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Abstract

The lysosome is a cytoplasmic organelle that contains hydrolytic enzymes in a suitable
environment for the degradation of macromolecules. The products of hydrolysis need to be
transported out of the lysosome and into the cytosol. Approximately twenty substrate-specific
transporters have been described which perform this important role. Defects in lysosomal
transporters cause serious diseases. The clinical severity of lysosomal storage diseases
resulting from a transport defect correlates with the degree of storage, and four have been
described to date. Cystinosis results from the failure to transport cystine from the lysosome,
and Salla disease is a consequence of a defective sialic acid transporter. Niemann-Pick type C
disease results from the failure of cholesterol to be removed from the lysosome; the normal
mechanism for this is still not clear. The fourth storage disease of hydrolytic products results

from the failure to clear cobalamin from the lysosome.

The lysosomal hydrolases, in a coordinated manner, sequentially degrade
glycosaminoglycans, glycolipids, glycoproteins and hydroxysteroids.  Eight of these
lysosomal hydrolytic enzymes are sulphatases, which liberate inorganic sulphate from
sulphated macromolecules such as heparan sulphate. Inorganic sulphate, which can inhibit
sulphatase activities, is transported from the lysosome for re-utilisation in the cytosol.
Neither the transporter for sulphate nor any other substrate had been isolated from the
lysosome, although the gene encoding the cystine transporter has recently been identified.
Isolation of this integral membrane protein would unravel more of the basic biology of

lysosomal degradation.

To purify this transporter, lysosomes were isolated from human placenta in a manner that

maintained the sulphate transporter’s activity. The integral membrane proteins were isolated
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and fractionated. Chemical probes that inhibited the transporter and antibodies produced to a
functionally and characteristically similar protein, the erythrocyte anion exchanger (Band 3),
were used in an attempt to identify related proteins (the sulphate transporter) in the lysosomal
membrane. Integral membrane proteins were separated by two-dimensional electrophoresis
and identified by N-terminal sequence. The sulphate transporter was reconstituted into
artificial phospholipid vesicles. At this time a new family of sulphate transporters with the
same characteristics as the lysosomal sulphate transporter were reported. Antibodies against
synthetic peptides of the SAT-1 member of this family were then produced and used to
continue the search for the lysosomal sulphate transporter. A mutation in the SAT-1
transporter that coincided with a particularly severe form of the lysosomal storage disorder
known as Hurler’s syndrome was investigated. No difference in lysosomal sulphate transport

could be measured in the fibroblasts with the particularly severe form of Hurler’s syndrome.
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1. Introduction.

This chapter reviews the literature to enable the appreciation of the study’s initial objectives,
those that evolved with the advent of newly published work and the approaches taken to reach
those aims. Literature that emerged during the preparation of this manuscript has also been
included. Chapter two comprises the general materials and methods employed in the study.
Chapters three to six report results; the latter two were influenced by the emergence of a new
family of candidate sulphate transporters. This new family of sulphate transporters, whose
emergence altered the path and approach of the study, spanned 1994 to 1998. Concluding

remarks are presented in chapter seven.

The lysosome, in its course of degrading macromolecules, liberates inorganic sulphate. A
specific protein then transports this anion across the lysosomal membrane into the cytoplasm.
This review makes evident the importance of this process and the specific proteins involved.
The current knowledge of the role of sulphate in the cell, its metabolism and intracellular
pools is reviewed. A critique of the lysosome, the substrates it degrades, the products
produced, and some of the known storage disorders that can arise from failure of either the
catabolism of substrates or the egress of products are presented. The transport processes
involved in lysosomal product clearance are discussed, with particular emphasis on saturable
transporters involved in removal of monomeric subunits such as sulphate. The final part of
this introductory chapter looks at the anion transporters that have been characterised and
cloned. The recently identified sulphate-specific transporters and diseases with which they

are associated are also described.
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1.1 Transporters.

Transporters are membrane proteins that allow the controlled passage across a phospholipid
membrane of a single molecule or defined group of molecules. Transporters function to
supply or remove compounds, regulate cell volume and the pH of membrane-bound spaces.
These functions are achieved by working in concert with other transporters, enzymes or in
isolation. Transporters also facilitate cell communication by providing a means of chemical
or electrical exchange. The lysosomal sulphate transporter allows sulphate produced by

numerous sulphatases to escape from the lysosome.

1.1.1 Nomenclature.

The net direction of substrate transport can be described by a number of terms. If the
direction of transport is from the extracellular space across the plasma membrane into the
cytoplasm, it is referred to as uptake or influx. Transport out of the cell in the opposite
direction across the plasma membrane is known as egress or efflux. Just as these terms
describe the direction of transport in and out of the cell, they also describe the direction of

transport in and out of intracellular organelles and vesicles.

1.1.2 Membrane proteins.

There are membrane-associated or peripheral proteins, and integral membrane proteins. The
peripheral membrane proteins are bound to the membrane surface by interactions with
proteins or the lipid polar groups. This interaction can be disrupted by high salt or extreme
pH. Integral membrane proteins are embedded into the phospholipid bilayer interacting

directly with the lipophilic hydrocarbon region of the lipid. Integral membrane proteins are
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displaced by disrupting the membrane with organic solvents or detergents (Finean et al. 1984;

Sabatini and Adesnik 1998).

The relatively few membrane proteins crystallised attests to the hurdles involved when
membrane or hydrophobic proteins are removed from their phospholipid bilayer. When
integral membrane proteins are removed from a phospholipid bilayer, aggregation and
possible precipitation of the protein may occur. Non-ionic detergents such as Triton X-100
can prevent such aggregation by taking the place of the lipid yet enable the protein to be

manipulated in an aqueous system (Finean ef al. 1984).

Integral membrane proteins are divided into three groups, #ype I proteins have one
hydrophobic membrane-anchoring domain with the N-terminal in the extracellular or a
luminal organelle space and the C-terminal in the cytoplasmic space. Proteins that have one
trans-membrane domain with the terminals in reverse to type I are type II proteins. When a
protein such as a transporter crosses a phospholipid membrane more than once, it is a type i
protein. This third class of proteins can have its terminals in any orientation including both
terminals on the same side of the membrane (Sabatini and Adesnik 1998). The number of
type III proteins that have had their structure determined is very low when compared with
soluble proteins. The hydrophobic nature of membrane proteins does not allow their structure
to be easily preserved after their extraction from phospholipid membranes. Detergent-protein
complexes are a strategy used to control stability and aggregation of membrane proteins. This
results in more complicated crystallisation conditions, which need to be optimised to
accommodate the presence of detergents (Garavito et al. 1996). Transporters are fype il

membrane proteins.
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1.1.3 Types of transporters.

Transporters can be divided into three categories based on how they function, namely
channels, pumps and carriers. These groups cannot be ascertained by sequence alone as some

channels and carriers are structurally very similar (Simon and Blobel 1991).

Channels transport extremely fast, in the order of 10%-108% ions /sec (Stein 1986) generating a
measurable membrane potential. This membrane potential is measured by patch-clamping
where electrophysiological data is collected (Hamill ez al. 1981; Neher and Sakmann 1976).
Channels are either voltage- or ligand-operated (Stanfield 1987) and do not undergo
conformational change during transport. Ions are able to interact with binding sites at both
sides of the membrane at the same time (Neher and Sakmann 1976). Pumps such as a proton
pump (Section 1.3.3.1) are primary active transporters using nucleotide hydrolysis (ATP for
example) or the energy from redox reactions directly. Pumps usually function in a
unidirectional manner against an electrochemical gradient. A pump is demonstrated by its
energy dependence (Forgac et al. 1983; Stevens and Forgac 1997). Carriers also known as
permeases or translocases allow hydrophilic substrates to diffuse across phospholipid
membranes. They differ from channels in that they are saturable with a finite number of
binding sites. The rate of carrier-mediated transport is also limited by the transporter’s
conformational changes during substrate transport (Addison and Scarborough 1982; Hamill et
al. 1981; Stein 1986). The lysosomal sulphate transporter in rat liver has been described as a

saturable carrier (Jonas and Jobe 1990).

Carrier-mediated transport can be expressed like an enzyme reaction by the Michaelis-Menten
kinetics (Equation I). With transporters, however, the affinity constant is often denoted as K;
instead of K,,. Carriers can also be subject to inhibition either in a competitive or non-

competitive mode.
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V=SV / [Kun+ 8]

Equation 1 The symbol v is the velocity of the reaction, S is the substrate
concentration, V. is the maximal rate of velocity, and Ky, is
equal to the substrate concentration at which the reaction rate is
half of its maximal rate.

1.1.4 Carrier transport mechanisms.

Transporters facilitate the passage of their substrates by either a passive or an active
mechanism. Passive transport, as the name suggests, is not driven but allows the diffusion of
its specific substrate down an electrochemical gradient. Active transport by a carrier is not
primary active transport, as the energy driving the transport is derived from the concentration
gradient of another ion. An ion that binds to another ion species during carrier-mediated
transport is said to be co-transported. The co-transported ion can influence the direction of
the anion transport. This influence of the chemical gradient of one substrate on the direction
of transport of another substrate is known as secondary active transport (Geck and Heinz

1976, 1989; Geck et al. 1978; Heinz et al. 1972).

Secondary active carrier transport can be coupled to chemical gradients in several ways
(Figure 1.1). The substrate can be co-transported after binding to another ion (Figure 1 14),
alternatively a co-transporter could be a symporter or an antiporter where the different
substrates are transported in the same or different directions (Figure 1.1B and C). If the same
substrate is on both sides of the carrier with a higher concentration on one side and a lower
radio-labelled concentration on the other, the transport of labelled substrate can be measured

moving against its own concentration gradient and is called counter-transport (Figure 1.1D).
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The rate of transport is determined by the highest concentration present. If a substrate
exchanges with a substrate analogue, it is known as trans-stimulation. A characteristic of
carriers is their ability to be involved in countertransport (Gennis 1989; Turner 1983). The

stimulated transport of a substrate by co-transport is referred to as cis-stimulation.

1.1.5 Transporter families.

Transporters can also be grouped into families based on a structural homology or function. A
well-known super-family is the ABC transporter, so named because they contain an ‘ATP
binding cassette’. These transporters utilise ATP hydrolysis as an energy source, hence the
highly conserved ATP-binding motif. An example of an eukaryotic member of this family is

the cystic fibrosis conductance regulator protein (Fath and Kolter 1993).

The sodium / solute symporters comprise another super-family which is divided into eleven
sub-families based on functionality and sequence analysis. Briefly, the eleven sub-families
are the: (1)ubiquitous broad specificity solute symporters; (2) eukaryotic-specific
neurotransmitter family; (3) ubiquitous dicarboxylate family; (4) ubiquitous inorganic
phosphate family; (5) bacterial galactoside family; (6) bacterial citrate family; (7-9) bacterial
amino acid transporters specific for alanine, branched chain and glutamate; (10) mammalian

bile acid transporter; and (11) mammalian sodium chloride transporter (Reizer et al. 1994).
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Figure 1.1  Carrier transport mechanisms.

|

A substrate bound to another substrate during transport is co-transported (A); a
symporter transports two substrates in the same direction (B); and the transport of
substrates in opposite direction is counter-transport, either with a different substrate
(C) or the same substrate (D).
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1.2 Sulphate metabolism.

The cellular roles of sulphate, its metabolism and transport have long been studied.
Sulphation of xenobiotics for detoxification, and drug metabolism of steroids and
neurotransmitters are some of the important processes in which it is involved (Mulder et al.
1982). The sulphation of structural proteins is also a vital process closely connected with
sulphate availability and its transport. Sulphation requires the universal sulphate donor
phosphoadenosine phosphosulphate (PAPS). The synthesis of PAPS in turn requires a supply
of intracellular sulphate, which results from the catabolism of intracellular and dietary
compounds. Inorganic sulphate is transported from serum into cells and from organelles into
the cytoplasm. Sulphate transport is a vital process in the maintenance of these intracellular

sulphate pools.

1.2.1 Phosphoadenosine phosphosulphate synthesis.

Due to the integral part PAPS plays in the sulphate metabolism cycle, a brief description of its
synthesis is warranted. The synthesis of PAPS is described here as three reactions
(Figure 1.2). The enzyme adenosine triphosphate (ATP) sulphurylase converts sulphate and
ATP to adenosine phosphosulphate (APS) and pyrophosphate (PPi); APS is then converted to
PAPS by APS kinase; and the PPi is converted into inorganic phosphate (Schmidt et al.
1982). The importance of PAPS synthesis is illustrated by dwarfism in the brachymorphic
mouse (characterised by a disproportionately short stature), which is caused by a defective

APS kinase (Sugahara and Schwartz 1979).

PAPS is the sulphate donor for the sulphation of glycoproteins, glycosaminoglycans and

glycolipids (Liau and Horowitz 1976). Sulphate availability influences the level of PAPS
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synthesis, which in turn affects the level of sulphation (Section 1.2.2.1). The sulphate pool
drawn upon by the synthesis of PAPS is derived from a number of sources (Section 1.2.3.1).
One of these sources is generated by the lysosomal sulphatases (T able 1.2), which liberate
inorganic sulphate during the catabolism of sulphated macromolecules. The liberated
sulphate is subsequently transported back to the cytosol. The contribution of sulphate from
the catabolism of cysteine in the mitochondria to produce PAPS has been shown to be very
small (Hill 1995; Imai et al. 1994) even in sulphate-depleted cells. In another study however,
it has been shown that cysteine, as a source of sulphate was adequate in maintaining normal
levels of glomerular proteoglycan sulphation (Templeton and Wang 1992). This difference

may be due to the different requirements of the cell types investigated (Section 1.2.2.1).
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Reaction 1
ATP sulphurylase
SO¥ +ATP == APS + PPi
Reaction 2
APS kinase

APS + ATP ——= =~ PAPS + ADP

Reaction 3

pyrophosphatase
PPi+H,0 —— =~ 2Pi

Figure 1.2  Synthesis of phosphoadenosine phosphosulphate.

The equilibrium of reaction 1 lies far to the left, however, the hydrolysis of
pyrophosphate (PPi) in reaction 3 and the action of APS kinase in reaction 2 promote
the production of PAPS.

Abbreviations: adenosine triphosphate (ATP); adenosine phosphosulphate (APS);
phosphoadenosine  phosphosulphate (PAPS); adenosine diphosphate (ADP);
pyrophosphate (PPi); and inorganic phosphate (P1).
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1.2.2 The roles of sulphate within the cell.

The cellular roles of sulphate can be divided into structural, metabolic and regulatory,
although these are often interrelated. The structural roles have been illustrated by either a low
availability of sulphate or a defective enzyme involved in sulphate metabolism. The
metabolic and regulatory roles of sulphate include drug and hormone metabolism, and the

modulation of neurotransmitters.

1.2.2.1 A structural role of sulphation.

Under-sulphation of glycosaminoglycans causes the pathology in a number of diseases.
Diastrophic dysplasia (osteochondrodysplasia) for example, results from under-sulphation of
proteoglycans in cartilage and bone (Section 1.5.2.2). The clinical features include dwarfism,

spinal deformation and joint abnormalities (Walker et al. 1972).

Extracellular matrix, which is composed of collagens, glycoproteins and proteoglycans,
interacts with receptors. These interactions affect cell recognition and adhesion, signal
transduction and cytoskeletal organisation, which in turn regulates cell locomotion (McCarthy

and Turley 1993).

Cartilage-producing cells have a very large sulphate requirement for the synthesis of
proteoglycans (Esko et al. 1986) which is why they are profoundly affected by sulphate
availability. A number of workers have shown that decreases in extracellular and intracellular
sulphate result in under-sulphated proteoglycans (Estep et al. 1981; Humphries et al. 1986;
Krijgsheld et al. 1982; Sobue et al. 1978). Intracellular levels of sulphate regulate PAPS
synthesis directly, due to the pathway’s relatively high overall K,,, which is in the same range

as the serum concentration (Muelder and Kuelemans 1978). In turn the level of PAPS has
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been shown to determine the amount of sulphation (Hart 1978; Muelder and Kuelemans

1978), hence the undersulphation in the brachymorphic mouse (Section 1.2.1).

1.2.2.2 Metabolic and regulatory roles of sulphate.

Sulphation plays a large role in detoxification and drug metabolism. Non-microsomal
enzymes perform most drug biotransformations. These reactions occur primarily in liver but
also in plasma and other tissues. Included in these non-microsomal reactions are the sulphate
conjugations of phenolic compounds including steroids. These sulphate conjugations of drugs
and environmental substances utilise PAPS as the sulphate donor (Benet and Sheiner 1985).
These detoxifying reactions are catalysed by members of the sulphotransferase and sulphatase

enzyme super-families (Coughtrie ef al. 1998; Varin et al. 1997).

1.2.3 Intracellular sulphate pools.

1.2.3.1 The origins of intracellular sulphate pools.

The origins of inorganic sulphate pools are complex and involve the metabolism of
sulphur-containing compounds. There are still many questions that need answering before
this field can be better understood. The human diet contains a large amount of sulphate; it has
been quantitated in breast milk (McPhee ez al. 1990) that 87% of the total sulphate could be
derived from acid-labile sulphoesters (220 pmol/L), while inorganic sulphate (35 umol/L)
was only a small part of the dietary sulphate pool. It has been estimated that dietary sulphate
intakes in the population range between 1.5 and 16 mmol/day (Florin et al. 1991). Sulphate
absorption in the upper gastrointestinal tract however, plateaus at 5 mmol/day in subjects on a

high sulphate diet, which is consistent with low capacity, high affinity active transport in the
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mucosa. Sulphate derived from sulphur-containing amino acids was calculated to be

23 mmol/day.

In humans, the turnover of glycosaminoglycans (Figure I .3) has been determined as
250 mg/day, which would generate 0.5 mmol, or 48 mg/day (Curtis 1982). Endogenous
sulphate from intestinal secretions (0.96-2.6 mmol/day) is esterified with glycoproteins
(mainly mucins), and to a lesser extent with steroids and glycolipids. Of urinary sulphate,
12% is bound as esters of phenol, indole and p-cresol, which are derived from bacterial
degradation of aromatic amino acids in the gut. There is little sulphatase activity in the
mucosa of the gastrointestinal tract; the free sulphate in the ileum is likely to be dietary,
whereas the bound sulphate is largely endogenous. In mammals filtered sulphate is
effectively reabsorbed by the kidney. Only 10-15% of the filtered load is excreted in the urine

(Pritchard 1987).
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Golgi apparatus

SO4- - - -

mitochondria

- — cysteine
steroids-S

Figure 1.3 Sulphate cycling and generation from organelle macromolecular
catalysis.

Sulphation of glycosaminoglycans (GAG) occurs in the Golgi apparatus. Sulphate is
liberated from sulphated macromolecules by lysosomal and microsomal sulphatase
activity and the catabolism of cysteine in the mitochondria. These pools of sulphate
are transported to the cytoplasm. Abbreviations: phosphoadenosine phosphosulphate
(PAPS); and phosphoadenosine phosphate (PAPS).
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1.2.3.2 Metabolism of sulphate from cysteine.

The intracellular metabolism of sulphate (Figure 1.4) occurs in the cytosol, mitochondria,
microsomes and the lysosomes. Thiosulphate can be oxidised to sulphate in animal cells.
Decomposition of cysteine by cystathionase leads to the formation of sulphide, and
transamination of cysteine-sulphinic acid is the main source of sulphite. Both of these
products (sulphide and sulphite) can enter the thiosulphate cycle before complete oxidation to
sulphate occurs (Koj et al. 1967, Recasens and Mandel 1979; Templeton and Wang 1992).
Cysteine can also form sulphide via cystine and thiocystine before oxidation to sulphate.
Another route to produce sulphate from cysteine is the cysteamine to taurine pathway into

which cysteine-sulphinic acid can also contribute.

The sulphinic acid pathway in sulphate metabolism has been extensively studied, however, its
importance as a source of sulphate appears to be negligible (Hill 1995; Imai et al. 1994). Two
far more important sources of sulphate are derived from the degradation of sulphated
macromolecules predominantly in the lysosome (Section 1.3.1 .1) and transport of sulphate
from intracellular and extracellular pools (Section 1.2.3). The convoluted pathways involved

in sulphate metabolism illustrate the complexity of defining sulphate pools.
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\/
taurine SO, (sulphite)
SO

Figure 1.4 The metabolism of sulphate from cysteine.

The metabolism of sulphate from cysteine occurs in the cytosol and mitochondria.
The figure is based on those by Koj et al. (1967) and Vadgama and Jonas (1992). This
figure has been simplified by omitting some by-products and intermediate compounds.
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1.2.3.3 Regulation of sulphate pools.

The significance of changes to sulphate pools by various regulators is not well understood.
Progesterone for example has been shown to increase the intracellular inorganic sulphate pool
of uterine epithelial cells (Mahfoudi e al. 1991). In diabetes there is an under-sulphation of
proteoglycans and an increase in intracellular sulphate pools and renal clearance (Fan and
Templeton 1992). The level of glycosaminoglycan sulphation is upset in cystic fibrosis with
an increase in sulphation (Frates et al. 1983) which is thought to increase respiratory infection
(Hill 1995). Mohapatra et al. (1993) believed, from experiments in bronchial epithelia cells,
that there are two intracellular sulphate pools, a large slowly exchangeable one and a small
one that can become very large if the level of extracellular chloride is lowered. This
hypothesis of two intracellular sulphate pools has also been supported by Hill (1995) and Hill

et al. (1997a,b).

Serum sulphate concentration varies considerably between species (Table 1.1). Human serum
has the lowest sulphate level, which is coupled, to the lowest level of sulphate excreted in
urine. Therefore, the importance of a change in serum sulphate concentration between species
may also be different. This difference between species will not aid the understanding of
sulphate pools. It has been shown in rat serum that sulphate can be significantly reduced by a
low-protein diet or administration of a substrate of sulphation such as paracetamol (Krijgsheld
and Mulder 1982). This means that data on sulphate pools must be taken in context of the

animal system under study.
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Table 1.1  Sulphate concentrations in serum.

Data from Krijgsheld et al. (1980) and Krijgsheld and Mulder (1982).

Species Serum sulphate (mM) Urinary excretion of
sulphate (umol/hr/kg)
 Human - 03 15
Rat 0.9 70
Mouse 1.2
Dog 1.4 25
Cow 1.8
Rabbit 2.0 25

In plants, glutathione is an important storage and transport form of organic sulphur (Noctor et
al. 1997) and is described as the most abundant low-molecular weight thiol compound in
plants (Hell 1997). The importance of glutathione as a sulphur store or sulphate intermediary

still needs to be investigated in animal systems.
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1.3 The definition and function of the lysosome.

The lysosome is the major digestive organelle in an animal cell that is specialised in the
orderly destruction of cellular components. It is an intracellular single membrane organelle,
which ranges from 25 nm to over 1 pm in diameter and varies in number with cell type. The
enzymes housed in this compartment have optimal activities at an acid pH, hence the term
acid hydrolases. A proton pump (H'-ATPase) in the lysosomal membrane maintains a pH of
approximately 4.6, suitable for these catalytic enzymes. Lysosomes are involved in

phagocytosis, endocytosis and autophagy (Karp 1999; Storrie 1988).

Phagocytosis is uptake by a cell of large particulate material by engulfment with cytoplasmic
extensions of the plasma membrane, which pinches free to produce a phagosome and then
fuses with a lysosome to digest its content. In mammals examples of this process are
performed by Kupffer cells in the liver that engulf aging erythrocytes, and macrophages
which engulf unwelcome microorganisms. Endocytosis is the non-specific uptake of
extracellular fluids or the receptor-mediated uptake of specific ligands such as hormones and
growth factors into endosomes. This extracellular material is enclosed by the invagination of
plasma membrane budding off into the cell as a vesicle. These vacuoles can then fuse with
lysosomes through the endocytic pathway. Autophagy is the recycling of the cell’s own
organelles. Mitochondria for example, are enclosed by the endoplasmic reticulum which then
fuse with a lysosome. Cells deprived of nutrients show a marked increase in autophagy,
where it cannibalises its own organelles to remain alive (Karp 1999; Klionsky and Ohsumi
1999; Sabatini and Adesnik 1998). An unusual role of lysosomal activity is played out during
fertilisation. A packet of lysosomal enzymes (the acrosome) in the head of a sperm fuses with
its plasma membrane as it reaches the egg and digests a hole in the outer covering of the egg

through which the sperm can pass (Karp 1999).
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Storrie (1988) defined a lysosome, in addition to that just described, as an organelle rich in a
range of mature forms of recognised lysosomal proteins including acid hydrolases; the
terminal compartment in the endocytic pathway, distinct from the pre-lysosomal compartment
which contains the mannose-6-phosphate receptors; and a lysosome must behave as a high

density organelle in fractionation experiments.

The lysosomal enzymes hydrolyse a wide range of macromolecules including proteins,
nucleic acids, carbohydrates, glycoproteins, glycolipids, neutral lipids, phospholipids and
phosphoesters (Finean et al. 1984; Rome and Hill 1986). The resulting monomeric subunits,
including sugars, amino acids, purines and pyrimidines, inorganic phosphate, fatty acids and

sulphate are transported back to the cytoplasm for reutilisation in biosynthetic pathways.

The lysosome is also a major site of degradation for polypeptides. Polypeptides with a
KFERQ-like peptide motif are recognised by a heat shock cognate protein, which mediates
their transport to the lysosome for degradation (Terlecky and Dice 1993). Polypeptides that
have this motif, are cytosolic, and their degradation which is mediated by the heat shock

cognate protein, is induced under conditions of stress, such as starvation.

1.3.1 Structure of the lysosome.

Electron micrographs show lysosomes to be neither distinctive nor uniform in appearance
making their identification by morphology alone difficult (Karp 1999). The single
phospholipid bilayers or membranes of the lysosomes are largely phosphatidylcholine 41%
w/w), phosphatidylethanolamine (26%), phosphatidylinositol (10%), sphingomyelin (8%),

and cholesterol with a molar ratio of cholesterol to total phospholipid of 0.3:1 (Henning and
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Heidrich 1974). Lysosomes also have a unique acidic phospholipid bis (monoacylglycerol)
phosphate, also known as lysobisphosphatidic acid (Matsuzawa and Hostetler 1980; Tjiong
and Debuch 1978; Tjiong et al. 1978; Wherrett and Huterer 1972). This phospholipid is

resistant to degradation by lysosomal acid hydrolases (Matsuzawa and Hostetler 1979).

The phospholipid bilayer or lysosomal membrane plays an important role in this organelle’s
function. It not only provides an isolated intracellular acid environment required for the
hydrolytic activity, but it contains the macromolecules for degradation, only allowing the
egress of the end products of digestion. This egress of products is via specific lysosomal
transporters (Section 1.3.3) either active or passive in nature (Fukuda 1991; Lloyd and Forster
1991). The failure of such a transporter results in lysosomal storage of an end product

resulting in disease (Table 1.6).

Lysosomal proteins are either soluble hydrolytic enzymes, such as the sulphatases associated
with the phospholipid membrane in a putatively structural role (Section 1.3.2.3), or embedded
in the phospholipid membrane, as are the transporters (Section 1.3.3). These proteins in

concert perform the functions of the lysosome, each group dependent on the others.

1.3.1.1 Lysosomal hydrolysis of glycosaminoglycans.

Degradation of glycosaminoglycans by the lysosome involves a number of sulphatases that
generate sulphate. Sulphate has been shown in-vifro to inhibit sulphatase activity, indicating
the importance of the sulphate transporter’s function in allowing the egress of sulphate from

the lysosome into the cytoplasm.
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The lysosomal catabolism of glycosaminoglycans is a stepwise exo-degradative process.
Each step is performed by a different enzyme, which requires the previous step to be
completed. For example, the degradation of heparan sulphate, which requires five
sulphatases, three glycosidases and an acetyl transferase illustrates this exo-degradative

process (see Figure 1.5).
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Figure 1.5 Degradation of heparan sulphate.

Stepwise exo-enzyme degradation of heparan sulphate oligosaccharides in the
lysosome. Reproduced from Hopwood and Morris (1990). The sequence shown was
chosen to demonstrate all bonds modified by the nine exo-enzymes required to degrade
heparan sulphate.

The deficiency of an exo-enzyme results in the accumulation of an incompletely
degraded GAG. A deficiency of one of these enzymes, can give rise to a specific
disease, due to the accumulation in the lysosome of incompletely degraded GAG. The
disease MPS II for example, is due to the deficiency of iduronate-2-sulphatase.



Chapter 1

24

nco® 0@

coon

SN aW s

Iduronote/ t MPS i

—2-sulphatase

:50@

a-L-Iduronidase T MPS |
H,C0(3) COOH H,co® CooH
0 0O O, o]
N® o® N®
Glucosamine ~6-sulphatase T MPS IlID
H,COM COOH H,co® COOH
0 0 Q (o}
N? o® N(E)
Sulphamidase T MPS 1IA
1,CoH H,co®

o Lyl L

Ac CoA
g / T MPS lIIC

N-Acetyltransferase

H,COH Heo®

o T Ere-

a-/V—Ace'fylglucosomlmdose T MPS 1B

uco@
Glucuronate -2- sulphafose T MPS ?
,co@

B-b-Glucuronidase T MPS Vil

N®

Glucosamine—3-sulphatase T MPS ?



Chapter 1 25

1.3.1.1.1 Sulphatases

Sulphatases hydrolyse sulphated glycosaminoglycans, glycolipids, glycoproteins and
hydroxysteroids liberating inorganic sulphate. There is a high degree of amino acid
homology along the entire length of this family of proteins. There are twelve reported
sulphatases (Table 1.2), eight of which are lysosomal and four associated with microsomal
fractions (Parenti et al. 1997; Scott et al. 1995). The structure of arylsulphatase B has been
determined by X-ray crystallography showing the active site to be conserved in the sulphatase
family (Bond ef al. 1997). A range of diseases can arise when one or more sulphatases are
defective. Disease is caused by the accumulation of partly degraded glycosaminoglycans
(Section 1.3.1.1). The particular glycosaminoglycans stored are those that are substrates of
the defective enzyme, which give rise to the clinical symptoms associated with that disease.

In multiple sulphatase deficiency (MSD) all of the sulphatase substrates are stored.
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Table 1.2

Human sulphatases.

(Parenti et al. 1997; Scott et al. 1995)

Enzyme

- gaﬁcm_se—_?)-saiphata;
ARS A (E.C. 3.1.6.8)

N-acetylgalactosamine-

4-sulphatase

ARS B (E.C. 3.1.6.12)
ARS C / steroid sulphatase

(E.C.3.1.6.2)

ARSD

ARS E

ASRF

Iduronate-2-sulphatase

(EC 3.1.6.13)

Sulphamidase
(EC 3.10.1.1)

glucosamine-6-sulphatase

(E.C.3.1.6.14)

glucuronate-2-sulphatase

(E.C.3.1.6.18)

glucosamine-3-sulphatase

(E.C.3.1.6.15)

galactose-6-sulphatase

(E.C.2.5.1.5)

Location Substrate
Lysosofne Cerebroside
Lysosome DS
Microsome Sulphated
steroids
Endoplasmic Unknown
Reticulum
Golgi apparatus  Unknown
Endoplasmic Unknown
Reticulum
Lysosome HS, DS
Lysosome HS
Lysosome HS, GIcNAc6S
Lysosome HS
Lysosome HS
Lysosome KS, CS

Disease

metachromatic
leukodystrophy,
MSD

MPS VI, MSD

Ichthyosis,
metachromatic
leukodystrophy
Not established
Chondrodysplasia
punctata, MSD
Not established
MPS II, MSD
MPS IIIA, MSD
MPS IIID, MSD
Not established

Not established

MPS IV, MSD

Abbreviations: arylsulphatase (ARS); multiple sulphatase deficiency (MSD);
mucopolysaccharidosis (MPS); dermatan sulphate (DS); heparan sulphate (HS);
chondroitin sulphate (CS); N-acetylglucosamine-6-sulphate (GIcNACc6S); keratan

sulphate (KS).
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1.3.2 Lysosomal biogenesis.

The plasma membrane and cytoplasmic organelles, including the endoplasmic reticulum
(ER), Golgi, secretory vesicles, endosomes and lysosomes, form an integrated endomembrane
system. Mitochondria and peroxisomes do not communicate with the endomembrane system.
This system transports macromolecules and membrane components to different parts of the
cell, and in and out of the cell. Organelles and secretory granules or vesicles are formed by
budding off from the endomembrane. The targeting of newly-synthesised proteins is by
transport along the endomembrane or delivered by a vesicle that fuses with the membrane of
its destination compartment. The luminal faces of endomembranes are topologically
equivalent. That is, the extracellular and luminal faces are the same, and the organelle’s and
plasma membrane’s cytoplasmic faces are the same (Sabatini and Adesnik 1998). The lipid
component of the plasma membrane has a high cholesterol content and is relatively rich in
sphingolipids. In contrast, mitochondria, nuclear membranes and ER contain little cholesterol
and sphingolipids.  Golgi, secretory vesicles and lysosomal membranes have lipid
compositions intermediate between those of the plasma membrane and the major intracellular

organelles, reflecting their role in the endomembrane system (Finean et al. 1984).

1.3.2.1 Targeting of lysosomal luminal proteins.

Soluble lysosomal enzymes are tagged for targeting by additions to asparagine-linked
heterosaccharide chains of a phosphorylated mannose residue. This occurs in the cis-Golgi to
the 6-position of a mannose residue by the addition of N-acetylglucosamine-1-phosphate
followed by the hydrolytic removal of the N-acetylglucosamine (Finean et al. 1984). An
acidic environment is required for certain post-translational processing reactions associated
with secretion, such as proteolytic cleavage of proproteins and glycosylation, and also for

proper sorting of membrane and secretory constituents (Andersson et al. 1989).
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Mannose-6-phosphate receptors traffic these tagged proteins into the endosomal network and
on to their lysosomal destiny (Hille-Rehfeld 1995; Kornfeld 1992; von Figura 1991). The
mannose-6-phosphate receptor-linked lysosomal proteins leave the trans-Golgi network via
vesicles, which bud off to join the endocytic network where vesicular fusion occurs (Geuze et

al. 1988).

1.3.2.2 Targeting of lysosomal membrane proteins.

Membrane proteins do not reach the lysosome using the mannose-6-phosphate tag. A direct
path to the lysosome and one via the plasma membrane has been observed. It is thought that a
single glycine, tyrosine (GY) motif near the C-terminal may be responsible (Honing et al.
1996). This motif exists in the lysosomal-associated membrane proteins (lamp) and the
lysosomal acid phosphatase and cystinosin proteins (Town et al. 1998). An alternative or
more extensive targeting motif is yet to be found, which could be a useful tool for the

remaining low abundant and elusive transporters.

1.3.2.3 Lysosomal membrane proteins.

A major group of lysosomal membrane proteins are the transporters (Section 1.3.3). Of the
non-transporter lysosomal membrane proteins, relatively few sequences are known. Many
functions have been ascribed as to the roles of these proteins, from protecting the
phospholipid bilayer from degradation to contributing to the acid environment. Lysosomal
membrane glycoproteins sequenced to date (Table 1.3) are rich in complex N-linked
oligosaccharides that are rich in poly-N-acetyllactosamines bearing sialic acid. It is thought
these oligosaccharides protect the phospholipid membrane from hydrolytic attack (Sabatini

and Adesnik 1998).
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Table 1.3  Sequenced lysosomal membrane proteins.

This is an expansion of the table reported by Hopwood and Brooks (1997).

Human Mouse Rat Reference
cystine transporter (Town et al. 1998)
lysosomal acid (Geier et al. 1989)
phosphatase
cation dependent (Pohlmann et al. 1987)
mannose
6-phosphate
receptor
cation independent (Oshima et al. 1988)
mannose
6-phosphate
receptor
Battenin ~ protein (Golabek et al. 1999)
(CLN3)
Macrosialin / (Holness and Simmons 1993)
CD68
CD164 CD164 endolyn  (Ihrke et al. 2000)
lysosomal- (Adra et al. 1996)
associated  multi-
transmembrane
protein
syntaxin 7 (Nakamura et al. 2000)
lgp 107  (Akamine et al. 1993)
lamp 1 limp 3 lgp 100 (Carlsson et al. 1988; Mane ef al. 1989)
lamp 2 limp 4 lgp 120 (Carlsson et al. 1988; Mane et al. 1989)
lamp 3 / CD63 limp 1 (Hopwood and Brooks 1997)
h 1gp 85 limp 2/ 1gp 85 (Fujita et al. 1992)
CD36
H'-ATPase (Ohkuma and Poole 1978; Schneider
1979)

Abbreviations: lysosomal associated membrane protein (lamp); lysosomal integral
membrane protein (limp); lysosomal granule protein (Igp); lysosomal endosomal
plasma membrane protein (lep).
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1.3.3 Lysosomal transporters.

The degradation of macromolecules by the lysosome can be divided into three parts: the
acquisition of macromolecules, the coordinated digestion of the macromolecules, and the
transport of the resulting products out of the lysosome. This thesis is most concerned with
this third area of lysosomal function. Over the last twenty years as many lysosomal
transporters have been described (Chou ef al. 1992; Thoene 1992). Of the transporters listed
in Table 1.4 there is one channel, one pump, and the remainder is split between passive and
active transporters (Section 1.1.4). The ubiquitous vacuolar proton pump (Section 1.3.3.1)
and the cystine transporter (Section 1.3.3.2), however, are the only two transporters that have

been isolated or cloned.
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Table 1.4  Characterised lysosomal transporters.

Type of transporter Reference

Channel

Chloride (Tilly et al. 1992)

Pump

H'-ATPase (Ohkuma and Poole 1978; Schneider

Passive-Carrier

Large neutral amino acids

Tyr, Leu, Ileu, Try, Phe, His, Val, Met
Small neutral amino acids

Ala, Ser, Thr, not Proline

Pro and Ala

Proline, not Ala

Dicarboxylic amino acids
Aspartate and Glutamate
Nucleosides

Branched and aromatic amino acids
N-acetylated hexoses

N-acetyl-D-glucosamine, N-acetyl-
D-galactosamine

Neutral monosaccharides (hexoses)
D-Glucose, L-Fructose

Phosphate

Calcium

Folypolyglutamates

1979)

(Bernar et al. 1986)
(Pisoni et al. 1987)
(Pisoni et al. 1987)
(Pisoni et al. 1987)
(Collarini et al. 1989)
(Pisoni and Thoene 1989)

(Stewart et al. 1989)
(Jonas et al. 1989)

(Jonas et al. 1990; Mancini et al. 1990)

(Pisoni 1991)
(Lemons and Thoene 1991)
(Barrueco and Sirotnak 1991)

(continued)
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Table 1.4 (continued)

Active Carrier
Cystine

Cationic amino acids
Lys, Arg

Acidic sugars

Sialic acid, glucuronate, gluconate,
galactonate and galactuonate.

Sulphate
Cysteine

Cobalamin

Taurine
Unknown
Cholesterol
Small dipeptides

Biotin

(Gahl et al. 1982)
(Pisoni et al. 1985)

(Mancini et al. 1989; Renlund et al. 1986)

(Jonas and Jobe 1990)
(Pisoni et al. 1990; Town et al. 1998)

(Idriss and Jonas 1991; Rosenblatt ez al.
1985)

(Vadgama et al. 1991)

(Liscum et al. 1989)
(Bird and Lloyd 1990)
(Idriss et al. 1991)

1.3.3.1 Proton pump (H*-ATPase).

The intralysosomal pH, measured to be 4.6 (Ohkuma and Poole 1978), is generated by a
proton pump (Schneider 1979, 1981). The lysosomal proton pump was found to be Mg®" and
ATP dependent (Ohkuma et al. 1982), and is the only active transporter (pump) isolated from
lysosomes (Schneider 1983). The lysosomal acidification, which was measured by
fluorescein fluorescence, required a membrane-permeant anion such as chloride and was
reversed by the protonophore carbonyl cyanide p-trifluoromethoxyphyenylhydrazone (FCCP).
It differed from the mitochondrial oligomycin-sensitive ATPase, the Na“/K'-ATPase by its
insensitivity to ouabain, and the microsomal Ca?"-ATPase by mnot requiring calcium.

Moriyama et al. (1984) used acridine orange as a fluorescent probe to observe the

Mg**-ATPase-generated pH gradient in tritosome membrane ghosts. These studies provided
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evidence that this Mg®'-ATPase has properties in common with the H'-pumps of yeast
vacuoles, plant vacuolysosomes, secretory granules, and clathrin-coated vesicles (Forgac et
al. 1983), thought to play a role in endocytosis, endosomes and chromaffin granules

(Moriyama and Nelson 1987).

The lysosomal proton pump was reconstituted into proteoliposomes using Escherichia coli
phospholipids (D'Souza et al. 1987) and finally purified from rat liver lysosomes (Arai et al.

1993) and identified as a vacuolar (v)-type pump.

1.3.3.2 Lysosomal cystine transport.

The lysosomal cystine transport gene codes for 367 amino acids and has six or seven putative
transmembrane spanning domains. The sequence also revealed the glycine-tyrosine (GY)
dipeptide five amino acids from the C-terminus (Town et al. 1998), thought to be the
targeting motif for lysosomal membrane proteins (Honing et al. 1996). The cystine

transporter allows the passage of cystine from the lysosome to the cytoplasm.

The consequence of cystine storage in lysosomes and hence storage in cells, is the disease
cystinosis (Gahl 1992). Cystinosis presents itself either as an infantile nephropathic type, an
adolescent nephropathic type, or less frequently, as a benign or adult non-nephropathic type.
Schneider (1967) found the heterozygote parent’s leucocytes had approximately six-times the
normal levels of free cystine. The heterozygote leucocyte referring to one normal copy and
one dysfunctional copy of the cystine transporter. Gahl et al. (1984) measured cystine
counter-transport in leucocyte lysosomes of heterozygotes to be approximately half of that
observed in non-cystinotics. These data suggested that cystinosis was a cystine transport

disease. This autosomal recessive disorder has a varying severity that correlates with elevated
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levels of cystine. The clinical symptoms range from photophobia due to cystine crystals in
the cornea, to kidney malabsorption of essential nutrients, electrolytes and water. The renal
tubular Fanconi syndrome causes retarded growth. Further disease progression includes a
requirement for dialysis, kidney and thyroid replacement, endocrine insufficiency, difficulty

swallowing, and blindness (Gahl 1992).

Patients are treated with cysteamine, which acts by converting cystine to cysteine and
cysteine-cysteamine. These products are then able to leave the cystinotic lysosome, the latter
via the lysine transporter (Pisoni et al. 1985). Treatment of these patients with cysteamine to
reduce storage has been successful (Gahl et al. 1987) and the earlier the commencement of
treatment the better the prognosis (Markello et al. 1993). This disease has been studied for
over thirty years, and only recently has the gene for this transporter was found (Town et al.

1998). This is the first lysosomal transport gene identified, excluding the ubiquitous proton

pump.

1.3.3.3 Lysosomal sialic acid transport.

Mancini et al. (1989, 1991) demonstrated a sialic acid carrier in human lysosomal
membranes. This transporter showed a wide substrate specificity for acidic monosaccharides
including glucuronic acid. Co-transport was stimulated with a proton gradient (K; of
0.24 mM), and inhibited by diisothiocyanatostilbene disulphonic acid (DIDS). The

transporter also exhibited counter-transport.

The failure of the lysosomal egress of sialic acid is responsible for infantile free sialic acid

disease (Tietze et al. 1989), and Salla disease, the adult type (Renlund et al. 1983). The
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transporter has been successfully reconstituted into artificial proteoliposomes (Mancini et al.

1992), and has now been cloned (Verheijen et al. 1999).

1.3.3.4 Lysosomal cobalamin transport.

A specific lysosomal transporter for cobalamin (vitamin B12) was recognised using cultured
fibroblasts (Rosenblatt ef al. 1985). The metabolism of this vitamin is complex, and involves
extracellular and intracellular steps (Sillaots and Rosenblatt 1992). Cobalamin provides
cofactors required for the conversion of methyl-malonyl-coenzyme A to succinyl-

coenzyme A, and the formation of methionine from homocysteine.

An individual found with abnormalities in the metabolism of methyl-malonate and
homocysteine had lysosomal storage of free cobalamin (Rosenblatt et al. 1985). This
transporter was found to be pH-dependent with a K, of 3.5mM, and exhibited
counter-transport (Idriss and Jonas 1991). Purification or isolation of this transporter has not

yet been achieved.

1.3.3.5 Lysosomal sulphate transport.

Lysosomal sulphate transport has been characterised using rat liver by Jonas and Jobe (1990).
Lysosomes were isolated after treatment with methionine methyl ester, which caused their
swelling and rupture. The transport of sulphate across the lysosomal membrane is via a
saturable carrier. The direction of ion transport through a carrier is dictated by the
electrochemical gradient (Section 1.1.4). If the concentration of sulphate is higher outside a
lysosome, the net transport will therefore be an influx of the ion into the vesicle. Conversely,
if the concentration of sulphate is higher inside a vesicle (an outward gradient), sulphate will

efflux from the vesicles into the surrounding environment. A relatively recent family of
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sulphate transporters with similar characteristics to the lysosomal one has been found
(Section 1.5.2). Although no disease has been described due to failure of the lysosomal
sulphate transporter, such failure may contribute to pathology of an unexplained lysosomal

storage disease.

1.3.4 Consequences of lysosomal dysfunction.

The lysosome’s functions are to isolate an intracellular space for its activities and to degrade
various intracellular and extracellular components into monomeric subunits. The interruption
of these conceptually simple tasks of the lysosome has wide-ranging, and serious
implications. A number of bacterial organisms that infect humans do so by avoiding
lysosomal degradation. Mycobacterium tuberculosis prevents the phagosome enclosing it
from fusing with the lysosome, and Listeria monocytogenes a meningitis causing bacteria,
produces a phospholipase which destroys the integrity of the lysosomal membrane (Karp

1999).

As alluded to earlier, lysosomal dysfunction is also caused by genetic anomalies that affect
the function of the lysosomal hydrolytic enzymes (Figure 1.5 and T able 1.2) and transporters
(Section 1.3.3.2), resulting in lysosomal storage disorders (LSD). Understanding the
biological basis of these disorders has and still does present a considerable task. LSD have
been reported in many species including emu (Kim e al. 1996) and kangaroo (Rothwell ez al.
1990). It is in the human however, where they have been well characterised and catalogued
(Applegarth et al. 1997). These disorders have been divided into six groups: the
glycogenosis, glycolipidosis, mucopolysaccharidoses, oligosaccharidoses, transport and other
disorders. The failure to degrade the sulphated glycosaminoglycans heparan sulphate,

dermatan sulphate, keratan sulphate and chondroitin sulphate, collectively make up the group
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of LSD known as mucopolysaccharidoses (MPS) disorders (Hopwood and Brooks 1997;
Hopwood and Morris 1990). Twelve enzymes are involved in the breakdown of these
sulphated glycosaminoglycans (Table 1.5). Although only seven of these enzymes are
sulphatases due to the stepwise exo-degradative process (Section 1.3.1.1), any defective
enzyme activity of the other five would similarly result in storage of sulphated

glycosaminoglycans.

The storage products of hydrolysis that result from a defective transporter can cause LSD.
Known lysosomal transporter disorders (7able 1.6) include the storage of cystine and sialic

acid (Gahl et al. 1998) and cobalamin (Rosenblatt ef al. 1985) (Sections 1.3.3.2, 1.3.3.4).
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Table 1.5  Mucopolysaccharidoses.
(*Sulphatase enzymes.)
MPS Eponym Enzyme deficiency Stored
type substrate
I Hurler / Scheie a-L-iduronidase (E.C. 3.2.1.76) HS, DS
II  Hunter *iduronate-2-sulphatase (E.C. 3.1.6.13) HS, DS
IIIA  Sanfilippo *sulphamidase (E.C. 3.10.1.1) HS
IIB  Sanfilippo o-N-acetylglucosaminidase HS
(E.C. 3.2.1.50)
IIIC Sanfilippo acetyl-CoA:a-glucosaminidase HS
N-acetyltransferase (E.C. 2.3.1.3)
IIID  Sanfilippo *glucosamine-6-sulphatase HS, GIcNAc6S
(E.C3.1.6.14)
IVA Morquio *galactose-6-sulphatase (E.C. 3.1.6.4)  KS, CS,
GalNAc6S
IVB Morquio SD-galactosidase (E.C. 3.2.1.23) KS
VI Maroteaux-Lamy *N-acetylgalactosamine-4-sulphatase DS, CS,
(E.C.3.1.6.1) GalNAc4S,
GalNAc4,6diS
VII  Sly D-glucuronidase (E.C. 3.2.1.31) CS, HS, DS
? *glucuronate-2-sulphatase HS, CS
(E.C. 3.1.6.18)
? *glucosamine-3-sulphatase HS
(E.C. 3.1.6.15)

Abbreviations: heparan sulphate (HS), dermatan sulphate (DS), chondroitin sulphate (CS),
keratan sulphate (KS), N-acetylglucosamine-6-sulphate (GIcNACc6S), N-acetylgalactosamine-

4-sulphate (GalNAc4S), N-acetylgalactosamine-4,6-disulphate (GalNAc4,6diS).
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Table 1.6  Storage disorders due to transport defects.

Disease name Enzyme defect

Substance stored

- Lysosomal Enzyme Transport Disorders

Mucolipidosis I/III (I-cell ~ N-acetylglucosamine-
disease/ pseudo-Hurler 1-phosphotransferase

polydystrophy)

Lysosomal Membrane Transport Disorders

Cystinosis cystine transporter
Salla sialic acid / glucuronic acid
transporter

cblF cobalamin transporter

multiple substrates

free cystine

free sialic acid and
glucuronic acid

cobalamin
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1.4 Non-lysosomal anion exchangers.

There have been a number of non-lysosomal transporters described which are functionally
similar and may be homologous in sequence or structure. Among these are a number of
transporters with similar characteristics to the lysosomal sulphate transporter. These
similarities include the ions they transport, the inhibitors to which they are sensitive and their
mechanisms of action. The anion exchanger (AE) in red blood cells (known as Band 3) and
other members of this family (AE2 and AE3) demonstrate a range of transporter functions

(Section 1.4.1.1).

1.4.1 Functions of the chloride / bicarbonate transporters.

Other members of the Band 3 anion exchanger family reviewed by Alper (1991) are
expressed in the renal proximal tubule, heart, brain and white blood cells. The non-erythroid
CI/HCO; exchangers function in concert with other plasma membrane transporters to regulate
cell volume, pH and chloride concentration. The functions of each transporter depend on
other transporters with which they are combined. The CI/HCOs™ exchanger acidifies the
interior of the cell which, when coupled with a Na'/H" acid extruder, regulates intercellular
pH (Tanner 1993). Other acid extruders that can work in concert include the H'/lactate

co-transporter, the H*/K*-ATPase, and the vacuolar H'-ATPase (Alper 1991).

1.4.1.1 The erythrocyte anion transporter.

The anion transporter in red blood cells comprises 25% of the membrane proteins and is also
known as Band 3 or capnophorin (Jennings and Al Rhaiyel 1988). Band 3 increases the
capacity of blood to carry CO, as HCO;' from tissues to lungs (Tanner 1996) as bicarbonate is
more soluble than carbon dioxide. The hydration of CO; occurs in the erythrocyte, which is

then exchanged by Band 3 for plasma CI'. This equilibration of HCOs5 allows the entire
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volume of blood to be used for its transport (Tanner 1993). There are many aspects to
Band 3, this review however, only includes aspects that may increase an understanding of

anion transporters such as the lysosomal sulphate transporter.

Hereditary spherocytosis, due to a deficiency of Band 3 protein, causes haemolytic anaemia
with varying degrees of haemolysis. The occurrence of pincered (transformed shape)
erythrocytes and their reduced ability to pass through narrow pores leads to a requirement for
a splenectomy which removes the narrowest filter in the body. The shape transformation may

be due to the cytoskeletal anchoring functions of Band 3 (Reinhart et al. 1994).

1.4.1.2 Structure and stability of Band 3.

The fourteen membrane-spanning domains of thirteen members of the anion exchanger family
are highly conserved. Mostly conserved amino acid substitutions were found in the
transmembrane domains compared with the more frequent random substitutions in the

interconnecting extra-membranous loops (Wood 1992).

The integral membrane and anion transport domains of Band 3 were delipidated then
reconstituted to see what influence different lipid environments had on stability (Maneri and
Low 1988). Stability of the membrane domain was found to be exquisitely sensitive to the
acyl chain length of its phospholipid environment, increasing almost linearly in
dimyristoleylphosphatidylcholine (C14:1) to dinervonylphosphatidylcholine (C24:1). The
integral domain was also found to be stabilised by increasing the degree of saturation of the
fatty acyl chains and by elevating the cholesterol content of the membrane. Even though
Band 3 was native in all reconstituted lipid systems, the protein’s stability was clearly much

greater in phosphatidylethanolamine and phosphatidylcholine than phosphatidylserine and
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phosphatidylglycerol (Maneri and Low 1988). Numerous studies have found Band 3

functions as a dimer (Casey and Reithmeier 1991; Cuppoletti ez al. 1985; Wang et al. 1993).

1.4.1.3 Transport properties of Band 3.

Sulphonic acids, including 4,4'-diacetamido stilbene-2,2'-disulphonic acid (DAS) and
2-(4-amino phenyl)-6-methylbenzene thiazol-3',7-disulphonic acid (APMB) produce a
reversible inhibition of sulphate equilibrium exchange in human red cells. A study of the
sidedness of action, of a number of these sulphonic acids, in red cell ghosts revealed that
some, like DAS inhibit only at the outer membrane surface while others, such as APMB,
inhibit at either surface. This finding suggests that at least two different types of membrane

sites are involved in the control of anion permeability (Zaki et al. 1975).

Evidence supports a mechanism with a single proton-binding site that can alternatively have
access to the cytoplasmic and extracellular solutions. The proton binding and transport site
could be coupled to the single anion transport site for co-transport, but the two sites could be
on opposite sides of the membrane at the same time and thus can be asynchronously

transported by conformational changes of Band 3 (Milanick and Gunn 1986).

1.4.1.4 Transport of sulphate by Band 3.

Milanick and Gunn (1984) investigated the sulphate transport capacity of Band 3. Sulphate
influx into human red blood cells was measured at 0 and 22°C at several fixed external pH
values between 3 and 10. Sulphate transport observed Michaelis-Menten kinetics at each pH.

Sulphate influx was stimulated 100-fold by a proton gradient. The flux was stilbene-sensitive



Chapter 1 43

even in valinomycin—treated* cells and hence independent of membrane potential. The
proton-activated influx appears to be proton-sulphate co-transport. At high pH there was a
proton-independent flux that was membrane-potential and stilbene-sensitive. The
proton-insensitive flux appeared to be a SO,4*/CI” exchange or a net sulphate influx (Milanick

and Gunn 1984).

1.4.1.5 Common properties of Band 3 and the lysosomal sulphate
transporters.

Scheuring et al. (1986) developed a method that reconstituted Band 3 into spherical
phospholipid bilayers following solubilisation and purification with Triton X-100. Sulphate
transport, very similar to that in erythrocytes, was measured in these proteoliposomes and
inhibited by 4,4’-diisothiocyanodihydrostilbene-2, 2'-disulphonic acid (H,DIDS) and
flufenamate. Scheuring et al. (1988) found at 37°C, pH 7.2, and 10 mM sulphate that one

reconstituted Band 3 molecule could exchange approximately 590 sulphate ions per minute.

Similarities between Band 3 and the lysosomal sulphate transporter have been shown using
transport inhibitors (Koetters et al. 1995a). Both transporters were sensitive to DIDS,
acetamido isothiocyanatostilbene disulphonic acid (SITS) and phenylglyoxal, which affect
critical lysine and arginine residues. Band 3 and the lysosomal sulphate transporter show
pH-dependent anion transport, exhibit counter-transport of sulphate and were sensitive to
membrane potential at neutral pH. However, these two transporters are not identical because
the potent Band 3 inhibitor dipyridamole had no effect on lysosomal sulphate transport.

Although Band 3 shows increased proton-sulphate co-transport at low pH, at higher pH

* Valinomycin depolarises any potential difference across a phospholipid membrane
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monovalent anion-like bicarbonate become the preferred anion, which does not occur with the

lysosomal sulphate transporter.

1.4.2 Mitochondrial anion transport.

A specific mechanism for sulphate uptake in the mitochondria against a concentration
gradient was observed with an external pH optimum of 5.5 (Winters et al. 1962). The
parathyr'oid hormone stimulates the uptake of sulphate into cartilage, soft tissue, and its
urinary excretion. This hormone promoted mitochondrial-competitive accumulation of
sulphate, arsenate and phosphate (Rasmussen ef al. 1964). Crompton et al. (1974, 1975)
experimented with sulphate transport in rat liver mitochondria and suggested it was
transported by the dicarboxylate carrier, as sulphate elicited an intra-mitochondrial inhibitable
efflux of phosphate, malate, succinate and malonate. In addition to this route of sulphate flux
Saris (1980) found sulphate was transported by a H" symporter in the mitochondria. The
dicarboxylate carrier had a lower K, suggesting the symporter is more important at higher

sulphate concentrations.

The dicarboxylate carrier is located in the inner mitochondrial membrane. In an
electroneutral exchange this carrier transports malate, succinate and other dicarboxylates in
exchange for phosphate, sulphate and thiosulphate. The nuclear encoded sequence of the
dicarboxylate carrier was partly determined (lacobazzi et al. 1992) and more recently
completed along with its gene structure. The gene encodes a 287 amino acid protein that is

highly expressed in liver and kidney (Fiermonte ez al. 1999).
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1.5 Mammalian sulphate specific transporters.

1.5.1 Sodium-dependent sulphate transporter.

Studies with brush border membranes from rat renal cortex by Pritchard (1987) demonstrated
that both a sodium / sulphate co-transporter and a sulphate / anion exchanger were present in
the same membranes. David et al. (1992) compared the substrate specificity of these two
renal sulphate transporters, the sodium-dependent and sulphate exchanger. The
sodium-dependent luminal transporter had a K, of 0.8 mM while the contraluminal exchanger
had a K,, of 1.4 mM. These transporters work in concert in the proximal renal tubule to
reabsorbed filtered electrolytes (Figure 1.6). The sodium / sulphate symporter is in the
luminal (apical) membrane transporting sulphate from the lumen into the proximal cell, and
the sulphate/ oxalate antiporter in the contraluminal (basolateral) membrane transports

sulphate from the proximal cell to the interstitium (connective tissue) (Ullrich 1994).
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Figure 1.6  Organic anion transporters in the proximal renal tubule.

The proximal luminal cell has specific transporters in the luminal and contraluminal
cell membranes. The luminal membrane exchanges between the lumen and the tubular
cells, while the contraluminal membrane transporters exchange between the tubular
cell and the interstitium. Abbreviation: para-aminohippurate (PAH). This diagram
was reproduced from Ullrich (1994).
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The first mammalian sulphate-specific anion transporter was cloned by functional expression
from rat kidney cortex (Markovich et al. 1993). This kidney sulphate transporter’s character,
contrasts sharply with that of the lysosome. The kidney transporter contrasts in being
sodium-dependent, hence its abbreviated name NaSi-1, and is unaffected by 1 mM DIDS*, an
anion-exchange inhibitor of sodium-independent anion transporters. Markovich (1993) also
reported the tissue distribution of NaSi-1 as determined by Northern blots shown in Table 1.7.
Part of this tissue distribution however, was in no doubt contributed to by NaSi-2. This
second Na'/SO.% co-transporter’s cDNA has almost 500 bp more than NaSi-1, although it

codes for the identical 595 amino acids as NaSi-1 (Norbis et al. 1994).

In current-clamped oocytes, NaSi-1 was expressed and subject to electrophysiological
analysis. The Na'/sulphate co-transporter had a half-maximal inward current at about 0.1 mM
sulphate and 70 mM sodium. Oxyanions thiosulphate and selenate created similar currents as
sulphate with similar K, values (Busch et al. 1994). These and other observations show that
NaSi-1 was electrogenic and carried positive charge into the cell. The lack of pH dependence
of inward current led Busch et al. (1994) to propose that the co-transport of sulphate and Na"
had a stoichiometry of 1:3. More recently the immunolocalisation of NaSi-1 has been
determined to be restricted to the apical membrane of the proximal tubules (Lotscher et al.

1996).

' 4,4’-Diisothiocyanatostilbene-2,2’-disulphonate
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Table 1.7  Tissue distribution of NaSi-1 in rat.

The expression of NaSi-1 was determined by Western blot analysis (Markovich et al.
1993).

Tissue NaSi-1
“kidney cortex (rat) vvv oo
kidney medulla/papila v

duodenum and jejunum v’
ileum vV
proximal colon
lung

liver

brain

heart

X X X %X X XK

skeletal muscle

1.5.2 The sodium independent sulphate anion transporter family.

More recently the first cloned Na'-independent sulphate transporter was reported (Bissig et al.
1994). This saturable (K, ~0.14 mM) sulphate anion transporter (SAT-1) was cloned by
functional expression from rat liver. This transporter has several common properties with the
lysosomal sulphate transporter. Both are sodium-independent and sulphate specific, and can
be inhibited by DIDS. The SAT-1 protein is characteristically more similar to the lysosomal
sulphate transporter than to Band 3. The SAT-1 protein had no significant homology to any

other proteins in the database when it was first identified.

Oocyte expression studies (Markovich et al. 1994) of the transporters involved in renal
proximal tubular sulphate reabsorption identified the transporters as NaSi-1 and SAT-1. This

study also contrasted the difference in the two transporter’s characteristics.
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1.5.2.1 Distribution and gene location of SAT-1.

Bissig et al. (1994) looked at the tissue distribution of SAT-1 in rat (Table 1.8). Liver and
kidney showed strong signals, with brain and muscle showing weaker signals. However, the
SAT-1 transporter was found to be essential for the uptake of extracellular sulphate required
for glycosaminoglycan sulphation in chondrocytes (Morcuende et al. 1996). This suggests
that SAT-1 may be expressed in other tissues not screened by Bissig et al. (1994). Northern
blot analysis was also performed using liver from a number of species. No signal was found
in human, rabbit, chicken, turtle, frog or skate. The only species beside rat, in which a signal

was found was the mouse (Bissig ef al. 1994).

Table 1.8  Tissue distribution of SAT-1 in rat.
Distribution of SAT-1 was determined by Northern blot analysis (Bissig et al. 1994).

Tissue SAT-1
liver v

kidney v
muscle v
brain 4
duodenum x
ileum x
proximal and distal colon %
heart x

x

lung
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1.5.2.1.1 SAT-1 and a-L-iduronidase genes overlap.

Clarke et al. (1994) isolated the murine lysosomal o-L-iduronidase (IDUA) gene responsible
for MPS T and found that the second exon of IDUA overlapped with the 3° untranslated region
of SAT-1. Further studies (Clarke et al. 1997) found both the human and murine SAT-1
genes reside within the second intron of IDUA. The SAT-1 and IDUA genes are transcribed

from opposite DNA strands.

There are very few reported mammalian genes that overlap. Whether SAT-1 is any more
likely to be lysosomal due to it overlapping a known lysosomal gene becomes an interesting
question. More objective questions such as the effects of the known mutations in the

overlapping IDUA exon on the SAT-1 gene could be asked.

1.5.2.2 Diastrophic dysplasia sulphate transporter.

Another sulphate transporter was cloned which is responsible for the well-characterised
human osteochondrodysplasia known as diastrophic dysplasia (DTDST) (Hastbacka et al.
1994). The predicted DTDST amino acid sequence showed 48% identity to the rat SAT-1
gene. The tissue distribution of the DTDST, as determined by Northern blot analysis, was
found it to be widely expressed. All tissues screened expressed DTDST, and included liver,
thymus, small intestine, testis, kidney, brain, colon, ovary, lung, spleen, prostate, leucocytes,

heart, skeletal muscle and placenta.

The clinical features of this chondrodysplasia, first characterised by Lamy and Maroteaux in
1960, include short-limbed stature, generalised dysplasia of the joints, peculiar flexion
limitation of the finger joints, ‘hitchhiker’ thumbs and a cleft palate. Positional cloning by

disequilibrium mapping identified the affected gene DTDST. The only other disease gene
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mapped this way prior to DTDST, based on point mutations and not deletions, or

translocations for example, was that of cystic fibrosis (Hastbacka ez al. 1994).

Since the cloning of the DTDST gene, it has been found to be the cause of two other
chondrodysplasias, both caused by mutations in the DTDST gene. Achondrogenesis type IB
is the most severe chondrodysplasia of the three (Superti-Furga 1994; Superti-Furga et al.
1995), and atelosteogenesis type II which is more severe than diastrophic dysplasia and less

than achondrogenesis type IB (Hastbacka et al. 1996).

1.5.2.3 A sulphate transporter ‘Down Regulated in Adenoma’.

The gene DRA was so coined as it was found to be down-regulated in colon adenomas and
adenocarcinomas (Schweinfest e al. 1993). Initially DRA was thought to be a transcription
factor based on weak homologies to a nuclear localisation signal, an acidic-activating domain
and a homeobox motif, as there was no homology to any other gene. The DTDST protein
was reported to have 33% and 48% identity with DRA and SAT-1 respectively (Hastbacka et
al. 1994). These three proteins SAT-1, DRA and DTDST were the start of a new protein
family, and had no significant homology to any other known sequences. The tissue
distribution of DRA in normal human tissues appeared to be even more tissue-specific than
SAT-1. Of the twelve cell lines (Table 1.9) and tissues screened for DRA expression only in
normal colon tissue was there any detected. It could not be detected in lung, heart, placenta,

spleen, brain, liver, pancreas, bone marrow, peripheral blood leucocytes, testis or ovary.
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Table 1.9  Tissue distribution of DRA in human cell lines analysed by Northern

blots (Schweinfest et al. 1993).

Tissue Cell line DRA
colon, epithelial-like CCD841CoN *x
colon fibroblasts CCD18Co x
colon CCD33 x
colon fibroblasts CCDI112CoN %
intestinal smooth muscle HISM x
lymphoblasts RPMI 7666 x
thymus HS67 x
bladder FHS738.B1 x
lung WI-38 x
skin Detroit 55 x
breast epithelia HBL-100 x
testis Hs1.Tes x

Later studies however, have found DRA to be expressed in the intestinal tract (Byeon et al.
1996) and prostate (Hoglund et al. 1996). The latter study also found that mutations in the
DRA gene were responsible for congenital chloride diarrhoea disease. The clinical
presentation of chloride diarrhoea disease is a lifetime, potentially fatal diarrhoea with a high
chloride content. The failure of this transporter in contributing to the maintenance of a proper

osmotic balance results in disease.

1.5.2.4 Pendrin, a thyroid-specific sulphate transporter.

The most recent sulphate transporter found (Everett et al. 1997) belonging to the SAT-1
family is pendrin. This transporter is named after Pendred syndrome, which was described a
century ago and is characterised by congenital deafness and goitre. The gene was found by

positional cloning using three large consanguineous families.
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The percent amino acid sequence identities between pendrin and DRA, DTDST and SAT-1
are 45, 32 and 29% respectively. Northem blot analysis of thyroid, pancreas, adrenal
medulla, testis, thymus, small intestine, stomach, heart, brain, placenta, lung, liver, skeletal
muscle, pancreas and kidney, only found expression in the thyroid. During the mapping of
pendrin it was found that DRA, which has most homology with pendrin, has a similar intron-
exon gene structure suggesting a distant gene duplication. These two genes are coded in
opposite directions and although not coinciding there is only about 48 kb between the 3’ ends
(Everett et al. 1997). The number of mammalian SAT-1 proteins in the family now stands at

four, ranging from 29 to 48% in homology (Table 1.1 0).

Table 1.10  Percent amino acid identity between members of the SAT-1 family.

All sequences in this table are human except SAT-1, which is rat. Identities were
determined by the Bestfit program run on ANGIS" using the local homology algorithm
of Smith and Waterman (Rechid et al. 1989).

DTDST DRA Pendrin
SAT-1 48 33 29
DTDST 33 32
DRA 45

* Australian National Genomic Information Service, University of Sydney, http://www.angis.org.au
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1.6 Other sulphate-specific transporters.

A number of sulphate-specific transporters with homology to the SAT-1 family have been
found in other species. A H'/sulphate co-transporter was isolated from Brassica napus I
(oilseed rape) root membranes (Hawkesford et al. 1993). Three plant sulphate transporters
from Stylosanthes hamata (forage legume) have been cloned. All three are H'/sulphate
co-transporters, of which two are high affinity and one is a low affinity transporter (Smith ef
al. 1995a). Two high affinity sulphate transporters have also been cloned from

Saccharomyces cerevisiae (Cherest et al. 1997).

1.7 A chronological perspective of this study.

At the inception of this study the protein that resembled most closely, the lysosomal sulphate
transporter was Band 3. The initial strategies used to identify the lysosomal sulphate
transporter therefore revolved around Band 3. During this study the SAT-1 family of proteins
emerged, which resemble more closely the lysosomal sulphate transporter. This family of
proteins remains the only mammalian family that is sulphate-specific and
sodium-independent.  Strategies of this study were accordingly changed to focus on a

SAT-1-like lysosomal sulphate transporter.
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2. Materials and General Methods.

2.1 Materials.

2.1.1 Biological materials (Tissues, cells and serum).

Human placenta.
Ethics approval no. 18/95 and
RECW738/07/98

Animal Ethics approval
AE66 and AE234/3/98

New Zealand White rabbit

Semilop rabbit

Skin fibroblast cell lines 1229
and 3125, 4620.

Women’s and Children’s Hospital
Adelaide, Australia.

Women’s and Children’s Hospital
Adelaide, Australia.

Institute of Medical and Veterinary Science (IMVS),
Adelaide, South Australia.

IMVS, Adelaide, South Australia.
National Referral Laboratory cell bank held in the

Department Chemical Pathology, Women’s and Children’s
Hospital,