 
Different mutations were identified in different populations of patients. A 

deletion of exon 1 and Alu flanking sequences occurs in French-Canadian 

patients (Myerowitz and Hogikyan, 1986,1987). In the case of Ashkenazi

Jews in the United States, carriers of p-hexosaminidase A deficiency are 3% 

of the total population. Two mutations affecting this group were also 

identified. A base pair substitution (Myerowitz, 1988; Arpaia et al., 1988; 
Ohno and Suzuki, 1988a) in the conserved donor splice site of intron 12 

prevents the normal maturation of heterogeneous nuclear RNA (Ohno and 

Suzuki, 1988b), while a four-nucleotide insertion in exon 1 causes 

premature termination and subsequently unstable messenger RNA 

(Myerowitz and Costigan, 1988). Premature termination is also caused by a 

nucleotide deletion in codon 504 (Lau and Neufeld, 1989). The above 

mentioned mutations give rise to the infantile form of the disease. Other 

mutations lead to the adult form of the disorder. The substitution (^ G ly  —- 

S e r ) in HEX A gene (Triggs-Raine et al., 1990, Paw et al., 1990) stops the

a-subunit of p-hexosaminidase from dimerizing properly with the p-subunit

and causes the loss of activity of the p-hexosaminidase A isoenzyme

(d’Azzo et al.,1984). Two mutations that disrupt the active site in the a-

subunit are conversion of the 178 Arg residue into either cystine (Tanaka et 

al., 1990a) or histidine (Ohno and Suzuki, 1988c). Other substitutions 

reported include the conversion of arginine at positions 499 and 504 into 

histidine (Paw et al., 1990), glutamic acid at 482 into lysine (Nakano et al.,

1988), arginine at 170 to glutamine and tryptophan at 420 to cystine (Tanaka
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et al., 1990b). Recently Paw et al (1991) reported another amino acid 

substitution cystine for arginine at the CpG dinucleotide of codon 504. 
Another novel mutation affecting two American Black Tay-Sachs patients 

has recently been identified (Mules etal., 1991) a G —T transversion in the 

AG acceptor splice site preceding the intron 4 / exon 5 junction.

The above mentioned mutations affect the a-subunit, but the p-subunit of 

the enzyme is also susceptible to mutations. The most common mutation 

affecting the HEX B gene is a deletion of exons 1 to 5 as in Sandhoffs 

disease (Neote et al., 1990). Other mutations include a G — A transition at 
the CpG site in intron 12 (Nakano and Suzuki, 1989) and a duplication of 
the sequence straddling intron 13 and exon 14 (Dlott etal., 1990).

The analysis of these different mutations was made possible by the cloning 

of the a- and p-sub-units of hexosaminidase. The recent advances in the 

techniques used in molecular biology such as the polymerase chain 

reaction (PCR) and methods for mutation analysis such as single strand 

conformation polymorphism (SSCP) and chemical mismatch analysis will 
lead to the elucidation of many other new mutations. Similarly the analysis 

of other lysosomal enzymes that have been cloned has shown that the 

heterogeneity in the clinical manifestations of these diseases is also 

reflected in the number of different mutations affecting the genes.

1.4 Glycoproteins.
Glycoproteins are ubiquitous components of the living cell, and are found in 

most if not all living organisms (Hughes, 1983). They are found in cell 

secretions, on cell surfaces, in nucleoplasmic and cytoplasmic 

compartments and in the luminal compartments of the cytoplasm. They 

consist of a carbohydrate moiety linked glycosidicaly to an amino acid 

residue of a polypeptide. The carbohydrate moiety of the glycoprotein is 

known as glycan. It can be linked to the polypeptide via an N-glycosidic 

linkage to the amide nitrogen of asparagine (N-glycan) or via an O- 
glycosidic linkage of the hydroxyl group of serine or threonine (O-glycan). 
One of its most important features is that it can contain mono-, bi- or
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multiantennary oligosaccharide chains. This in turn means that glycans 

exhibit a very large variation in size, species and the sequence of their 
constituent carbohydrate chains. The classical classification of glycoproteins 

into N- and O-linked glycans is based on the type of linkage present and 

both linkages could be present in the same polypeptide back bone (Hughes,
1983).

Glycoproteins are very important constituents of cell membranes in which 

together with other glycoconjugates, such as glycolipids and proteoglycans 

they comprise about 2-10 % of eukaryotic cell membranes. All of the 

lysosomal enzymes are glycoproteins (Strawser and Touster, 1980) and 

many are highly glycosylated. Protein glycosylation is an important feature 

of eukaryotic cells, and it serves as a very important character in protein 

transport and localisation and is an important factor in the protection of 
proteins against proteolytic activities. One of the most important roles of 
protein glycosylation is the post translational modification of the 

carbohydrate moieties of the lysosomal proteins, which targets their up-take 

into the lysosomes and differentiates them from the secretory proteins.

In this thesis the most relevant type is the N-linked glycoproteins. And 

subsequently the emphasis will be placed on this type of glycoproteins.

1.4.1 Functions of glycoproteins.
Many functions have been proposed for glycoproteins in mammalian tissue. 

"They are found in all types of cells and contribute to a variety of biological 
processes. Their functions are very important and essential in maintaining 

cellular structure. Any changes taking place and causing modification of the 

normal pattern of glycosylation of proteins would lead to pathological 
consequences (for reviews see, Stanley, 1987; Rademacher et al., 1988; 

Brandli, 1991).

some of the most important functions are :
1) Protection of proteins against other proteolytic activities.
2) Recognition in intracellular adhesion.

3) Induction and maintenance of protein conformation and stability.
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4) Decrease in the immunogenicity of proteins.
5) Recognition and association of viruses, bacteria and other pathogens.
6) Recognition in hormone action and growth control.

1.4.2 O-linked glycans.
These are glycoproteins where the glycosidic linkage is formed between 

carbon 1 of the carbohydrate moiety and the hydroxylated side chain of 
either serine, threonine, hydroxylysine or hydroxyproline. This is a major 
group of glycoproteins. O-linked glycans are present in mucins, human 

blood group substances and collagen. They are generally thought of as 

constituents of cell-surface glycoproteins, although occasionally found in 

serum glycoproteins and certain nuclear glycoproteins.
The link is via N-acetyl-D-galactosamine to serine or threonine. O-linked 

glycoproteins are usually found clustered within heavily glycosylated 

regions of the polypeptide chain (Jentoft, 1990). A universal consequence of 
O-glycosylation of proteins is the resistance to proteases of the O- 
glycosylated regions. This resistance is thought to be the result of the 

carbohydrate chains blocking the proteases from reaching the peptide core 

(Kozarsky et al., 1988). O-glycosylation of peptides also influences the 

specific conformation of the protein. In yeast and moulds the sugar residue 

linked to serine or threonine is mannose (Finne etal., 1979).

1.4.3 N-linked glycans.
These comprise a widely distributed group in secretory and membrane 

glycoproteins. They are glycosidicaNy linked through the anomeric carbon 

atom of N-acetylglucosamine to the amide group of asparagine. Many 

different structures have been identified (for reviews see, Montreuil, 1980; 
Kornfeld and Kornfeld, 1980; Rademacher etal., 1988).

In addition to the linking sugar, N-linked glycans can contain up to 20 sugar 
residues including mannose, fucose, galactose, glucose, N- 
acetylglucosamine, sialic acid and in some cases N-acetylgalactosamine, 
sulphate and phosphate. Another class of N-linked glycans contain

repeating branches of disaccharide units of galactose linked by a P(1,4)
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linkage to N-acetylglucosamine (Montreuil, 1980; Kornfeld and Kornfeld, 
1980) and are called polylactosamine chains. Prokaryotic cells contain N- 
linked glycans in which a number of monosaccharides act as the linking 

sugar to the amide group of asparagine.

Structural analysis of the asparagine-linked glycans found in a variety of 
plant and animal cells shows that they fall into three main groups, which can 

be categorised as high-mannose, hybrid and complex asparagine-linked N- 
glycans. These three groups have a common core pentasaccharide

structure, Mana(1,3) Mana(1,6) Man|5(1,4) GICNAC2  Fig. 1.4. This common 

pentasaccharide structure results from the assembly of N-linked glycans 

because they are all derived from the same biosynthetic lipid-linked 

precursor, which is transferred en bloc to asparagine residues of a nascent 
peptide chain. The common precursor oligosaccharide is then processed to 

give rise to these different categories. Fig. 1.5, shows the different enzymatic 

reactions involved in this process, these processes will be discussed in 

more detail in the following section.

1.4.4 Biosynthesis of asparagine linked glycoproteins.
Biosynthesis of glycoproteins is a very important process in mammalian 

tissues (for review see, Hubbard and Ivatt, 1981; Presper and Heath, 1983). 
Protein glycosylation in mammalian cells (Schachter, 1978; Staneloni and 

Leloir, 1979), takes place by the en bloc transfer of a pre-assembled 

oligosaccharide precursor Glc3MangGlcNAc2  from a lipid donor, dolichol 
pyrophosphate, to an asparagine residue in a nascent polypeptide. The 

oligosaccharide precursor is assembled in a step-wise manner in 

membrane bound polyribosomes of the rough endoplasmic reticulum (RER) 
(Palade, 1975; Hubbard and Ivatt,1981; Kornfeld and Kornfeld, 1985). The 

reactions by which the monosaccharides are added are catalysed by a 

group of very specific enzymes, glycosyltransferases, each catalysing the 

specific transfer of one sugar residue. The names of these enzymes indicate 

which sugar is being transferred. The lipid donor, dolichol pyrophosphate, is 

a phosphorylated polyprenol containing between 17 and 21 isoprene units 

(Parodi and Leloir, 1979).
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Fig. 1.4 Structure of the three major types of asparagine-linked oligosaccharides.

Dashed box shows the common structure for the three different types.

1 - Complex type glycans.

2 -  Hybrid type glycans 
3 - High-mannose type glycans.

^  Mannose Q  Glucose O  Sialic Acid I N-acetylglucosamine
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The addition is initiated by the transfer of an N-acetylglucosamine 1- 
phosphate to the dolichol phosphate. A further N-acetylglucosamine, nine 

mannose and three glucose residues are then added to the growing 

carbohydrate chain, in a very specific step-wise manner. The donors of the 

two N-acetylglucosamines and the first five mannose residues are the sugar 

nucleotides, UDP-GlcNAc and GDP-Man, while the remaining four mannose 

and three glucose residues are derived from the lipid intermediates, Dol-P- 
Man and Dol-P-GIc (Kornfeld and Kornfeld, 1985). This method of assembly 

raises the question of the exact orientation of the lipid-linked precursor. It is 

well documented that protein glycosylation takes place in the lumen of the 

(RER) (Berger and Kuehl, 1978; Hannover and Lennarz,1980; Ronnet and 

Lane, 1981) but the donor sugar nucleotides cannot enter the lumen of the 

(RER) (Carry etal., 1980; Hannover and Lennarz, 1982).

This problem was investigated and solved by using the lectin, concanavilin 

A, to probe the orientation of the lipid-linked oligosaccharide in ER-derived 

vesicles. The data obtained showed that MangGlcNAc2  was assembled on 

the cytoplasmic side of the ER membrane. This was then translocated into 

the luminal side, where the assembly was completed and protein 

glycosylation accomplished (Snider and Robbins, 1982; Snider and Rogers,
1984).

The subsequent transfer of this carbohydrate moiety to the asparagine 

residue in a nascent polypeptide is catalysed by the enzyme dolichol 
diphosphoryloligosaccharide polypeptide oligosaccharyl transferase. The 

efficiency of this reaction is governed by certain requirements. The 

asparagine residue has to be in the sequence Asn-X-Ser(Thr) (Marshal, 
1972; Kornfeld and Kornfeld, 1985), where X can be any amino acid except 
proline (Struck and Lennarz, 1980), and probably aspartic acid (Kornfeld 

and Kornfeld, 1985; Holtzman, 1989). Another requirement is the 

accessibility of the sequence (Berger etal., 1982) and finally the presence of 
the terminal three glucose residues in an intact form on the precursor is 

essential. Protein glycosylation was shown not to be affected by the removal 

of some mannose residues from the non-glucosylated branches of the 

oligosaccharide precursor GIC3 MangGlcNAc2  (Spiro etal., 1979;
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1.4.5 Processing of asparagine linked glycoproteins
Processing of the carbohydrate chain of the glycosylated protein starts 

immediately after the transfer of the carbohydrate moiety to the asparagine

residue. This is initiated by the endoplasmic reticulum enzyme a- 

glucosidase I, which specifically cleaves a glucose residue to give 

GIC2 MangGlcNAc2. This is then followed by the removal of the two other 

glucose residues by the a(1 ,3) specific glucosidase II and by the removal of 

one a(1,2) linked mannose residue by the ER a-mannosidase. These 

reactions take place cotranslationally on the polysome-bound nascent 
polypeptide (Atkinson and Lee, 1984).

The newly synthesised glycoproteins are then transported to the cis region 

of the Golgi cisternae by means of vesicular transport, where further 
processing takes place. Suggestions that receptor-mediated transport takes

place at this step have arisen from studies using the a-glucosidases I and II- 

specific inhibitor, 1-deoxynojirimycin. These studies showed that the 

addition of the inhibitor delays transport of glycoproteins into the cis Golgi 
cisternae, possibly because deglucosylation forms part of the recognition 

marker for this receptor (Gross et al., 1983; Lodish and Kong, 1984; 
Lemansky et a/.,1984). It is also suggested that the removal of the three 

glucose residues is necessary for the glycoprotein to mature into the correct 
functional conformation (Schlesinger et al., 1984). The removal of the 

terminal glucose residues gives rise to the simple or high-mannose type 

found in many glycoproteins.

Glycoproteins in the Golgi apparatus are then differentiated into lysosomal 
proteins and secretory proteins. The lysosome-bound proteins undergo a 

specific reaction by which they become phosphorylated at specific mannose 

residues (Berger et al., 1982). This process was discussed in part (1.2.1). 
The non-lysosomal glycoproteins are then moved by vesicular transport 

through the medial and trans cisternae, where further processing takes 

place, Fig.1.5, shows the steps involved in these reactions. Further trimming
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takes place by the Golgi a-mannosidase I which removes three mannose 

residues if ER a-mannosidase has acted on the oligosaccharide or four 

mannose residues if this activity did not remove a single mannose residue, 

to give a Man5GlcNAc2 . Further processing of the Man5GlcNAc2  takes 

place by a specific a-mannosidase which catalyses the removal of the two 

non-core mannose residues (Tabas and Kornfeld, 1978; Harpaz and 

Schachter, 1980). A prerequisite for this reaction is the addition of an N- 
acetylglucosamine residue to the Man5 GlcNAc2 by the enzyme, N- 

acetylglucosaminyl transferase I, from UDP-GlcNAc to the a (1 ,3) linked core 

mannose residue. The resulting GlcNAc-j Man3 GlcNAc2  structure is the 

starting material for the different glycosyltransferases involved in the 

biosynthesis of complex-type glycans. These enzymes include, N- 
acetylglucosaminyl transferase II, which transfers another GlcNac residue to

the a(1 ,6) core mannose residue, followed by the further addition of fucose, 

galactose and sialic acid in the transGolgi cisternae (Dunphy etal., 1981).

1.4.6 Catabolism of asparagine linked glycoproteins.
The lysosomal catabolism of mammalian glycoproteins is a process 

believed to take place in two stages. The first step involves the degradation 

of the polypeptide by the action of endopeptidases, peptidases and amino- 
and carboxypeptidases to release the glycoasparagine and amino acids. 
The asparagine-linked oligosaccharides are then further broken down by 

the concerted action of exoglycosidases, endohexosaminidases and N- 
acetylglucosaminidases (Kuranda and Aronson, 1986; Brassart etal., 1987; 

Aronson et al., 1989). This is a bi-directional process which takes place at 
the same time at both the reducing and the non-reducing ends of the 

asparagine-linked oligosaccharide and results in the formation of 
oligosaccharides containing one or two N-acetylglucosamine residues at 
the non-reducing terminus depending on the species and whether it 

possesses the endohexosaminidase activity. Fig. 1.6, shows the different 
steps and the different lysosomal enzymes involved in the degradation of a 

representative glycoprotein. These reactions are believed to take place after 
the release of the asparagine-linked oligosaccharide from the polypeptide
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Fig 1.6 The lysosomal catabolism of a representative N-linked glycan showing the 
lysosomal hydrolases involved.

#  Mannose, Neuraminic acid, A  Fucose, O  Galactose 
□  N-acetylglucosamine.
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by the action of the lysosomal proteases. Then the bi-directional reaction 

starts. This is believed to take place after the removal of the fucose residue 

on the N-acetylglucosamine. The endohexosaminidase activity responsible 

for the hydrolysis of the chitobiose linkage is present in human and in rat 
tissue and is absent from the tissue of bovine and feline species (Song e t  

al., 1987; DeGasperi et al., 1989). This is reflected in the pattern of the 

partially degraded glycoproteins in different species affected with the

lysosomal storage disorder, a-mannosidosis (Abraham et al., 1983). At the 

same time as this chitobiosidic linkage is being broken down the other N- 
acetylneuraminic acid and galactose residues are removed by the 

corresponding glycosidases. This step is followed by the sequential action 

of other exoglycosidases which would carry out the complete break down.

The three different types of asparagine-linked glycoproteins that reach the 

lysosomes are shown in Fig. 1.4. They contain different numbers of 
mannose residues which is the result of their processing in the different sub- 
cellular compartments during the processing of the N-linked glycans. This

is the result of the presence of many forms of the enzyme a-mannosidase 

which are specific to these sub-cellular compartments. In the following 

section I will try to give a detailed discussion of these different forms, their 
location and function.

1.5 Different forms of a-mannosidases.

Many types of a-mannosidase activity have been reported in the literature, 

with different specificities and sub-cellular locations, Table 1 .2 . These 

different activities often exist in multiple forms (Hirani and Winchester, 1979; 
Winchester, 1984). Up to date nine different mannosidases have been 

reported. They differ in their sub-cellular location, kinetic properties, pH 

optimum, substrate specificity, sensitivity towards inhibitors and biochemical 

and biophysical behaviour. Some of these activities are responsible for the 

post translational processing of the mannose-containing glycan chains of 
glycoproteins which give rise to the different types of hybrid, complex and 

high-mannose glycoproteins (processing mannosidases). Other forms are
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the enzymes that catalyse the hydrolysis of the a-mannosidic linkages of 

carbohydrate chains of glycoprotein (catabolic mannosidases). Most of the 

information about these activities was obtained using rat tissue as the 

source of the enzyme (Tabas and Cornfeld, 1979; Bischoff et al., 1986; 
Toulsiani and Touster, 1987, Michalski etal., 1990).

1.5.1 Processing a-mannosidases.

The common oligosaccharide precursor Man9 GlcNAc2Asn is processed by 

the removal of six non-equivalent mannosyl residues during the 

biosynthesis of complex type N-glycans. Studies by many groups showed 

that this is accomplished by the action of several a-mannosidases which are 

characteristically different and are present in different sub-cellular locations. 
These locations include the cytosol, the rough endoplasmic reticulum (RER) 
and the Golgi apparatus.

1.5.1.1 Cytosolic & RER a-mannosidases.

The first report on the presence of a non-lysosomal a-mannosidase activity 

in hog kidney by Okhumura and Yamashita in 1970 initiated the search for 

other non-lysosomal activities in other tissues and species. Suzuki and 

Kushida (1973) reported rat and rabbit non-lysosomal activities, which were

separable from the acidic (lysosomal) a-mannosidase by ammonium 

sulphate fractionation and by affinity chromatography on concanavilin A- 

Sepharose.

A rat liver activity located in the cytosol was first described by Marsh and 

Gouraly (1971). It was later purified and shown to be different from the 

lysosomal enzyme (Shoup and Touster, 1976). This activity is comparable 

structurally and physically to an activity purified from rat liver endoplasmic 

reticulum (Bischoff and Kornfeld 1983, 1984). It was suggested that these 

two activities are related in origin and that the cytosolic enzyme arises by the 

limited proteolytic cleavage of the endoplasmic reticulum enzyme.

Three a-mannosidase activities have been described in the endoplasmic



reticulum. These three enzymes can be divided into two different groups 

according to the effect of the inhibitors swainsonine (Sw) and 

deoxymannojirimycin (DMJ) and to their behaviour on concanav lin A (con

A). The membrane-bound a-mannosidase (Bischoff and Kornfeld, 1983) 

was not inhibited by both inhibitors and did not bind to con A. The soluble 

form of this enzyme which is immunologically related to the membrane 

bound activity (Bischoff and Kornfeld, 1986) was not affected by the 

inhibitors but bound to the lectin. Both activities had the same substrate

specificity. They removed a specific a-linked mannose residue from 

MangGlcNAc to give MangGlcNAc and hydrolysed the synthetic substrates 

p-nitrophenyl- or 4-methylumbelliferyl a-D-mannopyranoside. Antibodies 

raised against the soluble form of the enzyme recognised the membrane- 
bound activity and also cross-reacted with both soluble and membrane- 
bound activities purified from rat hepatoma cells and from cultured Chinese

hamster ovary cells. In Saccharomyces cerevisiae a soluble a-mannosidase 

with a very similar substrate specificity has been reported (Jelenik-Kelly and 

Herscovics, 1988). It catalyses the formation of MangGlcNAc from

MangGlcNAc by specifically removing the a (1 ,2 ) linked mannose residue 

on the middle antenna of the high-mannose structure.

The other activity was inhibited by deoxymannojirimycin but not by the
a .

inhibitor swainsonine. It did not bind to concanavjilin A-Sepharose and did 

not act on the synthetic substrates. This activity catalysed the breakdown of 

the MangGlcNAc2  to Man5 GlcNAc2.

A number of other a-mannosidases catalysing the hydrolysis of a(1,2) 

linkages in the precursor MangGlcNAc2  have been reported in other 
species. Schweden efa /(1986) reported a membrane-bound endoplasmic 

reticulum activity in calf liver which removes three a (1 ,2 ) linked mannose 

residues. This activity had a pH optimum of 6.0 and was inhibited by EDTA 

and deoxymannojirimycin DMM. Bause et al, (1989), reported the 

purification and characterisation from pig liver of an activity with similar 

properties.
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1.5.1.2 Golgi a-mannosidases.

Other a-mannosidases from different organelles have also been described.

An a-mannosidase found in rat liver Golgi apparatus (Dewald and Touster, 

1973) was later partially purified by Tulsiani et a / (1977). It was shown to be 

different from the lysosomal and the cytosolic activities on the basis of its pH 

optimum, thermal stability, size, inhibition by metal ions and EDTA and by

kinetic studies. It catalyses the hydrolysis of a  (1,2) mannosyl residues but

does not act on the a(1 ,3) linkages (Opheim and Touster, 1978). Kornfeld e t

al (1979) purified and characterised a rat liver Golgi a-mannosidase which 

hydrolysed MangGlcNAc2  to give rise to Man5 GlcNAc2 , but did not act on 

the synthetic substrate PNP-mannoside. It was later shown that the Golgi

liver a-mannosidase I could be separated into two forms, IA and IB, on a 

column of cellulose phosphate (Tulsiani eta l., 1982). Both enzyme activities 

show high activity towards MangGlcNAc2  and release mannose residues in

a very specific manner. Antibodies raised against Golgi a-mannosidase IA

cross-reacted with Golgi a-mannosidase IB, and both were inhibited

specifically by deoxymannojirimycin DMJ. Another a-mannosidase activity

in the Golgi apparatus was reported which is able to hydrolyse a (1 ,3) and

a (1 ,6 )-linked mannose residues from the Man5 GlcNAc2  after it has been 

subjected to the action of N-acetylglucosaminisyle transferase I (Tabas and 

Kornfeld, 1978; Harpaz and Schachter, 1980). A similar activity was isolated 

from mung bean seedlings, which converted the substrate 

GlcNAcMangGlcNAc-j to GlcNAcMangGlcNAc-j. This activity had a pH 

optimum at pH 6.0 and was shown to be inhibited by swainsonine and by 

1,4-dideoxy-1,4-imino-D-mannitol. This activity did not show any sensitivity 

towards deoxymannojirimycin (Kaushal etal., 1990).

All the previously mentioned Golgi a-mannosidase activities act on the 

mannose-containing oligosaccharides after the initial removal of three 

glucose residues by a-glucosidase I and II. The incomplete blockage of 

oligosaccharide processing by cells deficient in a-glucosidase activity was
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not explained until Lubas & Spiro (1988) reported a Golgi endo a-

mannosidase activity found in Triton-treated rat liver Golgi membranes. This 

activity was not inhibited by DMJ or by EDTA and had a neutral pH optimum 

at pH 7.0. It had a unique substrate specificity whereby it released

Glca(1,3)Man from Glca(1,3)MangGlcNAc-|. This endo a-mannosidase

activity provides an alternative catabolic route for the break-down of 
oligosaccharides from the route involving the sequential removal of the

three glucose residues by a-glucosidase I & II.

Other processing mannosidases have been reported in many different 
tissues and species with different substrate specificities. The presence of so 

many activities suggests that the processing pathways could be different in 

different tissues of the same organism. Arguments to support this hypothesis

were based on findings by Tulsiani and Touster (1988), who reported an a- 

mannosidase from rat brain microsomes with a very wide substrate

specificity which can hydrolyse a(1,2), a(1,3) and a(1,6) mannosidic-

linkages. They also showed that administration of the a-mannosidase 

inhibitor swainsonine to rats caused the accumulation of mannose- 
containing oligosaccharides in kidney and their secretion in urine, but did 

not cause their accumulation in brain and liver. This would suggest the

presence of a distinct a-mannosidase activity resistant to swainsonine in

these tissues (Tulsiani and Touster, 1987). A kidney neutral a-mannosidase 

with a broad substrate specificity and sensitive to swainsonine is also 

reported (Tulsiani and Touster, 1988). This activity can also hydrolyse a (1 ,2)

, a (1 ,3) and a(1,6) mannosidic linkages and can act on the substrate 

GlcNAcMan5 GlcNAc-|.

Other a-mannosidase activities have been found in the sperm plasma 

membrane of rat, mouse and hamster which have a broad substrate 

specificity, are not inhibited by swainsonine or deoxymannojirimycin, but are 

inhibited by Zn+2and Cu+2(Tulsiani etal., 1989).
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Recently Bonay and Hughes (1991) reported the presence of a wide- 

specificity a-mannosidase in the microsomal and Golgi-enriched fraction of 

rat liver. This activity was capable of hydrolysing the three different 
mannosidic-linkages found in N-linked glycans. It catalysed the break down

of MangGlcNAc-j to MangGlcNAc-iin an ordered fashion releasing a(1,2)-

linked residue followed by a(1,3) and a(1,6)-linked residue. The kinetic and

physical properties of this activity indicates that it is a novel a-mannosidase.

It was inhibited by EDTA, Zn+2, Cu+ 2  and Fe+2. It was also inhibited by the 

inhibitors SW and DMJ but by concentrations 50-500 fold higher than those 

required for the inhibition of Golgi-mannosidase II and I respectively.

The presence of so many forms of processing a-mannosidases, and no 

doubt future work will reveal other forms, suggests that there are many 

different processing pathways for glycoproteins which are site-specific. The 

initial processing of the N-linked glycans probably determines the final form 

of the glycans and hence some of the properties of the resulting 

glycoproteins.

1.5.2 Catabolic a-mannosidases.

The form of a-mannosidase responsible for the catabolism of the mannose- 

containing oligosaccharides is the lysosomal a-mannosidase. To date a

single lysosomal a-mannosidase activity has been documented in the 

literature. This activity has been fully studied and characterised and is best 

documented in human and rat tissues. The lysosomal a-mannosidase exists 

in two forms, A and B, which can be separated by ion-exchange 

chromatography (Carrol et al., 1972), gel electrophoresis (Peonaru and 

Dreyfus, 1973) and by isoelectric focusing (Phillips et al., 1974). Cheng et

al (1986), showed by isoelectric focusing that a-mannosidase A consists of

eight enzymically active bands with a pi range of 6.1-6.85, and a- 

mannosidase B contained nine enzymically active bands with a pi range of
5.05 - 5.6 . The two forms have a low pH-optimum between 4.0 - 4.5 (Phillips 

etal., 1975; Grabowsky etal., 1980). The two forms are immunologically
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identical (Phillips et al., 1975) and have similar kinetic and physico-chemical 
properties. This is consistent with a single genetic locus on chromosome 19 

(Chapman and Shows, 1977). The probable difference between these two 

forms is in their post-translational modification (Cheng et al., 1982). The 

amounts of the two forms differ from one tissue to the other (Burditt et al., 

1980) and no physiological significance has been attributed to the presence 

of these two different forms. The reported molecular weights of the native 

enzyme range from Mr 180,000 in human kidney to Mr 335,000 in rat liver 
(Marinkovic and Marinkovic, 1976; Opheim and Touster, 1978). The human 

B-form was initially believed to be larger than the A-form of the enzyme. This

was later rectified by Cheng et al (1986) and the molecular weight of a- 

mannosidase A was found to be about 30,000 larger than the B-form. The 

human liver a-mannosidase A was shown to consist of equimolar amonuts 

of two sub-units with Mr’s 62,000 and 26,000. The B form consisted of the
26.000 sub-unit and a mixture of two other sub-units with Mr’s 62,000 and
58.000 (Cheng et al., 1986). Both forms A and B are specifically inhibited by 

the indolizidine alkaloid, swainsonine, in a specific competitive manner 
(Dorling et al., 1978; Huxtable and Dorling, 1982; Chotai et al., 1983; 
Tulsiani etal., 1984).

As it is involved . in the lysosomal catabolic pathways it would be

expected that this a-mannosidase activity is capable of breaking down all a- 

mannosidic linkages present in mannose-containing glycoproteins 

(Winchester, 1984). The precise specificity of the lysosomal enzyme towards 

these mannose-containing glycoproteins had not been determined when I 

started work for my Ph.D. Recently, Michalski etal., 1990 reported that the

lysosomal a-mannosidase of rat liver is capable of hydrolysing 

MangGlcNAc*! to Man2 GlcNAc*| by a very specific pathway. Similarly the 

activity is capable of hydrolysing Man5 GlcNAc-j to Man2 GlcNAc-j. This 

observation is consistent with the activity being lysosomal and capable of 

the hydrolysis of the three a-mannosidic linkages i.e. a(1,2), a(1,3) and

a (1 ,6 ). The suggestion that this activity needed Zn + 2  ions to carry out the 

complete break down raises the question of the presence of another form of
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the enzyme which is Zn+2  -dependent, or the possibility that the preparations 

used were contaminated with some endoplasmic reticulum activity due to 

the use of Triton X-100 in their protocol. For this thesis, I carried out a similar

study for the human lysosomal a-mannosidase (Al-Daher et al., 1991) and 

showed that the enzyme is capable of hydrolysing all the different substrates 

that could arise from the three types of asparagine-linked oligosaccharides

with out the requirement of Zn+2.

Another lysosomal form of a-mannosidase, which is sensitive to

swainsonine and specific for the linkage a(1,6) was suggested by Cenci di 

Bello et al., 1983. The presence of this activity was deduced from the 

comparison of the storage material present in tissue and urine of patients 

with the genetic, and the chemically-induced forms of mannosidosis. This 

activity is also part of the subject of this thesis.

1.6 a-Mannosidosis.

a-Mannosidosis is a storage disorder fulfilling the criteria of a lysosomal 

storage disorder as initially proposed by Hers (Hers, 1965). A deficiency of 

the lysosomal hydrolase activity, a-mannosidase (EC 3.2.1.24), causes the 

excessive accumulation of partially broken down mannose-containing 

oligosaccharide chains of glycoproteins. The report of a deficiency of p- 

mannosidase in nubian goats (Jones and Dawson, 1981) and the 

subsequent identification of a human form of the disorder (Cooper et 
al., 1986; Wenger et al., 1986; Cooper etal., 1988) have made it essential to

use the prefix a- and p- to describe the two different disorders. The storage 

material in both forms of the disease has been studied and the structures 

identified. In this thesis all the work described is on human a-mannosidase 

and the genetic and chemically induced forms of a-mannosidosis.

1.6.1 Genetic a-mannosidosis.

a-Mannosidosis was first reported by Ockerman (1967). Subsequently about
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1 0 0  cases have been reported in the literature, although many more have 

been diagnosed. The disorder has been thoroughly reviewed (Jolly et al., 
1981; Chester, 1982, Beaudet, 1989). Although the disease was originally 

reported in humans (Ockerman et al., 1967) it has also been described in 

Angus cattle (Hocking et al., 1972; Phillips et al., 1974) and cats (Burditt et 

al., 1980; Vandevelde etal., 1982).

1.6.1.1 Clinical characteristics and genetics.

The lysosomal storage disorder a-mannosidosis, is inherited in an

autosomal recessive manner. The gene for a-mannosidase has been 

localised to chromosome 19 (Champion et al., 1978) in the region p13.2- 

q1 2  (Kaneda et al., 1987). It is a rare disorder and exhibits a pan-ethnic 

occurrence which could suggest the presence of different independent 
mutations. For human mannosidosis about 100 cases are reported in 

literature. The clinical manifestation, onset and the degree of severity 

suggest that the disorder can be divided into two different forms (for reviews 

see Jolly et al., 1981; Chester, 1982; Beaudet, 1989). In the more severe 

infantile form of the disease the first symptoms are observed at about 3-12 

months and the patients die in childhood. In a milder juvenile form the onset 
of the clinical symptoms is at a later stage, 1-4 years of age, and they are not 
as severe as in the infantile form. Patients with the milder form of the disease 

live to an early adult age. It is suggested that in this milder form of the 

disease many cases are associated with a higher residual a-mannosidase 

activity (Bach et al., 1978). Clinical features include coarsening of facial 
features, mental retardation, physical abnormality, hepatosplenomegaly, 
hearing loss, vacuolation of cells and recurrent respiratory infections. The 

severity of these features differ in the two different forms of the disorder. At 
birth patients suffering from the disease appear to be normal and develop 

normally in infancy and through to early childhood. The onset of symptoms 

is gradual and the first symptoms of abnormality are usually the delayed 

progress of speech, the gradual progressive impairment of their mental and 

motor functions and the development of characteristic facial features, which 

include a round pudgy face, depression of the nasal bridge and prominent 
forehead. These features differ markedly in different patients and exhibit a
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wide spectrum in their severity even between siblings. This could be 

reflected in different mutations at the gene level and might be also caused 

by interaction with other factors.

1.6.1.2 The enzymic defect.

a-Mannosidosis shows a large degree of biochemical heterogeneity, with a 

range of residual enzyme of 3-30% of the activity of normal controls (Bach 

et al., 1978; Tsvetkova et al., 1980; Patton et al., 1982; Cenci di Bello and 

Winchester, 1989). In some cases the residual activity does not cross react

with antiserum raised against the normal acidic a-mannosidase (Burditt et 

al., 1978). Other differences include a marked reduction in thermal stability, 
values of Km up to 50 times the normal value, different activation and 

inhibition towards metal ions (Bach et al., 1978; Burton and Nadler, 1978; 
Burditt et al., 1980; Hally et al., 1980; Patton et al., 1982; Cenci di Bello and 

Winchester, 1989). The chromatographic, kinetic and physico-chemical 

properties of the residual activity in many cases of a-mannosidosis, suggest 

that the majority of the measured residual activity is due to the Golgi a- 

mannosidase (Cenci di Bello and Winchester, 1989). It has been proposed 

that the remaining amount of the lysosomal activity is due to a decreased 

amount of the normal enzyme, a mutant enzyme or to a minor unaffected

lysosomal a-mannosidase (Cenci di Bello and Winchester, 1989).

1.6.1.3 Storage material.

The other biochemical characteristic of a-mannosidosis is the excretion in 

urine of excessive amounts of mannose-containing oligosaccharides. 
Although there is a marked heterogeneity in the residual enzymic activity 

among the different patients, the pattern of these oligosaccharides in the 

urine is essentially identical. Storage products have been isolated and 

characterised from urine (Norden et al., 1973, 1974; Strecker et al., 1976; 
Yamashita etal., 1980; Matsuura etal., 1981), fibroblasts (Tsay and Dawson, 
1975; Chester et a l.,\980; Cenci de Bello etal., 1983; Daniel et al., 1985) 
and gingiva (Daniel et al., 1981) of patients with mannosidosis. Over 20 

different oligosaccharides have been identified and structural studies show



that they all contain a(1,2), a(1,3) and a(1,6) linked-mannose residues on 

their non-reducing terminus and a single N-acetylglucosamine residue on 

their reducing terminus. This is consistent with human tissue having an 

aspartyl N-acetylglucosaminidase and a lysosomal endohexosaminidase 

activity which hydrolyses the chitobiosidic linkage (Kuranda and Aronson, 
1986; Brassart et al., 1987; Aronson et al., 1989; De Gasperi et al., 1989). 

The structures of these storage products correspond to fragments of 
carbohydrate side chains of glycoproteins and to processing intermediates 

in their biosynthetic pathways. The most abundant oligosaccharide in a- 

mannosidosis patients (Fig. 1.7a) is a trisaccharide containing an a(1,3)

linked mannose residues linked via a P(1,4) mannosidic linkage to the N- 

acetylglucosamine residue. This structure accounts for about 6 6 % of the 

total storage material. A tetrasaccharide which accounts for about 16% of 
the total storage material and a series of other minor components (Norden 

et al., 1973, 1974; Yamashita etal., 1980; Chester et al., 1980; Matsuura et 
al., 1981) are also present.

The different structures of storage material identified in cases of a- 

mannosidosis are all consistent with the incomplete degradation of 

asparagine-linked N-glycans due to the loss of lysosomal a-mannosidase 

activity. However the main storage material, the trisaccharide Mana(1,3) 

ManP(1,4) GlcNAc, presumably derived from the catabolism of complex- 

glycans lacks the mannose residue linked a (1 ,6 ) to the |}-linked core

mannose residue. The majority of the storage products also lack this a -(1 ,6 ) 

mannoside-residue. The storage material expected to arise from the three 

types of N-linked glycans due to the loss of the acidic a-mannosidase Fig.

1.7b should all contain this a(1,6) linked mannose residue. This observation 

raises questions about the presence of another lysosomal activity which is 

specific for the a (1 ,6 ) linkage and is normal in a-mannosidosis or, the

possibility that another form enzyme, for example the soluble cytosolic a- 

mannosidase, acts on these oligosaccharides before their delivery to the
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Fig. 1.7 The structures of the mannose-containing storage material in 
a-mannosidosis.

a) The main storage material isolated from human genetic a-mannosidosis, 
(percentages given indicate the relative abundance of each compound in a 
specific case).

b) The structures expected to arise due to the defect in the lysosomal 
a-mannosidase activity from (1) high-mannose type glycans.

(2) hybrid type glycans.
(3) complex type glycans.



4 9
lysosomes. These anomalies makes it important to determine the specificity 

of the normal acidic (lysosomal) a-mannosidase activity and to define the 

exact pathway of catabolism. They also necessitate the determination of the 

specificity and possible role of other forms of human a-mannosidase in the 

catabolism of glycoproteins.

1.6.2 Chemically induced a-mannosidosis.

In Australia, grazing cattle, sheep and horses feeding on the leguminous 

plants of the genus, Swainsona, suffer from a progressive neurological

disorder similar to the genetic form of a-mannosidosis (Dorling et al., 1978; 

Daniel et al., 1989). Similarly, grazing animals in the USA feeding on 

locoweeds develop the same symptoms (Nielsen and James, 1985).

Studies on extracts of the plants showed that the toxic agent was the 

indolizidine alkaloid, swainsonine (Dorling and Huxtable, 1980; Molyneux 

and James, 1982). It is a potent and reversible inhibitor of the lysosomal and

Golgi II forms of a-mannosidase (Tulsiani et al., 1982a; Chotai et al., 1983; 

Cenci di bello et al., 1989). It is not an inhibitor of the membrane-bound 

endoplasmic reticulum a-mannosidase (Bischoff and Kornfeld, 1983, 1986)

, the soluble form of the endoplasmic reticulum a-mannosidase (Tulsiani 

and Touster, 1987) or the Golgi IA and IB forms of the enzyme. Swainsonine 

is a lysosomotropic compound with a pKa value of 7.4, and causes the in

situ inhibition of lysosomal a-mannosidase (Dorling et al., 1978). It 

accumulates in the lysosomes of animals ingesting it, causing a phenocopy 

of the lysosomal storage disorder a-mannosidosis. Symptoms developed by 

the animals include blindness, head tremors, hyperexcitability, staggering, 
incoordination, muscle wasting and weakness and abortion and birth 

defects. The bovine chemically induced model is the most comparable 

animal model to the human form of the disease (Jolly et al., 1981). 
Swainsonine can also be used to induce a phenocopy of the disorder in 

human normal fibroblasts. It is taken up in a concentration, temperature and 

time-dependent manner (Chotai et al., 1983), and accumulates in the 

lysosomes blocking the catabolism of N-linked glycans. As it also inhibits the
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Fig. 1.8 Comparison between the structures of the mannose-containing storage 
material isolated from genetic and chemically-induced a-mannosidosis.

a) The predominant structures found in the urine and tissues of 
mannosidosis patients.

b) The structures found in the urine and tissues of swainsonine-intoxicated 
rats and guinea pigs, and in human fibroblasts incubated with swainsonine. 
Sheep and bovine storage material are the same but have a di-N-acetylgluc- 
osamine on the reducing terminus (a chitobiosidic linkage).
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Golgi a-mannosidase II, it alters the glycosylation of glycoproteins being 

synthesised in the cells. In particular the formation of complex glycans is 

blocked and hybrid glycans are produced. Therefore the oligosaccharides

that accumulate in the lysosomes due to the inhibition of the lysosomal a- 

mannosidase are derived from hybrid glycans instead of the predominant 
complex glycans (Elbein et al., 1981 ,1982; Tulsiani et al., 1984). This can 

be seen by comparing the patterns of mannose-containing oligosaccharides 

in the genetic and the swainsonine-induced forms in human fibroblasts 

(Cenci de Bello et al., 1983). Fig. 1.8 a,b shows the difference between 

mannose-containing oligosaccharides isolated from the genetic and the

swainsonine induced forms of a-mannosidosis. It was also shown that rats 

and guinea pigs fed a diet containing swainsonine excrete large amounts of 
MangGlcNAc. Swainsonine-intoxicated sheep also produce MangGlcNAc2  

and Man3 GlcNAc2  due to the lack of a chitobiosidic activity responsible for 
the hydrolysis of the linkage between the two N-acetylglucosamine 

residues. This observation suggests that swainsonine inhibits the Golgi II

form of a-mannosidase in these species. These comparisons also provide 

evidence for the existence of diverse catabolic pathways for glycoprotein 

degradation (Abraham etal., 1983b).

The specificity of inhibition of swainsonine towards the different forms of a- 

mannosidase, and its use to induce the accumulation of certain types of 
oligosaccharides in the lysosomes initiated the search for other naturally 

occurring and synthetic compounds which exhibit inhibitory properties 

towards glycosidases. These compounds could be used to induce 

lysosomal storage disorders and to dissect the glycoprotein processing 

pathway. In this thesis the evaluation of a series of synthetic compounds

having inhibitory effects on a-mannosidase is presented. Their effects on the

different forms of a-mannosidase and their possible use as agents for

inducing a phenocopy of a-mannosidosis have been studied.

The inhibition of the lysosomal a-mannosidase by swainsonine is a 

reversible process. It was shown that in chemically-induced mannosidosis



fibroblasts, the removal of swainsonine from the culture medium allowed the 

normal enzyme to act on the induced storage material and to cause their 
hydrolysis (Cenci di Bello etal., 1989). This property of reversible inhibition 

combined with the sensitive detection methods for identifying different 
structural isomers of mannose-containing oligosaccharides presented in this 

thesis, permitted the determination of the specificity of the lysosomal form of 
the enzyme towards natural substrates in cells in culture.
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1.7 Aims of the project.
The main aim of this thesis is to establish the specificity towards natural 
substrates of the lysosomal and the neutral forms of the human liver enzyme,

a-mannosidase, and thereby to define the normal lysosomal catabolic 

pathway for the complete break-down of m annose-containing  

oligosaccharides in human cells. This information should help to explain the

anomalous structures of the storage products that accumulate in genetic a- 

mannosidosis. The specificity of the neutral form of the enzyme will possibly 

indicate whether it plays any role in the catabolism or the processing of the 

mannose-containing oligosaccharides in mammalian cells.

To carry out these studies natural substrates have been isolated from a 

variety of sources. The structures of some of these substrates had been 

determined by 1H nmr. Other substrates were impure and had to be purified 

further by chromatography on Bio-Gel P4 (200-400 mesh) after reduction 

with NaB[3 H4]. A method for the reduction of mannose-containing 

oligosaccharides by NaB[3 H4] has been developed and optimised to 

facilitate analysis and identification of substrates and digestion  

intermediates. The structures of these substrates have been confirmed by 

analysis by reverse-phase high performance liquid chromatography (hplc), 
high performance thin layer chromatography (hptlc) and by acetolysis. Using 

these analytical and preparative procedures a set of homogeneous 

mannose-containing oligosaccharides of fully defined structures was 

prepared for use in the investigation of the specificities of the two forms of 

the enzyme. The analytical methods were also used to identify the 

intermediates resulting from the action of the two forms of the enzyme on the 

substrates in vitro.

Lysosomal and neutral a-mannosidase will be partially purified from post

mortem human liver and characterised on the basis of their physico
chemical properties, the effect of different activating and inhibiting 

compounds, heat stability, kinetic parameters and their affinity for 

concanavilin A Sepharose. The digestion of the natural substrates (15 nM) 
by the two enzyme activities will be carried out under optimal conditions of
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pH. The end products and intermediates in the digestion will be identified by 

hplc, hptlc and acetolysis. The catabolic pathway for each substrate will be 

established from the analytical results.

To investigate the substrate specificity of lysosomal a-mannosidase in situ, 

normal fibroblasts will be grown in the presence of the potent inhibitor of the 

enzyme, swainsonine and 3 H-mannose. This induces a phenocopy of 

genetic a-mannosidosis in cells with the accumulation of radiolabelled 

storage products. When swainsonine is removed from the culture medium, 

the lysosomal a-mannosidase activity is restored and digestion of the 

induced storage products ensues. By metabolically labelling the storage 

products with 3 H-mannose, it will be possible to follow their intralysosomal 

catabolism using the sensitive analytical procedures. Repetition of this 

experiment with genetic a-mannosidosis fibroblasts will provide information 

about the specificity of the residual a-mannosidase activity.

The inhibition of a-mannosidases in vitro and intracellularly by a series of 

synthetic amino-sugar analogues of mannose will be investigated to identify 

compounds of potential value in further studies of the specificity of the

multiple forms of a-mannosidase.

The results from these different experiments should define the substrate 

specificity of lysosomal a-mannosidase in normal cells and in genetic a- 

mannosidosis and explain the anomalous structures of the major storage 

products in genetic a-mannosidosis.
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Chapter II 
Materials and Methods.
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2.1 Materials.
2.1.1 General reagents.
Unless otherwise stated all the reagents and solvents used were of 
analytical grade and were purchased from BDH Ltd (Poole, Dorset, UK) or 
Sigma Chemical Company Ltd (Poole, Dorset, UK). The tritiated mannose, 

D-[2-3 H] mannose, used to specifically label the mannose-containing 

oligosaccharides induced in the lysosomes of normal fibroblasts by 

swainsonine was from Amersham International pic (Bucks., UK).

2.1.2 Glycosidase inhibitors.

The specific a-mannosidase inhibitor, the indolizidine alkaloid swainsonine, 

was kindly provided by Dr. Peter Dorling (School of Veterinary Studies, 
Murdoch University, Murdoch, Western Australia). The other glycosidase 

inhibitors used, the synthetic amino sugars 1 ,4-dideoxy-1,4-imino-L-allitol 
(DIA) and 1,4-dideoxy-1,4-imino-D-mannitol (DIM) and a series of 
derivatives (for structures, abbreviations and reference to methods of 
synthesis see chapter VII) were obtained as a part of a collaborative project 
with Dr. George Fleet (Dyson Perrins Laboratory and Oxford Centre of 
Molecular Sciences, Oxford University, Oxford, UK).

2.1.3 Mannose containing oligosaccharides (natural 
substrates).

Two series of oligosaccharides with the general formula MannGlcNAc-| and 

MannGlcNAc2  (where n= 2-5) were isolated or prepared by Dr C. D. Warren 

(Carbohydrate Unit, Harvard Medical School and Massachusetts General 
Hospital, Mass., USA). A mixture of high-mannose oligosaccharides of 
composition Mang.gGlcNAc-j and 1 mg of pure MangGlcNAc*] all of fully 

defined structures were generously provided by Dr. S. Hirani (Genzyme 

Corporation, Boston, Mass., USA) as part of a collaboration to investigate

the specificity of human a-mannosidase towards natural substrates. The 

structures, abbreviations and origins of these substrates are fully described 

in chapter III.
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2.2 Methods.
2.2.1 Enzyme assays.
The activities of all glycosidases were assayed at their pH optimum using 

the appropriate fluorigenic 4-methylumbelliferyl-glycopyranoside (Mellford 

Laboratories. Haverhill, Suffolk, UK) with a final substrate concentration of 

1mM in the Mcllvaine (1921) phosphate / citrate buffer system. The final

reaction mixture (200 pi) contained 50 pi of enzyme sample, 100 pi of 2mM

4-MU-glycopyranoside and 50 pi of buffer, and was incubated at 37°C. The 

reaction was stopped by the addition of 2 ml glycine/ NaOH buffer pH 10.5. 

The fluorescence of the liberated 4MU was measured at 440 nm on a 

Perkin-Elmer 1000 fluorescence spectrophotometer equipped with a flow 

cell and a Technicon autoanalyzer II sampler. The fluorescence 

spectrophotometer had been calibrated with quinine sulphate. One unit of 
enzyme activity was defined as the amount of enzyme required to transform 

1 pmol of substrate / minute under the specified reaction conditions.

2.2.2 Partial purification of a-mannosidases.

The preparation of the acidic and neutral a-mannosidase activities used in 

the substrate specificity studies were carried out by following the 

procedures of Phillips et al., (1976). The only difference was that the heat 
denaturation step was omitted.

2.2.2.1 Initial homogenization.
Post-mortem human liver was homogenized (50% w/v) in 10 mM-phosphate 

buffer, pH 6.0 in a Potter-Elvehjem homogenizer. This homogenate was 

centrifuged at 37000g for 30 minutes in an MSE 18 centrifuge and the 

resulting supernatant filtered through glass wool and used in the 

subsequent purification steps.

2.2.2.2 Fractionation by ammonium sulphate precipitation.
Solid ammonium sulphate was added to the human liver supernatant 

fraction to give a 35% saturation with (N H ^ S O ^  This mixture was stirred

at 4°C for 4-5 hours. Proteins precipitating between 0-35% ammonium
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sulphate were then recovered by centrifugation at 37000g for 30 minutes at

4°C  in an MSE 18 centrifuge. This fraction was then used as the starting

material for the further purification of the neutral a-mannosidase activity. 

Solid ammonium sulphate was then added to the supernatant to give 60%  

ammonium sulphate saturation and the mixture was stirred over-night at

4°C . Proteins precipitating between 35-60% saturation with ammonium 

sulphate were recovered by centrifugation as above. This fraction was the 

source of the lysosomal a-mannosidase activity.

2.2.2.3 Affinity chromatography on Concanavilin A-Sepharose.
Concanavilin A-Sepharose (con A) (Pharmacia) was packed in a column 

and equilibrated with 10 mM-sodium phosphate buffer pH 6 .8 , containing 

0 . 1  M NaCI, 0.1 mM-CaCI2, 0.1mM-MnCI2  and 0 . 1  mM-MgCI2. This buffer 
will be referred to as low salt con A buffer. Samples to be applied to the

concanavilin A column were dialysed extensively over-night at 4°C  against 

the low salt con A buffer and applied to the column. Elution of the non- 
specifically bound proteins was carried out by washing the 

column with 10 mM-phosphate buffer, pH 6 .8 , containing 1 M NaCI, 0.1 mM- 
CaCI2, MnCI2  and MgCI2. This buffer will be referred to as high salt con A

buffer. The specifically bound proteins including the acidic a-mannosidase 

activity were eluted from the column at room temperature with warm 10 mM- 
sodium phosphate buffer, pH 6 .8 , containing 1M-NaCI, 0.1 mM-CaCI2, -

MnCI2  and -MgCI2  and 0.5 M- methyl-a-D- mannopyranoside (Sigma). This 

buffer will be referred to as con A elution buffer. Fractions (1 ml) were 

collected and the activity of a-mannosidases determined using the 4 MU- 

substrate. The pooled fractions containing the activity were then dialysed 

extensively against 50 mM-sodium phosphate buffer, pH 6 .8 , to remove the 

methyl mannoside.

2.2.2.4 Ion-exchange chromatography on DEAE-cellulose.
Samples of proteins to be separated by ion-exchange chromatography 

were dialysed extensively over-night against a minimum of three changes of 
the equilibration buffer, 50 mM-sodium phosphate buffer, pH 6.0 DEAE-
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cellulose (Whatman DE-52) was also equilibrated in the same buffer and 

packed into a column ( 5 m l ). The dialysed sample was then applied to the 

column and the unbound material was eluted with the equilibration buffer at 

a flow rate of 60 ml / hour. Material bound to the DEAE-cellulose was eluted 

with a salt gradient of 0-0.25 M NaCI in the same buffer. Fractions of 1 ml 

were collected and the a-mannosidase activity was determined as before.

2.2.3 Characterization of a-mannosidases.

2.2.3.1 pH curves.
An activity-pH curve covering the pH range 3.0 - 10.0 was measured for 
each activity to determine its pH optimum. The assay reaction consisted of

50pl enzyme solution, 50 pi appropriate buffer and 100 pi 1 mM 4 MU a-

mannosidase in water incubated at 37°C for one hour. The reaction was 

then stopped by the addition of 2 ml glycine / NaOH pH 10.5. The 

fluorescence readings were determined as in the general enzyme assays 

(section 2 .2 .1 ).

2.2.3.2 Effect of Co2+ and Zn2+ on a-mannosidases.

The effect of the metal ions Co2+ and Zn2+ on both acidic (lysosomal) and

neutral (cytosolic) a-mannosidases was determined at each activity pH- 

optimum, by including 2  mM-CoS04  or -ZnS04  in the substrate solution to 

give a final concentration in the reaction mixture of 1mM (Winchester et al, 
1976). The reaction was then performed as in the standard determination of 

enzymic activity (section 2 .2 .1 ).

2.2.3.3 Effect of the inhibitors, swainsonine and deoxymannoji- 

rimycin, on a-mannosidases.

The effects of the inhibitors, swainsonine (sw) and deoxymannojirimycin 

(DMJ), on the lysosomal and the cytosolic activities were determined at pH 

values of 4.0 and 6.5 respectively, with a final concentration of inhibitor of 
1mM in the assay mixture. The enzyme assays were performed as in the 

general enzyme assay (section 2.2.1) except that the 50 ul buffer was
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replaced by either 50 pi of inhibitor solution for the test sample or 50 pi 

water for the control sample.

2.2.4 Tissue culture.
Human normal and mannosidosis fibroblasts were manipulated under 
sterile conditions. They were grown in Ham’s nutrient mixture F-10, 
supplemented with 10% (v/v) foetal calf serum (FCS), glutamine 0.15 mg/ml

(w/v), penicillin (100 I.U./ml) and streptomycin (100 pg/ml) (Imperial 

Laboratories. Andover, Hants. UK). Cells were grown as monolayers in 25, 

75 and 125 cm2  tissue culture flasks in an incubator at 37°C in an 

atmosphere of 95% oxygen and 5% C 0 2.

2.2.4.1 Propagation of cells.
When the monolayers of cell were confluent they were harvested by 

trypsinisation with 0.25% (w/v) trypsin in phosphate buffered saline (0.14 M-

NaCI, 2.7 mM-KCI. 1.5 mM-KH2 P04) (PBS) for 5 minutes at 37°C. The 

trypsin was then inhibited by adding F-10 medium which contains natural 

trypsin inhibitor. The cells were then pelleted by centrifugation (400 g) in a 

bench top MSE Centaur 1 centrifuge for 5 minutes and washed twice with 

medium. After resuspension in 1 ml of medium the cells were then 

propagated in new flasks at 1/4 or 1/5 of their original density.

2.2.4.2 Storing of cells in liquid nitrogen.
Confluent cells were harvested by trypsinisation, centrifuged and the cell 
pellet washed twice with 1 ml of medium. The cells were then transferred to 

plastic liquid nitrogen storage vials dimethylsulphoxide (DMSO) was added 

to a final concentration of 10%. The vials were placed in the vapour phase 

of a liquid nitrogen storage container for 3 hours before being transferred 

into the liquid nitrogen. The viability of the cells was checked regularly by 

regrowing the cells. This was carried out by rapidly thawing the cells and 

centrifuging them in a bench top centrifuge at 400g for 10 minutes. After the 

DMSO had been decanted, the cell pellet was washed twice with growth 

medium and then resuspended in 0.5 ml of culture medium. The cell 
suspension from each vial was then split into either 5 or 6 , 75cm2 flasks
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according to the number of cells present. Propagation of the cells for the 

initial 24 hours was carried out in culture medium supplemented with 15% 

foetal calf serum instead of the usual 1 0 % used for growing established cell 
monolayers.

2.2.5 Metabolic labelling of human fibroblasts.
Sub-confluent monolayers of human normal fibroblasts were metabolically 

labelled using D-[2 -3 H]mannose (13.6 Curies / mmol) (Amersham, Bucks.

UK). Tritiated mannose was evaporated under a stream of nitrogen at 35°C  

to remove the ethanol added as preservative and then re-suspended in 

tissue culture medium and sterilised by passing through a Millipore Millex-

GV 0.22 pm sterile filter (Millipore, Molsheim, France). The sterile tritiated 

mannose solution was then added to the cell monolayers at a concentration 

of 20 pCi/ml of growth medium. The cells were incubated in 5% CO2  at

37°C  for 7 days, either in the absence or in the presence of the

lysosomotropic a-mannosidase inhibitor, swainsonine, which induces the 

accumulation of mannose-containing oligosaccharides in human normal 

fibroblasts (Chotai etal., 1983 ; Cenci di Bello etal., 1983).

2.2.6 Sub-cellular fractionation of human fibroblasts.
The fractionation of human normal fibroblasts into their constituent sub- 
cellular components, was carried out by combining the methods used by 

Rome et al.} (1979) and Harms et al., (1981). The initial harvesting of 
monolayers of confluent fibroblasts was carried out under sterile conditions. 
The cell pellets were washed twice with sterile medium containing 10% (v/v)

foetal calf serum and then kept in a rotating tube for 1 hour at 37°C to allow 

the cells to recover from trypsinisation. The cell pellet was recovered by 

centrifugation (400 g for 5 minutes) and resuspended in 10 ml of isotonic 

sucrose buffer (cell isolation buffer) (0.25 M-sucrose, 10 mM- 

triethanolamine, 10 mM-acetic acid, pH 7.4). The cells were then 

sedimented by centrifugation at 3000g for 10 minutes, in a Beckman J2-21 

centrifuge using a 10 X 10 rotor. The pellet was resuspended again in 10 ml 
of the same buffer, containing in addition 1 mM EDTA (lysis buffer). This
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suspension of cells was then subjected to nitrogen cavitation using a 

nitrogen cavitation bomb. All the above steps were carried out under non-

sterile conditions at 0  - 4°C. The pressure used to lyse the cells in the 

nitrogen cavitation bomb was 50 psi for 10 minutes. Almost 90% of the cells 

were lysed using this pressure as seen by phase-contrast microscopy after 
staining with trypan-blue. The cell lysate was then centrifuged at 700g for 5 

minutes to separate the unlysed cells and the cell debris, which were 

resuspended in 1 0  ml of the lysis buffer and subjected to nitrogen cavitation 

again. The pooled fractions were centrifuged in an MSE Cool-spin 

centrifuge at 700 g for 10 minutes to get a clear supernatant which was 

filtered through pre-washed filter paper (Schleicher and Schull, No. 589/3, 
Dassel, West Germany) and then centrifuged at 30,000g in a fixed angle

rotor at 4°C  for 20 minutes in an MSE Pegasus 65 Ultracentrifuge. The 

pellet collected was called the particulate fraction. It was then resuspended 

in the isolation buffer by gentle aspiration with a Pasteur pipette. The final 
volume was made up to 2 0  ml exactly with the lysis buffer.

The fractionation of the particulate fraction was carried out by centrifugation 

through a silica gel gradient (Percoll, Pharmacia). The gradient was made 

up by mixing the sample (20 ml) with 18 ml of 4 parts Percoll and 1 part 5 

times concentrated isolation buffer and 2  ml of single strength isolation 

buffer, ( to give a 36% Percoll solution). This was mixed by inverting the tube 

several times. The self forming gradient of Percoll was formed by 

centrifugation at 60,000g for 1 hour in an MSE Pegasus 65 Ultracentrifuge 

using a fixed angle rotor. The running up and running down times were not 
included in the run time. The gradient was formed due to the isopycnic 

banding of the Percoll by centrifugation. After centrifugation fractions (1.5 

ml) were collected using a peristaltic pump and a fraction collector by 

inserting a capillary tube into the bottom of the tube. The fractions were 

assayed for different marker enzymic activities, and the refractive index of 
each fraction was measured using an Abbe refractometer (Bellingham and 

Stanley). A standard curve relating the refractive index to the density of 
known concentrations of Percoll in the isolation buffer was used to calculate 

the densities of the fractions.
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2.2.7 Marker enzymes for the sub-cellular fractionation.

2.2.7.1 a-D-M annosidases.

The different a-D-mannosidases were assayed by using the synthetic

fluorigenic substrate 4-methylumbelliferyl-a-D-mannopyranoside in the 

Mcllvaine (1921) phosphate / citrate buffer system at pH 4.0, 5.6, and 6.5 for 
the lysosomal (acidic), Golgi (intermediate), and cytosolic (neutral) enzymes 

respectively.

2.2.7.2 Lysosomal marker enzymes.

The activities of p-glucuronidase and p-hexosaminidase were used as 

markers for the lysosomal fractions. The activity of each was measured 

using the appropriate 4-methylumbelliferyl substrate at a final concentration 

of 2mM in the reaction mixture in phosphate-citrate buffer at pH 4.0 and 4.5, 
respectively.

2.2.7.3 Endoplasmic reticulum marker enzyme.

The activity of neutral a-glucosidase, which is located in the endoplasmic 

reticulum was assayed in the same manner using the corresponding 4- 

methylumbelliferyl a-D-glucopyranoside at a concentration of 0.375 mM in 

0.25 M sodium cacodylate buffer, pH 7.0, containing 0.25% (v/v) Triton X- 
100 (Shah et al., 1983)

2.2.7.4 Golgi marker enzymes.

Golgi a-mannosidase II activity with a pH optimum of 5.6 was measured as 

described above (2.2.7.1). Another Golgi-associated enzyme, UDP- 

galactosyltransferase activity was assayed using a modification of the 

procedure of Briles et al., (1977). The enzyme sample (50 pi) was mixed

with 200 pi of a buffered substrate mixture containing 0.1 M Tris-maleate pH

7.0, 1 0  mM-MnCI2 , 2  mg ovalbumin (acceptor protein), 0.5%(v/v) Triton X- 

100 and 50pM UDP-(6 -3 H) galactose (1 pCi) and incubated at 37°C for 1-2 

hours. The reaction was stopped by cooling the reaction mixture in an ice- 

cold water bath. Aliquots (100 pi) were taken from the reaction mixture and
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applied to 2.1 cm 3MM cellulose filter discs (Whattman), dried down at 60°C  

for 1 hour. The acceptor protein was then precipitated on the filter discs by 

the addition of 10% (v/v) trichloroacetic acid. The discs were washed in 

methanol, followed by acetone and dried down as before. The discs were 

then placed in scintillation vials and 3 ml of scintillation fluid was added. The 

vials were mixed thoroughly and radioactivity was determined by counting 

the vials in a scintillation counter (LKB 1215 RACKBETA II liquid scintillation 

counter ,LKB Pharmacia, Uppsala, Sweden).

2.2.7.5 Mitochondrial marker enzyme.
The mitochondrial enzyme, succinate dehydrogenase, was assayed by the 

reduction of 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium 

chloride (INT) by a modification of the method of Pennington (1961). The

enzyme samples (50 pi) were placed in small glass tubes and mixed with

250 pi (INT) 0.2% (w/v) in 0.1 M-KPO4  buffer, pH 7.4, containing 50 mM

sucrose and with 200 pi of 0.125 M-sodium succinate substrate. After

incubation at 37°C for 2 0  minutes the reaction was stopped by the addition

of 500 pi of 10% (w/v) trichloroacetic acid and then centrifuged at 14,000 g

for 5 minutes. The pellet was solubilised in 500 pi of a mixture of alkaline 

dimethylformamide (DMF) and 0.1 M glycine/NaOH buffer pH 11.6 (29 : 1 , v 

: v). And then centrifuged for 10 minutes at 800g. The activity of succinate 

dehydrogenase was determined by measuring the absorbance of the 

supernatant at 450 nm. A milliunit of succinate dehydrogenase activity is 

defined as the activity capable of producing an increase of 1 . 0  in the 

absorbance at 450nm per minute.

2.2.7.6 Plasma membrane marker enzymes.
The integral plasma membrane enzyme, 5 ’-nucleotidase, was measured 

following the method of Rome et al, (1979). Buffered substrate (1 OOul ) 
containing 0.15 M Tris-HCI pH 8.5, 30 mM-MgCI2, 0.3% (v/v) Triton X-100

was mixed with enzyme sample (100 pi) and 100 pi 4.5 mM (2-3 H) 

adenosine 5 ’-monophosphate (0.15 pCi). The reaction was stopped by
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adding 1 0 0  pi 0.25 M-Ba(OH)2 , this was followed by adding 1 0 0  pi of 

ZnS0 4  to precipitate the Ba(OH)2. The mixture was centrifuged at 14,000 

for 5 minutes and 250 pi of the supernatant removed into a scintillation vial, 

3 ml of scintillation fluid was added and the released radioactivity 

measured.

2.2.8 Electron microscopy of human fibroblasts.
2.2.8.1 Preparation of samples.
Human normal fibroblasts and human mannosidosis cells were grown for 

electron microscopy in 75 cm2  flasks as described in 2.2.3. When the cells 

were sub-confluent the medium was changed and cells were then grown in 

the absence or the presence of the inhibitor swainsonine at a concentration

in the growth medium of 100pM. After 7 days in contact, the medium was 

removed and the cell monolayer washed once with sterile PBS. The cells 

were harvested by mild trypsinization and washed once in sterile 10% BSA 

solution in PBS before recovery by centrifugation (400g for 5 minutes). The 

BSA solution was then removed and 0.5 ml of 3% (w/v) glutaraldehyde in 

0.1 M cacodylate buffer pH 7.4 containing 2.5 mM Ca2+ was added to the 

cell pellet very gently along the side of the tube. The sample was left for 10 

minutes at room temperature to fix the top of the cell pellet. The cell pellet 
was teased very gently and dislodged from the bottom of the tube, until it 
was floating freely in the glutaraldehyde solution. At this stage, when the 

whole of the cell pellet had been fixed, the samples could be allowed to 

stand at room temperature indefinitely.

2.2.8.2 Electron microscopy.
The final stages of preparing the samples and the subsequent electron 

microscopy was performed by V. Smith and Prof. B.D. Lake in the 

Histopathology Unit, at the Institute of Child Health.

The fixed samples were washed two times with 0.1 M cacodylate buffer pH

7.4 at room temperature for 15-30 minutes each wash. 1% Osmium tetroxide

in the same buffer was added to the samples which were then left at 4°C for
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60 minutes. This was followed by two washes at room temperature with 

cacodylate buffer. Two washes with 70% alcohol were then carried out while 

rotating the tubes. The samples were dehydrated by the quick addition of 

dehydration fluid which consisted of one drop of concentrated HCI in 50 ml 
of dimethoxypropane (DMP). The dehydration fluid was poured out and 

resin, Araldit was added to the samples. The samples were infiltrated in an

oven at 60°C for 1 0  minutes without stoppering the tubes to evaporate the 

remaining DMP. The stoppers were then replaced and the samples 

infiltrated at room temperature over night while rotating. Following the over 
night infiltration the stoppers were removed and the samples placed in a

60°C  oven for 10-15 minutes. They were then blocked in fresh Araldite and 

polymerised for a further 24-48 hours at 60°C.

2.2.9 Isolation and purification of natural substrates for 
enzyme specificity studies.

2.2.9.1 Purification of oligosaccharides by gel filtration on 
Bio-Gel P-4 .

Prior to gel filtration urines containing oligosaccharides or preparations of 
oligosaccharides were desalted by passing through a column packed with 

Duolite MB 6113 mixed bed resin (BDH), which removes any charged 

material. The eluates were freeze-dried and the residues redissolved in 

deionized distilled water. The solutions were applied to a Bio-Gel P-4 

column (100 cm X 2.6 cm dia.) which was then eluted with distilled water at 
a flow rate of 4 ml /hour. Fractions of 1 ml were collected and the positions of 

the oligosaccharides determined either by the phenol/sulphuric acid method 

for the non radioactively-labelled oligosaccharides or by scintillation 

counting for the radiolabelled oligosaccharides. The fractions 

corresponding to peaks containing purified oligosaccharides were pooled. 

The purity of the oligosaccharides in the pooled fractions was further 

analysed by hptlc and hplc.

2.2.9.2 Fractionation of oligosaccharides by gel filtration 

on Fractogel TSK HW 40 (s).
Fractogel TSK HW 40 (s) (Merck), was equilibrated in deionised water and
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packed in a column (50 X 0.9 cm). The samples to be analysed were 

deionised, freeze dried and then reconstituted in 0.5 ml deionised water. 
The sample was applied to the column and eluted with deionised water at a 

flow rate of 40 ml/hour. Fractions (1 ml) were collected using a fraction 

collector. The column was calibrated with the neutral oligosaccharides 

Mang.gGlcNAc-j used for the specificity studies. The elution profiles of the 

radioactive standards and the storage material induced in human normal 
fibroblasts by swainsonine, were determined by taking an aliquot of each 

fraction, adding liquid scintillant and measuring the radioactivity in a liquid 

scintillation counter. For the unlabelled standards the elution profile was 

determined by using the phenol/sulphuric acid method to measure the 

reducing sugars in each fraction.

2.2.9.3 Determination of the concentration of reducing sugars 
by the phenol/sulphuric acid method.

Total reducing sugar was measured using the phenol/sulphuric acid method 

of Dubois et al., (1936). Appropriately diluted sample (0.5 ml) was mixed 

with 0.5 ml of phenol (5% w/v), 2.5 ml concentrated sulphuric acid was then 

added rapidly. The tubes were allowed to stand after mixing for about 1 0  

minutes at room temperature. The absorbance of the reaction mixtures was 

then measured at 490 nm in a spectrophotometer. The concentration was 

calculated by comparison with a standard curve obtained for mannose in

the range of concentration of 0  - 1 0 0  pg.

2.2.9.4 Radiolabelling of oligosaccharides by reduction with 
tritiated sodium boro-hydride.

Initially purified oligosaccharides were radiolabelled with sodium [3 H]- 
borohydride using modifications of the methods of Takasaki and Kobata 

(1978), Mellis and Baenziger (1981) and Hall and Patrick (1989).

Oligosaccharides were dissolved in 20 pi of 15 mM NaOH. A concentration

of 200 mM sodium[3 H]-borohydride (600 mCi/mmol ) (New England 

Nuclear, Stevenage, Hertfordshire, UK) was prepared in 15 mM-NaOH. This 

was added to the oligosaccharide sample to a final concentration of 20 mM

and the solution incubated for 3 hours at 30°C. Reduction was stopped by
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the addition of 50 pi 5% (v/v) acetic acid and the reaction mixture dried 

down under a stream of nitrogen at 40°C, followed by two further
r\

evaporations from 250 pi of methanol. The removal of contaminajts resulting 

from the reduction was then carried out by gel filtration chromatography on 

Bio-Gel P-4 columns as described above (sec. 2.2.9.1).

Subsequently the method was changed to perform the reduction in 200 mM- 
sodium borate buffer pH 10.5, instead of 15 mM-NaOH. The 

oligosaccharides were treated in the same way as above except for the first 
step were they were dissolved in 200 mM-sodium borate buffer pH 10.5, 
and the reaction carried out as before.

2.2.9.5 Liquid scintillation counting.
Liquid scintillation counting was carried out by dissolving an aliquot of the 

sample to be counted in 2 0 0  pi of water in a plastic scintillation vial, to which 

5 ml was added of liquid scintillation fluid (OptiPhase “Safe”) (LKB 

Pharmacia, Uppsala, Sweden). The vials were vortexed and counted in an 

LKB 1215 RACKBETA II liquid scintillation counter (LKB Pharmacia, 
Uppsala, Sweden). The counter was equilibrated automatically and had an 

internal standard.

2.2.10 Digestion of natural substrates by preparations of 

a-mannosidases.

The digestion of the purified radiolabelled natural substrates was carried out 

by incubating 15-20 nmol of each substrate with 0.1-0.2 units of a- 

mannosidase activity in 100 pi phosphate/citrate buffer at pH 4.0 and 6.5 for

the lysosomal and neutral forms of a-mannosidase respectively. At different 

time intervals samples were removed from the reaction mixtures for analysis 

by hptlc and hplc. The reaction was stopped by adding an equal volume of 
ethanol (95%) and boiling the sample for 3 minutes. The samples were then 

centrifuged at 8000g for 3 minutes to remove the protein, and the neutral 
oligosaccharides were separated by passing the supernatant through a 

column (1 ml) of Duolite-mixed bed resin (MB 6113, a mixture of Duolite
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C225 in the H+ form and A 101D in the OH" form, with the inclusion of an 

indicator). The column was washed with further 2  ml of distilled deionised 

water. The pooled washes and eluate were then dried gently under nitrogen 

and resuspended in 100-200 pi of distilled deionised water. The samples 

were then analysed by hptlc and hplc as described in the following sections.

2.2.11 Analysis of oligosaccharides by high performance thin 
layer chromatography (hptlc).

Samples of oligosaccharides were loaded onto pre-coated silica gel 60 

high performance thin layer chromatography (HPTLC) plates (Merck, 

Darmstadt) as very thin 1 cm long bands using a Hamilton syringe. The 

plates were developed twice in propan-1-ol : water (80 : 30) in a pre- 
equilibtated thin layer chromatography tank. Authentic standards of samples 

of oligosaccharides were run alongside to check the purity of standards and 

to identify the components of the digestion mixtures. The plates were dried 

and then sprayed with En3Hance (NEN) before exposure against Kodak X- 

Omat XAR-5 film at -70°C overnight or for an appropriate length of time 

depending on the number of DPM’s in the sample.

2.2.12 Analysis of oligosaccharides by high performance 
liquid chromatography (hplc).

2.2.12.1 Acetylation of oligosaccharides.
Oligosaccharides to be analysed by hplc were pre-acetylated following the 

procedure of Hall and Patrick (1989). Samples were placed in stoppered, 

silanized glass tubes and 12.5 volumes of anhydrous pyridine and 12.5 

volumes of acetic anhydride were added. The samples were vortexed and

incubated at 60°C for a minimum period of 16 hours. After being dried down

under a stream of nitrogen at 40°C, they were redissolved in 1 ml of toluene 

and dried down again a further two times. The final residue was then 

redissolved in the mobile phase to be used in hplc analysis.

2.2.12.2 The hplc system.
The hplc system used for analysis consisted of a Spectra Physics 8700
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liquid chromatography pump, a Reeve Analytical splitter/mixer, a 

radioactivity monitor fitted with a 1 ml Teflon flow cell and a Spectraphysics 

4270 integrator. Samples were run in solvent systems consisting of 

acetonitrile : water on a Spherisorb ODS II 3U 150 mm column (Jones 

chromatography, Hengoed, Mid.Glamorgan, UK). A guard column (5 cm X
2.3 mm) packed with pellicular ODS (Whatman) was used. Different 

isochratic systems were used to separate and check the purity of the 

oligosaccharides. For the separation of a mixture of standards and the 

digestion mixtures a gradient solvent system running from 33% to 59%  

acetonitrile hplc grade (Koch-Light, Haverhill, Suffolk, UK) was used. Water 

for the hplc was purified using a Milli Q system (Millipore; Harrow, 
Middlesex, UK). Scintillation fluid for radioactivity detection with the hplc 

system consisted of 17g 2,5-diphenyloxazole (PPO), 570 ml standard- 
grade Triton X-100 ( Koch-Light, Haverhill, Suffolk, UK ), 1170 ml mixed 

xylenes (Aldrich, Gillingham, Dorset, UK ) and 260 ml methanol (hplc grade 

BDH, Poole, Dorset, UK).

2.2.12.3 Acetolysis of oligosaccharides.

Acetolysis to detect a(1,6) linked mannose residues in oligosaccharides 

was performed by modification of a method described by Guthrie and 

McCarthy (1967). The acetolysis mixture was prepared by the mixing of 1.1 

ml acetic anhydride (Sigma, Poole, Dorset, U.K.), 1.0 ml acetic acid and

100 pi concentrated sulphuric acid. It was then mixed thoroughly and 

allowed to stand at room temperature for 10 minutes. Samples were pre-

acetylated and dried down under a stream of nitrogen at 40°C in stoppered

silanized glass tubes. Acetolysis mixture (100 pi) was added and the

reaction tubes vortexed for 2 0  seconds before incubation at 37°C for 4 and / 

or 16 hours. The reaction was stopped by the addition of 1 ml water and 

mixing. This was followed by the addition of 2 ml chloroform, the tubes were 

then vortexed for 30 second and allowed to stand at room temperature for 
10 minutes. The upper aqueous layer was removed and discarded. A further 
1 ml of water was added and the washing repeated. The organic layer was

dried down under nitrogen at 40°C and the residue dissolved in the mobile
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2.2.13 Inhibition of human liver glycosidases by glycosidase 

inhibitors.
2.2.13.1 Source of glycosidases.

Post-mortem human liver, which was stored at -20°C until required was 

homogenised (50% w/v) in 10mM-sodium phosphate buffer, pH 6.0 in a 

Potter-Elvehjem homogenizer. The homogenate was centrifuged at 37000g 

for 30 minutes in an MSE 18 centrifuge and the supernatant was stored as

1 ml aliquots at -2 0 °C  as a source of glycosidases.

2.2.13.2 Initial screening.
The effect of different glycosidase inhibitors on a panel of human liver 
glycosidases was investigated by assaying the enzymes at their pH optima 

using the appropriate 4-methylumbelliferyl-glycopyranoside substrate 

(Melford Laboratories, Ipswich, Suffolk, U.K.) at a final concentration of 0.5 

mM, in the presence or absence of 1mM inhibitor. The enzyme assays were 

performed as in 2 .2 .1 . The inhibition in vitro of the following enzymic 

activities (with their pH optima) was studied.

Glycosidase Optimum pH Glycosidase Optimum pH
oc-D-Mannosidase 4.0 P-D-Hexosaminidase 4.0

p-D-Mannosidase 4.0 a-L-Fucosidase 5.5
a-D-Glucosidase 4.0 P-D-Glucuronidase 4.0

p-D-Glucosidase 5.5 *<-L -Arabinosidase 5.5
a-D-Galactosidase 4.0 p-D-Xylosidase 5.5
p-D-Galactosidase 4.0

2.2.13.3 Effect of inhibitor concentration on the enzymic activity 
(determination of l50).

The effect of the concentration of an inhibitor on a particular enzymic activity 

was investigated by assaying at the relevant enzyme in the presence of 
different concentrations of the inhibitor. The useful range of inhibitor 
concentrations included in the reaction mixtures was predicted from the 

inhibition (%) in the original screening procedure. The value of l5 0  was 

defined as the inhibitor concentration that causes 50% inhibition of the
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glycosidase investigated at its pH optimum at that substrate concentration.

2.2.13.4 Effect of pH on the inhibition of human liver 

glycosidases.
The effect of pH on the inhibition of an enzyme was investigated by 

assaying the enzyme in the presence and in the absence of inhibitor over a 

pH range of 3.0 to 7.5 of phosphate/citrate buffer at intervals of 0.5 pH units.

The reaction mixture consisted of 50 pi enzyme solution (50% human liver 

supernatant ) suitably diluted, 50 pi of 2mM solution of the relevant

substrate in distilled water for the control samples or 50 pi of 4mM substrate 

solution in water containing 4mM concentration of the inhibitor for the test 

and 1 0 0  pi of the appropriate buffer. This will give a final reaction mixture 

containing 1mM substrate and 1mM inhibitor. The reaction was then carried 

out as in the general enzyme assays. The inhibition was calculated for each 

pH as the percentage of activity lost in the test tube containing 1 mM 

inhibitor solution in comparison with the total activity at the same pH value in 

the test containing only 1mM substrate solution.

2.2.13.5 Determination of the dissociation constant (K j) and the 
nature of the inhibition by the Dixon graphical 
procedure.

The value of the dissociation constant of inhibition, Kj, was determined by 

using the Dixon graphical procedure (Dixon, 1953). Three different 
concentrations of the relevant glycosidase substrate were used. For

lysosomal a-mannosidase activity the final concentrations of the substrates 

in the reaction mixture were 1, 2 and 5 mM in phosphate / citrate buffer pH

4.0, and for a-fucosidase activity the final substrate concentrations were 0.1, 

0 . 2  and 0.4 mM. At each substrate concentration the enzymes were assayed 

in the absence or presence of a range of inhibitor concentrations 

determined from the dose curve and which would give inhibition values 

between 30% to 80% of the total activity. The amount of fluorescence was 

read on a fluorimeter and arbitrary values of 1/F were plotted against the 

inhibitor concentration for each substrate concentration. The point of
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intersection of the lines for the three different substrate concentrations 

indicates the nature of the inhibition and the Kj value for the inhibitor.

2.2.14 Inhibition of a-mannosidases by the inhibitors, 

swainsonine, DIM and DIA and their derivatives 
in cells in culture.

Solutions of the inhibitors in PBS were filter-sterilised and included in the 

culture medium to give a final concentration of 1mM for DIM, DIA and 100

|iM for swainsonine. Sub-confluent monolayers of normal human fibroblasts 

were incubated with the medium containing inhibitor for 7 days. After this 

incubation period the medium was removed and the cell monolayres were 

washed with cold PBS. The cells were detached by trypsinisation (as in 

section 2.2.3.1 ) and recovered by centrifugation. The cell pellets were 

washed twice with cold PBS and finally resuspended in 0.5ml of distilled 

water. The release of any induced storage material was achieved by 

sonication of the suspended cell pellet for 2x15 second pulses at 20 kHz in 

an MSE Ultrasonic disintegrator. The cell debris was then removed by 

centrifugation in an Eppendorf bench top centrifuge 5414 (at 13,000g) for 10 

minutes. The cell lysate containing the storage material was then passed 

through a Duolite MB 6113 mixed bed resin (BDH) to remove the charged 

material. To remove any membrane-bound glycans which might be present 
in the samples the cell supernatants were then further filtered through a 

Centrifree micropartition system (Amicon Ltd., U.K.). This centrifugation filter 

unit separates free from protein-bound particles, the cell extracts were 

loaded into the reservoir of the Centrifree unit and were centrifuged at 
2,000g for 15 minutes. The filtrate collected was then reduced with tritiated 

sodium borohydride as in section 2.2.9.4, and prepared for analysis of 

labelled oligosaccharides by hptlc and hplc.
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Chapter III 
Purification and characterisation of the 
natural substrates, and preparation of the 

lysosomal and neutral a-mannosidases.
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3.1 Introduction
The structures of the mannose-containing oligosaccharides that accumulate 

in the tissues and are excreted in the urines of cases of the genetic and

swainsonine-induced forms of a-mannosidosis, have been elucidated and 

fully characterised. These are described in detail in the general introduction 

to this thesis (Yamashita et al., 1980; Matsuura et al., 1981; Egge et al., 
1982; Cenci di Bello et al., 1983; Abraham et al., 1983; Warren et al., 
1983,1988). These oligomannosidic structures are very useful potential 
natural substrates for the study of the substrate specificity of the different

processing and catabolic a-mannosidases.

Oligosaccharides were prepared and partially purified by Dr C.D. Warren or 

supplied by Dr S. Hirani as a part of a collaborative project to investigate the

substrate specificities of mammalian a-mannosidases. The homogeneous 

substrates were then reduced by tritiated sodium-borohydride to increase 

the sensitivity of their detection by hptlc and hplc. The purity of the reduced 

oligosaccharides was investigated by gel filtration on a Bio-gel P4 column, 
and where applicable their structures were confirmed by studying the pattern 

of fragmentation produced by acetolysis.

The enzyme activities used for the specificity studies were prepared from 

human liver by a combination of ammonium sulphate precipitation and 

affinity chromatography on concanavalin A-Sepharose. They were then 

characterised as lysosomal or neutral according to their pH optima, effect of 
inhibitors and metal ions and their heat stability.

3.2 Results: Preparation of substrates.
3.2.1 Origin and structure of the natural substrates.
Two series of mannose-containing oligosaccharides with the general 
formula MannGlcNAc-j (where n= 2  to 9) and MannGlcNAc2  (where n= 2  to 

5) mannose residues, were obtained for use as substrates (Tables 3.1 and 

3.2). These tables show the basis of the schematic representation, 
abbreviation and numbering of the substrates used subsequently in this 

thesis.



7 6
M annGlcNAci series (Table 3.1)

The largest substrate MangGlcNAc-j (9) was a gift from Dr. S. Hirani 
(Genzyme Corporation, One Kindall Square, Cambridge , Massachusetts, 

USA). Its structure had been determined by a combination of hplc and 1H 

nmr spectroscopy. A mixture of oligosaccharides of composition Mang_ 

qGIcNAci was obtained from Genzyme. The components of composition

Man8., Man6. and MangGlcNAc-j were unique isomers and their structures 

had been determ ined by hplc and 1H nmr spectroscopy. The  

Man7 GlcNAc-j component consisted of a mixture of 2 isomers of known 

structure. All of the other oligosaccharides were provided by Dr. C. Warren 

(Carbohydrate Laboratory, Massachusetts General Hospital, Harvard 

Medical School, Boston, USA). They were either isolated directly from the 

urine of cases of mannosidosis or by the removal of the terminal N- 
acetylglucosamine from the oligosaccharides with di N-acetylchitobiose at 
the reducing terminal. Substrates 2a, 3c, 4c, were from the urine of a 

patient (Warren et al., 1983) and 4b and 5b from urine of swainsonine- 
intoxicated sheep (Warren et al., 1988a). 2a was prepared by removing an 

N-acetylglucosamine residue from 2’b using endo N-acetylglucosaminidase 

isolated from human spleen (De Gasperi et al., 1989). The tetrasaccharide 

(3a) was obtained by endo-D treatment of MangGlcNAc2  (Warren et al., 
1988b). The two oligosaccharides (3b, 5a) were prepared by endo-H 

treatment of the correspondent Mang. and MangGlcNAcg oligosaccharides 

(Warren etal., 1988). The oligosaccharide (4a) was prepared by the endo-H

treatment of (4’a) isolated from the urine of a swainsonine-induced sheep a- 

mannosidosis case (Warren etal., 1988).

M annGlcNAc2  series (Table 3.2)
Oligosaccharides with 2  N-acetylglucosamine residues on their reducing 

terminus were purified either from the urine of swainsonine-intoxicated 

sheep, 2 ’a ,3 ’b ,4 ’a and 5 ’a (Goussault etal., 1986; Warren etal., 1988), or

from feline a-mannosidosis urine, 3 ’a (Warren etal., 1988). The details of 

the isolation and purification of these oligosaccharides are given in the cited 

references.
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Substrate Abbreviation and no. Retention time Origin

a - MangGlNAc 2

MangGlcNAc ̂

ManyGlcNAc-^

ManyGlcNAc\

MangGlcNAci

Man^GlcNAci

Man5GlcNAci

>^ ManyGlcNAc^

ManyGlcNAci

ManyGlcNAc^

> MangGlcNAc-^

MangGlcNAc ̂
Man^GlcNAc^
Man2GlcNAc\

Man£GlcNAci

9) 60.55 (i)

8a) 58.92 (i)

7a) 56.23 0)

7b) 56.23 0)

6a) 53.43 (i)

5a) 50.14 00

5b) 48.17 ON)

4a) 45.08 (ii)

4b) 42.92 ON)

4c) 42.10 Ov)

3a) 36.97 Oi)

3b) 36.97 Oi)
3c) 35.48 (iv)

2a) 22.90 (iv)

2b) 22.90 (v)

Table 3.1 Structures, abbreviation, retention times and origins of oligosaccharides
containing one N-acetylglucosamine on their reducing terminus. For details 
and legend see next page (78).
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Substrate______________Abbreviation and_no.___________ Origion

Man5GlcNAc2 (5 fa) (ii)

Man4GlcNAc2 (4 'a ) (ii)

Man3GlcNAc2 ("0

Man3GlcNAc2 (3 'b ) (jj)

Man2GlcNAc2 (2 'b ) (ii)

Table 3.2 Structures, abbreviation and origin of the oligosaccharides containing two 
N-acetylglucosamine on their reducing terminus.

Legend to Tables 3.1 & 3.2
Structures, abbreviations, retention times and origins of the oligosaccharides used in 
the determination of the specificity of the lysosomal and neutral a-mannosidases. 
The schematic representation for mannosidic-linkages used are

a(1.2); ^ # a ( 1 , 3 ) ;  a (1 ,6 )a n d

% -a  P(1.4).

The retention times shown in Table 3.1 are representative values corresponding to 
the hplc profile obtained by reverse-phase hplc. See sec. 3.2.1.4 
Origin of oligosaccharides:
(i) Commercial source (Genzyme Corp.).
(ii) Treatment with endohexosaminidase-H of compounds in Warren etal. (1988a).
(iii) Isolated as described in Warren etal. (1988b) and for (3a) after tretment with 
endohexosaminidase D.
(iv) Isolated as reported in Warren etal. (1983).
(v) Prepared by treatment of compound (2 ’b) with endoglucosaminidase isolated 
from human tissue (De Gasperi etal., 1989).
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The purity of these oligosaccharides was checked by hptlc prior to 

radiolabelling. However all of the compounds were reduced to take 

advantage of the greater sensitivity of the radioisotopic techniques and the 

greater resolution of hplc for analysis of their purity, confirmation of their 
structures and their detection in reaction mixtures.

3.2.1.1 Reduction of the oligosaccharides with sodium 

borohydride, NaB[3H4].
Reports in the literature recommend that reduction of oligosaccharides with 

sodium borohydride should be carried out in either 15mM-NaOH (Hall & 

Patrick, 1989) or 50mM-NaOH (Takasaki and Kobata, 1978 ; Mellis and 

Baenziger, 1981). However it was found in our experiments that these 

conditions led to the formation of a double peak in the hplc profile instead of 
the expected single peak for each oligosaccharide because of a partial 
alkali-induced rearrangement. Preliminary experiments showed that this 

problem could be overcome by performing the reductions in 200mM-sodium 

borate buffer. Therefore the effects of pH, time of the reduction and the

concentration of sodium[3 H]-borohydride were investigated to find the 

optimal conditions for the reduction of the oligosaccharides.

3.2.1.1.1 Effect of pH on the reduction of the oligosaccharides.
Reductions carried out in either 15 or 50 mM-NaOH gave rise to two peaks 

in the hplc profile instead of the expected single homogeneous peak (Fig 

3.1a & b). This was caused by alkali-induced epimerization at the C- 2  

position in the oligosaccharide series with one N-acetylglucosamine residue 

at the reducing terminus. This was seen with all the substrates containing 

one N-acetylglucosamine on the reducing terminus and the number of 
mannose residues on the non-reducing terminus did not affect this 

observation. The degree of epimerization was related to the concentration 

of the NaOH. Changing the reduction medium to sodium borate buffer 

eliminated this epimerization (Fig 3.1c). A mixture of larger oligosaccharides 

Man5 _gGlcNAci showed the same effect of carrying out the reduction in 50 

mM-NaOH and in 200 mM-sodium-borate buffer at pH 10.5 (Fig. 3.2a & b).

To optimise the conditions of the reduction the tetrasaccharide,



80

a)

3a

Fig. 3.1 Hplc analysis of a representative mannose-containing oligosaccharide
.MangGlcNAc-i^a), to determine the effect of reducing the oligosaccharide

with Na(3 H)-borohydride in NaOH and sodium borate buffer.

a) Oligosaccharide reduced in 50 mM NaOH.
b) Oligosaccharide reduced in 15 mM NaOH.
c) Oligosaccharide reduced in 200 mM sodium borate buffer pH 10.5.



81

7a/b

Fig. 3.2 Hplc analysis of a mixture of mannose-containing oligosaccharides
Mang.gGIcNAc^ to determine the effect of, NaOH and sodium borate buffer,

on the reduction with Na(3 H)-borohydride.

a) Oligosaccharide reduced in 50 mM NaOH.
b) Oligosaccharide reduced in 200 mM sodium borate buffer pH 10.5.

The separation was achieved by initially running the samples on an isocratic 
system of 48% acetonitrile (v/v). Then a linear gradient system running from 
48% to 67% acetonitrile (v/v), was develpoed over 25 minutes.
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MangGlcNAc-] (3a) was used as a representative compound and a series of 
experiments was carried out.

Reduction of the oligosaccharide (3a) was performed at pH values of 9.0, 
9.5, 10.0, 10.5, 11.0 in 200 mM-sodium borate buffer and in 15 mM and 50 

mM sodium hydroxide pH 12.0 & 13.0 respectively. Incorporation of
radioactivity was seen at all of the above pH values. Maximum incorporation

€
of radioactivity was obtained over the pH range 10.5-12.0 but epim rization 

took place at pH values higher than 10.5 resulting in the formation of two 

peaks in the hplc profile. Increasing the pH value to 13.0 reduced the 

efficiency of the reduction by about 50%. Therefore the optimal pH for the 

maximum incorporation of the radioactivity into the oligosaccharide without 
any epimerization taking place was at pH value of 10.5 (Fig 3.3a).

3.2.1.1.2 Effect of sodium-borohydride concentration on the 
reduction of oligosaccharides.

To determine the effect of NaB[3 H4] concentration on the efficiency of 

reduction of the oligosaccharides, the reaction was carried out at pH 10.5 

with final concentrations of NaB[3 H4] of 2.5, 5.0, 10.0, 20.0, 50.0 & 100.0 

mM. The maximum incorporation of radioactivity into the oligosaccharide 

was obtained with a final concentration of 20 mM NaB[3 H4], which led to 

80% - 95% of the substrate being reduced. Increasing the concentration of 

NaB[3 H4] up to 100.0 mM did not significantly increase the number of counts 

incorporated into the oligosaccharide (Fig 3.3b).

3.2.1.1.3 Effect of time on the reduction of oligosaccharides.
The effect of time on the incorporation of radioactivity into the 

oligosaccharide was investigated by reducing the oligosaccharide for 0.5,
1.0, 3.0, 6.0 and 18 hours in 200mM sodium borate buffer pH 10.5 using a

final concentration of 20m M -NaB[3 H4]. The amount of radioactivity 

incorporated increased with time (Fig 3.3c), but reductions longer than 3 

hours resulted in the formation of a lot of minor contaminants, which could 

be seen in the hplc profile at the beginning of each run. Therefore the 

optimal time chosen to carry out the reductions was set at 3 hours. The
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Fig. 3.3 The effect of pH, N aB ^ H ^  concentration and incubation time on
the reduction of a representative mannose-containing oligosaccharide, 
MangGlcNAc-] (3a).

a) Effect of pH range 8 .5 -13 .0  on the reduction.

b) Effect of NaB(^H4) concentration on the reduction.

c) Effect of time on the reduction.
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maximum incorporation of radioactivity into the oligosaccharides by

reduction with NaB[3 H4] was achieved by carrying out the reductions in

sodium borate buffer, pH 10.5, using 20 mM-NaB[3 H4] for a period of 3 

hours.

3.2.1.2 Gel-filtration chromatography on Bio-Gel P4.
To get rid of the excess reagent and minor by-products resulting from the 

reduction and to resolve the mixtures of oligosaccharides the reaction 

mixtures were subjected to gel filtration. The reduced substrates were dried

down under a gentle stream of nitrogen at 45°C. The dried sample was then

redissolved in 250 pi distilled water and loaded onto a column (100 X 0.6 

cm) of Bio-Gel P4 (mesh size 200-400). The column was eluted with distilled 

water at room temperature at a flow rate of 2  ml / hour and fractions (1 ml) 
were collected. An aliquot from each fraction was mixed with scintillation 

fluid and counted in a liquid scintillation counter. After the chromatography of 
samples containing single components (compounds 5a, 5b, 4b, 4c, 3a, 
3c and 2a) the fractions with the highest counts were pooled dried down 

and reconstituted in a small volume of deionised water. The purity of these 

substrates was then checked by analysis on high performance thin layer 
chromatography plates (hptlc).

For the mixture of oligosaccharides Mang.gGlcNAci (compounds 8a, 7a/b, 
6a and 5a) the material in the peaks of radioactivity in the elution profile 

(Fig 3.4) was analysed by hptlc. The hptlc plates were run in propan-ol : 
water (80:30), and the material in the fractions visualised by fluorography 

(Fig 3.5). The fractions containing a single component were pooled. At this 

stage a large proportion of the oligosaccharide (8a) was obtained in a very 

pure state. The purity of this substrate was then checked by hptlc and by 

hplc. The fractions containing more than one component were also pooled, 
dried down and then re-constituted in deionised w ater for re
chromatography on the column and the same process repeated. The pure 

samples which were obtained by gel filtration were further analysed by hptlc, 
hplc and acetolysis to confirm their purity and structure.
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Fig. 3.4 The radioactivity elution profile of fractionation of a mixture of mannose- 
containing oligosaccharides, Mang.gGlcNAc-i by gel-filtration 
chromatography on Bio-Gel P4 (mesh size 200-400).

The chromatography column (100X0.6 cm) was eluted with deionized water 
at a flow rate of 2 ml/h. Fractions (1 ml) were collected and the radioactivity 
counted in a liquid scintilation counter.

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 3.5 Hptlc analysis of the fractions obtained from gel-filtration of oligosaccharide 
mixture, Mang.gGlcNAc-j by chromatography on Bio-Gel P4.

Homogeneous fractions were pooled and further analysed by hplc and 
chemical acetolysis to conf irm their purity. Fractions containing more than 
one component were pooled, dried down, reconstituted in water and 
re-chromatographed on the gel-filtration column.
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1 2 3 4 5 6 7

Fig. 3.6 Hptlc analysis of NaB[3H4] reduced representative oligosaccharides,
Man2_5GlcNAci, which were used as substrates and standards for studying 
the specificity of lysosomal and neutral a-mannosidases.

Hptlc plates were run in a solvent system of propan-1 -o l: water (80 :30). The 
plates were dried down and sprayed with a radioactivity enhancer and 
fluorographs were obtained by leaving the plates in contact with an X-ray film
at -70°C. The same solvent system was used in all hptlc analysis through out 
the study.

a) Oligosaccahrides before chromatography on Bio-Gel P4.
b) Oligosaccahrides after chromatography on Bio-Gel P4.

Lanes for a) & b) 1, Man2GlcNAc1 (2a). 2, Man3GlcNAc-| (3a). 3, 
MangGlcNAc-j (3c). 4, Man4GlcNAc-| (4b). 5, Man4GlcNAc-j (4c). 6, 
Man5GlcNAc1 (5a).
Lane 7 a), An unsuccessful reduction of Man^GlcNAc^ (5a).
Lane 7 b), A mixture of the purified substrates and standards.
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3.2.1.3 Analysis of the purified substrates and standards by 

high performance thin layer chromatography (hptlc).
The purity of all the reduced standards and substrates was analysed by high 

performance thin layer chromatography. The solvent system used was 

propan-1-ol : water ( 80:30 ). The good resolution obtained when using the 

high-performance thin layer chromatography plates with this solvent system 

(Fig. 3.6) permitted clear separation of all the substrates and standards listed 

in (Table 3.1) except the oligosaccharides (3a and 3b) and the two isomers 

of Man7 GlcNAc-| (7a/b). This system also had the added advantage of 
resolving the two isomers of Man2 GlcNAc-| (2a and 2b) which were not 
resolved on the hplc gradient system used.

3.2.1.4 Analysis of purified standards and substrates by high 
performance liquid chromatography (hplc).

The individual substrates and standards were analysed by hplc using 

isocratic solvent systems to check their purity. An elution programme was 

also developed to analyse mixtures of pure oligosaccharides and the 

intermediates in the digestion mixtures. The elution starts as an isocratic 

system, running at 33% acetonitrile for 17 minutes followed by a linear 
gradient of 33% to 59% acetonitrile in 39 minutes. Using this programme 

good separation of the oligosaccharides ranging from Man-jGlcNAc-j to 

MangGlcNAc-j (compounds 9, 8a, 7a/b, 6a, 5a, 5b, 4a, 4b, 4c, 3a, 3b 
and 3c) was possible (Fig.3.7). The only unresolved components were the 

oligosaccharides 7a/b and 2a and 2b, but 2a and 2b could be separated 

by hptlc (see Fig. 3.6). The retention times of all the substrates and 

standards in a representative analysis are given in Table 3.1.

3.2.1.5 Acetolysis of mannose-containing oligosaccharides.
Acetolysis is a chemical method for the structural characterisation of

mannose-containing oligosaccharides, in which the a ( 1 ,6 ) mannosidic 

linkage is cleaved specifically. By studying the fragmentation patterns 

obtained from the acetolysis of standards and substrates their structures can 

be deduced and confirmed. The structures of the oligosaccharides used as 

primary substrates in the specificity studies, MangGlcNAc-j (3a) ,  
MangGlcNAc-j (5a), MangGlcNAci (8a) and MangGlcNAc-i (9) were
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4b
a/b

'a/b

6030

Fig. 3.7 Hplc analysis of representative oligosaccharide standards Mang.gGlcNAci.

The samples were run on a 15 cm X 4.6 mm, 3 pm Spherisorb ODS 2 column 
fitted with 5 cm X  2.3 mm guard column packed with CO:PELL ODS. The 
solvent system used to get the separation consisted of an isocratic system 
running at 33% acetonitrile (v/v) for 17 minutes. Then a gradient system 
running from 33% to 59% acetonitrile was developed over 39 minutes.
The numbers on peaks correspond to the substrate numbers in Table 3.1 
and indicate the number of mannose residues in each oligosaccharide. All 
the oligosaccharides have one GlcNAc residue at the reducing terminal.



3

ii-

5

8 9

Fig. 3.8 Hplc analysis of the pattern of acetolysis of oligosaccharides used as the
standards and substrates for the determination of the substrate specificities 
of lysosomal and neutral a-mannosidases. Figure continued on next page.
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Fig. 3.8 Hplc analysis of the pattern of acetolysis of oligosaccharides used as the
standards and substrates for the determination of the substrate specificities 
of lysosomal and neutral a-mannosidases.

a) M ^G IcN A ci (3a). b) Man5GlcNAc-| (5a). c) MangGlcNAc-j (8a).
d) MangGlcNAc-j (9). i) Acetolysis for 4 hours, ii) Acetolysis for 16 hours.
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a )

b)

, 3a

c)

d )

Fig. 3.9 Schemes showing the pattern of acetolysis of oligosaccharides used as 
standards and substrates for the substrate specificity studies.

a) MangGlcNAc-i (3a).
b) Man5GlcNAc-| (5a).
c) MangGlcNAc-| (8a).
d) MangGlcNAc-i (9).

The numbers below the arrows in each reaction indicate the number of 
mannose-residues removed by acetolysis at each step. The broken lines on 
each substrate show the bonds susceptible to break-down by acetolysis. 
These schemes were obtained by employing the sensitive hplc analysis 
method for detection of radiolabelled oligosaccharides developed during the 
work carried out in this thesis.
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confirmed by acetolysis. The resulting fragments were identified by hplc (Fig
3.8 a, b, c & d). The substrate, M angGlcNAc^a), produced a trisaccharide 

Man2 GlcNAc-|, showing that one mannose was removed. The substrate 

MangGlcNAc-j (5a ), was broken down in two steps, firstly losing one 

mannose residue then losing a further two mannose residues. The end 

product of the reaction was an oligosaccharide with a retention time 

indicating that it was, Man2 GlcNAc-| i.e. 2b. The acetolysis fragmentation 

pattern of the substrate MangGlcNAc-|(8 a), showed that the first fragment 
produced had lost 2  mannose residues and its retention time indicated it 
was a MangGlcNAc-j. This indicates that the mannose residues removed by 

acetolysis were attached to the upper antenna of the oligosaccharide. The 

pattern of fragmentation for MangGlcNAc*|(9) also showed that 2 mannose 

residues were removed in the first step resulting in the formation of 
Man7 GlcNAc-| which in the next step lost 3 mannose residues to give a 

Man4 GlcNAc-| with retention time indicating that it was (4c). The schemes 

of fragmentation in Fig. 3.9 a, b, c & d proved the structures in Table 3.1.

3.2.1.6 Discussion.
The reduction of mannose-containing oligosaccharides by tritiated sodium 

borohydride, NaB[3 H4], allows the analysis of picomoles of these 

compounds and the detection of very small amounts of contaminants by the 

use of hptlc and fluorography and by hplc. Reduction had previously been 

carried out under alkaline conditions using either 15 mM-NaOH (Hall and 

Patrick, 1989) or 50 mM-NaOH (Takasaki and Kobata, 1978 ; Mellis and 

Baenziger, 1981). We found that under these conditions each component 
yielded a double peak on hplc. This was presumed to be due to alkali- 
induced epimerisation at the C- 2  position of the N-acetylglucosamine at the 

reducing terminal of the oligosaccharide, to yield a mixture of terminal N- 
acetylglucosaminitol and N-acetylmannosaminitol (Mellis and Baenziger, 
1981). This problem was solved by using 200 mM-sodium borate buffer pH

10.5 for the reduction reaction. The dose curve for sodium [3 H]-borohydride 

showed that more than 90% of the substrate was reduced by using a 20 mM 

concentration of sodium [3 H]-borohydride. Increasing the concentration to 

100mM did not increase the amount of incorporation of radioactivity into the 

oligosaccharide. The time course showed that an incubation period up to
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three hours again gave a good yield of labelled oligosaccharide of about 
85%. Increasing the time of reduction to 16 hours gave a better yield but 
resulted in the production of a lot of minor contaminants which were not 
seen with the shorter times.

To justify the use of reduced oligosaccharides, preliminary experiments were 

performed in which non-reduced substrates were incubated with the enzyme 

and the reaction mixtures then reduced. At the same time parallel digestions 

of the reduced substrates were carried out and the pattern of intermediates 

in the two digestions was compared. This set of experiments will be 

discussed in chapter IV. However the observations from this experiment 

showed that the reduction of an oligosaccharide prior to its digestion by the 

a-mannosidase activity did not affect its pathway of digestion.

Acetolysis was the main technique used to confirm the structures of the 

oligosaccharide substrates, standards and the intermediates resulting from 

the digestion by the enzymic activities. The fragmentation patterns observed 

combined with retention times obtained by hplc analysis enabled the 

deduction of the structure of each individual compound. Acetolysis was also 

used to differentiate between closely related isomers of the 

oligosaccharides, which occurred as digestion intermediates by showing if a 

peak in the hplc profile consisted of one homogeneous isomer or contained 

more than one isomer of the oligosaccharide.

Thus a set of oligosaccharide substrates of defined structure and 

chromatographic properties was prepared for the specificity studies.

3.2.2 Partial purification of a-mannosidases.

Lysosomal (acidic) and cytosolic (neutral) a-mannosidases were partially 

purified from human liver essentially by the procedure of Phillips et al., 
(1976) Fig 3.10, shows the strategy followed in the purification of these two 

activities. The heat denaturation step in the original procedure was omitted 

because it was found that it resulted in the enzyme not being able to

hydrolyse the natural substrates although it retained the a-mannosidase
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Human Liver homogenized in 

phosphate buffer pH 6.0

Pellet contains I
- membrane ER mannosidase^____ I at 1 4 , 3 3 3  rPm

- Golgi mannosidase 1  Supernatant.

50 % human liver supernatant 
add solid ammonium sulphate

Pellet contains t 0  3et 35% concentration.
- Neutral mannosidase ^ ____ I Spin at 14,000 rpm

1 Supernatant.

Con. A chromatography.

a.

To clear supernatant 
add solid ammonium sulphate 
to get 60% concentration

Spin at 14,000 rpm 

Pellet
I s

Collect pellet and dissolve in 
low salt Con A buffer

b.

Affinity chromatography on 

Concanavalin A Sepharose

Unbound fraction 
a- contains the neutral activity

OR
b. which might have escaped during ammonium 

sulphate precipitation

Bound fraction 
contains the lysosomal 

activity

Fig. 3.10 The strategy followed for the purification of human liver lysosomal and neutral
a-mannosidases to study their substrate specificity.
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activity towards the synthetic 4-MU mannopyranoside substrate.

3.2.2.1 Purification of lysosomal (acidic) a-mannosidase.

Human liver was homogenised in an aqueous buffer (10 mM-sodium 

phosphate buffer pH 6.0 containing 0.05 mM-zinc chloride) in the absence of 
any detergents, to minimise the contamination of the enzyme preparations

with any integral membrane-bound endoplasmic reticulum or Golgi a- 

mannosidases. As the use of frozen tissue might result in some of these 

activities being released into the extract, the subsequent steps in the 

purification were designed to ensure their exclusion. The activity pH profile 

of the a-mannosidase in the aqueous extract of human liver (Fig 3.11), 

shows the presence of two peaks of activity with pH optima around 4.0 - 4.25 

and 6.5 - 7.0. These correspond to the lysosomal and cytosolic activities 

respectively (Phillips etal., 1976).

The next step in the purification was a salt fractionation step by the addition 

of solid ammonium sulphate to the aqueous extract to give 35% saturation of 
ammonium sulphate. This step precipitated about 90% of the activity with a 

pH optimum of 6.5 (Fig.3.12). The precipitated a-mannosidase activity was 

then recovered by centrifugation. Further ammonium sulphate was added to 

the supernatant obtained after the centrifugation to increase the

concentration to 60%. All the remaining a-mannosidase activity precipitated 

in the range 35-60% with ammonium sulphate had a pH optimum of 4.0 (Fig. 

3.12) . Thus the two activities, the lysosomal (acidic) and the neutral can be 

clearly separated using ammonium sulphate fractionation.

Further purification was obtained by exploiting the fact that the lysosomal a- 

mannosidase is a glycoprotein which binds to the lectin, concanavilin A- 
Sepharose and can then be eluted using 0.5 M methyl mannopyranoside. In

contrast the cytosolic a-mannosidase does not bind to this lectin (Phillips e t 

al., 1976). This step of purification was added to the procedure to ensure that 
the two activities were fully separated and that no cross contamination 

occurred in the preparations used for the specificity studies. Following the 

fractionation by ammonium sulphate, the two fractions obtained were
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1000

800

600 -
F

400

200

8 9

Fig. 3.11 The pH-activity profile of human liver supernatant showing the presence of 
two different a-mannosidases. A lysosomal a-mannosidase with a pH 
optimumof 4.0-4.5 and a neutral a-mannosidase with a pH optimum of 6.0- 
6.5.

1000

800

600 -
F

400 0-35%
35-60%

200

8 106
PH

Fig. 3.12 The pH-activity profile of fractions of human liver supernatant precipitated 
with 0-35% and 35-60% ammonium sulphate.

The activity precepitating between 0-30% had a neutral pH optimum, while 
the activity precipitating between 30-60% had an acidic pH optimum.
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separately passed through a column (4 X 0.6 cm) of concanavilin A- 

Sepharose. The cytosolic a-mannosidase was fully recovered in the 

unbound fraction. Therefore this step was added to the purification of the 

cytosolic a-mannosidase to remove any of the lysosomal a-mannosidase 

which could have been precipitated by the initial fractionation by ammonium 

sulphate. A pH-activity profile of this fraction showed the pH optimum to be
6.5 (Fig 3.12). The lysosomal fraction was also passed through the 

concanavilin A-Sepharose. All the activity in this fraction bound to the 

column and was eluted by 0.5M methyl-mannopyranoside. The pH optimum 

of the eluted activity was 4.0 Fig (3.12).

3.2.3 Characterisation of the lysosomal and the neutral 

a-mannosidases.

The two enzyme preparations obtained by the combination of the steps 

discussed in the previous section were further characterised by their pH 

optimum, the effect of various inhibitors and activators and by their heat

stability. The pH-optima for the lysosomal and the cytosolic a-mannosidases 

were pH 4.0 and 6.5 respectively and no trace of contaminating activity was 

seen (Fig. 3.12).

3.2.3.1 Effect of inhibitors and metal ions.
The effects of various known activators and inhibitors of lysosomal and 

neutral a-mannosidases on the preparations were determined (Table 3.3). 

These results were consistent with the activities being the lysosomal and the 

cytosolic a-mannosidases.

Table 3.3 The effect of inhibitors and metal Ions on a-mannosidases.
( a-mannosidases)

Lysosomal
inhibition (98-100%) 

no inhibition

Cytosolic
Swalnsonine (100 |aM) 
Deoxymannojirimycin (1 mM)

0.5 mM Zn2+

0.5 mM Co2 +

activation (34%)

inhibition (30%)

inhibition (20-35%) 

inhibition (60-82%)

inhibition (25%) 

activation (20%)
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3.2.3.2 Heat stability.

The heat stability of the lysosomal and the cytosolic a-mannosidases was 

measured at different temperatures. Samples were pre-incubated at 4, 25,

37, 45, 50 and 60 °C  for 1 hour before assay under the standard conditions

at the appropriate pH at 37°C. The lysosomal activity was heat stable with

only about 10% of the activity being lost at 60°C. In contrast the cytosolic

activity was heat labile, even at 37°C, and at 60°C almost all of the activity 

was lost (Fig 3.13).

3.2.3.3 Discussion.

The original procedure for the purification of lysosomal a-mannosidase 

(Phillips etal., 1976) included a heat denaturation step at 60°C for 1 hour. It 

was found that the activity of the lysosomal a-mannosidase towards the

natural substrate but not the synthetic substrate 4-methylumbelliferyl a-D- 

mannopyranoside was greatly decreased by this treatment. This could be 

due to two reasons. Firstly the enzyme could exist in a complex form with 

some other co-factors which form part of its active site or play a role in the 

orientation of the natural substrates to form the enzyme-substrate complex. 
On heat treatment these co-factors could dissociate or be denatured. 
Secondly, the heat denaturation step could alter the structure of the enzyme 

molecules in such a way that part of the binding site for the natural 
substrates is structurally changed without affecting the binding of the 

synthetic substrate. In any case further studies to understand the exact 

mechanism of enzyme-substrate binding will clarify these observations. It is

also worth noting that in a parallel study carried out using a-mannosidase 

activity purified from bovine and feline livers (De Gasperi et al.} 1991) the 

heat denaturation steps did not affect the activity towards the natural

substrates in a marked fashion as it did with the human a-mannosidase. 

This observation together with the fact that different isomers of mannose- 
containing oligosaccharides are found in mannosidosis in the three species,

suggests that the lysosomal a-mannosidases from different species might 

have slightly different active sites for the natural substrates.
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6 0 0  -|
Lysosomal form

5 0 0  -

4 0 0  -

F

2 0 0  -

Neutral form
1 0 0  -

1 00 7 020 30 4 0 5 0 6 0

Temperature

Fig. 3.13 The effect of temperature on the stability of human liver lysosomal and neutral 
a-mannosidases.

The two froms of the enzyme activities were separated by a combination of 
ammonium sulphate precipitation and affinity chromatography on 
concanavalin A Sepharose. They were then dialysed extensively against 
phosphate buffer pH 6.0 and pre-incubated at the shown temperatures for 1 
hour, cooled and then a-mannosidase activity at the appropriate pH and at

3 7°C  was assayed.

It can be clearly seen that the activity with a neutral pH optimum is heat labile 

while that with an acidic optimum is stable up to 60°C.
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The evidence that the acidic activity is truly the lysosomal a-mannosidase 

and not one or more of the activities associated with the cytosol, the 

endoplasmic reticulum or the Golgi apparatus (Phillips et a/., 1973 ; Hirani 
and Winchester, 1979 ; Burditt et al., 1980) can be summarised as follows.

The membrane-associated a-mannosidases of the endoplasmic reticulum 

and the Golgi apparatus would not be released into the aqueous solvent 
used for the initial homogenisation of the tissue used. The use of detergent 
is a necessary requirement for their release from the membranes, and the 

buffers used in our preparation protocols did not contain any detergents. In 

case of some of these activities were being released due to the use of frozen 

tissue, the subsequent steps in the purification protocol were designed to

eliminate these membrane-associated a-mannosidases and to separate the 

cytosolic soluble fraction of a-mannosidase. More than 90% of the soluble 

cytosolic enzyme was precipitated between 0.0-35 % saturation with 

ammonium sulphate. Any contaminating activity escaping this precipitation 

step was separated from the lysosomal activity by affinity chromatography on 

concanavilin A-Sepharose. This lectin binds the lysosomal (acidic) activity

but does not retard any of the other a-mannosidases (Phillips et al., 1973 ; 

Hirani and Winchester, 1979 ; Burditt et al., 1980), except some of the Golgi 

II a-mannosidase. To ensure that only the specific a-mannosidase activity 

being investigated and no other activities contributed to the reactions, the 

digestions of the natural substrates were carried out at the optimal pH of 
each activity. Under such conditions any trace amounts of contaminating

other forms of a-mannosidase would have negligible activity. The different 

properties of the preparations of the lysosomal and the cytosolic a- 

mannosidase, in relation to the effect of metal ions, different inhibitors, heat 
stability, pH optima and the behaviour on concanavalin A-Sepharose were 

all consistent with their designation as the lysosomal (acidic) and the

cytosolic (neutral) a-mannosidases. The other lysosomal activity which

could interfere with these studies is p-mannosidase, which would catalyse

the hydrolysis of the P(1,4) linkage between the mannose and the N- 

acetylglucosamine residues at the reducing terminal of the oligosaccharide.
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Some of this activity was present in the lysosomal a-m annosidase  

preparation when the heat denaturation step was omitted. However it was 

found that p-mannosidase did not hydrolyse the reduced radiolabelled 

oligosaccharide, Manp(1,4) N-acetylglucosamine. Therefore its presence 

did not interfere with the digestion of the substrates by a-mannosidase.



Chapter IV 
The substrate specificity of human liver 

lysosomal a-mannosidase in vitro.
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4.1 Introduction .
The elucidation of the exact structures of the oligomannosidic storage 

material in the human genetic lysosomal storage disorder, a-mannosidosis, 

has been carried out by many groups (Yamashita et al., 1980; Matsuura e t  

al., 1981; Egge et al.,1982; Cenci di Bello et al., 1983; Abraham et al., 1983; 
Warren et al., 1983,1988). The structures of these storage materials are fully 

discussed in the general introduction to this thesis (see section 1.6.1.3 and 

Fig 1 .7a). It is evident that these structures are different from the structures 

expected to arise from the incomplete catabolism of asparagine-linked 

oligosaccharides (Fig. 1.7b) due to the deficiency of the catabolic lysosomal

a-mannosidase which characterises the lysosomal storage disease a- 

mannosidosis.

To understand these differences, it is important to determine the exact 

specificity of the normal lysosomal a-mannosidase towards the natural 

substrates expected to be presented to the enzyme. This was carried out by 

purifying the natural substrates from a variety of sources, and partially

purifying the normal human liver lysosomal a-mannosidase (see chapter 

III). After establishment of the optimum digestion conditions the digestion of 
a series of natural substrate was carried out. Digestion intermediates were 

identified using a combination of high performance thin layer 
chromatography (hptlc) and high performance liquid chromatography (hplc) 
to compare the retention times and the migration of the intermediates with 

those of authentic standards. The structures of the purified intermediates 

were confirmed by acetolysis (see chapter III for the structures of the natural 

substrates, the analytical methods used and the acetolysis studies). A 

crucial preliminary experiment was to compare the pattern of digestion by

lysosomal a-mannosidase of a non reduced and a reduced representative 

substrate to investigate whether the reduction affected its pattern of 
digestion by the enzyme. Highly purified enzyme was also used in the early 

stages of the work to see if the degree of purification affected the specificity. 
The observations from this experiment are discussed in this chapter. The

presence of two forms of the lysosomal a-mannosidase gives rise to an
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important question. Do these two forms have any differences in their 
substrate specificities?. Part of this question was also answered in this 

chapter.

4.2 Results .
4.2.1 Comparison of the intermediates produced by the 

digestion of a representative substrate before and after 

reduction by NaB[3H4].
The natural substrate Man5 GlcNAc-| (5a), was used as a representative 

substrate to check the effect of the reduction on the pathway of the digestion

by the lysosomal a-mannosidase. The unlabelled substrate was incubated 

with the enzyme preparation and the reaction was monitored over a time 

period. A parallel incubation was set up at the same time with the reduced 

form of the substrate. Samples were removed from both of the digestions 

and processed for analysis by hplc. The unlabelled digestion intermediates 

were first labelled with tritiated sodium borohydride according to the method 

optimised and described in chapter III, and then both samples were 

analysed by hplc (Fig.4.1). These analyses showed that the reaction 

proceeded by exactly the same route with the same digestion intermediates 

for both labelled and unlabelled substrates. The advantages of using the 

radiolabelled forms of the substrates are that cleaner substrates can be 

obtained and that very small amounts of material can be used. Furthermore 

greater resolution of the different isomeric structures of the intermediates is 

achieved with the hplc system.

4.2.2 Digestion of substrates resulting from complex glycans 
M an3 GlcNAci la (3a).

The bi-directional action of lysosomal enzymes on complex glycans will

produce the trisaccharide Man cx(1,3) Man a(1,6) Man|3(1,4) GlcNAc (3a), 

for hydrolysis by the lysosomal a-mannosidase. This substrate was

incubated with the lysosomal a-mannosidase at pH 4.0. The pattern of 

hydrolysis was followed over a period of 48 hours. The digestion of this 

substrate by lysosomal a-mannosidase followed a definite pathway which
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5a

4a

“ I
60.0

—r~
30.00.0

Fig. 4.1 Comparison by hplc of the digestion of reduced and non-reduced 
Man5 GlcNAc-| (5a) by lysosomal a-mannosidase.

a) The substrate Man5GlcNAc-| (5a) reduced with N a B ^ H ^ .

b) Digestion (8 hours) of the pre-reduced substrate.
c) Digestion (8 hours) of Man5GlcNAc1 (5a). This sample was digested by the

human liver lysosomal a-mannosidase before being reduced, followed by 

reduction with NaB[3 H4].

Note the contaminants in the first 10 minutes of the hplc profile and some minor 
contaminants in the profile. Many of these unidentified peaks were seen when 
other samples were not completely deproteinated.
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was specific and non-random (Scheme 4.1a). The core a(1,3) linked 

mannose residue is hydrolysed first followed by the much slower hydrolysis 

of the core a(1 ,6 ) linked mannose residue. This pathway was elucidated by 

hptlc (Fig. 4.2), because the two Man2 GlcNAci(2a, 2b) isomers were not 
separable by hplc. Fig. 4.2 shows that the 2 isomers are clearly separated 

by hptlc and that the trisaccharide produced is essentially all 2b. The end

product of the hydrolysis is Man (3(1,4) GlcNAc which would normally be a

substrate for p-mannosidase. However reduction of the reducing terminal N- 

acetylglucosamine prevents its hydrolysis by the enzyme.

The digestion of the corresponding substrate containing two N- 
acetylglucosamine residues at the reducing terminal (3’a) proceeded in 

exactly the same way (Scheme 4.1b). This showed that the suceptibility of 

the a(1,3) linkage is not affected by the presence of a second N- 

acetylglucosamine residue at the reducing terminal. The reaction stopped at 

this stage, and the a(1 ,6 ) mannosidic linkage was not hydrolysed Fig. 4.3. 

When this resistant intermediate (2’b) was used as the starting substrate no 

hydrolysis was detected Fig 4.4, confirming the resistance to hydrolysis of

the a (1 ,6 ) mannosidic linkage when a second N-acetylglucosamine residue 

is present .

4.2.3 Digestion of substrates resulting from hybrid glycans 

MangGlcNAC-i (5a).

The first substrate to be presented to the lysosomal a-mannosidase from the 

breakdown of hybrid glycans would be an oligosaccharide containing five 

mannose and one N-acetylglucosamine residues (5a). When this substrate

was incubated with the lysosomal a-mannosidase a non-random pathway of 

degradation was again observed (Scheme 4.2.a). The retention time on 

hplc, co-migration on hptlc with authentic samples and the acetolysis 

fragmentation pattern of the resulting pentasaccharide intermediate

indicated that the first mannose residue to be removed is the core a (1 ,3) 

linked mannose residue Fig 4.5. This confirms that the core a (1 ,3) mannos-
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a)

3a  2b

b)

• l  2 b

NO FURTHER BREAKDOWN

Scheme 4.1 The pathway of hydrolysis by lysosomal a-mannosidase of:

a) Substrate resulting from complex glycans, Man3 GlcNAc-j, (3a).

b) Analogous substrate with a chitobiosidic linkage, Man3GlcNAc2 , (3’a).

The structures of all the substrates in this scheme and in all the following schemes in this 
thesis were confermed by a combination of hplc retention times and migration on hptlc plates 
of intermidiates with those of authentic standards. In the case of unavailability of standards the 
intermidiates were purified by hplc from digestion mixtures and subjected to acetolysis.

The a-mannosidic linkages in this scheme and all the other schemes in this thesis are: 

o(1,2); 0(1,3); S a(1.6); # - a  P(1,4)
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Fig. 4.2 Hptlc analysis of the digestion of the oligosaccharide, MangGlcNAc-j (3a), 
resulting from complex glycans by the lysosomal a-mannosidase.

Lanes 1, 2h. 2,4h. 3,6h. 4,24h. 5,48h. 6, Undigested substrate. 
7, Mana(1,3)ManP(1,4)GlcNAc (2a). 8 , Manftl ,4)GlcNAc.

Note the difference in the distance on the hptlc plate between the 
Man2GlcNAc1 intermediate resulting from the action of the lysosomal
a-mannosidase and the Man2GlcNAc-| (2a) standard (lane 7).
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1 2 3 4 5 6 7

Fig. 4.3 Hptlc analysis of the digestion of the analogous oligosaccharide,
Man3GlcNAc2(3’a), containing a chitobiosidic linkage at the reducing 
terminus by the lysosomal a-mannosidase.

Lanes 1, Oh. 2,2h. 3,4h. 4,6h. 5,24h. 6,48h. 7, Undigested 
substrate.

1 2 3 4 5 6 7

Fig. 4.4 Hptlc analysis of the digestion of the oligosaccharide, Man2GlcNAc2(2’a), by 
the lysosomal a-mannosidase.

Lanes 1, Undigested material. 2,2h. 3,4h. 4,6h. 5,24h. 6, 48h.
7, Man1GlcNAc1.
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NO FURTHER BREAKDOWN 

Scheme 4.2 The pathway of hydrolysis by lysosomal a-mannosidase of :

a) Substrate resulting from hybrid glycans, Man5 GlcNAc-|, (5a).

b) Analogous substrate with a chitobiosidic linkage, Man5 GlcNAc2 , (5’a).
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b)

4a

Fig. 4.5 Hplc analysis of the digestion of the oligosaccharide, Man5 GlcNAci (5a), 

resulting from hybrid glycans by the lysosomal a-mannosidase.

a) Digestion for Oh. b) Digestion for 4h. c) Digestion for 6h.
d) Digestion for 24h. e) Digestion for 48h.
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4

Fig. 4.6 Hplc analysis of the intermediates resulting from the acetolysis of 
Man4GlcNAci resulting from the digestion of the oligosaccharide, 

Man5 GlcNAci (5a), by the lysosomal a-mannosidase.

a) Hplc purified intermidiate. b) Acetolysis for 4h.
c) Acetolysis for 16h.

The schematic diagram shows the pattern of acetolysis.
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idic linkage is very susceptible to the hydrolysis by lysosomal a-

mannosidase. The structure of the single pentasaccharide intermediate was 

confirmed by its acetolysis fragmentation pattern, Fig 4.6. The next step in 

the digestion was the formation of two isomers of a tetrasaccharide by the 

removal of either of the peripheral mannose residues. The rate of formation

of the two isomers also indicated that the other a (1 ,3) mannosidic linkage

was more susceptible to the lysosomal activity than the a (1 ,6 ) linkage. The 

structures of the two tetrasaccharide isomers were confirmed by co-injection 

of authentic standards on hplc. Hydrolysis of the unique trisaccharide (2b) 

produced from the two tetrasaccharides followed the pattern established for 
that of the oligosaccharides derived from complex glycans (Scheme 4.1.a).

The digestion of an analogous substrate containing two N-
acetylglucosamine residues on the reducing terminal (5’a), also followed 

the same pathway (Scheme 4.2b). This substrate was broken down by a 

similar pathway to (5a) producing the same single pentasaccharide 

intermediate, which in this case contained a chitobiosidic linkage. Then two 

tetrasaccharides 3 ’d and 3 ’b were formed. The differences observed in the 

pathways of hydrolysis of the two analogous substrates were in the rate of 
formation of these two tetrasaccharides and in the end-product of the 

hydrolysis. The end-product of this reaction was the tetrasaccharide Man

a (1 ,6 ) Man p(1 ,4) GlcNAc P(1,4) GlcNAc , which again proved to

be very resistant to the hydrolysis by the human lysosomal a-mannosidase.

4.2.4 Digestion of substrates derived from high-mannose type
glycans (Mang & MangGlcNAc-j) (9 & 8a), and biosynthetic

intermediates with a(1,2)-linked mannose residues.

Two oligosaccharides of defined structures, Man9 GlcNAci(9), and 

MangGlcNAc-j (8a), were digested by human liver lysosomal a- 

mannosidase. The digestions followed very specific pathways which were 

different for each of the substrates. The oligosaccharide MangGlcNAc-j (9)

was hydrolysed to the disaccharide Man|3(1,4)GlcNAc (Scheme 4.3). 

Intermediates in the digestion were identified by hplc Fig. (4.8) and hptlc by
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Scheme 4.3 The pathway of hydrolysis by lysosomal a-mannosidase of a substrate 
derived from high-mannose glycans, MangGteNAc-j, (9).
The amounts of each intermediate shown on the scheme were 
calculated as % of the total radioactivity in each hplc analysis.
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Fig. 4.8 Hplc analysis of the digestion of the oligosaccharide, MangGlcNAc-j (9),

resulting from high-mannose glycans by the lysosomal a-mannosidase.

a) Digestion for Oh. b) Digestion for 6h. c) Digestion for 24h.
d) Digestion for 48h.
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Fig. 4.9 Hplc analysis of the acetolysis of intermediates isolated from the digestion of 
the oligosaccharide, MangGlcNAc-j (9), by the lysosomal a-mannosidase.

a) MangGlcNAc^ (9) digested for 24h.

b) Acetolysis of MangGlcNAci intermediate.
c) Acetolysis of Man7GlcNAc-j intermediate.
d) Acetolysis of MangGlcNAc^ intermediate.

All the digestion intermediates were isolated by hplc. Their purity checked by 
hplc analysis of an aliquote. And finaly subjected to acetolysis to confirm their 
homogeneity and deduce their structures.
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comparison with authentic standards. The structures were then confirmed by 

acetolysis of the individual digestion intermediates which had been

separated by hplc (Fig.4.9). The enzyme released the a (1 ,2 ) linked 

mannose residues in a specific manner to give single isomers of 
MangGlcNAc-j, Man7 GlcNAc-j and MangGlcNAc-j oligosaccharides 

(structures are shown in Scheme 4.3). The heptasaccharide was further 

broken down to give three different isomers of MangGlcNAc-j. The ratios of 
the concentrations of these three isomers showed that the most resistant 

bond was the a (1 ,2 ) mannosidic linkage on the middle antenna of the 

MangGlcNAc-j. The next step in the pathway generated two 

pentasaccharide isomers, both lacking the core a(1,3) linked mannose. 

These two isomers gave rise to a single tetrasaccharide. Its structure, 

Mana(1,3) Mana(1,6 ) Manp(1 ,4) GlcNAc, was identified by comparison with 

an authentic standard (3b). Finally the reaction yielded a trisaccharide (2b) 
which was only slowly hydrolysed.

The other high mannose substrate used, (8a), was also hydrolysed by the 

lysosomal a-mannosidase but by a different pathway (Scheme 4.4). The 

structure of MangGlcNAc-j (8a), is different from the MangGlcNAc-j 
intermediate resulting from the digestion of MangGlcNac*j(9) because it

lacks the a (1 ,2 ) linked mannose residue on the middle antenna. The 

digestion of this oligosaccharide followed a specific pathway to the 

disaccharide ManP(1,4)GlcNAc (Scheme 4.4), with intermediates 

corresponding to unique isomers of Man7 GlcNAc-j, MangGlcNAc-j and 

Man5GlcNAci (Fig 4.10). The structures of these intermediates were the

same as the authentic standards ( 7a, 6a & 5a ). The a (1 ,2 ) mannosidic 

linkages were preferentially removed to yield the unique MangGlcNAc-j (5a) 

containing only a(1,3) and a(1,6) mannosidic linkages. The digestion 

pattern then followed the same pathway seen when this oligosaccharide 

was used as a substrate (Scheme 4.2). Further support for this pathway was 

provided when the mixture containing the fully defined structures, 

MangGlcNAc-j, Man7 GlcNAc-j, MangGlcNAc-j and MangGlcNAc-j (8a, 
7a/b, 6a & 5a) was digested by the lysosomal activity. No new intermediat-
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Scheme 4.4 The pathway of hydrolysis by lysosomal a-mannosidase of a
substrate derived from high-mannose glycans, MangGlcNAc-j, (8a).
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8a

6a

4.10 Hplc analysis of the digestion of the oligosaccharide, MangGlcNAc-j (8a),
resulting from high-mannose glycans by the lysosomal a-mannosidase.

a) Digestion for Oh. b) Digestion for 6h. c) Digestion for 24h.
d) Digestion for 48h.
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1 2 3 4 5 6 7  8 9  10

Fig. 4.11 Hptlc analysis of the digestion of a mixture of oligosaccharides, 
Man^.gGlcNAc-) by the lysosomal a-mannosidase.

Lanes 1, Oh. 2, 4h. 3, 6h. 4, 24h. 5, 48h. 6, Starting material.
7, Man5GlcNAc-| (5a). 8, MangGlcNAc-j (3a). 9, Man2GlcNAci (2a).
1 0, Man-jGlcNAc-i.

1 2 3 4 5 6 7 8

Fig. 4.12 Hptlc analysis of the digestion of the biosynthetic intermediate (5 b) by 
lysosomal a-mannosidase.

Lanes. 1, Oh. 2, 4h. 3, 6h.4, 12h. 5 , 24h. 6, 48 h.
7 , Starting material, (5 b). 8, Man2GlcNAc-| (2a).
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es were detected showing that both Man0 GlcNAC‘| (8a), and the mixture 

followed the same catabolic pathway (Fig. 4.11).

The digestion by the lysosomal a-mannosidase of a biosynthetic 

intermediate containing four a (1 ,2 )-linked mannose residues and an un

substituted a(1,6 )-linked mannose residue (5b) (Fig.4.12), supported the 

conclusion that the a (1 ,2 ) mannosidic linkage is more susceptible to 

hydrolysis by lysosomal a-mannosidase than the core a ( 1 ,6 ) mannosidic

linkage (Scheme 4.5a). The two a(1 ,2 ) mannose residues were rapidly 

removed to expose the core tetrasaccharide (3a) which was hydrolysed in a 

pattern identical to that when it was used as the starting material (Scheme 

4.1.a)

4.2.5 Digestion of the major oligosaccharides excreted in the 

urine of patients with mannosidosis.

Oligosaccharides containing only a (1 ,2 ) and a(1,3) linked mannose 

residues corresponding to the dominant storage material in the urine of 
patients with mannosidosis (4c, 3c), were isolated and digested by the

lysosomal a-mannosidase (Scheme 4.6a&b). With these substrates the 

reaction could only follow one route, because the oligosaccharides are 

unbranched. However the remarkable observation using these substrates

was the speed by which the digestion proceeded. The a ( 1 ,2 ) mannosidic 

linkage in the linear substrates was hydrolysed twice as fast as the other 
substrates used. None of these substrates was found as digestion 

intermediates in the hydrolysis of high-mannose, complex or hybrid glycans. 
The rapid breakdown of these oligosaccharides (Table 4.1), supports the 

observation that the a (1 ,2 ) mannosidic linkage is very susceptible to the

lysosomal a-mannosidase and is consistent with the accumulation of these 

structures in mannosidosis patients due to the deficiency of this activity.

When oligosaccharides with an additional a (1 ,6 ) mannose residue linked to 

the core a (1 ,3) mannose e.g. 4b and 5b were used as the substrates no



Scheme 4.5 The pathway of hydrolysis by lysosomal a-mannosidase of
substrates containing one a(1,6)-mannosidic linkage, MangGlcNAc-j

(5b)andM an4GlcNAc1 (4b).

b) 3c

a) 1
4c 3c 2a

i
• - O

Scheme 4.6 The pathway of hydrolysis by lysosomal a-mannosidase of the major 
oligosaccharides found in the urine of mannosidosis patients, 
Man4GlcNAci (4c) and Man3GlcNAci (3c).
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difference in the preferential removal of the a ( 1 ,2 ) linked mannose residue 

was seen but its rate of hydrolysis was slower than in the corresponding 

straight chain oligosaccharide (Table 4.1). These residue were still removed

first followed by the hydrolysis of the core a(1,3) linked mannose (Schemes 

4.5 a&b).

4.2.6 Digestion of a representative substrate by a-m annosidase

A and a-mannosidase B.

The presence in human liver of two different forms of lysosomal a- 

mannosidase, A and B, made it essential to see if these two forms have the 

same specificity towards the natural substrate. The substrate MangGlcNAc-j 
(5a), was incubated with the two separated forms, A and B, of the enzyme

and a parallel digestion was set up using the partially purified a- 

mannosidase preparation containing both forms. The reaction was carried 

out over periods of time and samples were removed, processed and 

analysed by hplc. The hplc profile for the digestion mixtures obtained with 

both the separated forms and the mixture of A and B were identical (Fig. 
4.13). No new intermediates were detected and the rates by which the 

reactions proceeded were identical for both forms, but slower than that of the 

control sample.

4.3 Discussion

The digestion in-vitro by human lysosomal a-mannosidase of substrates 

which would occur in the intracellular lysosomal catabolism of N-glycans, 
follows a discrete non-random route, which is determined by the structure of 
the starting material. The Man0 GlcNAc1 (8 b) resulting from the digestion of

MangGlcNAc-j (9) by lysosomal a-mannosidase (Scheme 4.3), is structurally 

different from both Man0 GlcNAc-| isomers found in asparagine-linked 

glycans of human IgM (Chapman and Kornfeld, 1979), which result from the 

action of a human processing activity. This isomer is, however present in the 

urine of patients with a-mannosidosis and makes up 20-50% of the 

Man0 GlcNAci fraction in the urine (Yamashita et al., 1980; Matsuura et aL, 
1981; Egge et al., 1982). The secretion of this structure in mannosidosis
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a-Mannosidase Ba-Mannosidase A 4a 4a
5a5a

Lysosomal a-Mannosidase .

4a

5a

Fig. 4.13 Hplc analysis of the digestion of MangGlcNAc-j (5a) by a-mannosidase A & B.
The enzyme activities were separated by ion-exchange chromatography, and 
digestions were carried out as in materials and methods. Digestions for 6 
hours produced identical hplc profiles the rates of hydrolysis by the individual 
enzymes were slower than that of the lysosomal a-mannosidase.

Table 4.1 Relative rates of hydrolysis of natural substrates by human liver lysosomal 
a-mannosidase.

Digestion intermediate (% of the starting material)
Substrate (9) (8) (7) (6) (5) (4) (3) (2) (1)

MarigGlcNAc (9) 37 42 17 4 0 0 0 0 0
MangGlcNAc (8a) 24 45 30 1 0 0 0 0 0
MangGlcNAc (5a) - - - - 74 26 0 0 0
MangGlcNAc (5b) - - - - 35 52 12 0 0
Man4GlcNAc (4b) - - - - - 69 22 9 0
Man4GlcNAc (4c) - - - - - 22 61 12 0
MangGlcNAc (3a) - - - - - - 75 22 3

MangGlcNAc (3c) - - - - - - 20 49 31

A 15 nmol of each substrate was incubated with each substrate with 100 munits of lysosomal
a-mannosidase. After incubation at 37° for 4 hours the reactions were stopped and 
processed as in material and methods.
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urine indicates that it occurs in intact glycoproteins. If we speculate that the 

substrate specificity of the human endoplasmic reticulum a-mannosidase is 

identical to that of the rat i.e. would lead to the formation of (8a), then this 

glycan (8 b) must arise from the action of Golgi a-mannosidase I. A similar 

picture is seen if we look at the other unique intermediates formed during 

the catabolism of MangGlcNAc-j (9). The Man7 GlcNAc*| and MangGlcNAc-j, 
which account for about 30-40% and 20-30% of the storage materials of this 

size, are a minor and a major constituent of the respective fractions on 

human IgM. The predominant MangGlcNAc-j (5c) resulting from this 

digestion lacks the core a (1 ,3) linked mannose residue. This structure is not 

seen in the storage material or on intact glycoproteins. This is not a very 

surprising result, because none of the processing a-mannosidases is 

reported to show activity towards the core a (1 ,3) mannosidic linkage. The 

second most abundant MangGlcNAc-j isomer, (5a), in the digestion mixture, 

is the predominant storage material, lacking any a (1 ,2 ) mannosidic linkages

which would be expected from the action of the processing a- 

mannosidases. The minor MangGlcNAc intermediate does not occur in the 

storage materials or on intact glycoproteins. It is similar to the unique 

MangGlcNAc-j in this pathway and is formed by the removal of the

peripheral a(1,6) mannose residue. It could arise by the action of an

uncharacterised lysosomal a(1,6) specific mannosidase activity. The 

MangGlcNAc-j isomer, (8a), is the major component of composition 

MangGlcNAc in the storage material and occurs on intact glycoproteins. It is

assumed to originate from the action of a human endoplasmic reticulum a- 

mannosidase with the same specificity as that of the analogous rat enzyme 

(Bischoff and Kornfeld, 1986). The digestion of this substrate (8a) followed 

a completely different pathway (Scheme 4.4) from that of MangGlcNAc, with 

no common intermediates before MangGlcNAc. The unique isomers formed 

Man7 GlcNAc-j, MangGlcNAc-j and MangGlcNAc-j are the most abundant 

isomers in the storage materials and the MangGlcNAc-j and MangGlcNAc-j 

isomers are the most abundant analogous structures on IgM. This result 
indicates that the lysosomal digestion of this MangGlcNAc-j (8a), follows the



pathway taken by glycoprotein processing.
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The lysosomal catabolism of the substrate resulting from hybrid glycans 

Man5 GlcNAc-|(5a), clearly indicates that the first mannosidic linkage to be

hydrolysed by the lysosomal enzyme is the core a (1 ,3) linkage (Scheme

4.2a). This core a(1,3) linkage is very susceptible to hydrolysis by the

normal lysosomal a-mannosidase in several substrates. The resultant 

pentasaccharide is not found on intact glycoproteins or as storage products 

in the urine of mannosidosis patients. This is consistent with the fact that

none of the reported processing a-mannosidases act on this linkage, and 

with the accumulation of storage materials containing this linkage in a-

mannosidosis. Two tetrasaccharides lacking the core a (1 ,3) linked mannose 

are formed. These two structures are not found either on intact glycoproteins 

or in the storage materials in a-mannosidosis. The absence of all the

intermediates lacking the core a (1 ,3) linked mannose in intact glycoproteins 

or among the storage products is not surprising since none of the 

processing a-mannosidases reported show any activity towards the core 

a(1,3) mannosidic linkage.

The core a (1 ,3) mannosidic linkage was found to be the more susceptible

linkage to the lysosomal a-mannosidase in the substrate, 

MangGlcNAc-j (3a), which will be generated in the lysosomal catabolism of 

complex glycans. The other core a(1,6) linkage showed a degree of

resistance to the lysosomal a-mannosidase. A consequence of this result 

and the fact that complex glycans are the most abundant type in human 

glycoproteins, would lead us to expect that the main storage material in a-

mannosidosis would be the tetrasaccharide, Mana(1,6)ManP(1,4)GlcNAc 

(2b). However detailed studies on the structures of the storage material 
showed that this substrate does not accumulate and it is barely detectable in 

mannosidosis urines. Instead the most abundant trisaccharide is,

Mana(1,3)Manp(1,4)GlcNAc (2a), which accounts for more than 60% of the



total storage material in a-mannosidosis. The fact that this main storage 

material is not the expected one led to the conclusion that any residual 

activity in a-mannosidosis patients might be able to hydrolyse this substrate.

This residual activity could be a small amount of the normal a-mannosidase, 

a mutant enzyme that retains the specificity towards this type of bond or a 

novel lysosomal a-mannosidase specific for the a (1 ,6 ) mannosidic linkage. 

Further evidence to support this conclusion came from experiments using 

the lysosomotropic a-mannosidase inhibitor, swainsonine (Cenci di Bello 

etal., 1983). The incubation of human normal and mannosidosis fibroblasts 

with this compound induced a phenocopy of the lysosomal storage disorder,

a-mannosidosis. When the storage material was analysed it was found that

the accumulation of the tetrasaccharide Mana(1,3) Man a(1,6)

Man|3(1,4)GlcNAc was induced in both cell types. This indicates strongly the

presence of an a-mannosidase activity specific for the a (1 ,6 ) mannosidic 

linkage, which is inhibited by swainsonine and is present in the genetic form 

of the disease. The presence of this activity could explain the other major

oligosaccharides isolated from a-mannosidosis patients. These are a 

straight chain Man4GlcNAci (4c) and MangGlcNAc-j (3c), which both lack 

the core a (1 ,6 ) linked mannose residue and account for about 2 0 % of the 

storage material. Both these substrates could arise from the action of an 

exo-a(1,6 ) specific a-mannosidase on glycans such as 5b and 4b but these 

do not accumulate in the disease. Alternatively if the a(1,6)-mannosidase is

also an endo-mannosidase they could arise from its action on knowne
asparagine-linked glycans processing interm diates and expected storage 

products. The presence of small amounts of the larger storage materials, 
could be due to the fact the this activity has a different sub-cellular location 

from these compounds.

My results clearly show that human liver lysosomal a-mannosidase is 

capable of hydrolysing all the a-mannosidic linkages in mannose containing 

glycoproteins. The catabolic pathway for a specific substrate seems to be
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determined by the structure of the starting material. The interaction of the 

enzyme with the substrate would probably be through the peripheral 
mannose residue at the non-reducing terminus of the oligosaccharide, to 

form a unique enzyme-substrate complex (ES-complex). The structure of 
this ES-complex will determine which mannose residue is placed adjacent 
to the active site and gets hydrolysed. The fact that this process produces 

mainly unique isomers, shows it to be an ordered reaction. The successive 

formation of enzyme-substrate complexes may take place without the 

substrate being dissociated from the active site. This seems to be the case 

with larger substrates. However with the smaller ones alternative routes 

occur and flexible conformations of ES-complexes with comparable energy 

requirements may exist, permitting the formation of more than one ES- 
complex and bond cleavage. This mechanism is supported by the 

observations that reduction of the reducing terminus or the addition of 
another N-acetylglucosamine to form a chitobiosidic linkage does not seem 

to affect the catabolic pathway (Schemes, 4.1b & 4.2b) except in the last 
stages. The fact that the shorter substrate resulting from these two schemes 

is not broken down further leads to another conclusion, which would imply 

that endo-hexosaminidase must act on the oligosaccharides before the 

hydrolysis of the core a (1 ,6 ) takes place.

The recent publication of a study of specificity of rat lysosomal a- 

mannosidase towards MangGlcNAc-j (9) and MangGlcNAc^Sa) (Michalski 
et al., 1990), allowed the comparison of the substrate specificities between

the two species that express endo-hexosaminidase activity. The rat a- 

mannosidase digested the MangGlcNAc-j (9) substrate in a similar pattern 

to the human activity, producing the same isomers of MangGlcNAc-j and 

Man7 GlcNAc-j. This suggests that the two activities have similar catalytic 

mechanisms. The human enzyme led to the formation of predominantly one 

MangGlcNAc-j (6 b) whereas the rat enzyme formed two isomers (6 a) and 

(6 b). The former was not detectable at all in the human digestion 

intermediates. Equimolar proportions of two isomers of MangGlcNAc-j were 

detected in the digestion with the rat enzyme. They were the minor 

components in the mixture of the three MangGlcNAc-j isomers detected in



the human digestion. The most important difference between the two 

species occurred after this step. The human enzyme catalysed the complete 

hydrolysis of Man9 GlcNAc-|(9) to the trisaccharide Man a(1,6) Man

p(1,4)GlcNAc, whereas the rat enzyme stopped at the Man5GlcNAci stage 

with no further breakdown detected. However the substrate 

MangGlcNAc-j (5a) was digested by the rat enzyme in the presence of Zn2+. 

In contrast there was no requirement for Zn2+ for the digestion of this 

substrate with the human lysosomal enzyme. These differences could be 

attributed to species differences, but the rat lysosomal a-mannosidase 

would be expected to break down Man9 GlcNAc-|(9) completely. The 

requirement of Zn2+ for the digestion of the MangGlcNAc^Sa) substrate 

and the fact that the assays were carried out at pH 5.0, which is not the pH 

optimum determined for the lysosomal activity (4.0 - 4.5), raise the possibility

that another non-lysosomal rat a-mannosidase contributed to the digestion 

of these substrates.
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Chapter V 
Specificity of human
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5.1 Introduction.

The elucidation of the specificity in-vitro of the lysosomal a-mannosidase 

towards the mannose-containing natural substrates, chapter IV (Michalski 
et al., 1990; Al-Daher et al., 1991), might explain the differences observed 

between the structures of the storage material expected to be found and 

actually found in the urine and in the tissue of patients affected with the

genetic form of a-mannosidosis. But, is the specificity of the enzyme in-vitro 

a true reflection of it’s specificity in-vivo?. To answer this question the 

specificity of lysosomal a-mannosidase towards substrates of known 

structure has to be studied intracellularly.

The presence in nature of compounds capable of inhibiting mammalian 

glycosidases is well documented in the literature (Dorling et al.,1978; 
Huxtable and Dorling, 1982; Lullmann-Rauch, 1982; Abraham et al., 1983; 
Tulsiani et al., 1984; Saul eta!., 1985). The use of the indolizidine alkaloids, 
swainsonine and castanospermine has contributed considerably to studies 

involved with the determination of the pathways of asparagine-linked 

oligosaccharide processing (Schwarz and Datema, 1984; Fuhrmann et al., 
1985; McDowell and Schwarz, 1988). The most relevant of these 

compounds to this project, is the indolizidine alkaloid, swainsonine

[(1S,2R,8R,8aR)-1,2,8-trihydroxyocta-hydroindolizidine] isolated from the 

Australian legume plants of the species Swainsona. This is a potent and 

specific inhibitor in-vitro of the different forms of the glycosidase, a- 

mannosidase, (Huxtable and Dorling, 1982 ; Tulsiani et al., 1982 ; Chotai et 
al.,1983), and in cells in culture where it is taken into the lysosomes (Cenci 
di Bello et al., 1983 ,1987; Chotai et al., 1983). It induces a reversible

phenocopy of the lysosomal storage disorder a-mannosidosis, in sheep 

(Abraham etal., 1983; Daniel etal., 1984), in rat and guinea pig (Dorling et 

al., 1980 ; Abraham etal., 1983) and in human fibroblasts (Cenci di Bello et 
al., 1983), causing the excessive accumulation of mannose-containing 

oligosaccharides inside the lysosomes. The mannose-containing 

oligosaccharides induced by swainsonine in human normal fibroblasts are 

mainly Mang- & Man5 GlcNAc-| (Cenci di Bello etal., 1983). The ability of
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swainsonine to induce these oligomannosidic structures along with the 

reversibility of the inhibition proved to be a very useful tool for the study of

the substrate specificity of the lysosomal a-mannosidase intracellularly. 

Storage products can be induced in human normal fibroblast by inclusion of 
swainsonine in the culture medium. After removal of the inhibitor from the 

growth medium the normal enzymic activity is restored and can then act on 

the accumulated material in-situ.

In order to carry out this work, swainsonine was included in the growth 

medium of human normal fibroblasts for seven days. Tritiated mannose was 

added to specifically label the mannose-containing material which 

accumulated. After the optimal incubation period the inhibitor was removed 

and the normal enzymic activity allowed to act on these substrates in-situ. 
The reversibility of the induction was followed over a period of eleven days. 
The site of accumulation of the oligomannosidic structures was determined 

by electron microscopy and by sub-cellular fractionation on self-forming 

Percoll gradients. The mannose-containing oligosaccharides which had 

accumulated in the lysosomes were separated from the protein-bound ones 

by centrifugation in Centrifree units (Amicon), which separate soluble from 

protein-bound material. The catabolism of the induced storage products was 

compared with the breakdown of the most abundant substrates in-vitro 

(chapter IV).

An identical set of experiments using human genetic a-mannosidosis 

fibroblasts with very little residual activity, was carried out. The same 

methods of analysis were used to analyse and compare the storage 

products present in the cells before and after the introduction of 
swainsonine. Differences in the structures of the genetically and chemically 

induced storage products can be attributed to any residual activity which is

unaffected in a-mannosidosis but inhibited by swainsonine. The specificity

of the residual a-mannosidase in a-mannosidosis cells was also studied by 

analysing the pattern of breakdown of the storage products after 

swainsonine was removed from the culture medium.
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5.2 Results.

5.2.1 The inhibition of fibroblast lysosomal a-mannosidase by 

the alkaloid swainsonine.
(1) In vitro.
The indolizidine alkaloid swainsonine Fig.5.1, is a specific potent inhibitor of 

a-mannosidases.

HO OH

OH

Fig. 5 .1  The chemical structure of swainsonine, ((IS.ZR.SR.SaRH.Z.S-trihydroxyocta 

-hydroindolizidine].

It inhibits the human lysosomal and the Golgi II a-mannosidases by 100%

and 98% respectively in-vitro, with a final concentration of 10 pM in the

assay mixture. It is also a very strong inhibitor of the human neutral a- 

mannosidase activity, which it inhibits by 89%. The inhibition of the 

lysosomal activity is reversible and competitive with a Kj value of 70 nM as

shown by a Dixon plot using a range of inhibitor concentrations of (0 -1) pM 

(Fig 5.2).

(2) Uptake of swainsonine into fibroblasts in culture.
The uptake of swainsonine into human fibroblasts in culture is a concentrati-
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----- a—— 5mM
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----- ■— 1mM
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Fig. 5.2 Determination of the nature of inhibition and the value of the dissociation 
constant (K,) of lysosomal a-mannosidase by the inhibitor, swainsonine, by

Dixon graphical procedure.

Different concentrations of swainsonine (0-1 |j.M) were included in assay 
mixtures containing 1,2 and 5 mM 4MU a-mannopyranoside.



13 5
on and temperature-dependent process (Chotai et al.t 1983). Experiments to 

establish the optimal conditions for uptake of swainsonine were carried out.

Cell monolayers were grown in 25cm2 tissue culture flasks and swainsonine 

was added at a final concentration of 100 pM. It was found that at this 

concentration the inhibitor was taken up very rapidly by the cells. After 1 

minute of contact about 42% of the intracellular activity was inhibited. After 
an hour between 6 8  - 76 % of the intracellular activity was inhibited and the 

inhibition reached a plateau above which no higher inhibition was seen with 

incubations of up to 24 hours (Fig.5.3a). The addition of inhibitor-free growth 

medium to the cell monolayers which have been pulsed with swainsonine,

showed that 84% of the activity of the lysosomal a-mannosidase compared 

with controls which have not been incubated with swainsonine was 

recovered in one day after removal of the inhibitor. The recovery of the 

enzymic activity remained constant at this value for another 24 hours (Fig. 

5.3b).

(3) Intracellular location of internalised swainsonine.
The site of intracellular accumulation of swainsonine is believed to be the 

lysosomes because it is a weak base (pKa, 7.4). Evidence for this prediction 

was obtained from the sub-cellular fractionation of human normal fibroblasts

grown in the presence of swainsonine. When a preparation of a- 

mannosidase was assayed at pH 4.0 in the presence and absence of 
samples the greatest inhibition occurred with fractions corresponding to the 

lysosomes Fig 5.4.

5.2.2 The induction of storage material in human normal 
fibroblasts.

Swainsonine was included in the growth medium of human normal 
fibroblasts at the same time as tritiated mannose was included to specifically 

label mannose-containing oligosaccharides. The cells were harvested after 
seven days of being in contact with the inhibitor and neutral 

oligosaccharides extracted and analysed by hptlc (see Fig 7.2). 
Swainsonine had clearly induced the storage of mannose-containing 

oligosaccharides.
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Fig. 5.3 The effect of time on the (a) Uptake and (b) Release of swainsonine by 
human skin fibroblasts in culture.

a) Swainsonine (100 pM) was added to confluent fibroblasts in 25 cm2 tissue 
culture flasks, at different time intervals cell monolayers were harvested, 
sonicated and the activity of a-mannosidase assayed. The graph shows the 
inhibition detected.
b) Swainsonine was removed and fresh medium added. This was then 
followed by harvesting of cells and detremination of a-mannosidase 
activity to see the recovery of the intracellular a-mannosidase.
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Fig. 5.4 Localisation of swainsonine in fractions obtained from the subcellular 
fractionation of human normal fibroblasts incubated with swainsonine.

Fibroblasts were incubated with swainsonine (100 pM) for seven days. Cell 
monolayers were washed, harvested and subcellular fractionation was carried 
out as in materials and methods. Aliquots (5 pi) of the fractions corresponding 
to the heavy lysosomes (density =1.100 g/ml), light lysosomes (density =
1.070 g/ml) and other organelles (density = 1.045-1.060) were added to 
human liver supernatant (50 pi) and the activity of a-mannosidase 
determined.

It was seen that fractions corresponding to the light lysosomal fractions were 
the main fractions causing the inhibition of human liver supernatant 
a-mannosidase. While fractions corresponding to the Golgi, mitochondria 
and ER fractions did not cause any inhibition.
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Comparison of the hptlc profile of cell extracts with authentic standards 

showed that the majority of the mannose-containing material was single 

isomers of MangGlcNAc, and MangGlcNAc. The mobility of the two main 

storage products corresponded to the mobility of the authentic standards 

(5a) and (3a) (for the structures see chapter III Table 3.1). The analysis by 

hplc of the storage products induced with swainsonine confirmed the initial 
results obtained by hptlc and showed that the proportions of these two 

compounds in the total radiolabelled storage material were 28% and 5% 

respectively. The hplc profile also showed that the accumulation of other 
larger mannose-containing oligosaccharides was induced by swainsonine 

(see Fig. 5.12). Some of these large mannose-containing oligosaccharides 

were identified by hplc analysis by the comparison of their retention times 

with those of authentic standards. The high-mannose oligosaccharide, 
MangGlcNAc, and several isomers of MangGlcNAc, Man7GlcNAc and 

MangGlcNAc were identified. These larger oligosaccharides, Mang_ 

gGlcNAc-j accounted for 1 .8 %, 7.5%, 8.4% and 11% respectively of the total

mannose-containing induced storage material.

5.2.3 The location of the induced storage material.
The location of the induced storage material was determined by a 

combination of electron microscopy and sub-cellular fractionation of human 

normal and swainsonine-induced mannosidosis fibroblasts on self-forming 

gradients of Percoll.

5.2.3.1 Electron microscopy of human normal, mannosidosis 
and swainsonine-induced mannosidosis fibroblasts.

The electron microscopy was performed by V. Smith and Prof. B. D. Lake of 

the Histopathology Unit, Institute of Child Health, London. Three samples

were analysed. These were a human normal fibroblast control, an a- 

mannosidosis cell line as a positive control and the same human normal cell 
line which had been grown in the presence of swainsonine for 7 days to 

induce storage material. The endoplasmic-reticulum and the mitochondria 

appeared normal and no extensive vacuolation was seen in the electron
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Fig. 5.6 Localisation of mannose-containing oligosaccharides by electron 
microscopy.

a) Human normal fibroblasts.
b) Human mannosidosis fibroblasts.
c) Swainsonine-induced mannosidosis in human normal fibroblasts.

Normal human fibroblasts do not show any vacuolation of the lysosomes 
indicating that no storage material is present. This vacuolation could be clearly 
seen in the case of human mannosidosis fibroblasts (indicated by arrows^). 
The addition of swainsonine to cells also caused this vacuolation indicating 
that swainsonine causes the accumulation of storage material inside the 
lysosomes.
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cells indicating the absence of any abnormal storage material in the 

lysosomes of the cells (Fig.5.6a). The genetic a-mannosidosis cell line 

showed extensive vacuolation consistent with hypertrophy of the lysosomal 
system due to the accumulation of indigestible material. The lysosomes 

were electron-lucent, single membrane-bound vacuoles in the cytoplasm 

measuring between 0.5 - 0.75 urn in diameter (Fig.5.6b). The fibroblasts 

which had been incubated with swainsonine looked very similar to the 

genetic a-mannosidosis fibroblasts (Fig.5.6c). This suggested that 

swainsonine had caused vaculation of the cells by induction of the 

intralysosomal accumulation of indigestible mannose-containing 

oligosaccharides. Proof for this conclusion was obtained by demonstrating 

that the storage products were located in the lysosomes.

5.2.3.2 The sub-cellular location of the induced material.
Sub-cellular fractionation of human normal and swainsonine-induced 

mannosidosis fibroblasts was carried out on a self-forming gradient of 
Percoll. The activities of the different marker enzymes were determined as in 

the Materials and Methods section. The profiles for the marker enzymes for 

the Golgi (galactosyltransferase), endoplasmic reticulum (neutral a- 

glucosidase), mitochondrial (succinate dehydrogenase) and plasma 

membrane (5’-nucleotides) were the same for both types of cell lines,

normal and swainsonine-induced a-mannosidosis. These activities were 

only partially resolved in a range of density between 1.052 g/ml and 1.064 

g/ml (Fig. 5.7a, b, c & d). The positions of these marker enzymes were 

distinctly different from the position of the lysosomal marker enzymes, 13- 

hexosaminidase, p-glucuronidase and a-mannosidase. The lysosomal 

marker enzymes in the normal fibroblasts had a bimodal distribution with the 

two peaks of activities having modal densities of 1.10 g/ml and 1.07 g/ml. 

These were called the heavy and the light lysosomes respectively (Fig.5.8a).

The lysosomal marker enzyme p-glucurnidase was found in a fraction with 

a density of 1.075 g/ml (Fig. 5.8b) in swainsonine-induced mannosidosis in 

normal fibroblasts. a-Mannosidase assayed at pH 4.0 was greatly 

decreased in the fractions corresponding to the lysosomes of these cells.
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Fig. 5.7 The sub-cellular distribution of the marker enzymes for:

a) Golgi galactosyltransferase.
b) ER neutral a-glucosidase.
c) Mitochondrial succinate dehydrogenase.
d) Plasma membrane 5’-neucleotidase.

These marker enzymes were assayed in fractions from the sub-cellular 
fractionation as described in materials and methods. They were only partially 
resolved in a range of density between 1.052-1.064 g/ml.
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5.8 The positions of lysosomal marker enzymes in the sub-cellular fractionation 
of:

a) Normal human fibroblasts. The graph shows the position of the lysosomal 
marker enzyme a-mannosidase. The two other lysosomal marker enzymes, 
p-hexosaminidase and p-glucuronidase occupied a similar bi-modal 
distribution with the same densities as those shown on the graph.

b) The position of the lysosomal marker enzyme, p-glucuronidase in human 
normal fibroblasts incubated with the lysosomotrophic inhibitor, swainsonine, 
showing a change in the density of the lysosomal fraction and the absence of 
a heavy lysosomal fraction in these cells.



144

Decreased a-mannosidase activity assayed at pH 4.0 and 5.5 was also 

found in the fractions corresponding to the Golgi apparatus. This suggests 

that swainsonine had altered the density of the lysosomes presumably by 

the accumulation of mannose-rich oligosaccharides. A similar situation

occurs in genetic a-mannosidosis (Cenci di Bello etal., 1989). Therefore the 

distribution of the metabolically labelled mannose-containing 

oligosaccharides in the two types of cells was investigated. Samples from 

the sub-cellular fractions were counted for radioactivity. The distribution of 

radioactivity plotted had a bimodal distribution. The larger peak had a mean 

density of 1.055 g/ml and was associated with the ER membrane, Golgi and 

mitochondrial fractions. The other peak of radioactivity had a mean density 

of about 1^75 g/ml and corresponded to the light lysosomal peak. The ratio 

of the radioactivity in these two peaks was 2.5 : 1 respectively (Fig 5.9a). 
There was only one major peak of radioactivity in the profile for the normal 

fibroblasts used as control which had a mean density of 1.055 g/ml 
corresponding to the ER membrane, Golgi and mitochondrial fractions. Very 

little radioactivity was in the lysosomal fraction indicating the absence of 
labelled mannose-containing oligosaccharides inside the lysosomes 

(Fig.5.9b). The radioactive material from the lysosomal fractions from the 

normal and the swainsonine-induced mannosidosis cells was pooled 

separately and analysed by gel filtration on Fractogel TSK HW 40 (s) . The 

elution profile from the Fractogel column showed that the radiolabelled 

material from the normal fibroblasts consisted only of high-molecular weight 
material (Fig 5.10a). This high-molecular weight material is thought to be the 

lysosomal membrane glycoproteins. In contrast the material from the 

lysosomes of the swainsonine-treated cells contained the same high 

molecular weight material and a much larger amount of lower molecular 
weight material (Fig.5.10b), which eluted in positions corresponding to 

authentic samples of mannose-containing oligosaccharides of composition 

Mans.sGlcNAci (Fig.5.10c). It can be concluded from all the above results 

that swainsonine in the culture medium induces the accumulation of 
mannose-containing oligosaccharides in the lysosomes of fibroblasts.
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F ig . 5 .9  The sub-cellular distribution of the metabolically labelled mannose- 
containing material in:
a) Human normal fibroblasts incubated with swainsonine for 7 days in 
presence of tritiated mannose. In this sample the density of the lysosomes 
has been slightly alterd to about 1.072 g/ml, and there was no activity of the 
lysosomal marker enzyme p-glucuronidase in the fraction corresponding to 
the heavy lysosomal fraction (density 1.100 g/ml). Two peaks of mannose 
containing material are seen. The major peak has a density of 1.055 g/ml 
corresponding to the Golgi, plasma membrane and ER fractions.
b) Human normal fibroblasts incubated with tritiated-mannose only. In this 
sample the typical bi-modal distribution of the heavy and light lysosomes can 
be seen. The mannose-containing material is found only in fractions with 
density in the range of 1.055 g/ml.
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a) Human normal fibroblasts.
b) Human normal fibroblasts incubated with swainsonine for 7 days.
c) A mixture of mannose-containing oligosaccharide standards 

( Man^gGlcNAci).
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5.2.4 The specificity of human normal fibroblast lysosomal a -  

mannosidase.
The removal of the inhibitor swainsonine from the culture medium of human 

normal fibroblasts previously grown in the presence of the inhibitor leads to

the recovery of the lysosomal a-mannosidase activity (Fig. 5.3b). The effect 

of this restoration of activity on the induced storage products was followed 

over a time period of up to eleven days. The enzymic activity (82%) 
recovered by the first day of removal of swainsonine from the growth 

medium. The amount of the storage material as determined by the amount of 
radioactive material recovered in low molecular weight component at each 

stage decreased. The oligosaccharides in cell extracts were analysed by 

hplc and by hptlc. The hptlc showed that almost all of the larger mannose- 
containing induced storage material was removed by day five Fig. 5.11. 
Changes in the concentration of the main storage product oligosaccharide 

MangGlcNAc (5a), which accounts for 28% of the induced storage material, 
were followed by hplc. Analysis of the hplc profile suggested that it was 

broken down by the restored lysosomal enzyme activity intracellularly in the 

same way that it was digested by the lysosomal activity in-vitro (Chapter IV, 
Scheme 4.2). The major initial product of the digestion was Man4GlcNAc

(4a) lacking the a(1,3)-linked mannose residue removed from the core 

structure of the oligosaccharides. The percentage of the total radiolabelled 

material due to each of the identifiable digestion intermediates was 

calculated from the hplc profile for each of the points in the time course 

Table 5.1 and Fig. 5.12. It can be seen that specific smaller oligosaccharides 

were formed, as the higher molecular weight oligosaccharides disappeared. 
The percentages of these compounds and their retention times are shown in 

Table 5.1.

The presence of many isomers of the different mannose-containing storage 

material made the interpretation of the data obtained very difficult and 

limited the conclusions which could be drawn from this experiment. 
However for the predominant storage product substrate, Man5GlcNAc (5a), 
it was possible to conclude that its pathway of catabolism was the same 

intracellularly and in-vitro.
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1 2 3 4 5  6 7 8 9  10 11

Fig. 5.11 Hptlc analysis of the intra-cellular digestion of swainsonine-induced 
mannosa-containing oligosaccharides in human norma fibroblasts.

Human normal fibroblasts were incubated with 100 (iM swainsonine for 7 
days. Swainsonine was then removed and the digestion of the induced 
material followed over 11 days. The cells were then processed as in materials 
and methods to isolate the soluble neutral oligosaccharides and analysed by 
hptlc.

Lane 1, Standards (8a), (7a/b), (6a), (5a), (3a) & (1). 2, Normal cells.
3, Normal cells + Sw. for 7 days. 4, After 1 day of Sw. removal. 5, -3 days.
6, -5 days. 7, -7days. 8, -9 days. 9,-11 days. 10, (5a) & (3a). 11, (9), (4a) & 
(1). For the structures of the standards see Table 3.1.
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Fig. 5 .1 2 Hplc analysis of the hydrolysis of MangGlcNAc-i (5a) by lysosomal 
a-mannosidase ln-vlvo.

Figure and legend continued on next page.
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5.12 Hplc analysis of the hydrolysis of MangGlcNAc-j (5a) by lysosomal 
a-mannosidase In-vlvo.

a) Human normal fibroblasts incubated with the lysosomotropic inhibitor 
swainsonine in the presence of tritiated-mannose for 7 days. The main 
mannose containing oligosaccharide seen in the hplc profile is MangGlcNAc-]
(5a).
b) Fibroblasts after 3 days of the removal of swainsonine. A new 
intermediate is formed with a retention time corresponding to the standard 
Man4GlcNAc-j (4a).
c) Fibroblasts after 7 days of the removal of swainsonine. The intermediates 
MangGlcNAc-j (3 b&d) are starting to appear. These intermediates were the
same as those found in the digestion of MangGlcNAci (5a) by the lysosomal
a-mannosidase in-vitro.
d) Fibroblasts after 11 days of the removal of swainsonine.

The intermediates were identified by comparison of their retention times with 
authentic standards and by co-injection of a sample from a digestion of 
MangGlcNAc-j (5a) by lysosomal a-mannosidase in-vitro.
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5.2.5 The effect of swainsonine on a-mannosidosis fibroblasts

and evidence for the presence of an a(1,6)-m annosidase  

in mannosidosis fibroblasts.

The addition of the inhibitor, swainsonine, to genetic a-mannosidosis 

fibroblasts caused a change in the pattern of the storage material present in 

the lysosomes of these fibroblasts. The hplc profile before the addition of 
the inhibitor shows that the main storage products were a trisaccharide 

Man2GlcNAc-j, a tetrasaccharide MangGlcNAc-j (3c) and a pentasaccharide 

Man4GlcNAc-| (4c) (Fig. 5.13a). After incubation with swainsonine the major 

storage products as seen by hplc analysis, were MangGlcNAc-j (3a) and the 

hexasaccharide, MangGlcNAc^Sa), (Fig. 5.13b).

The removal of the inhibitor from the growth medium of mannosidosis 

fibroblasts caused partial breakdown of the induced oligosaccharides. The 

major mannose-containing oligosaccharide Man5GlcNAc-j(5a), appeared 

to be partially hydrolysed to give a pentasaccharide, Man4GlcNAc-j (Fig. 
5.14), which did not have a retention time similar to any of the standards 

analysed and shown in Table 3.1. This intermediate was therefore isolated 

by hplc and subjected to acetolysis. Hplc of the products (Fig. 5.15) showed 

that two mannose residues were lost in the first stages of acetolysis and that 
acetolysis for up to 16 hours did not cause any further breakdown. From the 

pattern of acetolysis it was deduced that the structure of this intermediate 

was that shown in Fig. 5.15.

The pattern of hydrolysis of the substrate MangGlcNAc-j (5a) by an activity in 

human genetic a-mannosidosis fibroblasts was therefore different from that 

seen for the human normal fibroblasts (see sec. 5.2.4). The activity 

responsible for the partial hydrolysis of the substrate MangGlcNAc-j (5a) in 

mannosidosis fibroblasts seems to have a different specificity towards this

substrate than that seen for the normal lysosomal a-mannosidase (see 

Scheme 4.2a). Its inhibition by the inhibitor, swainsonine, and its apparent 

specificity towards a specific type of mannosidic linkage, the a(1,6) 

mannosidic-linkage, suggests the presence of another lysosomal activity in
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5 .1 3  The effect of swainsonine on human genetic a-mannosidosis fibroblasts.

a) a-Mannosidosis fibroblasts incubated with 3 H-mannose only. The hplc 
profileshows the major storage material as Man2GlcNAc-j (2a), MangGlcNAc-j
(3c)and Man4GlcNAc-| (4c).

b) a-Mannosidosis fibroblasts incubated with 3 H-mannose in the presence 
of the inhibitor, swainsonine. The major storage material resulting is 
MangGlcNAc-] (5a).
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Fig. 5.14 Hplc analysis of the hydrolysis of MangGlcNAc-j (5a) in-vivo by a lysosomal

a-mannosidase activity present in genetic a-mannosidosis fibroblasts.
a) a-Mannosidosis fibroblasts incubated with swainsonine for 7 days.
b) a-mannosidosis fibroblasts after 5 days of removal of swainsonine. The 
hplc analysis shows that the jnajor storage material Man5 GlcNAc-| is partially

hydrolysed producing Man4GlcNAc-j with a retention time of 44.25 minutes
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Fig. 5.15 Hplc of the acetolysis of Mar^GlcNAc-j intermediate resulting from parital 

hydrolysis of MangGlcNAc^ (5a) in genetic a-mannosidosis fibroblasts.

a) Man4GlcNAc-| purified by hplc. b) 4 hour acetolysis. c) 16 hour acetolysis.
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mannosidosis fibroblasts. The presence of this activity is consistent with the 

patterns of storage material found in human genetic a-mannosidosis, and 

explains the differences observed between storage materials actually found 

in genetic a-mannosidosis and those expected to arise from the incomplete 

hydrolysis of N-linked glycans due to the deficiency of lysosomal a- 

mannosidase.

5.3 Discussion.
The main aim of the work described in this chapter of the thesis was to 

establish whether the pathways for the catabolism of the mannose- 
containing oligosaccharides in cells in culture were the same as that shown 

to occur in vitro (Al-Daher et a /., 1991). The addition of swainsonine to the 

growth medium of normal fibroblasts induced a phenocopy of the lysosomal

storage disorder a-mannosidosis and caused the vaculation of lysosomes 

as was seen by electron microscopy. This suggested that the accumulation 

of storage material inside the lysosomes was due to the inhibition of 

lysosomal a-mannosidase by intralysosomal swainsonine. The 

accumulation of swainsonine in the lysosomal compartments has been 

attributed to the value of its acid dissociation constant ( pKa value = 7.4 ). 
This means that in acidic conditions as in the lysosomes the swainsonine 

molecule is partially protonated and accumulates in these organelles 

(Dorling et al., 1980; Chotai et al., 1983). By using tritiated mannose to 

specifically label the induced storage material it was possible to confirm 

directly by sub-cellular fractionation that man nose-containing 

oligosaccharides did accumulate in the lysosomes. Incomplete recovery of

the lysosomal a-mannosidase activity about 80% compared with controls 

was found when swainsonine was removed. This could be due to the 

alteration of the biosynthesis of the enzyme caused by the inhibition of the 

biosynthesis of the different types of N-linked glycans when cells are 

incubated with swainsonine due to the alteration of the glycosylation of 
glycoproteins by swainsonine. Swainsonine blocks the formation of complex 

glycans and shifts the biosynthesis of glycoproteins towards forming hybrid- 
type glycans.
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The main storage material induced in the lysosomes of human normal 
fibroblasts by swainsonine is a single isomer of the hexasaccharide 

Man5GlcNAc-j which accounts for about 28% of the total induced storage 

material. This compound had the same chromatographic properties as the 

authentic standard (5a). This structure is the mannose-containing template 

in the biosynthesis pathway of the hybrid type N-linked glycans. It arises as 

the result of the breakdown of the high-mannose precursor MangGlcNAc2

by the ER a-mannosidase followed by the action of the Golgi a- 

mannosidase I. This observation leads to the conclusion that swainsonine 

does not completely inhibit these activities in vivo. The presence of minor 
amounts of the higher mannose-containing oligosaccharides Man6_ 
gGlcNAc suggests that they might be partially inhibited. Alternatively the

concentration of these high-mannose oligosaccharides may reflect their 
abundance in the intact glycans of mature glycoproteins.

The removal of the inhibitor from the growth medium allowed the enzymic 

activity to act on this substrate in-situ. The analysis by hplc of samples from 

the time course showed that the main intermediate formed in increasing 

amounts due to the action of the restored lysosomal activity was the

pentasaccharide Man4GlcNAc-| (4a) lacking the core a (1 ,3) linked mannose 

residue. This finding was in complete agreement with the pathway 

determined for the lysosomal a-mannosidase in-vitro. The appearance of 

other intermediates (3b) and (2b) in the later stages of the time course also 

suggests that the pathway for the catabolism of the MangGlcNAc-j is the 

same in vitro and intracellularly (for the hydrolysis of this substrate by the

lysosomal a-mannosidase in vitro see Scheme 4.2a, in chapter IV). 

Similarly the detection in the cells of oligosaccharides such as 6a and 7a 

which are intermediates in the breakdown of high mannose glycans in vitro 

suggests that the catabolism of these glycans in cells follows a similar route. 

This leads to the conclusion that the enzyme recognises these substrates 

and hydrolyses them in the same way under both sets of conditions. It can 

therefore be assumed that the enzyme will hydrolyse the other substrates 

introduced to it in the biological system by routes determined by their
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structures. This conclusion validates the pathways determined in-vitro for 

the catabolism of mannose-containing substrates by the lysosomal a- 

mannosidase activity.

The occurrence of relatively large amounts of intermediates such as 5b and 

4b is interesting because these oligosaccharides are not major 

intermediates on the in vitro pathways of digestion. However they are 

storage products in genetic a-mannosidosis and their appearance may 

reflect the catabolism of a particular set of substrates or an alternative 

catabolic route. The increase of 3a in the later stages is at first puzzling as 

this is also a minor intermediate in vitro. It probably arises from the labelling 

of complex glycans after removal of swainsonine. This core tetrasaccharide

is the predominant substrate for a-mannosidase and probably the normal 

steady state concentration.



Chapter VI 

The substrate specificity of human liver 

neutral a-mannosidase in vitro.
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6.1 Introduction.
The complex processes leading to the formation of the three types of 
asparagine-linked N-linked glycans in mammalian cells involve the action of

a number of a-mannosidases to yield the appropriate templates required for 

the action of the different glycosyltransferases. The different enzymic 

activities involved in these processes are discussed in more detail in the 

general introduction (see section 1.4.3.1, 1.5.1.1 and 1.5.1.2). The first a- 

mannosidase activity believed to be involved in the processing of the high- 

mannose glycans is the ER a-mannosidase (Kornfeld and Kornfeld, 1985). 

The specificity of this activity in rat liver has been determined. It removes a 

single a (1 ,2) linked mannose residue from the middle antenna of the high- 

mannose structure MangGlcNAc-j (Shoup and Touster, 1976; Atkinson and 

Lee, 1984; Bischoff and Kornfeld, 1983, 1984 & 1986). These studies were 

performed using enzyme activities prepared from rat liver. It was also

suggested that this activity is the precursor of another form of a- 

mannosidase which is found in the cytoplasm as a soluble form, because 

the two activities were found to be immunologically related (Bischoff and 

Kornfeld, 1986). This form has a neutral pH optimum of 6.5 and an 

analogous human form of this enzyme has been reported in human plasma 

and liver (Hirani and Winchester, 1979). The specificity of this human form 

has not yet been determined. So the questions that arise are, (i) is this 

activity the same in man and in rat ?, (ii) are the membrane-bound and the 

soluble neutral forms related proteins ?, (iii) are their specificities similar ?. 
To understand the nature of this activity and to establish whether it is 

involved in the processing of the high-mannose glycans, it is important to 

determine the specificity of this activity towards natural substrates.

Neutral a-mannosidase activity was prepared and characterised from post

mortem human liver (see chapter III). In order to determine the substrate 

specificity of the human liver cytosolic a-mannosidase the two substrates 

which might be presented to the enzyme in the first steps of asparagine- 
linked glycan processing were digested by the enzymic activity. The main 

substrate in the initial steps of processing asparagine-linked glycan is



1 5 9

MangGlcNAc2 Asn. The action of the membrane-bound ER a-mannosidase 

will produce MangGlcNAc2Asn. The two corresponding substrates (8a & 9) 
(for structures and origins see Table 3.1) were used as the main substrates

in the determination of the substrate specificity of neutral a-mannosidase. 

They were incubated with the preparation of neutral activity and the 

intermediates identified by hplc and hptlc by comparison of their retention 

times and Rf values with those of authentic standards. Where no standards 

were available, the intermediates were isolated by hplc and the structures 

deduced by their acetolysis fragmentation pattern. To determine if the neutral 
activity would hydrolyse other mannose-containing oligosaccharides. The 

substrates Man5GlcNAc-j (5a) and MangGlcNAc-j (3a) were incubated with 

the cytosolic activity and mixtures analysed in the same way.

6.2 Results.
6.2.1 The digestion of substrates derived from high-mannose 

type glycans (Mang & MangGlcNAc-j) (9) and (8a).

MangGlcNAc-j (9), was incubated with the neutral a-mannosidase 

preparation from human liver and the intermediates in the digestion mixture 

identified. The digestion followed a very specific non-random pathway 

forming predominantly single isomers of intermediates (Fig.6.1) down to the 

oligosaccharide MangGlcNAc-j which was then very slowly broken down to 

a limiting product the linear isomer of the hexasaccharide 

MangGlcNAc-j (5b) (Scheme 6.1). The apparent homogeneity and the 

structures of the digestion intermediates were investigated by isolating each 

isomer by hplc and then subjecting them to acetolysis (Fig. 6.2). Analysis of 
the acetolysis of the first intermediate in the digestion, MangGlcNAc-j, 
showed that it lost one mannose residue, resulting in the formation of 

Man7GlcNAc-|, followed by the loss of three further mannose residues to 

form a pentasaccharide, Man4GlcNAc-j with a retention time corresponding 

to the authentic linear Man4GlcNAc-j, (4c). The interpretation of the 

acetolysis fragmentation pattern suggests that this intermediate lacks an

a(1 ,2) linked-mannose residue on the upper branch. Its retention time was 

different from that of the standard (8a) and therefore it must have the 

structure (8b) shown in the digestion scheme. This is different from the
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8b

6b

F ig . 6 .1  Hplc analysis of the digestion of the oligosaccharide, MangGlcNAc-j (9), 
resulting from high-mannose glycans by the neutral a-mannosidase. 
a) 6 hours, b) 24 hours, c) 48 hours, d) 72 hours.
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F ig . 6 .2  Hplc analysis of the purification and acetolysis of the intermediate, 
MangGlcNAc-j, resulting from the digestion of the oligosaccharide,

MangGlcNAc-j (9), by the neutral a-mannosidase.

a) 22 hour digestion of MangGlcNAc-j (9) by neutral a-mannosidase.

b ) MangGlcNAc-j purified by hplc from the digestion mixture.

c) Acetolysis of Man8 GlcNAc1 for 4 hours.

Schematic diagram inset shows the deduced pattern of acetolysis and the 
proposed structures of the intermediates.



Scheme 6.1 The pathway of hydrolysis by neutral a-mannosidase of a substrate 
derived from high-mannose glycans, MangGlcNAc-j (9).

Scheme 6.2 The pathway of hydrolysis by neutral a-mannosidase of a substrate
derived from high-mannose glycans, MangGlcNAc^ (8a).



1 6 3
predominant high-mannose structure, MangGlcNAc2 , found on intact 
glycoproteins and the analogous MangGlcNAc-i (8a) found as a storage

products in a-mannosidosis. However, the structure of this MangGlcNAc-| is 

the same as that resulting from the digestion of MangGlcNAc-j by the 

lysosomal enzyme activity (Al-Daher et al., 1991, see chapter IV). The next 
intermediate in the digestion, ManyGlcNAc-j, was purified by hplc and 

acetolysis was carried out on the purified intermediate. Analysis of the 

fragmentation pattern showed that it was a homogeneous isomer, which 

produced Man4GlcNAc-| with a retention time corresponding to the retention 

time of the authentic linear standard (4c). It was deduced from the formation 

of this Man4GlcNAc-| that the structure of the Man7GlcNAc-| intermediate 

was as that shown in the digestion scheme 7c (Fig. 6.3). The next 

intermediate to be detected was the heptasaccharide MangGlcNAc-j. The 

structure of this intermediate was also elucidated by acetolysis. The 

fragmentation pattern showed that it lost two mannose residues forming 

Man4GlcNAc-j (4c). This MangGlcNAc-j (6b) intermediate was quite resistant

to the action of the neutral a-mannosidase activity. The reaction proceeded 

very slowly and only very small amounts of the intermediate MangGlcNAc-j 
were detected. This intermediate had the same retention time on hplc as the 

authentic standard (5b). The amount of this intermediate produced was not 
enough for isolation and subsequent acetolysis studies to verify its structure. 
But from its retention time and from co-injection of the authentic standard 

(5b) it was concluded that this intermediate was the proposed one. It was

concluded that the neutral a-mannosidase activity was capable of

hydrolysing the three types of mannosidic linkages a(1 ,2), a (1 ,3) and a (1 ,6) 

present on the upper branches of the oligosaccharide but was not capable 

of hydrolysing the two a (1 ,2) linked-mannose residues present on the lower 

branch of the high-mannose structure or the core a(1,6) mannosidic linkage.

The other high mannose oligosaccharide used as a substrate was 

MangGlcNAc-j (8a). This structure corresponds to the most abundant 
MangGlcNAc isomer found on intact glycoproteins and among the storage

products in a-mannosidosis. This structure results from the action of a
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Fig. 6.3 Hplc analysis of the purification and acetolysis of the intermediate
ManyGlcNAc-j resulting from the digestion of MangGlcNAc-j (9) by the 

neutral a-mannosidase.

a) Hplc analysis of the purified intermediate.
b) Hplc of acetolysis for 4 hours.
c) Hplc of acetolysis for 16 hours.

The schematic diagram shows the pattern of acetolysis and the proposed 
structures resulting from the digestion and the acetolysis.
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8a

7a

C)

6b

d)

6b

5b

U ,

F ig . 6 .4  Hplc analysis of the digestion of the oligosaccharide, MangGlcNAc-| (8a), 

resulting from high-mannose glycans by the neutral a-mannosidase.

a) 4 hours, b) 12 hours, c) 24 hours, d) 48 hours.
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putative ER a-mannosidase, which is thought to be the precursor of the

soluble cytosolic a-mannosidase under investigation. The digestion of

MangGlcNAc-i (8a) by the neutral a-mannosidase also followed a specific 

pathway (Scheme 6.2), whereby only single intermediates were produced in 

the reaction as was observed by hplc analysis (Fig. 6.4). The single isomer 
of ManyGlcNAc-j produced had the same retention time as the mixture of 

authentic standards (7 a/b). Acetolysis of the purified intermediate (Fig 

6.5a), showed a mannose residue had been removed from the upper branch 

of the oligosaccharide confirming its structure as 7a. The next intermediate 

in the digestion, MangGlcNAc-j, had the same retention time as the 

MangGlcNAc-i (6) resulting from the digestion of substrate (9). The acetolysis 

pattern for this intermediate confirmed its structure (Fig. 6.5b), with the final 
product of acetolysis having the same retention time on hplc as the authentic 

standard Man4 GlcNAci (4c). The final intermediate formed, MangGlcNAc-j 
was the same as that formed in the digestion of the MangGlcNAc-j (9). The 

retention time of this intermediate was the same as that of the authentic 

standard (5b). Acetolysis of the purified intermediate confirmed this structure 

(Fig.6.5c).

6.2.2 Digestion of the processing intermediate
MangGlcNAc-i (5a) and the core oligosaccharide 

M an3G lcNAc-|(3a) .
The natural substrate, MangGlcNAc-j (5a) was incubated with the neutral a- 

mannosidase activity at its optimum pH of 6.5 and the digestion followed in 

the usual way. Analysis of the digestion intermediates showed that the 

substrate was hydrolysed in a specific step-wise manner (Scheme 6.3). The 

first step in the digestion produced two isomers of a pentasaccharide 

(Man4 GlcNAc*j), which had different retention times from any authentic 

standards or previously identified pentasaccharide intermediates. A single 

isomer of a tetrasaccharide was also formed but it could not not be identified 

from its retention time on the hplc because the two authentic standards (3a) 
and (3b) had the same retention time on the gradient system used for the 

analysis of digestion mixtures (Fig.6.6). To determine the exact structure of 
this tetrasaccharide intermediate, it was isolated by hplc and chemical
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F ig . 6 .5 a  Hplc analysis of the purification and acetolysis of the intermediate, 
ManyGlcNAc-j, resulting from the digestion of the oligosaccharide,

MangGlcNAc-j (8a), by the neutral a-mannosidase.
a) Hplc purified intermediate Man7GlcNAc-j.
b) Acetolysis of Man7GlcNAc-| for 4 hours.
c) Acetolysis of Man7GlcNAc1 for 16 hours.

The schematic diagram shows the proposed structures and the pattern of 
acetolysis.
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F ig . 6 .5 b ,c  Hplc analysis of the acetolysis of the intermediates,
MangGlcNAc-j & MangGlcNAc-] , resulting from the digestion of the

oligosaccharide, MangGlcNAci (8a), by the neutral a-mannosidase.

a) Acetolysis of MangGlcNAc-j for 4 hours.
b) Acetolysis of MangGlcNAc-j for 16 hours, 

a ’) Acetolysis of MangGlcNAc-j for 4 hours, 

b ’) Acetolysis of MangGlcNAc-i for 16 hours.
Schemes show the deduced structures of oligosaccharides.
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5a

50%  50%t ----- \

4d

\

3 a

4e

15%  I 85%

I , I
□  1

Scheme 6.3 The pathway of hydrolysis by neutral a-mannosidase of, MangGlcNAc-i 

(5a) and MangGlcNAc-i (3a).

The pathway of hydrolysis of the substrate MangGlcNAc-j (3a) was the
same as that shown above resulting in the formation of two isomers of 
Man2GlcNAC‘| .
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acetolysis studies carried out on it. Acetolysis yielded a trisaccharide 

Man2GlcNAci, which can only result as a product of acetolysis from the 

oligosaccharide MangGlcNAc-j (3a). This information helped in elucidating 

the structures of the two pentasaccharide isomers because the production 

of the tetrasaccharide (3a) could only arise from the two pentasaccharides, 
4d and 4e shown in (Scheme 6.3). The digestion then proceeded via a 

mixture of the two trisaccharides Man2 GlcNAc-| (2a) and (2b) which could 

not be resolved on hplc but could be clearly separated by hptlc (Fig 6.7). The 

final step of the reaction was the formation of the disaccharide

Manp(1,4)GlcNAc, which is the substrate for p-mannosidase and would not 

be hydrolysed by the neutral a-mannosidase activity.

The incubation of the tetrasaccharide (3a), with the soluble cytosolic 

(neutral) a-mannosidase at pH 6.5, showed that this substrate was broken 

down by two different pathways a major and a minor one (Scheme 6.3). As 

the gradient system used for hplc does not allow the separation of the two 

trisaccharide isomers (2a) and (2b), the digestion mixture was analysed by

hptlc (Fig. 6.0). Hptlc revealed that the core a(1,3) mannosidic linkage is

hydrolysed more readily than the a(1 ,6) linkage with the ratio of the two 

isomers, (2a) and (2b) being approximately 15% : 85% as determined by 

densitometric scanning.

6.2.4 The digestion of the synthetic intermediate 
(M an5GlcNAc.|) (5b).

The digestion of the two high mannose substrates MangGlcNAc-j and 

MangGlcNAc-j, by the neutral activity was shown to terminate in the 

production of the oligosaccharide MangGlaNAc-jfSb). To confirm that this

oligosaccharide was resistant to hydrolysis by the neutral a-mannosidase, it 

was used directly as the substrate in the digestion. Aliquots removed from 

the reaction mixture and analysed by hptlc did not contain any new 

intermediates resulting from the action of the neutral activity (Fig.6$  ). No 

breakdown of this substrate took place even with regular addition of enzymic 

activity and incubation times up to 86 hours. This experiment confirmed the
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4d&e

2a/b

3a

171

6 Hplc analysis of the digestion of the processing intermediate oligosaccharide, 
MangGlcNAc^ (5a), by the neutral a-mannosidase.

a) Starting material, b) 24 hours, c) 46 hours.
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1 ►
2b ► 
2a ►
3a ►

4 ►<
5

Fig. 6.7 Hptlc analysis of the digestion of the processing intermediate (5a) by neutral 
a-mannosidase.

Lane 1, Digestion for 4 hours. Lane 2, Digestion for 12 hours.

1 2

Fig. 6.8 Hptlc analysis of the digestion of the core-structure intermediate (3a) by 
neutral a-mannosidase.

Lane 1, Digestion for 4 hours. Lane 2, Digestion for 12 hours.
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1 2 3 4 5 6

Fig. 6.9 Hptlc analysis of the digestion of the oligosaccharide, MangGlcNAc-j (5b), by 
the neutral a-mannosidase.

Lane 1, Starting material. 2, Digestion for 4 hours. 3, Digestion for 8 hours.
4, Digestion for 12 hours. 5, Digestion for 24 hours. 6, Digestion for 48 
hours.

No intermediates were detected in these digestion mixtures. This 
observation confirms that the neutral a-mannosidase activity does not 
hydrolyse the a(1,2) mannosidic-linkages found on the lower branch of the 
mannose-containing oligosaccharides. And confirms that the digestion of the 
oligosaccharides Mang.gGlcNAc-j terminates at the production of this limiting
structure.
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previous observations from the digestions of the high-mannose substrates, 
MangGlcNAc-j (9) and MangGlcNAc-j (8a). And clearly showed that the 

synthetic intermediate (5b) is not hydrolysed by the neutral activity.

6.3 Discussion.

The a-mannosidase activity used to digest the natural substrates in this

chapter was identified as the neutral form of a-mannosidase by its physico

chemical and kinetic properties. These properties included the effect of 

different ammonium sulphate concentrations on the precipitation pattern of 
the enzyme, the heat stability, effect of different inhibitors, the inhibition or 
activation of the activity by metal ions and its affinity for concanavilin A- 
Sepharose columns. These results are discussed in more detail in chapter 
III.

The work carried out in this chapter clearly shows that the human neutral 

a-mannosidase hydrolyses the high-mannose oligosaccharide substrates, 

MangGlcNAc-j (9) and MangGlcNAc-j (8a) by two discrete, non-random 

pathways to a common intermediate, MangGlcNAc-j (6b), which is then very 

slowly converted to a specific MangGlcNAc-j (5b) (Scheme 6.1). These 

pathways are different from the pathways for the processing of 
asparagine-linked high-mannose glycans, catalysed by an endoplasmic

reticulum a-mannosidase and Golgi a-mannosidases I and II (Kornfeld and

Kornfeld, 1985) and for their catabolism by lysosomal a-mannosidase (Al

Daher et al.,1991). In particular the a(1,2) linked mannose residues on the

branch attached to the core a (1 ,3) linked mannose are not removed by the

neutral enzyme, whereas the a (1 ,3) and a (1 ,6 ) linked mannose residues on

the core a (1 ,6 ) branch are removed. This suggests that this enzyme is not 

involved in the processing of glycoproteins that pass through the Golgi en  

route to extracellular and intracellular destinations. Although the breakdown

of high-mannose glycans by the neutral a-mannosidase stops at

Mang^gGlcNAc-j (5b,6b), it can catalyse the removal of all the a-linked  

mannose residues from the oligosaccharide (5a) corresponding to the
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processing intermediate, MangGlcNAc2 - (Scheme 6.3). This route of 
breakdown differs significantly from the lysosomal catabolic route (Al Daher 

et al., 1991). The core a(1,3) mannosidic linkage is the most susceptible to 

the lysosomal enzyme but it is resistant to hydrolysis by the neutral enzyme 

with the result that the core structure (3a) is generated. The a(1,3) 

mannosidic linkage in this structure (3a) is then hydrolysed preferentially by 

the neutral enzyme but the a(1,6) linkage is also broken appreciably. In 

contrast the lysosomal enzyme acts on the a(1,6) linkage in 3a only after

the a(1,3) linkage has been hydrolysed (Al Daher et al.f 1991). The a(1,2) 

linkages in high-mannose glycans such as (9) and (8a) are hydrolysed 

much faster than the a(1,3) and the a (1 ,6 ) linkages in MangGlcNAc-j (5a), 

suggesting that the trimming of high-mannose glycans may be part of the 

function of the enzyme.

The substrate specificity of rat liver neutral a-mannosidase has been 

investigated by several groups. Preliminary experiments showed that it is 

active towards synthetic substrates and releases mannose from 

glycopeptides and yeast mannans but not from glycoproteins (Opheim and 

Touster, 1978). Two detailed analyses of the specificity of enzyme towards 

MangGlcNAc-j (9) have been carried out. Bischoff and Kornfeld (1986) 
showed that the main product, when the purified enzyme was used, had the 

composition Man7GlcNAc and only small amounts of MangGlcNAc and 

MangGlcNAc were produced. All three possible isomers of MangGlcNAc, 
four different MangGlcNAc and two different isomers of MangGlcNAc were 

found as intermediates. This suggests that the rat enzyme shows very little 

specificity towards the bonds in the oligosaccharides. This is in marked 

contrast to the intracellular action of the rat liver endoplasmic reticulum

a-mannosidase, which specifically removes one a-linked mannose to 

yield (8a) (Bischoff et al.t 1986). It has been suggested that the cytosolic 

neutral a-mannosidase is derived from the membrane-bound form of the 

enzyme in the endoplasmic reticulum by proteolysis because it cross-reacts 

with anti-serum raised against the ER enzyme. Both activities have very 

similar physicochemical and kinetic properties and are not inhibited by



swainsonine or deoxymannojirimycin (Bischoff and Kornfeld, 1986). The 

difference in specificity of a common active site could be attributed either to 

the difference in the conformation of the substrates, an oligosaccharide 

compared to a glycan attached to a protein, or to the form of the enzyme, 
soluble as opposed to membrane-bound. The same substrate has been 

digested with a crude cytosolic fraction of rat liver at pH 6.2, and the 

structures of the intermediates determined by nmr (Haeuw et al., 1991). 
This confirmed that degradation stopped at MangGlcNAc-j and indicated that 
the substrate was broken down by the identical, non-random pathway

determined in this chapter for the human neutral a-mannosidase. Thus it is

possible that purification of the rat neutral a-mannosidase to homogeneity 

leads to some loss of specificity. This new information on the specificity of 

human and rat liver cytosolic a-mannosidase explains the apparently

anomalous specificity of rat kidney cytosolic a-mannosidase reported by 

Tulsiani and Touster (1987). They observed that the kidney cytosolic 

enzyme was unable to hydrolyse the linear oligosaccharides Man4 GlcNAc1 

(4c) and MangGlcNAc-j (3c), which are major storage products excreted by

patients with a-mannosidosis but could partially or completely hydrolyse 

branched structures such as mixtures of Mang_3 GlcNc-|, MangGlcNAci 
(5a) and MangGlcNAc-j (3a). These observations are consistent with the

data on the precise specificity of neutral a-mannosidase in vitro presented 

in this chapter, which show that the enzyme cannot hydrolyse the a (1 ,2 ) 

linked mannose residues on the a(1,3) core branch but can hydrolyse other 

a(1 ,2), a(1 ,3) and a(1 ,6 ) mannosidic linkages.

The substrate specificity of human neutral a-mannosidase is different from

that of the membrane-bound a-mannosidases involved in the processing of 

glycoproteins (Kornfeld and Kornfeld 1985). The first processing 

a-mannosidase in many different cells from several species is located in the 

endoplasmic reticulum and has a neutral pH-optimum. The activity in rat 

liver catalyses the removal of a specific a (1 ,2 ) linked mannose residue 

from the MangGlcNAc2 Asn of intact glycoproteins (Bischoff and Kornfeld,
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1983, 1984). However not all glycoproteins are substrates for this enzyme 

in intact rat hepatocytes and there is evidence for a second endoplasmic

reticulum a-mannosidase, which can degrade the MangGlcNAc2 Asn to 

Man0 GlcNAc2Asn (Bischoff et al., 1986). This activity is sensitive to 

deoxymannojirimycin (DMJ) whereas the activity with the more restricted

specificity is not. The a-mannosidases in the endoplasmic reticulum of 

bovine (Schweden ef a/.,1986), porcine (Schweden and Bause, 1989) and 

rabbit (Schutzbach and Forsee, 1990) liver have similar specificities to the 

DMJ-sensitive rat liver enzyme. Processing of the asparagine-linked

glycans is continued in the Golgi apparatus by a-mannosidase I, which can

remove all the a(1,2) linked mannose residues from MangGlcNAc2Asn to 

yield Man5 GlcNAc2 Asn (Tulsiani et al., 1977; Tabas and Kornfeld, 1979). 
This enzyme exists in 2 forms, A and B, which have the same specificity but 
different physicochemical properties and are inactive towards synthetic 

substrates (Tulsiani etal., 1982, 1988). Subsequently, thea(1,3) and a (1 ,6 ) 

linked mannose residues on the a (1 ,6 ) branch of Man5 GlcNAc2 Asn are 

specifically removed by Golgi a-mannosidase II but only after the addition 

of an N-acetylglucosamine residue to the core a(1,3) linked mannose 

residue, catalysed by N-acetylglucosaminyl transferase I (Tulsiani et 
a/.,1977; Tabas and Kornfeld, 1978; Harpaz and Schachter, 1980). The

structure of Golgi a-mannosidase II has been studied extensively at the 

level of the protein (Moremen and Touster, 1986) and the gene (Moremen, 

1989). An a-mannosidase that does not require the prior action of 

N-acetylglucosaminyl transferase I to convert Man5 GlcNAc2 Asn to 

Man3 GlcNAc2Asn is present in baby hamster kidney cells and rat liver

(Monis etal., 1987). This activity differs from the neutral a-mannosidase in

that it cannot hydrolyse the core a(1,3) and a(1 ,6 ) mannosidic linkages and 

is not inhibited by swainsonine. The presence in various tissues of other 

membrane-bound a-mannosidases with different specificities (Tulsiani and 

Touster,1987; Tulsiani and Touster,1988; Tulsiani et al., 1989), including an 

endomannosidase (Lubas and Spiro, 1987; Tulsiani et al., 1990) suggests 

that alternative or tissue-specific pathways for glycoprotein processing
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probably exist. The function of the neutral a-mannosidase is not clear. It 

preferentially hydrolyses a (1 ,2 ) mannosidic linkages in high-mannose 

glycans but can also cleave the a(1 ,3) and a(1 ,6 ) linkages in the core 

structure. Current ideas on the biosynthesis and intracellular transport of 

glycoproteins suggest that a cytosolic a-mannosidase is unlikely to 

encounter asparagine-linked glycans of composition Man3 _ 5 GlcNAc2. 
Therefore its catabolic effect on these oligosaccharides could be incidental.

Touster and Tulsiani (1987) have suggested that the cytosolic

a-mannosidase is involved in the extralysosomal catabolism of the glycans 

on glycoproteins because of the accumulation of linear oligosaccharides 

such as Man4GlcNAci (4c), MangGlcNAc-j (3c) and Man2 GlcNAc-| (2a) in 

human mannosidosis and the reported accumulation of storage products in 

the cytosol of kidneys of rats treated with swainsonine. It has been

postulated that a residual lysosomal a (1 ,6 ) mannosidase activity is 

responsible for the formation of linear oligosaccharide storage products in 

mannosidosis (Al Daher et a i, 1991). Furthermore we have shown that in 

both human genetic and swainsonine-induced mannosidosis fibroblasts, all 
storage products are located predominantly in the lysosomes. It is possible

that the soluble neutral a-mannosidase is a proteolytic artifact of cell 

fractionation or disruption and that its real function is as the catalytic domain 

of a membrane-bound a-mannosidase. This does not preclude it being 

synthesised as an active membrane-bound precursor, which releases a 

catalytic domain into the cytosol on proteolysis.

Its specificity is different from that of the DMJ-insensitive endoplasmic 

reticulum a-mannosidase and it cannot be on the main glycoprotein 

processing pathway in the Golgi because it catalyses the removal of a core 

mannose residue. Therefore it is possible to speculate that it has a specific 

catalytic function outside the major processing and catabolic pathways in 

modifying mannose-containing glycans. These glycans could form part of 

molecules other than glycoproteins e.g. dolicholpyrophosphoryl oligosacch
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arides or the glycosylphosphatidylinositol anchor. The structure of the 

limiting product from the digestion of high mannose glycans by neutral

a-mannosidase, Man5 GlcNaci, (5b), has the same structure as the 

Man5 GlcNac2  -  oligosaccharide formed on dolichol pyrophosphate by the 

transfer of mannose from GDP-mannose in the cytosol. Perhaps the

cytosolic a-mannosidase has an editing function. It could ensure that only 

the correctly formed dolicholpyrophosphoryl oligosaccharide is translocated 

across the endoplasmic reticulum membrane from the cytosolic face to the 

luminal face, where it is elongated by the transfer of mannose and glucose 

from dolichol phosphoryl-mannose and -glucose to form the common

precursor. Studies on the biosynthesis of the neutral a-mannosidase should 

throw light on its function.



Chapter VII

Inhibition of human liver a-mannosidases by the 

synthetic amino sugars,
1,4-Dideoxy-1,4-imino-L-allitol (DIA),

1,4-Dideoxy-1,4-imino-L-mannitol (DIM), 
and their derivatives.
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7.1 Introduction
The inhibition of human liver glycosidases in vitro and the induction of 
phenocopies of lysosomal storage disorders in vivo by naturally occurring 

compounds that structurally mimic the substrates of liver glycosidases 

initiated the research into chemical synthesis of further structural analogous 

of glycosidase substrates (Elbein, 1987; Fellows and Fleet, 1988). These 

compounds were found to be useful in inducing phenocopies of some 

lysosomal storage disorders, or as antiviral agents by disrupting the 

glycosylation processes of different viral membrane glycoproteins (Tymms 

et al., 1987; Gruters et al., 1987; Fleet et al., 1988). Many of these synthetic 

compounds were shown to inhibit human glycosidases in-vitro with very 

high and defined specificities (Al-Daher et al., 1989; Winchester et al., 

1990a; Winchester e ta l, 1990b). Derivatives of some of the potent inhibitors 

of mammalian glycosidases were shown to have different inhibitory effects 

from the parent compounds. These different effects ranged from a decrease 

in inhibition in some cases (Schweden et al., 1986) the enhancement of the 

inhibitory effects in others (Hettkamp et al., 1984) or to changing the 

specificity of the inhibition from one enzymic activity to another (Al-Daher et 

al., 1989).

In this chapter the inhibitory effects of the synthetic amino sugar, 1,4- 
dideoxy-1,4-imino-L-allitol (DIA) (Fleet and Son, 1988) and the closely 

related compound, 1,4-dideoxy-1,4-imino-D-mannitol (DIM) (Fleet et al., 

1984) on human liver glycosidases are described. They were shown to be 

good inhibitors of the human liver a-mannosidases. Compounds derived 

from (DIA) (Al-Daher et al., 1989) and (DIM) by the substitution of the ring 

nitrogen with different alkyl or aryl groups, or by the addition or substitution 

of groups to the ring carbon atoms were synthesisedby DR. G. Fleet (Dyson 

Perrins Laboratory, Oxford University) as part of a collaborative project 
(methods for the chemical synthesis of these derivatives are in preparation 

for publication).

The general strategy for these studies was as follows. Firstly the effect of the 

inhibitors on panel of human liver lysosomal glycosidases was determined.
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Secondly the effect of any compound that inhibited the lysosomal a- 

mannosidase activity on the other forms of a-mannosidases i.e. the Golgi 

and the neutral activities was investigated. The effects of inhibitor 

concentration and pH on the inhibition were investigated. This was followed 

by the determination of the nature of the inhibition and the dissociation 

constant value (Kj value) for active compounds. Finally the ability of some of 
these compounds to induce the accumulation of mannose-containing 

oligosaccharides in human normal skin fibroblasts in culture was studied. 
The nature of the induced material was analysed by hplc and hptlc by 

comparison with authentic standards. It was also shown that the compounds

which inhibited the lysosomal a-mannosidase activity towards the synthetic 

substrate 4-methylumbelliferyl mannopyranoside also inhibited its activity 

towards the natural substrates used in the substrate specificity studies.

7.2 Results.
7.2.1 1,4-Dideoxy-1,4-imino-L-allitol (DIA), and derivatives.
The synthetic amino sugar 1,4-dideoxy-1,4-imino-L-allitol (DIA) (1) was 

synthesised from L-gulonolactone (Fleet and Son, 1988). The methyl-DIA 

(2) and benzyl-DIA (3) derevatives were prepared as in (Al-Daher et al., 
1989). The chemical structures of these compounds are shown in (Fig. 7 .1 ).

7.2.1.1 Inhibitory effect of DIA (1), N-methyl DIA (2) and N- 
benzyl DIA (3) on a panel of human liver lysosomal 
glycosidases.

DIA (1) showed a relatively broad specificity of inhibition of human liver 

glycosidases Table 7.1. It inhibited the lysosomal a-mannosidase at it’s pH 

optimum of 4.0, by 8 8 % (82%-93%) but it also inhibited other lysosomal 

glycosidases. a-Fucosidase activity was inhibited by 61% (53%-76%), and

(3-N-acetylhexosaminidase activity by 54% (42%-62%). The substitution of 

the ring nitrogen by a methyl group (CH3 ) to give the compound N-methyl- 

DIA (2) eliminated any inhibitory effect on lysosomal a-mannosidase 11% 

(6%-19%) and lysosomal a-fucosidase 22% (11%-33%) and caused a 

significant decrease in p-hexosaminidase inhibition 32% (24%-37%). The



1 8 3

OH OH

OH

H CH2OH

1,4-Dideoxy-1,4-imino-L-allitol (DIA) (1)

OH OH
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OH OH
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N-methyl-DIA (2) N-benzyl-DIA (3)

Fig. 7.1 The chemical structure of the glycosidase inhibitor DIA and the two derivatives, 
N-methyl-DIA and N-benzyl-DIA.
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N-benzylation of DIA, completely eliminated the inhibition of a-mannosidase 

7% (2%-15%) and changed the specificity of inhibition from being a strong 

inhibitor of the a-mannosidase activity to a good inhibitor of the lysosomal a-

fucosidase 76% (67%-85%). The inhibition of the lysosomal p- 

hexosaminidase was not affected by this substitution 35% (15%-65%). Table
7.1 shows the effect of the three compounds on the relevant activities.

7.2.1.2 Inhibitory effect of DIA (1), N-methyl DIA (2) and N- 

benzyl DIA (3) on neutral and Golgi a-mannosidases II.

DIA is a very good inhibitor of the two other forms of a-mannosidase

investigated, the Golgi II and the neutral, as well as the lysosomal a-

mannosidase (see 7.2.1). The Golgi a-mannosidase II activity was inhibited

by 91% (84%-100%), while the neutral (cytosolic) a-mannosidase was 

inhibited to a lesser degree 64% (46%-84%). N-methyl-DIA (2) was not a 

good inhibitor of any of the three activities, nor was N-benzyl-DIA (3) (Table 

7.2).

7.2.1.3 Dose curve of inhibition of lysosomal a-mannosidase by 

DIA (1).
A serial dilution of DIA was prepared in water to give final inhibitor 

concentrations in the reaction mixtures of 2X1 O'3, 10'3, 5X1 O'4, 10"4, 5X10' 

5, 10"5, 5X1 O'6,1 0 '6, and 10"7 M. Enzyme assays were carried out as in the 

Materials and Methods using the synthetic substrate 4-MU- 
mannopyranoside. It was found that 50% inhibition of the enzymic activity by 

DIA (1), was obtained using a final inhibitor concentration in the reaction

mixture of 2X1 O'4 M (Fig. 7.2).
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Table 7 .1  The effect of DIA, N-methyl DIA and N-benzyl DIA on human  

liver glycosidases.

Inhibition ( %) 
Glycosidase Inhibitor....

DIA (1) N-methyl-DIA (2) N-benzyl-DIA (3)

a-mannosidase 88 8 3

p-mannosidase 24 0 5

a-glucosidase 9 0 7

p-glucosidase 47 4 23

a-galactosidase 0 0 0

p-galactosidase 0 0 7

a-fucosidase 61 11 83

p-hexosaminidase 54 24 65
p-glucuronidase 0 0 0

p-xylosidase 0 0 0

a-arabinosidase 0 0 0

Table 7.2 The effect of DIA (1), N-methyl DIA (2) and N-benzyl DIA (3) on 

lysosomal, neutral and Golgi a-mannosidase II activities.

Inhibition ( %)

Glycosidase.... Inhibitor....
a-D-Mannosidase DIA N-Methyl-DIA N-Benzyl-DIA

(1) (2) (3)

1) Lysosomal 88 11 7

2) Golgi II 91 30 11

3) Cytosolic 64 17 3

N.B. All the values of inhibition in the tables are the mean of three or four determinations.
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Fig. 7.2 Dose curve of inhibition of the lysosomal a-mannosidase by DIA(1).
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Fig. 7.3 pH-dependence of inhibition of lysosomal and neutral a-mannosidases by 
DIA (1).
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7.2.1.4 pH-dependence of inhibition of lysosomal and neutral 

a-mannosidases by DIA (1).

The effect of the increase in pH over a range of 3.0 - 7.0 on the inhibition of 

acidic, neutral and the Golgi a-mannosidase by the inhibitor DIA was 

determined. For the acidic form of the enzyme it was found that the inhibition 

depended on the increase in the pH. The inhibitor did not have any 

significant inhibitory effect on the lysosomal activity at pH values of 3.0, 3.25 

and 3.50. Over a range of pH values 4.0 - 6.0, the inhibition reached a 

maximum value of 67%. Then at the higher pH values the percentage of 
inhibition dropped to 46% of the total activity (Fig. 7.3). The neutral form of 
the enzyme did not show any significant inhibition up to pH 6.0. It was 

inhibited by 40% at the activity pH optimum of 6.5 and inhibition decreased 

with the increase in the value of pH (Fig 7.3).

7.2.1.5 Determination of dissociation constant (Kj) of inhibition 

of lysosomal a-mannosidase by DIA.

The nature of the inhibition and the Kj value for the inhibition of the 

lysosomal a-mannosidase by DIA was investigated using the Dixon 

graphical procedure. Three substrate concentrations of 1, 2 and 5mM of 4- 

MU a-mannoside were used. The nature of the inhibition was found to be

competitive and the value of Kj 1.7 X 10“4 M (Fig 7.4).

7.2.1.6 Effect of N-alkylation of DIA (1) on the degree and the 
specificity of inhibition.

The substitution of the ring nitrogen of DIA by a methyl group (CH3 ) to give 

the compound N-methy-DIA (2) completely eliminated the inhibition of all the

liver glycosidases and the different forms of a-mannosidase (see tables 7.1 

and 7.2). In contrast the substitution of the ring nitrogen by a benzyl group to 

give the compound N-benzyl-DIA (3) changed the specificity of inhibition of

DIA (1) from being a strong inhibitor of the three different forms of a-

mannosidases to a strong inhibitor of the lysosomal a-fucosidase activity 

(Table 7.1 and 7.2).
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Fig. 7.4 Determination of the dissociation constant (Ki) of inhibition of 
lysosomal a-mannosidase by DIA (1).
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Fig. 7.5 Dose curve of inhibition of lysosomal a-fucosidase by N-benzyl-DIA (3).
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7.2.1.7 Kinetic parameters of inhibition of a-fucosidase by N- 

benzyl- DIA (3).
The specificity of inhibition of the compound, N-benzyl-DIA (3) was different 

from that of DIA (1). It was a good inhibitor of the lysosomal a-fucosidase 

activity at its pH-optimum, 5.5. To investigate the effect of inhibitor 

concentration on the a-fucosidase activity a dose curve for the inhibition 

over the inhibitor concentration range 8 X 10‘3 to 4 X 10'7 M was obtained.

This showed that 50% inhibition i.e. the l50 value of inhibition was 1.5 X 10"4 

M (Fig. 7.5). The inhibition was shown to be competitive by the Dixon 

graphical procedure with a Kj value of 5 X 10'5 M at pH 5.5 (Fig. 7.6). The 

inhibition was also pH-dependent (Fig. 7.7) with the inhibition increasing 

with pH. The variation of inhibition with pH appeared to depend upon the 

ionization of a group with a pK value of approximately 4.5.

7.2.2 1,4-Dideoxy-1,4-imino-D-mannitol (DIM) (4) and 
derivatives.

The amino sugar, 1,4-dideoxy-1,4-imino-D-mannitol (DIM) (4) was 

synthesised from benzyl a-D-mannopyranoside (Fleet et al., 1984). Several 

derivatives were prepared by Dr. G. Fleet and tested in our laboratory for 
their inhibitory effects on liver glycosidases. The methods of synthesis are 

being prepared for publication. The chemical structures of DIM (4) and it’s 

derivatives N-methyl-DIM (5), N-butyl-DIM (6), N-benzyl-DIM (7), 6-deoxy- 
DIM (8), 6-deoxy-6-fluoro-DIM (9), cyclised-DIM (10) and homo-DIM (11) 
are shown in Fig. 7.8.

7.2.2.1 Inhibitory effect of DIM (4), and its derivatives on a 
panel of human liver lysosomal glycosidases.

DIM (4) is the open chain analogue of swainsonine and is a potent inhibitor

of the lysosomal a-mannosidase at a concentration of 1mM, inhibiting the 

enzymic activity by 89% (71 %-97%) at its pH-optimum of 4.0. It did not show 

any appreciable inhibition towards any other lysosomal glycosidase except

a-arabinosidase and p-glucosidase which it inhibited by 65% and 30% 

respectively. The substitution of the ring nitrogen by different alkyl and aryl



1 9 0

1/F
Arbitrary units

-B- 0.4 mM 
0.2 mM 
0.1 mM

0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 1.2

Inhibitor concentration (mM).
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a-fucosidase by N-benzyl-DIA (3).
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Fig. 7.7 The effect of pH on the inhibition of lysosomal a-fucosidase by 1 mM 
N-benzyl-DIA. +  a-Fucosidase activity in the absence of the inhibitor. 
□  a-Fucosidase activity in the presence of the inhibitor.
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Fig. 7.8 The chemical structure of the glycosidase inhibitor DIM and derivatives.
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groups had marked effects on the inhibition (Table 7.3). The butylation of the 

ring nitrogen, compound (6), eliminated the inhibitory effect completely, 
while methylation, compound (5), and benzylation, compound (7), 

decreased the inhibition of a-mannosidase to 26% and 32% (28%-36%) 

respectively. The cyclised form of the inhibitor, compound (10) which can be 

thought of as a cyclised form of the N-methylated derivative also did not

inhibit lysosomal a-mannosidase but it was a good inhibitor of a-

arabinosidase and a moderate inhibitor of a-fucosidase. The addition of a 

methoxy group (CH2 OH) to the ring anomeric carbon atom of the parent 

compound DIM to give a-homo-DIM compound (11), decreased the

inhibition of the lysosomal a-mannosidase to 66% (64%-68%). In contrast 

the compounds (8) and (9),6-deoxy-DIM and 6-deoxy-6-fluoro-DIM were 

very potent inhibitors of the lysosomal a-mannosidase activity causing 

inhibition by 98% at 1mM concentration. They were also good inhibitors of p-

galactosidase and a-L-arabinosidase. Table 7.3 summarizes the effects of 

these inhibitors on glycosidases.

7.2.2.2 Inhibitory effect of DIM and its derivatives on neutral and 

Golgi a-mannosidase II.

As DIM (4) was found to be a potent and specific inhibitor of the lysosomal 

a-mannosidase, its effects on the other forms of a-mannosidase were 

investigated (Table 7.4). It is also a good inhibitor 87% (82%-92%) of the 

neutral activity at its pH optimum of 6.5 and the Golgi a-mannosidase II, 

93% (90%-96%) at its pH-optimum.

The only other derivatives that were good inhibitors of these two forms of the 

enzyme were the ones that inhibited the lysosomal form. a-Homo-DIM 

compound (11), was a more potent inhibitor of the Golgi activity than the 

lysosomal or the neutral enzymes but the other compounds showed similar 

potency of inhibition towards all the three activities under these conditions.
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Table 7.4 The effect of DIM, and some of It’s derivatives on lysosom al, 

neutral and Golgi a-m annosldases II.

Inhibition ( %)

Glycosidase Inhibitor (1m M )....

a-D-Mannosidase DIM Fluoro-DIM 6-Deoxy-DIM Homo-DIM

1) Lysosomal 97 98 98 66

2) Golgi II 93 93 93 92

3) Neutral 87 95 85 72

N . B . The values of inhibition in the table are the mean of three or four determinations.

7.2.2.3 Determination of l50 for inhibition of lysosomal, Golgi II 

and neutral a-mannosidases by DIM (4), 6-deoxy- & 6- 

deoxy-6-fluoro-DIM, (8) & (9).
Two derivatives of the inhibitor DIM (4), 6-deoxy- & 6-deoxy-6-fluoro-DIM, (8) 

& (9), were found to be interesting compounds and their inhibitory effects on

the activities of the lysosomal, Golgi and neutral a-mannosidases made 

them relevant to this project. The effect of different concentrations of DIM, 6- 

deoxy-DIM and 6-deoxy-6-fluoro-DIM, on the three forms of the enzyme a- 

mannosidase were determined. Final concentrations of the inhibitors in the 

range 10'3 to 10'7 were used. The values of l50 for each inhibitor on each 

activity were obtained from Figures 7.9 a, b and c. The l50 value for the

inhibition of the lysosomal a-mannosidase was 7X1 O'4 , 8X1 O'4 and 7X10"^ 

for the inhibitors DIM (4), 6-deoxy-DIM (8) & 6-deoxy-6-fluoro-DIM (9) (Fig. 
7.9a) respectively.

The effect of concentration of the three inhibitors on the other two a- 

mannosidases was investigated. It was found that 50% inhibition of the 

neutral form of the enzyme was achieved by using concentrations of 10’4 M,

2.5 X 10'4 M and 5 X 10'5 M of DIM (4), 6-deoxy-DIM (8) & 6-deoxy-6-fluoro



% Inhibition.

80 -

60 -

40 -

20  -

_6-5

% Inhibition.
Inhibitor conc. (M)

C)

80 -

60 “

40 -

20 -

.7-6-3 _4 -5
10 101 11 1

% Inhibition.
Inhibitor conc. (M)

80 n

60 -

40 -

20  -

_3 .4 -6 .75

1 9 5

Inhibitor conc. (M)

F ig . 7 .9  Dose curve of inhibition of a) Lysosomal b) Neutral c) Golgi II a-mannosidases 
by the inhibitors DIM □  , 6-deoxy-6-fluoro-DIM %  and 6-deoxy-DIM ■ .
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-DIM (9) (Fig 7.9b) respectively.

For the Golgi a-mannosidase II the inhibitor concentrations required to

achieve 50% inhibition were 10*4 M, 10'3 M and 10'5 M of the three 

inhibitors DIM (4), 6-deoxy-DIM (8) & 6-deoxy-6-fluoro-DIM (9) respectively 

(Fig.7.9c).

7.2.2.4 Determination of the nature of inhibition of lysosomal 

a-mannosidase and the Kj values for DIM (4), 6-deoxy- 

DIM (8) and 6-deoxy-6-fluoro-DIM (9).
The nature of inhibition and the Ki values for the three inhibitors were 

determined using the Dixon graphical procedure. It was found that all three 

compounds were competitive inhibitors of lysosomal a-mannosidase

(Fig.7.10). The Kj values determined were 1 .3 X 1 0‘5, 1.3 X 10'6 & 1.5 X 10'6 

M for the three compounds (4), (8) and (9) respectively.

7.2.3 Inhibition of the digestion of natural substrates by the 

lysosomal a-mannosidase in vitro by a-m annosidase  

inhibitors.

Studies of the inhibitory effects of these compounds towards a-mannosidase 

showed that they were potent inhibitors of the three forms of enzyme 

assayed with a synthetic substrate. It was therefore interesting to see if these 

compounds also inhibited the breakdown of the natural substrates in vitro. 

To investigate these effects the representative natural substrate

MangGlcNAc-j (5a) was incubated with the lysosomal a-mannosidase 

activity in the presence ond the absence of 1mM DIA (1), N-methyl-DIA (2), 

N-benzyl-DIA (3), DIM (4), N-methyl-DIM (5), 6-deoxy-DIM (8) and 6-deoxy-

6-fluoro-DIM (9) and deoxymannojirimycin at pH 4.0 and 37°C for 6 hours. 

The reactions were stopped and the digestion mixtures processed and 

analysed by hptlc as in Material and Methods. In the case of the control 
incubation which did not contain any inhibitor, the reaction proceeded in the 

normal way and digestion intermediates due to the action of the enzymic 

activity were detected (Fig 7.11). In the presence of DIA (1), DIM (4), 6-deoxy
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Fig. 7.10 Determination of the nature of inhibition and values of Ki of lysosomal 
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4M U-mannopyranoside
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F ig . 7 .1 1  Hptlc analysis of the inhibition of the hydrolysis of the natural substrate, 
Man5GlcNAc-j (5a), by a-mannosidase inhibitors.

The substrate Man5GlcNAci (5a) was incubated with the lysosomal
a-mannosidase for 4 hours in the absence of inhibitors Lane 1 , or in the 
presence of 1 mMof DIA Lane 2, N-methyl-DIA Lane 3, N-benzyl-DIA 
Lane 4, deoxy-mannojyrimicin Lane 5; DIM Lane 6; Fluoro-DIM, Lane 7; 
6-deoxy-DIM, Lane 8 and methyl-DIM, Lane 9.

The mixtures were then analysed by hptlc to detect any digestion 
intermediates as in materials and methods. Lane 1 (control) shows that the 
oligosaccharides was hydrolysed producing the expected intermediates. The 
presence of potent a-mannosidase inhibitors Lanes 2, 6, 7 & 8 
prevented the hydrolysis of the natural substrate. In the case of the less 
powerful inhibitors Lanes 3, 4, 5 & 9 no inhibition of the natural substrate 
could be seen and the expected intermediates are formed.
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-DIM (8) and 6-deoxy-6-fluoro-DIM (9) no breakdown products were 

detected indicating that these compounds inhibit the action of the lysosomal

a-mannosidase on the natural substrates in vitro. The other compounds, N-

methyl-DIA (2), N-benzyl-DIA (3), which are not inhibitors of lysosomal a- 

mannosidase activity towards the synthetic substrate, 4-MU- 

mannopyranoside, did not inhibit the lysosomal a-mannosidase action on 

the natural substrates (Fig. 7.11). Interestingly deoxymannojirimycin, a weak 

inhibitor of lysosomal a-mannosidase but a good inhibitor of Golgi a- 

mannosidase, also failed to prevent digestion of the natural substrates.

7.2.4 Investigation of the effect of DIA (1), DIM (4), 6-deoxy-DIM  

(8) and 6-deoxy-6-fluoro-DIM (9) on a-mannosidases of 

human normal fibroblasts in culture.

To see if the potent inhibitors of lysosomal a-mannosidase in vitro had any 

effect on the enzyme in cells in culture DIA (1), DIM (4), 6-Deoxy-DIM (8) 
and 6-Deoxy-6-fluoro-DIM (9) were included in the growth medium of

normal human fibroblasts at a final concentration of 1 mM. The potent a- 

mannosidase inhibitor, swainsonine, had been shown previously to induce 

the storage of oligomannosidic structures in human normal fibroblasts in 

culture (Cenci di Bello et al., 1983, 1989). Therefore swainsonine was 

added to the culture medium of another flask of fibroblasts at a final

concentration of 100 |iM as a positive control. The fibroblasts were left in 

contact with media containing the inhibitors for 7 days. The cell monolayers 

were then washed twice with PBS and harvested by trypsinisation. After two 

more washes with cold PBS, the cell pellets were resuspended in 0.5 ml 
deionised water and sonicated. The sonicated cells were centrifuged to get 
rid of the cell debris and the neutral oligosaccharides labelled by reduction 

with tritiated sodium-borohydride. Analysis by hptlc of the neutral 

oligosaccharides in the cell extracts showed that mannose-containing 

oligosaccharides were present in all the cells but in relatively different 

amounts (Fig 7.12). DIM (4), which is a very good inhibitor of a- 

mannosidases in vitro, did not induce the storage of much material. This 

observation is consistent with previous studies in our laboratory which
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Fig. 7.12 Hptlc analysis of oligosaccharides induced in human normal fibroblasts by 
a-mannosidase inhibitors.

Sub-confluent human normal fibroblasts were incubated with different 
a-mannosidase inhibitors for 7 days. Cell extract were processed, reduced
with NaB[3H4] and analysed by hptlc to determine the oligosaccharides
induced.

Lanes 1 Control, human normal fibroblasts without the addition of any 
inhibitor. 2 Mannosidosis fibroblasts. 3 Normal fibroblasts + swainsonine.
4 + DIM. Lane 5 + 6-deoxy-6-fluoro-DIM. 6 + 6-deoxy-DIM. 7 Standards 
Mang.gGlcNAci. 8 MangGlcNAc-j (5a). 9 MangGlcNAc-j (3a).
10 Man-| GlcNAc-j. 0= origin.

The radioactive band denoted with * in lanes 1 - 6 is believed to be non 
mannose containing material which occures when cell extracts are reduced
with NaB[3H4], This band was not seen when fibroblasts were metabolically
labeled with tritiated-mannose and reduced with cold NaBH4 (see Fig. 7.13).
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showed that a concentration of 5 mM of DIM (4) was required to induce 

storage material in human normal fibroblasts. However, the compounds 6- 
deoxy-DIM (8) and 6-deoxy-6-fluoro-DIM (9), were very good inhibitors of

the lysosomal a-mannosidase as well as the Golgi and the neutral a- 

mannosidases in-situ. This was deduced from the pattern of 
oligosaccharides induced by these compounds. The hptlc showed that there 

was a large amount of the larger substrates Mang.gGlcNAc, indicating that 
these inhibitors altered the initial steps in the processing of the high- 
mannose structures on the N-linked glycans.

The subsequent step in the analyses of the cell extracts was carried out 
using hplc, which permitted identification and differentiation between some 

of the isomeric structures of the oligosaccharides induced in the cells by 

comparison with authentic standards (for structures of standards and details 

of the hplc system see Chapter III). Analysis of the induced material by hplc 

showed that in the negative control, human normal fibroblasts which were 

grown for seven days with no inhibitor, there was no evidence of any 

mannose-containing oligosaccharide. However a peak with a retention time 

of about 22 minutes (Fig. 7.13a) was seen in the hplc profile of the normal 
sample. This peak could result from the presence in the cells of material 
which was radiolabelled by the reduction with tritiated sodium borohydride 

and subsequently detected by hplc. Evidence that this is not a mannose- 
containing oligosaccharide was obtained when the same human normal cell 
line was grown in the absence of swainsonine and in the presence of 

tritiated-mannose, and subsequently reduced with cold non-tritiated sodium 

borohydride (Chapter V). Under these conditions, no peak was detected at 
this position (Fig. 7.13b).

The hplc and hptlc analysis showed that there were mannose-containing 

oligosaccharides present in the genetic a-mannosidosis cell line. 

Comparison of the Rf values and retention times of these mannose- 
containing oligosaccharides with authentic standards indicated that the 

expected straight chain mannose-containing oligosaccharides, 
Man2_5 GlcNAci (2 a ,3 c ,4 c  and 5b) were present. The material induced by
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Fig. 7.13 Hplc analysis of reduction of normal fibroblasts with tritiated and cold sodium- 
borohydrode.

a) Human normal fibroblasts reduced with tritiate sodium-borohydride.
b) Human normal fibroblasts reduced with sodium-borohydride after 
incubation with tritiated-mannose.

A radioactive peak with a retention time of about 22.0 minutes in the normal 
human fibroblasts can be seen (a) this is believed to be due to the presence 
of material which is susceptible to the reduction with tritiated sodium- 
borohydride. This peak was not seen when the same fibroblast cell line was 
incubated with tritiated-mannose to metabolically label any mannose- 
containing oligosaccharide.

Table 7.5 The identifiable mannose-containing oligosaccharides induced in human 
normal fibroblasts by DIM, DIA, 6-deoxy-DIM & 6-deoxy-6-fluoro-DIM.

Oligosaccharide DIM DIA 6-deoxy-DIM 6-deoxy-6-fluoro-DIM

MangGlcNAc-j 0.0 0.0 0.5 3.9

Man8GlcNAci 0.0 0.0 2.3 5.3

ManyGlcNAc-j 0.0 0.0 2.2 5.2

MangGlcNAc-j 0.0 0.0 3.7 7.7

MangGlcNAc-j 0.0 0.0 13.0 19.0
Man4GlcNAc-| 0.0 0.0 4.2 5.9
MangGlcNAc-j 0.0 0.0 4.0 5.8
Man2GlcNAc-| 0.0 0.0 12.4 16.3

The % was taken as the number of counts in each peak compared to the total counts.
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swainsonine was shown to be mainly the branched MangGlcNAc-j (5a) and 

MangGlcNAc-j (3a) together wilth some Man2GlcNAc-|. The structures of 
these compounds are shown in Fig 1.8b. The analysis by hplc of the neutral 
oligosaccharides in extract of cells grown in the presence of DIA (1) and DIM 

(4) showed that these compounds were very poor at inducing storage 

material (Fig. 7.14 a&b). On the other hand, 6-deoxy-DIM (8) and 6-deoxy-6- 
fluoro-DIM (9), were found to induce large amounts of Man2 _5 GlcNAc, and 

higher molecular weight mannose-containing oligosaccharides, 

Mang.gGlcNAc (Fig. 7.14 c&d). All the induced material consisted mainly of 
the branched isomers of the corresponding mannose-containing 

oligosaccharides. The relative amounts of the identifiable mannose- 
containing storage material induced by the inhibitors in this experiment are 

shown in Table 7.5.

7.3 Discussion
The naturally occurring compound, swainsonine, is a potent and specific 

inhibitor of the enzyme a-D-mannosidase. It inhibits all known forms of the 

enzyme and completely inhibits human lysosomal a-mannosidase in a 

competitive manner with a Kj value of 70 nM at pH 4.0. Some epimers and 

analogues of swainsonine were also found to be potent inhibitors of a- 

mannosidase, while some others were not (Cenci di Bello etal., 1989). The 

studies carried out on these epimers explained some of the structural

requirements necessary for the inhibition of a-mannosidases. From general 

observations of the structures of these compounds it seems that the first 

structural requirement for inhibition of a-mannosidase would be 2 chiral 

centres in a mannofuranose structure. These chiral centres are at C-1 and 

C-2 in the azapyranose structure (as in swainsonine) and would be 

analagous to C-2 and C-3 in the indolizidine structure. Along side this 

primary requirement, other structural features determine the potency of 
inhibitors towards the enzymes. The synthetic amino sugars, DIM and DIA, 

which can be thought of as the open-chain analogues of swainsonine and 

the 8,8a-diepimer of swainsonine also proved to be very good inhibitors of 

the three forms of a-mannosidases under investigation in this chapter. The
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5

Fig. 7.14 Hplc analysis of the mannoste-containing oligosaccharides induced in human 
normal fibroblasts by

a) DIA. b) DIM. c) 6-deoxy-DIM. d) 6-deoxy-6-fluoro-DIM.
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synthesis of different analogues of DIM and DIA has permitted investigation 

of other strucutral requirements for the inhibition of a-mannosidases.

The configuration of the hydroxyl groups and of the hydrogen atoms at C- 

2,C-3,C-4 and C-5 on the compound DIM are the same as those of C-1, C-2, 
C-8a and C-8 of swainsonine. DIM was a good specific inhibitor of the three

forms of the enzyme assayed. It inhibited the lysosomal a-mannosidase in a

competitive manner with a Kj value of 1.3X10-5 M. On the other hand DIA 

which only shares two of these chiral centres was a weaker competitive 

inhibitor of all three mannosidases but had a broader specificity of inhibition. 
This could be due to the different orientation of the hydrogen atom at C-4 

and the hydroxyl group at C-5. The orientation of these groups makes DIA 

look like the open chain analogue of 8,8a diepimer of swainsonine, which

was also found to be a very potent inhibitor of two forms of a-mannosidases, 

the lysosomal and the Golgi activities (Cenci di Bello et al., 1989). This 

observation leads us to the conclusion that the orientation of the hydrogen 

atom at C-4 and the hydroxyl group at C-5 on DIA and DIM, although

important contributers to the inhibition of a-mannosidases in general, are not 

an essential requirement for the inhibition of the enzymes.

The substitution of the ring nitrogen atom as seen in the case of the 

compounds N-methyl, -benzyl DIA and N-methyl, -butyl, -benzyl and -5- 

methoxy carbonyl pentyl DIM completely eliminated the inhibitory effects of 

these compounds on a-mannosidases. It also generally decreased the 

inhibition of any other glycosidases which were affected by the parent 
compounds. When the piperidine derivative, 1,5-dideoxy-1,5-imino-D- 

mannitol (1-deoxymannojirimycin) was N-alkylated the inhibition of calf liver

a-mannosidase was greatly reduced (Schweden et al., 1986). Similarly the 

mono- and di-N-methylation of 1-deoxynojirimycin caused a decrease in the 

value of Kj for inhibition of calf a-glucosidase I by 10 fold and abolished the

inhibition of a-glucosidase II in vitro (Hettkemp et al., 1984) and in cells in 

culture (Gross et al., 1986). The substitution of the ring nitrogen of 1-



2 0 6
deoxynojirimycin to form dodecyl- and N-5-carboxypentyldeoxynojirimycin 

also produces poorer Inhibitors than the parent compound. An interesting

observation made while determining the effect of these substitutions on a- 

mannosidases was the specificity of inhibition of N-benzyl-DIM. The 

substitution of the ring nitrogen with a benzyl group in addition to completely

eliminating the inhibition of a-mannosidase changed the specificity of the

inhibitor to become a strong inhibitor of lysosomal a-fucosidase (Al Daher 

et al., 1989). This was not seen with the benzyl derivative of DIM. As far as I 
know this is the first case of a change in the specificity of the inhibition of an 

amino sugar which results from a structural alteration not involving the 

chirality of the hydroxyl groups. This might be due to the presence of a 

hydrophobic pocket in the active site of a-L-fucosidase which can recognise 

the 6-methyl group of fucose or a similar aliphatic or aryl group on alkaloid 

inhibitors. The specificity of the inhibition of a-fucosidase suggests that this 

might be a feature of the active site of this particular enzyme. The inhibition 

of a-fucosidase by N-benzyl DIA, which is a basic compound, was shown to 

be pH-dependent. The inhibitor would be protonated over the range of pH 

studied and the ionisation of a group in the active site of a-fucosidase to 

form a negative charge could lead to the formation of the inhibitor-enzyme 

complex. This group could be a carboxyl group because two carboxyl 
groups have been implicated in the catalytic mechanism and in situ-

inactivation of human liver a-L-fucosidase (White et a/.,1985, 1986).

The compounds 6-deoxy-DIM and 6-deoxy-6-fluoro-DIM, which have the 

correct required orientation of hydroxy groups and hydrogen atoms on the 

ring carbons but lack the hydroxy group on C-6, were very good inhibitors of 
all three forms of the enzyme. Inhibition was greater than that for the parent

compound and both had similar values of Kj, 1.3 and 1.5 pM respectively. 

This would indicate that the presence of a hydroxyl group on the C-6 is not 
an essential structural requirement, as was seen in swainsonine in which 

the equivalent hydroxyl group is also absent. Although it is present on all the 

open chain analogues investigated, DIM, DIA and DIT, these were found to
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be less potent inhibitors of a-mannosidase (Cenci di Bello eta l., 1989).

The substitution of the ring anomeric carbon atom by an a-linked methoxy 

group to give the compound a-homo DIM decreased the inhibition of all a- 

mannosidases. This indicates that there is no need for the a-substitution of

this carbon atom to achieve inhibition of a-mannosidases. The closure of the 

ring to give the cyclised form of the compound, DIM, abolished the inhibition 

of a-mannosidases. This was also true for the ring contracted swainsonine, 

which was non-inhibitory.

The inhibition of a-mannosidases in cells in culture was investigated by 

including the inhibitors in the culture medium. The two compounds, DIM and 

DIA, were not good inhibitors of the enzyme activities in cells because no 

storage material was detected after 7 days. Work carried out by colleagues 

in our laboratory showed that the induction of storage material by these two 

compounds required a far higher concentration (>5 mM) and a much longer 
period. On the other hand swainsonine readily induced the accumulation of 
mannose-containing oligosaccharides. The structures of the induced

material indicate that along side the inhibition of the lysosomal a- 

mannosidase in situ swainsonine also alters the processing of glycoproteins 

by inhibiting the Golgi a-mannosidase II and the endoplasmic-reticulum a- 

mannosidase.

DIA as was stated before did not induce any significant amount of mannose- 

containing oligosaccharides at a final concentration of 1 mM in the culture 

medium of cells but at higher concentrations of > 5 mM it induced mainly 

Man2GlcNAc and a smaller oligosaccharide, which could result from the

inhibition of p-mannosidase by this activity. The same was seen in the case 

of DIM the open chain analogue of swainsonine, at higher concentrations 

(Cenci di Bello et al., 1989) it induced mainly Man2GlcNAc and 

MangGlcNAc with very small amounts of Man-g g y.GlcNAc. This indicates 

that this compound inhibits the action of Golgi I and/or the endoplasmic-
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reticulum a-mannosidase. It is clear from these results that the compounds 

DIM and DIA do not inhibit the processing a-mannosidases in cells in 

culture. This conclusion was also reached by other groups studying the 

processing of glycoproteins. They showed that the compound DIT also 

induced the accumulation of mainly Man2GlcNAc and MangGlcNAc, with 

very small amounts of larger olighosaccharides (Palamarczyk et al., 1985; 
Daniel et al., 1987). In contrast it is shiwn in this thesis that the two 

compounds, 6-deoxy-DIM and 6-deoxy-6-flouro-DIM, are very good

inhibitors of lysosomal a-mannosidase in situ and induced large amounts of 

mannose-containing oligosaccharides in the lysosomes of the cells. Hplc 

analysis of the storage material showed that it consisted of oligosaccharides 

of composition Mang.gGlcNAc. From this it can be concluded that these

compounds cause the inhibition of the ER, Golgi or cytosolic processing a- 

mannosidases in cells as well as the lysosomal activity.
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