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1.1 Rationale and aims of the study

Lysosomes are intracellular acidic organelles, which are mainly responsible for the
degradation of a variety of intra- and extracellular macromolecules. The lysosomal
membrane contains transport proteins for both export and import. A few importers are
known: these are responsible for the uptake of a variety of small molecules or ions,
suggesting a role for the lysosome in the regulation of certain metabolic processes. Many
exporters have been characterized: these allow the small degradation products to leave the
lysosome to be either reutilized or excreted by the cell. Exporters have been described for
a variety of small molecules including amino acids, sugars and ions. Two human genetic
disorders are due to defective export systems, cystinosis and sialic acid storage disease.

The efflux of free sialic acid is impaired in the clinically heterogeneous group of
sialic acid storage disease (SASD)(Mancini et al., 1986; Renlund et al., 1986; Tietze et
al., 1989). This autosomal recessive inherited disorder is characterized by lysosomal
accumulation of free sialic acid and excessive sialuria. A proton gradient-driven
transporter with an essential metabolic function in the disposal of the acid sugars, sialic
acid and glucuronic acid, is the primary genetic defect in Salla disease and infantile sialic
acid storage disease, the two clinical variants of SASD (Mancini et al., 1989, 1991).

One aim of this study was to elucidate the molecular structure and functional
properties of the lysosomal sialic acid transporter and to understand the molecular
defect(s) in the clinical heterogeneous forms of SASD. Knowledge about the molecular
structure of a lysosomal transporter will eventually advance our understanding of the
biogenesis, regulation and targeting of these transporters in general. At the start of this
study in 1993, none of the lysosomal transport proteins was purified nor were their
encoding genes cloned. We have purified the lysosomal sialic acid transport protein and
characterized its functional properties.

Another objective of our study was to investigate a possible role for lysosomes and
their membrane transporters in the regulation of the intracellular metabolism of heavy
metal ions, also in relation to human genetic diseases. A possible route of copper
excretion is via exocytosis of lysosomal contents into biliary canaliculi (Gross et al.,
1989). So far, direct evidence that lysosomes are able to take up or excrete, sequester and
mobilize heavy metal ions by specific transporters has been lacking. We demonstrated the
presence of a novel heavy metal ion transporter in the lysosomal membrane. Its possible
role in a copper accumulation disorder, Wilson disease, was investigated by transport
assays in an existing animal mode! for this disease.
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1.2 Lysosomal membrane transport proteins

Initially, it was thought that small molecules could cross the lysosomal membrane
via simple diffusion (Lloyd, 1969 and 1971; Reijngoud and Tager, 1977). This view was
largely disproved after the demonstration of substrate-specific transport proteins. In
particular, the existence of two inherited lysosomal storage diseases due to defective
export mechanisms (cystinosis and Salla disease) has contributed to the understanding of
transport across the lysosomal membrane. Since the discovery of a lysosomal cystine
carrier, defective in cystinosis (Gahl et al., 1982), more than 20 specific transport proteins
have been characterized in the lysosomal membrane. Most of them function as exporters
and only a few as importers. The lysosomal transporters have a specificity for amino
acids, sugars, nucleosides, inorganic ions, and vitamins (Fig. 1). Until 1998, all
knowledge about lysosomal transport proteins was based on the biochemical (kinetic)
characteristics of transport.
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Figure 1. Schematic diagram of a lysosome showing the characterized lysosomal membrane
transport systems. *Defective transport system in cystinosis (cystine transporter) or
in sialic acid storage disease (acidic monosaccharide transporter).

In Table 1 the different lysosomal transport systems are listed according to their substrate
specificity, and their most important features are summarized. For detailed information
regarding each system, readers are referred to the references indicated in Table 1 and
previous reviews (Mancini, 1991; Pisoni and Thoene, 1991; Chou et al., 1992). The
molecular and functional properties of the better characterized lysosomal transport
systems are discussed below.
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Amino acid transport

The inherited lysosomal storage disease cystinosis results from impaired transport
of cystine, a disulfide amino acid, out of lysosomes (Gahl et al., 1982; Jonas et al., 1982).
The biochemical characteristics of the lysosomal cystine transport system have been
investigated in a variety of cell types (Gahl et al., 1983; Pisoni et al., 1985, Greene et al.,
1990). Besides L-cystine it also recognizes cystathionine, cysteamine-cysteine disulfide
and cystamine. The system is sensitive to changes of the membrane potential and to pH.
However, transport of cystine is not coupled to transport of other ions (secondary active
transport) (Smith et al., 1987).

The cystinosis gene has recently been identified by positional cloning (Town et al.,
1998). The gene, CTNS, encodes cystinosin, a 367 amino acid protein with six or seven
predicted transmembrane domains. Most established solute transport proteins possess six
or twelve transmembrane domains (see Chapter 1.3). The protein appears to have an
uncleavable N-terminal signal sequence. An indication for lysosomal targeting of
cystinosin is the presence of the GYXX-hydrophobic amino acid motif close to the C-
terminus, a feature common to several lysosomal membrane proteins with unknown
function (Hunziker and Geuze, 1996). Besides this hydrophobic sequence, also a
positively-charged sequence is present near the C terminus of cystinosin, indicating
similarities with the lysosome-associated membrane glycoproteins (LAMPs). Another
similarity between these proteins is the presence of many potential N-glycosylation sites
at the N-terminus. These similarities with lysosomal membrane proteins indicate that
cystinosin is likely to be a lysosomal membrane protein (Town et al., 1998). Elucidation
of the complete topology of cystinosin as well as its functional characteristics will provide
the answers on many questions concerning the function and regulation of lysosomal
cystine transport.

Cysteamine is therapeutically important in the treatment of cystinosis as it is able
to enter lysosomes, and to react with free cystine to form free cysteine and the mixed
disulfide of cysteamine and cysteine (Thoene et al., 1976). The latter compound, an
analog of lysine, exits lysosomes via the lysosomal membrane carrier for cationic amino
acids (system c¢), which is intact in cystinosis (Pisoni et al., 1985). After the
characterization of the cysteamine transporter it became clear how cysteamine enters the
lysosome (Pisoni et al., 1995). The lysosomal uptake of cysteamine showed in vitro a
dramatic response to pH, with a 50-fold higher rate of uptake at pH 8.2 than at pH 5,
indicating an import rather than an export function. The substrate specificity of this carrier
is highly unusual among known transport systems in that all analogs recognized are either
aminothiols or aminosulfides, and contain a sulfur atom and amino group separated by 2
carbon atoms. The same research group had previously characterized a cysteine-specific
lysosomal transport system (Pisoni et al, 1990). Only cysteamine, which is the
decarboxylated analog of cysteine, could strongly inhibit lysosomal [**S]cysteine uptake.
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At that time, its translocation by the cysteine carrier could not be demonstrated, because
of the unavailability of radiolabeled cysteamine. Now, it can be deduced that cysteamine
is transported into lysosomes by its own specific transport system. Like the cysteamine
transporter, the lysosomal cysteine transporter also appears to function as an importer
rather than an exporter (Pisoni et al., 1990). The cysteine-specific import route may play
an important role in supporting lysosomal proteolysis by providing thiol for the lysosomal
thiol-dependent proteases and by reducing protein disulfide bridges. In this way proteins
are allowed to unfold, facilitating their degradation. The role of this transport system in
delivering cysteine into lysosomes is supported by the observation that the activity of the
transporter increases 7-10-fold between pH 6 and pH 7.3, to be maximally active in the
neutral pH range.

Another transport system that plays a role in lysosomal proteolysis is a dipeptide
transporter (Bird and Lloyd, 1990). In a recent study, transport of radiolabeled Gly-Gin
dipeptide was demonstrated into rat liver lysosomal membrane vesicles by a single
transporter with a substrate specificity for di- and tripeptides (Thamotharan et al., 1997).
The transporter is stimulated by an acidic pH and a membrane potential and it showed a
1:1 stoichiometry between Gly-GIn and H*. Since the degradation of dipeptides takes
place in the cytosol (Bouma et al., 1976), this transporter provides an active mechanism
for completion of protein degradation.

Sugar transport

Previous investigations have demonstrated the existence of three lysosomal
carbohydrate transport systems. One of the lysosomal sugar transport proteins is a carrier
specific for acidic monosaccharides like sialic acid and glucuronic acid, degradation
products of glycoproteins, glycolipids or glycosaminoglycans. Its existence and properties
were clarified in vitro using lysosomal membrane vesicles, a technique used for reliable
kinetic characterization of lysosomal transport systems. Transport of these acidic
monosaccharides across the lysosomal membrane is a carrier-mediated process, driven by
a proton-gradient (Mancini et al., 1989). Subsequent studies on the sialic acid transporter
in lysosomal membranes from human fibroblasts demonstrated that the H*-driven
transport of both sialic acid and glucuronic acid is deficient in patients with the different
clinical forms of sialic acid storage disease (SASD). Evidence that the transport defect
represents the primary genetic mutation came from the observation of intermediate
transport rates in obligate heterozygotes for this autosomal recessive disease (Mancini et
al., 1991). We also developed a functional reconstitution system for the sialic acid
transporter into proteoliposomes (Mancini et al., 1992a). This system provided the tool to
start the purification of the lysosomal sialic acid transporter from rat liver lysosomal
membranes (Publication I). Functional characterization studies showed that the lysosomal
sialic acid carrier transports besides structurally different acidic monosaccharides, also
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other non-sugar mono- and dicarboxylated anions, like L-lactate and a-ketoglutarate
(Publication I and II). Apparently, this protein shows functional similarities with certain
anion transporters of molecular classified transporter families (Publication II). Details
about the purification protocol and the functional properties of the lysosomal sialic acid
transporter will be discussed in Chapter 2.

A second lysosomal sugar transport system is a glucose transporter for the
translocation of neutral hexoses like D-glucose, D-mannose, D-galactose and D- and L-
fucose (Mancini et al., 1990; Jonas et al., 1990a). The acidic pH optimum of this
transporter discriminates it from other glucose carriers (Olsen and Pessin, 1996).

A third lvsosomal sugar transport system mediates the specific translocation of the
two acetylated amino sugars N-acetyl-D-glucosamine and N-acetyl-D-galactosamine,
which are also degradation products of glycoproteins, glycosphingolipids, and
glycosaminoglycans (Jonas et al., 1989).

Inorganic ion transport

The most prominent of the lysosomal ion transporters is the Mg*-ATP-
dependent electrogenic proton pump (H'-ATPase). This pump is involved in the
maintenance of the acidic pH within lysosomes (Dell’Antone, 1979; Schneider, 1981;
Ohkuma et al., 1982). Similar proton pumps have been identified on a variety of
membranes of acidic organelles of vacuolar systems as well as on the plasma membranes
of some cells, and are classified as vacuolar-type H'-ATPases (V-type ATPases)(Finbow
and Harrison, 1997). Recently, the lysosomal H-ATPase has been purified from rat liver,
and shown to have the typical subunit structure of vacuolar H'-ATPases of 7 or § subunits
(Arai et al., 1993). Anions like chloride dissipate the electrochemical gradient of protons
across the vacuolar membrane created by electrogenic proton transport. Therefore, a V-
type H'-ATPase and an anion channel (e.g. chloride) or a transporter (e.g. sulfate) often
coexist in endomembrane compartments (Mellman et al., 1986). Such a chloride-specific
anion channel has also been described in the lysosomal membrane (Tilly et al., 1992).
Further studies are required to clarify the role of ions and their channels in the
maintenance of intralysosomal pH. The vacuolar proton pump not only acidifies the
vesicle interior, but also provides an energy source for driving a variety of coupled
transporters like the sialic acid transporter (Mancini et al., 1989;van Dyke,1996).

Another lysosomal transporter for inorganic ions is the phosphate transporter. It
has been shown in fibroblast lysosomes that phosphate, released upon the ATP hydrolysis
by the proton pump, is taken up by the lysosome by a specific transport system (Pisoni,
1991). Rapid metabolism of phosphate in the Iysosome to trichloroacetic acid-soluble and
-insoluble products prevents the measurements of efflux of phosphate in vitro. However,
the efflux of phosphate can occur, since time-dependent uptake curves reach steady-state
levels indicating equilibrium between influx and efflux. It is still unclear whether the
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phosphate produced by intralysosomal hydrolysis of nuclei¢ acids (cytoplasmic RNA) is
leaving the lysosome via this transporter or is further metabolized. The nucleosides are
leaving the lysosomes via a specific transport system (Pisoni and Thoene, 1989). The
possibility remains that another phosphate carrier serves mainly for the export of
phosphate. To study this more precisely, lysosomal membrane vesicles are required in
subsequent studies, in stead of intact lysosomes.

Sulfate produced by the degradation of glycosaminoglycans and sulfolipids exits
the lysosomes by a specific carrier-mediated system (Jonas and Jobe, 1990b). This anion
transporter is specific for sulfate and possibly for molybdate. Under physiological
conditions this transport system may also be subject to regulation by thyroid hormone
(Chou et al., 1994). It has some structural and functional similarities with the Band 3
anion exchanger (Koetters et al., 1995). This erythrocyte specific anion transporter
transports L-lactate and a wide range of other aliphatic monocarboxylates. Both systems
have common sensitivities to a variety of inhibitors, some of which modify either lysine
or arginine residues in their substrate binding site. Unique for the lysosomal sulfate
transport system is the inhibitory effect of cupric ions, known to interact with histidine
and thiol groups (Koetters et al., 1995a). This information could be helpful in the
elucidation of the structure and function of the sulfate transporter. Recent studies with
thiol blocking agents revealed that lysosomal sulfate transport is dependent on sulfhydryl
groups (Chou et al., 1998). In order to get more insight into the structure and function of
this transporter isolation of the protein and gene are required. A method for reconstitution
of sulfate transport into artificial membrane vesicles has been described (Koetters et al.,
1995b). Sulfhydryl affinity chromatography might be a suitable method for protein
purification (Chou et al., 1998).

Inorganic ion homeostasis

So far, all characterized lysosomal transport systems are involved in either the
regulation of the osmotic balance between lysosomes and the cytosol, or the export or
import of small molecules. Lysosomes and their membrane transporters also appear to
participate in the regulation of the intracellular homeostasis of certain inorganic ions.

Maintenance of a constant low cytosolic Ca®*" is essential for normal cellular
function. Lemons and Thoene (1991) demonstrated the uptake of considerable amounts of
Ca™ by human fibroblast lysosomes. Recently, a possible role for lysosomes in
intracellular Ca™ signaling has been investigated in MDCK cells (Haller et al., 1996).
Results of this study suggested that Ca’ accumulates in lysosomal vesicles, which
appeared to be functionally coupled to inositol triphosphate (InsPs) sensitive Ca?* stores
(Gosh et al., 1989) and may therefore play a role in intracellular Ca®* signaling.

For many years, lysosomes have been known to play a role in the regulation of the
intracellular homeostasis of heavy metal ions. Heavy metal ions like copper and iron are
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required in trace amounts for the normal functioning of many biological processes, but are
toxic in excess due to their redox properties. Therefore, intracellular heavy metal ions are
bound tightly to specific proteins, like metallothionein for copper and ferritin for iron.
The involvement of lysosomal degradation of ferritin in iron recycling has been shown
previously (Ringeling et al., 1989; Radisky and Kaplan, 1998). The mechanism by which
the lysosomal iron is transported into the cytosol is yet unclear. Accumulation of iron-
protein complexes in hepatocyte lysosomes has been observed in hereditary
hemochromatosis, one of the most common recessive inherited disorders (Stal et al.,
1990)

The detrimentous effects of copper imbalance are demonstrated in two known
genetic disorders in humans, Menkes disease and Wilson disease. Both diseases are
caused by genetic defects in distinct steps of copper metabolism (DiDonato and Sarkar,
1997). The basic defect in Wilson disease must be related to the inability to incorporate
copper into ceruloplasmin and to excrete copper into the bile. It is known that in the case
of hepatic copper overload the major route of copper excretion is via exocytosis of
lysosomal contents into biliary canaliculi (Gross et al., 1989). So far, nothing was known
about the lysosomal mechanism(s) to take up or export, sequester and mobilize heavy
metal ions.

We decided to characterize heavy metal ion transport through the lysosomal
membrane, using highly purified lysosomal membrane vesicles from rat liver. As shown
by the development of a more suitable diagnostic test for Menkes disease (Publication
III), radioactive copper, which is not commonly available and has a very short physical
half life, can be replaced by radioactive silver in copper transport studies. Radioactive
silver is commercially available and has a longer more convenient physical half life.
These studies allowed the identification of a lysosomal heavy metal transporter (P-type
ATPase) with a specificity for silver, copper and cadmium ions (Publication IV). The
biochemical characteristics of this transporter and its potential relevance to Wilson
disease are discussed in Chapter 2.
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1.3 Molecular characteristics of membrane transport proteins

Until 1998, the molecular structures of lysosomal membrane transport proteins
were unknown, since none of them had been purified or cloned. More knowledge is
available about prokaryotic transporters and many eukaryotic transporters present in other
cellular membranes, like the plasma membrane or the mitochondrial membranes.

Intracellular localization

Membrane transport proteins are of vital importance for the maintenance of
cellular homeostasis. They are responsible for the uptake of essential nutrients, excretion
of metabolic waste products, and the regulation of intracellular ion concentrations. They
occur in all types of biological membranes, as illustrated in Fig. 2. Most well-
characterized transport proteins are ubiquitously present in the plasma membrane of all
cells (e.g. Na'/ K pump). Others are sited in plasma membranes of specific cells (like the
acetylcholine receptor at the plasma membrane of skeletal muscle cells) or in membranes
of specific intracellular organelles (like the cystine transporter and the sialic acid
transporter in the lysosomal membrane).

ER memrane transporter _— Plasma merrbrane transporter

Endosomal mermbrane transporter

Golgi memrbrane transporter

Lyscsomal membrane
transporter

Peroxisomal membrane trensporter
Mitochondrial membrane transporter (inner and outer membrane)

Figure 2. Intracellular localization of transport proteins at different membranes.

Which molecular features of the transporter proteins determine their cellular
localization? Specific targeting signals are known for matrix proteins and single-spanning
membrane proteins with different intracellular localizations, including the endoplasmatic
reticulum, mitochondria, lysosomes and peroxisomes. The targeting signals for
multispanning membrane proteins, like transport proteins, are less characterized, but
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become more and more known with the increasing availability of the primary sequences
of membrane transport proteins. Mitochondrial and peroxisomal membrane proteins do
not appear to have the same targeting signals as matrix proteins of these organelles. A
putative peroxisomal membrane targeting signal has been identified in a protein of
Candida boidinii (PMP47), which has six transmembrane domains and is homologous to
a family of mitochondrial carriers. A stretch of basic amino acids in the intervening loop
between transmembrane domains 4 and 5 is responsible for the sorting of PMP47to the
peroxisomal membrane (Dyer et al., 1996). Mitochondrial membrane transport proteins
share a tripartite primary structure, made up of related sequences about 100 amino acids
in length. Each repetitive element contains two hydrophobic stretches separated by an
extensive hydrophilic region (Palmieri, 1994). Import of these proteins into the
mitochondrial membrane occurs via specific TOM (outer membrane translocase) and TIM
(inner membrane translocase) systems (Koehler et al., 1998). The putative zinc-fingers of
TIM proteins probably recognize one or more internal targeting signals in the
mitochondrial membrane transport protein (Sirrenberg et al., 1998). However, these
internal targeting signals have not yet been identified.

The importance of transmembrane domains in intracellular targeting has been
demonstrated for a copper P-type ATPase (ATP7A), which is mutated in patients with the
human X-linked recessive disorder of copper metabolism, Meunkes disease (Chelly et al.,
1993; Mercer et al., 1993; Vulpe et al., 1993). ATP7A is located at the trans-Golgi
network and is predicted to supply copper to copper-dependent enzymes (Petris et al.,
1996). However, under conditions of elevated extracellular copper, the ATP7A protein
undergoes a rapid relocalization to the plasma membrane where it functions in the efflux
of copper from the cell (Petris et al., 1996). Recycling between the trans-Golgi network
and the plasma membrane has also been shown for a number of other proteins (Reaves et
al., 1993; Molloy et al., 1994). The third transmembrane domain of ATP7A functions as a
trans-Golgi network targeting signal (Francis et al., 1998). A common endocytic signal
for recycling of membrane proteins from the plasma membrane to the trans-Golgi
network is a C-terminal dileucine motif, which is also required for ATP7A (Trowbridge et
al., 1993; Petris et al., 1998). However, these Golgi targeting signals have not been
confirmed to date in other Golgi transporters (Abeijon et al., 1997; Guillen et al., 1998).

Since the first primary sequence of a lysosomal transport protein (cystinosin)
became evident only recently, little is known about the targeting signals of these
transporters. Cystinosin, which is defective in cystinosis, contains at the C-terminal end
the tyrosine-based lysosomal sorting signal (GYXXZ motif, where Z is an amino acid
with a bulky hydrophobic group) (Town et al., 1998). This motif is present in several
lysosomal membrane glycoproteins with 1 or 4 transmembrane domains (i.e. lampl,
lamp2, and limp I) (Hunziker and Geuze, 1996). A different motif for lysosomal targeting
is a dileucine-sorting signal, present in limp II which has 2 transmembrane domains. The
lysosomal delivery of these lysosomal membrane glycoproteins can occur via two distinct
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pathways: indirectly via the plasma membrane and endocytosis, or directly from the
trans-Golgi network to the lysosome (Hunziker and Geuze, 1996; Marks et al., 1997). The
pathway via the plasma membrane and subsequent endocytosis involves the interaction of
the tyrosine- and dileucine-based sorting signals with a clatrin adaptor protein (AP-2) at
the plasma membrane. This results in internalization, delivery to early endosomes, sorting
to a late endosomal compartment and finally to lysosomes. The direct transport of
lysosomal membrane glycoproteins from the trans-Golgi network to endosomes and
lysosomes occurs via Golgi-derived clathrin-coated vesicles and involves the interaction
of the sorting signals with another adaptor protein, AP-3 (Le Borgne et al.,, 1998).
Whether these targeting mechanisms for lysosomal membrane glycoproteins are also
involved in lysosomal transport proteins (multispanning membrane proteins) remains to
be resolved.

Transport mechanisms

Membrane transport proteins usually exhibit specificity for a specific molecule or
a group of closely related molecules, as was also discussed for the lysosomal membrane
transporters in Chapter 1.2. The translocation of solutes across different membranes can
occur by several mechanisms (Mitchell, 1967; Saier, 1998). Based on these mechanisms
membrane transport proteins can functionally be classified as channels or carriers.

1) Channel proteins form aqueous pores across the membrane lipid bilayer
through which specific solutes (mostly inorganic ions of appropriate size and charge, but
also water, glycerol or urea) can diffuse. They allow solutes to cross the membrane only
passively (passive transport/facilitated diffusion) down their electrochemical gradient
until equilibrium has been reached. The binding sites of channels are present at both sites
of the membrane and are accessible to ions at the same time, without undergoing a
conformational change. Channels transport often at very high rates (up to 10® ions/sec),
but they are not continuously open. They open in response to either a change in the
voltage across the membrane (voltage-gated channels) or the binding of a signaling
molecule (ligand-gated channels). The signaling ligand can either be a neurotransmitter,
an ion, a nucleotide or a GTP-binding regulatory protein.

2) Carrier proteins bind the specific solute that they transport and undergo a
conformational change in order to transfer the solute across the membrane. In contrast to
channels, transport by carrier proteins can be either passive or active. Carrier proteins that
pump hydrophilic substrates across the membrane against their electrochemical gradient
are called primary active transporters (or pumps). Their transport is driven by energy
directly provided by a metabolic energy source like ATP. Other carrier proteins are not
directly driven by an energy source. Instead, they are coupled to the flow of an ion down
its electrochemical gradient (co-transport), either in the same direction (symport) or in
the opposite direction (amtiport). In this case, transport is activated as long as the ion
gradient is present. Since the gradient of the driving ions is usually maintained by an
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independent primary active pump, these mechanisms are also called secondary active
transport. Carrier proteins that simply transport a single solute by facilitated diffusion
are called uniporters.

Secondary and tertiary structures

Two principle structural motifs occur in membrane transport proteins: a f-barrel
structure, exemplified by the porins in the (outer) membranes of bacteria, mitochondria,
and eukaryotic chloroplasts (Cowan et al., 1992; Mannella, 1992; Nikaido, 1992) and a
structure consisting largely of several parallel membrane-spanning a-helices (spanners),
established for most of the transport proteins. «-helical and B-strand transmembrane
elements can also occur together (Uwin, 1992; Hucho et al., 1996). The a-helix and the B-
sheet are the two most common folding patterns of proteins. Transport proteins primarily
of transmembrane o helical structural elements are found in the cytoplasmic membranes
of bacteria and eukaryotes, or in the membranes of eukaryotic organelles (Saier, 1998;
Paulsen, 1998a). The basic structural unit of most classes of transport proteins of both the
carrier and channel types consist of six transmembrane o helices, occurring most
frequently in duplicate or quadruplicate (Fig. 3) (Saier, 1994). For example, members of
one of the largest transporter families, the major facilitator superfamily (see below) have
been shown to have a 12 spanner structure (Fig. 3C) (Maloney, 1990;Saier and Reizer,
1991;Pao et al., 1998). Alternatively, the voltage-gated ion channels possess four units,
each of six transmembrane a helices, creating a total of 24 transmembrane helices (Fig.
3A). Only few transport proteins have a different number of spanners per unit (from 3 to 8
and possibly up to 14) (Buhr and Erni, 1993; Landry et al., 1993; Smith et al., 1993).
Obviously, the most direct way to learn about transmembrane segments is by high
resolution structure determination. Today, the structures of a growing number of integral
membrane proteins have been elucidated by electron and X-ray crystallography and 'H
nuclear magnetic resonance (NMR)(von Heijne, 1997). The determination of the three-
dimensional structure of membrane proteins is still very difficult and has been achieved
for only a few transport proteins (Cowan et al., 1992; Uwin, 1992;McDermott et al.,
1998;Doyle et al., 1998). Topological predictions based on hydropathy analyses of the
primary sequence of transport proteins, together with the “positive inside” rule of von
Heijne (1992) have been very useful for obtaining structurally relevant information.

Classification of transport proteins

In the last couple of years impressive progress has been made in the sequencing of
the entire genomes of both prokaryotic and eukaryotic organisms. Computer-aided
sequence analysis has become an essential molecular biological tool for the estimation of
the structures, functions, and evolutionary relationships of proteins. Several available
genomes have been analyzed for genes encoding established and putative transport
proteins. (Saier and Reizer, 1991; Nikaido and Saier, 1992; Paulsen et al., 1998a and b).
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Fig. 3. Topological models of transport proteins from several major transporter families of
different classes. A, voltage-gated Ca™ channel; B, mitochondrial carnitine carrier;
C, glucose transporter; D, Menkes protein (ATP7A); E, CFTR; F, heterodimeric
amino acid transporter (4F2hc).
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On the basis of sequence similarities distinct families for transport proteins have been
described (Saier and Reizer, 1991;Saier, 1994). These families comprise of both
prokaryotic and eukaryotic members. They share structural and functional characteristics
which suggest that they form a superfamily, i.e. share a common evolutionary origin.
Apparently, substrate specificity is often well conserved through evolution.

Recently. a systematic approach has been devised to classify transporters on the
basis of function and evolutionary trait (phylogeny) (Saier, 1998 and http://www-
biology.ucsd.edu/~msaier/transport). The first level of classification of the transport
systems is the basis of transport mode and energy coupling mechanisms (i.e. function);
the second level of classification is based on phylogenetic families; the third level is based
on phylogenetic subfamilies or clusters, and the final level is based on substrate
specificities. This system is termed the ‘Transport Commission’ (TC) system (Saier,
1998). Most of the sequenced eukaryotic transport proteins possess homologous
prokaryotic counterparts and vice versa, although some are restricted to just one of these
domains.

Classification according to transporter type and energy source is as follows (for a
recent update: see hitp://www-biology.ucsd.edu/~msaier/transport; see also Table 1 for a
summary of the largest families occurring in bacteria, archaea and eukarya): Channel-type
transporters {class 1), Carrier-type transporters (uni-, sym- and antiporters) (class 2),
Pyrophosphate bond (ATP, GTP) hydrolysis-driven active transporters (class 3),
Phosphotransferase systems (group translocators) (class 4), Decarboxylation-driven active
transporters (class 5), Oxidoreduction-driven active transporters (class 6), Light-driven
active transporters (class 7), Mechanically driven active transporters (class 8), Outer
membrane porins (of B-structure) (class 9), Methyltransferase-driven active transporters
(class 10), Auxiliary transport proteins (class 98) and Transporters of unknown
classification (class 99).

Almost all transporter families within class 4 until class 10 are found in
prokaryotes and are therefore not discussed here.

Channel-type transporters

Channel-type transporters (class 1) are ubiquitously found in all types of
organisms from bacteria to higher eukaryotes. They include members of the large Major
Intrinsic Protein (MIP) family of aquaporins and glycerol facilitators (Reizer et al., 1993a;
Park and Saier, 1996) as well as members of several ion channel protein families (e.g. K7,
Na®, Ca®", Cl" channels) (Alexander and Peters, 1997; Jentsch et al., 1995). Structurally,
these channel proteins consist largely of a-helical spanners, although -strands may also
be present and may even comprise the channel, as is the case for the acetylcholine
receptor (Hucho et al., 1996). However, outer membrane porin-type channel proteins
(consisting exclusively of B-strands) are excluded from this class and are instead included
in a separate class (class 9). Genetic defects in different voltage-gated channels can cause
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various forms of neurological disorders, like migraine, ataxia, and epilepsy, renal
diseases, like Liddle syndrome or nephrogenic diabetes insipidus, and deafness
(Kellenberger et al., 1998; Steinlein, 1998; Terwindt et al., 1998; Kubisch et al., 1999;
Matsumura et al., 1999).

Carrier-type transporters

Carrier-type transporters (class 2) represent the largest and most diverse category
of transporters. Almost 50% of the families are bacteria-specific and many of them are
found in E.coli (Paulsen et al., 1998a). Of the currently 70 families, the major facilitator
superfamily (MFS) and the amino acid-polyamine choline family (APC) are the most
represented families (Henderson and Maiden, 1990; Griffith et al., 1992; Reizer et al.,
1993b; Pao et al., 1998). The MFS is a very old, large and diverse superfamily that
includes several hundreds of sequenced members. Members of the MFS transport small
solutes, often in response to ion gradients and are recently classified into 25 distinct
families (Pao et al., 1998; recent update http://www-biology.ucsd.edu/~msaier/transport).
Most proteins are 400-600 amino acids in length and possess either 12 or 14 putative
transmembrane a-helical spanners Fig. 3C). The APC family utilizes either a proton
symport mechanism, a solute:solute antiport mechanism, or both, depending on
physiological conditions and the carrier under consideration (Reizer et al., 1993b). This
family resembles MFS in possessing two structural units, each consisting of six putative
transmembrane a-helices.

One of the families of class 2 specifically found in eukaryotes is the mitochondrial
carrier family (Fig. 3B), including some carriers involved in oxidative phosphorylation
(e.g. adenine nucleotide translocator and phosphate carrier) and some substrate carriers
(e.g. 2-oxoglutarate carrier and carnitine-acylcarnitine carrier) (Kuan and Saier, 1993). A
deficiency in the heart/muscle isoform of the adenine nucleotide translocator (ANT1)
results in mitochondrial myopathy and cardiomyopathy, as has been demonstrated in mice
lacking the ANT1 (Graham et al., 1997). Mutations in the carnitine-acylcarnitine carrier
cDNA have been established in patients with camitine-acylcarnitine translocase
deficiency, a mitochondrial fatty acid oxidation disorder (Huizinga et al., 1997, 1998; Roe
and Coates, 1995).

Pyrophosphate bond (ATP.GTP) hydrolysis-driven active transporters

This class of transporters includes systems which hydrolyze pyrophosphate, or the
terminal pyrophosphate bond in ATP, or another nucleoside triphosphate to drive the
active uptake and/or extrusion of a solute. Five major types of solute-transporting
ATPases are found ubiquitously (P-type, F-type, V-type, A-type, and ABC-type). The P-
type ATPases make up one superfamily, the F-, V- and A-types together make up a
second superfamily, and the ABC- types probably form a huge and diverse superfamily.
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P-type ATPases catalyze the uptake and/or efflux of cations. This superfamily
comprises 9 subfamilies, which in eukaryotes are present in the plasma membrane and
organellar membranes (Fagan and Saier, 1994; recent update http://www-
biology.ucsd.edu/~msaier/transport). ~ Many  eukaryotic = P-type = ATPases are
multicomponent. They have a large catalytic a-subunit that hydrolyses ATP, contains the
aspartyl phosphorylation site and catalyses ion transport and an auxiliary B-subunit that
probably facilitates proper insertion of the a-subunit into the membrane, to allow proper
targeting to a subcellular membrane site and to stabilize the catalytic a-subunit (Geering
et al., 1989). Examples are Na'/K*-ATPases, Ca’"-ATPases, H'-ATPases, Mg**-ATPases,
Cu**-ATPases and other metal ion ATPases for Zn, Cd, Pb, Co and Ni (Saier, 1998). A
copper ATPase, ATP7A (Fig. 3D), is deficient in patients with Menkes disease, leading to
a copper insufficiency (Chelly et al., 1993; Mercer et al., 1993; Vulpe et al., 1993).
ATP7B, a homologue of ATP7A and also encoding a copper ATPase, is deficient in
Wilson disease (Bull et al., 1993). In this disease copper accumulates mainly in the liver
due to a failure to excrete copper into the bile and to incorporate copper into
ceruloplasmin. The exact localization of the Wilson protein is, however, still debated, and
has been assigned to the trans-Golgi network, plasma membrane, a cytoplasmic vesicular
compartment, and mitochondria (Hung et al., 1997;Yang et al., 1997;Nagano et al,,
1998;Lutsenko and Cooper, 1998). Recently, we have characterized a new lysosomal
heavy metal transporter (Publication IV). However, this P-type ATPase is different from
the ATP7B copper transporter, since normal transport activities in lysosomal membrane
vesicles of Long Evans Cinnamon rats, an animal model for Wilson disease, were
observed.

F-, V- and A-types of ATPases catalyze the translocation of H" or Na'. A-type
ATPases are found in archaea (a recently recognized class of microorganisms between the
bacteria and eukarya). F-type ATPases are located at the inner membrane of mitochondria
and chloroplasts (Blair et al.,, 1996). V-type ATPases are present in vacuoles (e.g.
lysosomes) and on apical membranes of acid-secreting cells, like epithelial cells of kidney
and inner ear (Finbow and Harrison, 1997). V-type H'-ATPases pump protons against an
electrochemical gradient, whereas F-type ATPases reverse the process, synthesizing ATP
(therefore also called F-ATPsynthases). Recently, it has been shown that mutations in a
V-type H'-ATPase cause a human disease, renal tubular acidosis with sensorineural
deafness (Karet et al., 1999).

Only one transporter superfamily is larger and more diverse in function than the
MFS, and that is the ABC superfamily. This superfamily contains at least 40 families of
transporters which have specificity for similar kinds of small molecules as the MFS, but
in addition they can transport macromolecules, such as proteins, complex carbohydrates
and lipids (Saier, 1998). They fall into three major phylogenetic and functional categories:
prokaryotic uptake Systems, prokaryotic efflux systems and eukaryotic efflux systems.
Currently, no eukaryotic ABC-type uptake system is known. The ABC transporters are
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also multicomponent systems with sizes of over 1000 amino acids each and usually
possess a 12 (6 + 6) TMS topology. Well-characterized members include the maltose
uptake permease of E. coli, the multidrug resistance pump (MDR) and the cystic fibrosis
transmembrane conductance regulator (CFTR) (Fig. 3E). Mutations in the CFTR gene
causes cystic fibrosis, the most common life-shortening autosomal recessive disorder in
caucasian populations, characterized by chronic pulmonary disease and often exocrine
pancreatic insufficiency (Rosenstein and Zeitlin, 1998).

Auxiliary transport proteins

Proteins that function with or are complexed to known transport proteins are
included in the category of auxiliary transport proteins (class 98). Examples are energy
coupling and regulatory proteins that do not actually participate in transport, like the B-
subunit of the voltage-gated K'channel. Analogous to this phenomenon are the rBAT
(related to b** amino acid transporter) and 4F2hc (cell surface glycoprotein 4F2 heavy
chain) glycoproteins which are part of the heterodimeric structure of amino acid
transporters (Moskovitz et al., 1994; Palacin et al., 1998; Mastrobernandino et al., 1998).
Expression studies of the rBAT and 4F2hc genes in Xenopus laevis oocytes induced
amino acid transport. Mutations in the rBAT gene cause cystinuria type I, a disease
characterized by a defective renal and intestinal reabsorption of cystine and dibasic amino
acids. Their function as a heterodimer was recently elucidated, when the light chain of
human 4F2hc (E16 or hAmAt-L-Ic) was identified and the resulting human heterodimeric
complex type L amino acid transport mediated (Mastrobernandino et al., 1998). A model
for the membrane topology of this type L amino acid transporter was presented (Fig. 3F).
Parallel studies by Palacins group identified a different light chain (y"LAT-1), which
forms with 4F2hc the heterodimeric transporter with y'L-amino acid transport
characteristics (Torrents et al., 1998). The gene for Y'LAT-1 is mutated in lysinuric
protein intolerance (LPI), an inherited disorder of cationic amino acid transport (Torrents
et al., 1999; Borsani et al., 1999).

Transporters of unknown classification
Putative transport proteins of which the exact function is not yet known are
temporarily classified as transporters of unknown classification (class 99).

Evolution

As shown in Table 1, many transport proteins of different classes share a common
topology, consisting of a subunit of six transmembrane a-helices which can be repeated
two or four times (Saier, 1994). This led to the assumption that all transport proteins have
evolved from a common ancestor during evolution, from prokaryotes on (Henderson and
Maiden, 1990; Maloney, 1990). However, Saier’s group has conducted extensive
phylogenetic analyses of transport protein families and suggested that some of the
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families have evolved independently of each other. Six transmembrane domains can be
formed by a duplication of three-spanners (MIP family), which happened possibly 2.5
billion years ago (Reizer et al., 1993b). The major facilitator superfamily probably arose
independently of the MIP family more than 3.5 billion years ago by the intragenic
duplication of a six-spanner precursor to give proteins containing 12 transmembrane o-
helical spanners (Pao et al.,, 1998). The mitochondrial carrier family (MCF) arose
independently of those two ubiquitous families of transporters by triplication of a
precursor encoding a two-spanner. The time of emergence of the MCF precursor
polypeptide-encoding gene is estimated at about 1.5 billion years ago, the time when
mitochondria first appeared in eukaryotes; hence then are not derived from proteins
present in the prokaryotic progenitors of mitochondria (Saier, 1998).

Comparison of the established or putative topologies of subunits of channel
protein families with those of carrier families, revealed that channel protein subunits
usually possess two to six transmembrane domains, while carrier protein subunits usually
possess 10-14. In addition, channel proteins usually consist of oligomers, while the
carriers have often been found to be monomers. Although exceptions exist for both
classes of proteins, these two classes seem to have different structural requirements which
allow them to be distinguished on the basis of topological features alone (Saier, 1998).

Some transport modes and energy-coupling mechanisms appear to occur
ubiquitously in all of the three domains (bacteria, archaea, eukarya), while others are
restricted to one domain (Saier, 1998). Mechanisms which are ubiquitous (i.e. channels,
secondary carriers, ATP-driven active transporters) may have arisen early, that is before
the divergence of the three domains of life.

The computer programs can not predict whether these families stem from a
common ancestor or not. Elucidation of the detailed three-dimensional structures of
transmembrane transport proteins and thus of their common or divergent structural
features will be required to fully define the relationship between different transmembrane
transporters.
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1.4 Genetic disorders of lysosomal membrane transport

The occurrence of (human) genetic disorders provides an important tool to
understand fundamental cellular mechanisms and protein functions. In particular the two
inborn errors of metabolism cystinosis and sialic acid storage disease have contributed to
the understanding of lysosomal membrane transport systems (Gahl et al., 1984;:Mancini et
al., 1991;Gahl et al., 1995).

Cystinosis

Cystinosis is genetically homogeneous but clinically subdivided into three
phenotypic types: infantile, adolescent and adult cystinosis. The classical form of
cystinosis (infantile or nephropatic cystinosis) occurs in 95% of the patients, with an
incidence of approximately 1 in 200,000 live births. The basic defect is an impaired
function of the lysosomal cystine transporter, leading to lysosomal accumulation of free
cystine. Cystine crystals deposited in the kidney cause a generalized defect in proximal
tubule function, leading to impaired reabsorption of small molecules (Fanconi renal
syndrome). Patients develop Fanconi renal syndrome in the first year of life. Other
clinical features are growth retardation, progressive renal failure within the first decade,
and a variety of other complications, including photophobia and corneal erosions due to
cystine crystal formation within the eye (Gahl et al., 1995). Milder variants of the
classical disease include an intermediate form with late-onset renal disease (adolescent
cystinosis), and a benign form with corneal involvement but no renal impairment (adult
cystinosis). The different clinical forms of cystinosis are allelic and likely due to
mutations within the same gene (Pellet et al., 1988).

New insights into the pathophysiology of the Fanconi syndrome have recently
come from in vivo and in vitro studies in rats (Ben-Nun et al., 1993; Baum, 1998). The
Fanconi renal syndrome can be induced in rats by the administration of cystine-dimethyl
ester (Foreman et al.,, 1987). The following abnormalities were observed: a transient
decline in ATP content in the renal cortex homogenate, and a decrease in the Vinax Of
glucose transport in brush border membrane vesicles. No change occurred in the activity
of the Na'/K" ATPase. The decrease in ATP was probably due to a low intracellular
phosphate concentration in cystine loaded tubules. A reduction in the number of sodium-
coupled glucose transporters partially explained the decrease in the Vax The reduction in
ATP content and sodium-coupled glucose absorption may be the basis for the Fanconi
renal syndrome seen in those rats, and is probably one of the mechanisms for the proximal
tubular impairment seen in cystinotic patients.

Cystinosis is treated by oral administration of cysteamine bitartrate capsules
(Cystagon) as approved by the US Food and Drug Administration in 1994. Already in
1976 the effectiveness of this cystine-depleting agent was shown (Thoene et al., 1976).
The drug reduces the intracellular concentration of cystine, and, if used early in the
disease and in high doses, can reduce the progress of renal glomerular damage and
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improve growth (Gahl et al., 1995). With the recent demonstration of the presence of a
lysosomal cysteamine transporter the intracellular route of this drug can be conceived (see
Chapter 1.2).

Recently, the gene for cystinosis has been identified (Town et al., 1998). It has
been mapped to a 4 cM region on chromosome 17p13 by linkage analysis (The Cystinosis
Collaborative Research Group, 1995). Afterwards, this critical region was progressively
narrowed (Jean et al,, 1996;McDowell et al., 1996; Peters et al., 1997) and several
cystinosis patients were found to have deletions in a specific microsatellite marker within
the region (Town et al., 1998). Physical mapping near this deletion led to the isolation of
the cystinosis gene, CTNS, which is mutated in patients with the infantile type of
cystinosis. The most frequent mutation found is a 65 kb deletion, which is detected only
in patients of European origin suggesting a founder effect. In addition to the 11 reported
small mutations by Town et al. (1998), 18 new mutations in CTNS have recently been
reported by Shotelersuk et al. (1998) in an American-based population of cystinosis
patients. CTNS mutations are localized in the leader sequence, transmembrane and
nontransmembrane regions.

According to a cystinosis clinical severity score, the clinical phenotype of infantile
cystinosis correlated with the mutations. Homozygotes for the 65 kb deletion and W138X
mutation suffer from a more severe disease than patients with mutations involving the
first amino acids prior to transmembrane domains. Those infantile patients have a less
severe disease. Mutations responsible for the allelic variants of cystinosis, i.e. adolescent
and adult cystinosis, have yet to be identified.

The isolation of the cystinosis gene will have little or no immediate influence on
the clinical care of patients, since diagnostic and therapeutic tools are already available
for cystinosis. At the moment, pre- and postnatal diagnosis will continue to depend
heavily on amniotic fluid cell or leukocyte cystine measurements, but perhaps eventually
molecular diagnosis of nephropathic cystinosis will take its place.

Sialic acid storage disease (SASD)
Salla disease and infantile sialic acid storage disease (ISSD) are clinical

phenotypes of the same genetic disorder, sialic acid storage disease (SASD), and are
characterized by increased lysosomal accumulation and urinary excretion of free sialic
acid due to a defective lysosomal transporter for sialic acid and glucuronic acid (Mancini
et al., 1991). Obligate heterozygotes show intermediate transport activities, while patients
are totally deficient. The eponym Salla disease refers to the geographically restricted area
in northeastern Finland where the first described patients reside (Aula et al., 1979). The
disease frequency in the population in this area has been estimated as high as 1:6400
(Aula et al.,, 1986). Salla disease patients develop psychomotor delay, hypotonia, and
ataxia between 3 and 12 month of age. At a later stage, patients show severe psychomotor
retardation, impaired speech and growth retardation, but their life expectancy is only
slightly reduced (Gahl et al., 1995). The clinical features of ISSD resemble those of Salla
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disease, but are much more severe. Disease manifestations are present already at birth and
include enlarged liver and spleen, coarse facial features, and developmental delay.
Growth is poor and mental and motor retardation severe and patients die in the first years
of life. ISSD appears to be less frequent than Salla disease and has no ethnic prevalence.
In addition to the two main phenotypes, intermediate forms have also been described with
clinical features of both Salla disease and ISSD (Baumkstter et al., 1985:Ylitalo et al.,
1986;Mancini et al., 1992b).

The diagnosis of SASD depends mainly on the clinical findings, the biochemical
demonstration of elevated urinary excretion of free sialic acid by thin layer
chromatography, and the histological presence of enlarged lysosomes in various types of
cells and tissues (Gahl et al., 1995). The difference in severity between Salla disease and
ISSD is not only clinically visible, but is also reflected in the amount of free sialic acid
excreted in the urine and accumulated in tissues as the levels in ISSD patients are much
higher than in Salla disease patients.

Excessive urinary excretion of free sialic acid is also characteristic for patients
with sialuria. This rare disorder is characterized by varying degrees of developmental
delay, enlarged liver and spleen, and coarse facial features (Gahl et al., 1995). The sialic
acid overproduction and excretion in sialuria is caused by a defective feedback inhibition
in the synthesis of sialic acid (Weiss et al., 1989). Sialuria can be distinguished from
SASD in the intracellular site of the accumulated free sialic acid, which is cytosolic in
sialuria and intralysosomal in SASD (Seppala et al., 1991).

The clinical difference between Salla disease and ISSD is not reflected in the
transport activities. Both phenotypes are almost completely devoid of proton-dependent
transport of sialic acid and glucuronic acid in lysosomal membrane vesicles of cultured
fibroblasts. An explanation for the lower levels of sialic acid storage in Salla disease may
be the presence of residual transport activity in vivo. However, the presernt transport assay
lacks the sensitivity to demonstrate such slight differences. So far, only slightly increased
amounts of glucuronic acid have been found in cultured fibroblasts of SASD patients
(Blom et al., 1990). Investigations on the urinary excretion of glucuronic acid in SASD
patients have never been performed, probably due to methodological difficulties in
glucuronic acid determination.

Transport activity measurements are complex and time-consuming and therefore
not suitable for a biochemical diagnosis of patient or heterozygote detection. A more
feasible method could be the measurement of free sialic acid levels in the
polymorphonuclear leucocyte subpopulation (Mancini et al., 1992b). Since the gene for
Salla disease has been assigned to chromosome 6q14-q15 by linkage analysis (Haataja et
al., 1994a; Schleutker et al., 1995a), carrier detection and prenatal diagnosis can be
performed by haplotype analysis of linked microsatellite markers (Schleutker et al.,
1996). ISSD represents the same allelic disorder as Salla disease (Schleutker et al.,
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1995b). Subsequently, the critical DNA region for the SASD gene was refined to a 200 kb
chromosomal region by analyses of extended haplotypes (Leppénen et al., 1996).

The pathogenesis of SASD and the role of sialic acid and glucuronic acid (and
perhaps other compounds as well) is still unclear. Recent investigations of the ganglioside
metabolism in Salla disease fibroblasts suggest that the lysosomal accumulation of sialic
acid reduces the turnover rate, not only of gangliosides and other membrane-bound
sialoglycoconjugates, but also of sphingolipids in general, including ceramides (Berra et
al., 1995; Chigomo et al., 1996; Pitto et al., 1996).

Potential lysosomal membrane transport disorder

A few studies suggest that a third genetic disorder, cobalamin F disease, is due to
a defective lysosomal transport system. Fibroblast studies indicated that patients
accumulate unmetabolized, non-protein bound cobalamin (vitamin B,,) in their lysosomes
after dissociation from a transcobalamin II-vitamin B,, complex in the lysosome
(Rosenblatt et al., 1985;Vassiliadis et al., 1991). Shortage of vitamin B, in the cytosol
will result in the impaired synthesis of the two derivatives of cobalamin, methyl
cobalamin and 5’-deoxyadenosyl cobalamin. These are essential cofactors for the
cytosolic methionine synthase and the mitochondrial methylmalonyl CoA mutase,
respectively enzymes important in amino acid metabolism. Cobalamin F disease presents
clinically as homocystinuria combined with methylmalonic aciduria and sudden death
within the first year of life (Kapadia, 1995;Fowler, 1998). A specific transport system for
vitamin B,, has been characterized in the lysosomal membrane, but it is unknown whether
this transporter harbours the primary defect in cobalamin F disease (Idriss and Jonas,
1991).

Other potential disorders of lysosomal membrane function

There are at least two other congenital disorders, Niemann-Pick disease type C and
Batten disease (juvenile neuronal ceroid lipofuscinosis), which are characterized by a
lysosomal storage and with a possible involvement of membrane components.

Niemann-Pick disease type C is a severe genetic disorder, characterized by
lysosomal accumulation of low-density lipoprotein (LDL)-derived cholesterol and
sphingomyelin and by progressive degeneration of the nervous system (Pentchev et al.,
1995;Liscum and Klansek, 1998). Several lines of evidence indicate that the intracellular
trafficking of free cholesterol from lysosomes to other cell membranes is defective (Sokol
et al., 1988;Neufeld et al., 1996; Shamburek et al., 1997). Linkage analysis has led to the
recent cloning of the NPC1 gene on human chromosome 18 (Carstea et al., 1997). NPC1
predicts a 142 kDa integral membrane protein with 13-16 possible transmembrane regions
and contains at the C-terminus a dileucine motif, which may serve as a lysosomal
targeting sequence (Hunziker and Geuze, 1996). It exhibits homology with mediators of
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cholesterol homeostasis, which suggests that NPC1 may play a role in the endocytic
pathway of cholesterol. It contains domains in its N-terminus that are critical for the
mobilization of cholesterol from lysosomes (Watari et al., 1999). In contrast, recent
investigations in a mouse model of Niemann-Pick disease type C have established an
early peroxisomal deficiency, affecting a number of functions (Loftus et al., 1997;
Schedin et al., 1997). Moreover, treatment with appropriate peroxisomal inducers restored
both the peroxisomal and lysosomal functions (Schedin et al., 1998). Further studies are
required to clarify whether this disease belongs to the lysosomal transport disorders.

Batten disease (also known as juvenile neuronal ceroid lipofuscinosis or
Spielmeyer-Vogt-Sjogren disease) is the most common (incidence 1:12.500) recessively
inherited neurodegenerative disorder of childhood. It is characterized by loss of vision,
epilepsy and progressive mental deterioration, and leads to early death, usually in the
second or third decade. Diagnostic criteria include the presence of lipopigment granules in
both neural and non-neural cells on electron microscopy. The major protein component of
the abnormal deposits is subunit ¢ of mitochondrial ATP synthase and is localized in
lysosomes (Hall et al., 1991;Palmer et al., 1997). CLN3, the gene involved in Batten
disease, maps to chromosome 16pl12.1 and is predicted to encode a 438 amino acid
protein with no homology to other known human genes (The International Batten Disease
Consortium, 1995). The high evolutionary conservation of homologues genes in S.
cerevisiae, C. elegans, mouse and dog suggest that the protein is involved in some basic
eukaryotic cellular function. Based on hydrophobicity plots, CLN3 protein has been
predicted to have six transmembrane domains, like many transport proteins. The exact
localization of the CLN3 protein in the cell is debated al the moment.
Immunofluorescence microscopy studies showed partial localization both in the
lysosomal membrane and in the Golgi membrane (Jarvels et al., 1998;Kremmidiotis et al.,
1999). The putative yeast homologue of Cln3p, Btnlp, is located in the yeast vacuole, the
yeast equivalent of the mammalian lysosome (Croopnik et al., 1998).

There is no reason to assume that this list of (potential) lysosomal transport
disorders is all inclusive. Additional disorders related to a lysosomal transport dysfunction
might exist and must be searched for among patients with unexplained lvsosomal storage
diseases.
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2.1 Purification of the lysosomal sialic acid transporter
2.2 Functional characterization of the lysosomal sialic acid transporter
2.3 Characterization of a novel lysosomal heavy metal ion transporter






2.1 Purification of the lysosomal sialic acid transporter

The difficulties in the purification of a membrane protein are to find a suitable
detergent to extract most of the protein out of its natural membranous environment, and to
find conditions in which the protein remains stable and maintains its biological activity
during the purification procedure. A prerequisite is to have an assay which allows the
determination of the protein’s biological activity after it has been solubilized. Our group
has previously developed a method to reconstitute the lysosomal sialic acid transporter
into liposomes in a biologically active form (Mancini et al., 1992a). With this functional
reconstitution system we were able to follow the fractionation and purification of the
solubilized lysosomal sialic acid transporter.

For the purification of the sialic acid transporter we used classical
chromatographic techniques. In practice, most of the problems arising in membrane
protein chromatography are due to the presence of a detergent. Detergent molecules may
alter the chromatographic matrix by binding to it and the size of the micelles may change
the chromatographic behavior of a protein.

In publication I, we describe the purification of the lysosomal sialic acid transport
protein, based on its biological activity (Fig. 4). This represents the first report on the
purification of a functionally active lysosomal membrane transporter. The approach was
based on chromatographic techniques previously used for mitochondrial carboxylate
transporters. For instance, hydroxyapatite chromatography has been very useful in the
isolation of a number of mitochondrial transport proteins, whereas ion exchange and
affinity chromatography have been useful in the purification of other transport proteins as
well as some lysosomal membrane proteins (Kyouden et al., 1992; Kim et al., 1993;
Mandon et al., 1994; Palmieri et al., 1994; Schulte and Stoffel, 1995;).

Highly purified lysosomal membrane vesicles isolated from rat livers were used as
a starting material, since the sialic acid transporter was successfully solubilized and
reconstituted from this source. After solubilization, the lysosomal sialic acid transport
protein was purified to apparent homogeneity by a combination of in total 5 different
chromatographic columns. We used successively hydroxyapatite, Lentil lectin, DEAE-
Sephacel anion exchange, a second time hydroxyapatite, and finally MonoQ anion
exchange chromatography. The first purification step consisted of several small columns
of dry hydroxyapatite material (Bisaccia and Palmieri, 1984, Bisaccia ef al., 1988). The
Lentil lectin column separated the carrier from a number of major lysosomal membrane
glycoproteins (Fukuda, 1991). These glycoproteins bound to the Lentil lectin column,
whereas the sialic acid transporter did not and was found in the column flow-through.
This flow-through fraction was subsequently applied to a DEAE-Sephacel anion
exchange column. With 100 mM NaCl, 12 % of the total transport activity was eluted (see
publication I, purification table). The second hydroxyapatite column was used under
different conditions of pH and sodium chloride concentrations, thereby retaining different
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Fig. 4.

Schematic representation of
the purification of the lysoso-
mal sialic acid transporter.
Lysosomal membrane
vesicles are purified from rat
livers. After solubilization of
the lysosomal membrane
proteins, the sialic acid
transporter is purified by a
procedure of different
chromatographic techniques.
In order to measure its
transport activity, the
purified transport protein is
incorporated into liposomes
after removal of the
detergent. The uptake of
radiolabeled subsirate
('GlcA) is measured in the
presence of an inward-
directed proton gradient.
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ﬁroteins from those retained by the first hydroxyapatite column. This step provided an
important purification of the sialic acid transport protein. The fifth and last Mono Q anion
exchange column was a very small column of 100 pl, which was attached to a
computerized system for micropreparative chromatography (SMART system of
Pharmacia Biotech). This system separates proteins with a very high resolution (very
small gradient volume and very small fractions).

Analysis of the protein composition of the fractions obtained from the Mono Q
column showed that only a 57 kDa protein band correlated with the pattern of transport
activity in those fractions, measured after reconstitution. As shown in Fig. 2 of
publication I, the silver stained 57 kDa protein band is predominant in the fraction, in
which also the highest transport activity could be measured. All other visualized proteins
in this fraction could not represent the sialic acid transporter, because they became more
prevalent in following fractions, where lower or no transport activity was detected.

Investigations of the properties of the purified sialic acid transporter suggested that
this protein is not heavily glycosylated and is not functional as a (homo)dimer or polymer
linked by disulfide bridges. Most characterized lysosomal membrane proteins, such as the
LAMPs and LIMPs, are densely N-glycosylated (Fukuda, 1991). Although their functions
are yet unknown, their secondary structures do not suggest a transport function. An
advantage of our reconstitution system is that we use liposomes, whick do not contain
endogenous active proteins. Another commonly used assay system for transport proteins
is Xenopus laevis oocytes. This system is especially useful in expression studies of cloned
transporter genes, but a disadvantage of the Xenopus system is the presence of
endogenous proteins. This fact is illustrated by the expression studies of the tBAT and
4F2hc proteins, which are both involved in amino acid transport processes (Bertréan et al.,
1992a, b; Tate et al, 1992; Wells et al., 1992a, b). Since both proteins induced amino acid
transport in Xenopus oocytes, it was thought that rBAT (only | or 4 transmembrane
domains) and 4F2he (only 1 transmembrane domain) represented amino acid transporters
themselves. However, later it was shown that the induction of amino acid transport was
due to association of these proteins with other essential endogenous proteins
(Mastroberardino et al., 1998; Torrents et al., 1998). The fact that the purified protein
induced glucuronic acid transport after reconstitution into liposomes that do not contain
other endogenous proteins, proved that it does not need other proteins for its function.

Several attempts have been made to obtain an N-terminal amino acid sequence of
the purified lysosomal sialic acid transport protein by Edman degradation. However, the
final amount of the 57 kDa protein was too low to obtain a reliable stretch of amino acids.
New, more sensitive techniques, like mass spectrometric sequencing, are currently
exploited in order to sequence unknown low abundant proteins (Shevchenko et al., 1996).
Such a technique might be helpful in sequencing the sialic acid transporter. As discussed
in the next section, extensive functional characterization of the purified protein provided
an approach towards selection of functional candidates.
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2.2 Functional characterization of the lysosomal sialic acid transporter

Elucidation of the functional properties of the sialic acid transporter may provide a
better understanding of the sialic acid storage disease and in general the functions of
lysosomes. Several functional characteristics of the lysosomal sialic acid transporter are
known: 1) transport of sialic acid across the lysosomal membrane is a carrier-mediated
process, 2) the mechanism is that of secondary active cotransport of sialic acid with
protons and 3) the protein has a substrate specificity for acidic monosaccharides (Mancini
et al., 1989;Mancini et al., 1991).

The characteristic kinetic features of a carrier-mediated process are expressed by
the Michaelis Menten equation (V=SV,_,/[K, + S]). A carrier protein has a limited
number of specific binding sites. When all these binding sites are occupied (the carrier is
saturated) at a given substrate concentration (S), the rate of transport is maximal (V, ).
Besides a characteristic V., each carrier protein has also a characteristic binding
constant for its substrate, K, equal to the concentration of substrate when the transport is
half its maximum rate.

Investigations on the substrate specificity of a transporter are performed by cis-
inhibition and trans-stimulation transport studies. In the case of cis-inhibition studies, the
compound of interest is located at the same site of the membrane as the substrate (in our
assay that is radiolabeled glucuronic acid)(Figure 5A). A specific inhibitor can influence
the binding of the substrate in a competitive (i.e. the inhibitor competes for the same
binding site and may or may not be transported by the carrier) or in a non-competitive
mode (i.e. the inhibitor binds elsewhere and specifically alters the structure of the carrier).

To test whether an inhibitor not only interacts at the substrate-binding site but is
also actually transported across the membrane, the trans-stimulation effect of the inhibitor
on the transport of substrate can be investigated. In order to observe a frans-stimulation
effect experimentally, two transport assay conditions are compared: in one assay the
vesicles are prefilled with unlabeled substrate, in the other assay the vesicles are not
preloaded (Fig. 5B). In the “preloaded” condition, the unlabeled inhibitor is located at the
trans-side of the membrane at a concentration above K, higher than the labeled substrate
at the cis-side (below K,)). This will cause a net substrate flux from trans to cis.
Consequently, the velocity of the process will be determined by the higher concentration
present at the trans-side. Since a carrier protein has its binding sites alternately available
at each side of the membrane, the influx of the radiolabeled substrate will be much faster
in the preloaded vesicles compared to the unpreloaded situation.

Previous kinetic studies with the radiolabeled forms of sialic acid and glucuronic
acid demonstrated their translocation across the lysosomal membrane via a single
transport system. The sialic acid transporter recognizes also galacturonate, the aldonic
acids gluconate and galactonate, and the lactons of glucarate (D-saccharic acid-1,4 and
1,3-lactons) (Figure 6) (Mancini et al., 1989, 1991, 1992a). The presence of a carboxyl-
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Figure. 5. Cis-inhibition (A) and trans-stimulation (B) kinetic studies. A: compound of
interest is present at the same side of the membrane as the radiolabeled substrate.
B: in the preloaded vesicle (right) the influx is much faster than in the not
preloaded one (left), due to the efflux of unloaded substrate.

group, but not its position in the molecule (in sialate at C-1, in glucuronate at C-6), and an
alcohol group at carbon 2 are important for recognition by the transporter. An herniacetal
ring structure is probably unimportant, since aldonic acids, which do not spontaneously
form rings, are also recognized (Mancini et al., 1989).

In publication I, we demonstrated the transport of the isomer of glucuronic acid,
iduronic acid (Fig. 6) by the lysosomal sialic acid transporter. Iduronic acid has not been
tested earlier, because it became only recently commercially available. This uronic acid is
another important physiological component of glycosaminoglycans. So far, lysosomal
accumulation of iduronic acid in patients with SASD has not been investigated, nor its
transport across the lysosomal membrane of patient fibroblasts.

Besides monocarboxylated anionic sugars, the carrier also recognized a small
aliphatic non-sugar monocarboxylated anion, pyruvate (Mancini et al., 1989). Pyruvate is
a natural precursor in sialic acid biosynthesis. In publication I, we compared the
biochemical characteristics of our purified carrier with those of short chain
monogarboxylate (like lactate) transporters (MCT1, MCT2, and MCT3)(Garcia et al.,
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1994, 1995; Yoon et al., 1997), present in the plasma membrane of various mammalian
cells (Poole and Halestrap, 1993). We observed some striking biochemical similarities.
Both are proton-coupled transporters and are sensitive to specific inhibitors, like cyano-
cinnamates and stilbene disulfonates. Furthermore, both transporters appear to have
essential arginine residues at their substrate binding sites. In publication I, we
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Figure €. A: structures of the molecules which are transported by the lysosomal sialic acid
transporter. B: structures of several molecules which inhibit the uptake of
radiolabeled GlcAc.
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demonstrated that our carrier also transports L-lactate by trans-stimulation and inhibition
kinetic experiments with radiolabeled glucuronic acid as well as radiolabeled L-lactate. A
common problem in L-lactate transport is the presence of both ionized and unionized
forms. The unionized form can pass membranes via simple diffusion and produce changes
in membrane potential. To limit the contribution of the unionized form of lactate,
transport assays must be performed at lower temperatures (20°C), in the presence of low
concentrations of lactate (15 uM) and at a pH above the pK of lactate. Even under these
conditions, we observed competition between lactate and sialic acid for the same transport
binding site. Apparently, there is an overlap in substrate specificity between MCTs and
the sialic acid carrier. Assuming a possible structural homology of the sialic acid carrier
with MCTs, we have determined the chromosomal localization of 4 recently cloned
MCTs (Price et al., 1998). However, none of them mapped to the known SASD locus on
6q14-ql5 and could therefore be excluded as candidate genes for SASD (unpublished
results).

The MCTs comprise an ancient family of transporters, which is classified as a
subfamily of the major facilitator superfamily (MFS)(see chapter 1.3). Besides the MCT
family, the MFS contains also other organic anion transporter subfamilies. Those families
in which organic anions are known to be transported by a proton symport mechanism are
of special interest. In publication II, we demonstrated that several typical substrates for
carriers belonging to a number of anion transporter families, were also recognized by the
sialic acid transporter. The dicarboxylate o-ketoglutarate, the prototype substrate of
organic anion transporters para-aminohippurate, the antiepileptic drug vaiproate, the
purine metabolism endproduct urate, and the anionic drug folate were competitive
inhibitors, although with different affinities (Fig. 6). Moreover, a-ketoglutarate also
showed a trans-stimulation effect, indicating that the lysosomal sialic acid transporter can
exchange GlcA for o-ketoglutarate. We concluded that the lysosomal sialic acid
transporter recognizes not only anionic sugars, but also a wide array of non-sugar anionic
compounds (Fig. 6). The structures of the recognized molecules are quite different,
ranging from small aliphatic molecules (e.g. lactate) to more complex molecules (e.g.
folate). The presence of one or two carboxylic groups appears to be a structural
requirement for recognition.

Whether compounds like L-lactate or «-ketoglutarate are physiologically
important in lysosomes is not known. Lactate is an important energy source in (neonatal)
brain and possible abnormalities in lactate metabolism can be studied by 'H NMR
spectroscopy ((Gadian and Leonard, 1996; Medina et al., 1996). Such studies might be
interesting in brain from SASD patients in order to understand events of
neurodegeneration in this disease. Previous MRI studies showed a defective myelination
pattern in Salla disease patients (Haataja et al., 1994b). It would be interesting to study in
more detail the role of the lysosomal sialic acid transporter in the transport of the
monocarboxylated epileptic drug valproate, its metabolites, and other organic anions by
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future experiments with radioactive forms. Also in relation to Salla disease this could be
important, since patients with this disease can suffer from epilepsy and might be treated
with valproate.

Our transport studies provided the opportunity to select a number of anion
transporter families from the major facilitator superfamily to which the sialic acid
transporter might belong. The selected families contain proton symporters with an overlap
in substrate specificity with the sialic acid transporter. They are the sialate:H" symporter
(SHS) family, the organic anion transporter (OAT) family, the metabolite:H" symporter
(MHS) family, the anion:cation symporter (ACS) family and the already discussed
monocarboxylate transporter (MCT) family, which are all subfamilies of the MFS (Pao et
al., 1998). Another interesting family, which is not a member of the MFS, is the acid
sugar (gluconate):H" symporter (GntP) family (Saier, 1998). Interestingly, our
observation that the sialic acid transporter is a carrier for both sugars and anions is also
reflected in some of these families.

The SHS family contains besides two putative sialic acid permeases of the
prokaryotes E. coli and H. influenza, also a yeast S. cerevisiaze homologue, JEN1. The
latter was classified on the basis of sequence similarities as a member of this SHS family,
while no evidence for sialic acid transport has ever been presented. However, JENI is
known to function as a carboxylic acid transport protein, transporting L-lactate (Tzermia
et al., 1994).

The organic anions a-ketoglutarate, para-aminohippurate, folate, urate, and
valproate are substrates of members of the OAT family. Some of these OATs have
homology with members of another subfamily of the MFS, the sugar porter family.

The metabolites transported by members of the MHS family have little in
common, except that they all possess at least one carboxyl group. The SHS family
member JENI also has homology with members of this family. Whether MHS members
are able to transport monocarboxylated sugars is not known, but appears likely.

The ACS family contains bacterial members which transport hexuronates,
glucarate or galactonate. The sialic acid transporter is the only mammalian transporter
known to transport free hexuronates. Interestingly, the eukaryotic members of this family
are sodium/phosphate cotransporters (Pao et al., 1998). Whether the sialic acid transporter
is able to transport phosphate in the presence of a sodium gradient has so far not been
investigated.

In conclusion, the lysosomal sialic acid transporter belongs to a limited number of
anion transporter families. We should, therefore, not limit our search for the sialic acid
transporter gene among homologues of the MCT family, but also screen for candidates
among the SHS, OAT, MHS, GntP and ACS gene families. The Human Genome
Mapping Project has provided a large collection of expressed sequence tags (ESTs) in
databases. These databases contain many ESTs which have homology to members of
these transporter families, and represent novel transporters with unknown functions. By
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mapping these ESTs and comparing their chromosomal localization to the known critical
SASD region on chromosome 6q, candidate genes can be selected (Leppdnen et al.,
1996).
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2.3 Characterization of a novel lysosomal heavy metal ion transporter

Several heavy metal ions, like copper, zinc, and iron, are required in trace amounts
as essential cofactors of many biological processes. The existence of multiple heavy metal
transport systems has been demonstrated in both prokaryotes and eukaryotes in order to
maintain metal ion homeostasis (Solioz and Vulpe, 1996; Paulsen and Saier, 1997; Eng et
al., 1998). Their vital importance is reflected by the occurrence of human genetic
disorders which are due to a defect in a putative heavy metal transport protein. Menkes
and Wilson disease are both genetic disorders with a disturbed copper metabolism
(DiDonato and Sarkar, 1997). Both genes (ATP7A and ATP7B, respectively) encode
putative copper transporting P-type ATPases. They are predominantly located in the
trans-Golgi network where they probably serve as an import protein for copper ions to
provide copper to the cuproenzymes. A gene encoding a putative mitochondrial iron
transporter is mutated in X-linked sideroblastic anemia and ataxia. This recessive disorder
is characterized by hypochromic microcytic erythrocytes and a disturbed iron metabolism
(accumulation of iron) in the mitochondria of bone marrow erythrocyte precursors
(Allikmets et al., 1999).

Lysosomes also play a role in heavy metal metabolism. They are involved in the
degradation of ferritin, an intracellular iron-storage protein (Ringeling et al., 1989;
Radisky and Kaplan, 1998). Accumulation of iron-protein complexes in hepatocyte
lysosomes is observed in hereditary hemochromatosis, one of the most common recessive
inherited disorders (Stal et al., 1990). This disease is characterized by increased intestinal
iron absorption and progressive iron overload. The protein product of the gene mutated in
this disease, HFE, is co-trafficking with the transferrin receptor and has probably a role in
intracellular iron regulation (Gross et al., 1998). Hepatocyte lysosomes are also involved
in the biliary excretion of heavy metals. This has been observed during experimental
copper and iron overload conditions, in which lysosomes excrete their content, including
copper and iron, into the bile (Fig. 7) (LeSage et al., 1986; Gross et al., 1989).
Accumulation of copper in Iysosomes has been observed in human diseases like Wilson
disease, Indian childhood cirrhosis, and endemic Tyrolean infantile cirrhosis (Alt et al.,
1990; Adamson et al., 1992). A role for lysosomes in heavy metal metabolism has also
been suggested in yeast. Yeast mutants with defective vacuoles, the equivalent of
lysosomes, are hypersensitive to copper (Eide et al., 1993). This suggests that the vacuole
normally is involved in copper detoxification or export. In all these conditions the metal
ions need to cross the lysosomal membrane. Direct evidence for a lysosomal heavy metal
ion transporter was however lacking.

ATP7A and ATP7B, defective in Menkes disease and Wilson disease respectively,
are members of the CPx-type ATPase family, a subgroup of the extensive family of P-
type ATPases, which comprises copper and cadmium ATPases (Solioz and Vulpe, 1996).
It has been demonstrated that a member of this family, CopB from Enterococcus hirae,
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Figure 7. A model for free copper transport in hepatocytes, as adapted and modified from
Vulpe and Packman (1995). Cu(ll) is reduced by a reductase to Cu(I). Cu(I) enters
the cytoplasm via a passive transport protein. Some copper transport into the

cytosol occurs at the cell surface, and some occurs after internalization of the
copper transporter complex in an endosome. Most free copper will be bound to
metallothionein in the cytosol, and will subsequently be transferred to either
cytosolic cuproenzymes like superoxide dismutase or to cuproenzymes in the trans-
Golgi network. ATP7A and ATP7B are probably involved in the translocation of
copper across the Golgi membrane. A route for copper from the Golgi to lysosomes
is still hypothetical. In the case of hepatic copper overload (like in Wilson disease),
cytosolic copper may enter lysosomes, which subsequently excrete their contents
into the bile. How copper enters the lysosomes was not understood.

also transports monovalent silver ions, which suggested that copper is transported by
CopB as the reduced monovalent cation (Cul) (Solioz and Odermatt, 1995). A fibroblast
copper loading test (using *“Cu) has long been used for the diagnosis of Menkes disease.
This test can only be performed in a few specialized centers in the world, because of the
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scarce availability and a very short physical half life (12.8 hours) of radioactive copper. In
publication III, we investigated whether the copper transporter which is defective in
Menkes disease, ATP7A, is able to transport silver. It was found that silver (‘'"""Ag),
indeed can replace “Cu and a less cumbersome loading test can be performed for the
diagnosis of Menkes disease. Furthermore, it was found that the reduction of divalent to
monovalent copper is an essential step preceding transport. ''"""Ag is commercially
available and has a convenient physical half life of 250 days. Since CopB and ATP7A,
both known as copper P-type ATPases are able to transport monovalent silver, we decided
to characterize heavy metal ion transport across the lysosomal membrane, using
radioactive silver.

A complication in the studies of metal transport is the aspecific binding of the free
metal ions to proteins. /n vivo, metal ions are bound to special proteins, like
ceruloplasmin (copper ions) and transferrin (iron ions). During the transport assays an
excess of glutathione was added to bind the free metal ions. In publication IV, we have
biochemically characterized the first lysosomal heavy metal ion transporter, using intact
lysosomes as well as highly purified lysosomal membrane vesicles. The uptake of silver
showed the typical kinetics of a (single) carrier-mediated process, which was stimulated
by ATP hydrolysis and competitively inhibited by Ag®, Cu® and Cd* ions.
Biochemically, the lysosomal transporter showed similarities with CopB and ATP7A.
Interestingly, the Iysosomal transport system does not discriminate between monovalent
and divalent ions, since cadmium is only occurring as a divalent ion and silver only as a
monovalent ion. Copper, however, can occur as a monovalent or as a divalent ion. The
excess of glutathione in the assay probably reduced Cu®* to Cu*. How the transporter
translocates both mono and divalent metal ions is not understood yet. We assume that Ag’
(or Cu") forms a complex with glutathione and that this complex is recognized by the
transport protein. Since the lysosomal membrane is impermeable to glutathione, Aghis
probably released from the complex and transported as a free monovalent ion into the
vesicles (Gahl et al., 1985).

Physiologically, this transporter appears to work as an import mechanism for
copper and cadmium, since it is stimulated by ATP (the intra-lysosomal Jumen does not
contain ATP) and transport could be measured into intact lysosomes in the presence of
ATP. As an import mechanism, it may explain how copper is taken up into the lysosomes
during copper overload conditions. Silver is not known to have any physiological
function, although there is sporadic evidence which suggests that silver ions play a role in
the oxidative burst of polymorphonuclear leucocytes (Jansson and Harms-Ringdahl,
1993).

In Wilson disease the hepatic copper accumulation is caused by a decreased biliary
excretion of this heavy metal. However, the exact (intra)cellular localization of the
putative copper transporter is still debated. Long Evans Cinnamon (LEC) rats are the
animal model for Wilson disease (Li et al., 1991). Since lysosomes appear to be involved
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in the mobilization of copper into the bile during copper overload (Gross et al., 1989), we
were interested whether the lysosomal transporter is defective in this disorder. Silver
transport in lysosomal membrane vesicles of LEC rats was normal, indicating that the
lysosomal heavy metal transporter is different from the ATP7B copper transporter,
causing Wilson disease (publication IV).

Recently, the ATP7B gene has been excluded as a candidate gene for endemic Tyrolean
infantile cirrhosis (non-Indian childhood cirrhosis), a rare human copper overload disease
resembling Wilson disease (Wijmenga et al., 1998). In this disorder, and probably also in
Indian childhood cirrhosis, a genetic predisposition causes rapid copper accumulation
upon ingestion of relatively trivial amounts of copper (Muller et al., 1996). It would be
interesting to test lysosomal heavy metal transport with radioactive silver in these
disorders. However, technical difficulties in obtaining enough material (lysosomal
membranes from patient livers) limit at the moment the realization of this test. The
ATP7B gene, localized on human chromosome 13q14.3, has also been excluded as a
candidate gene in the Bedlington terrier, an canine model for copper toxicosis (van de
Sluis et al., 1999). The copper toxicosis locus in Bedlington terriers has been mapped to
canine chromosome 10, in a region syntenic to human chromosome region 2p13-p16. The
phenotype of this animal resembles those of the endemic Tyrolean infantile cirrhosis and
Indian childhood cirrhosis, and is therefore suggested as an animal model for these
diseases (van de Sluis et al., 1999). Possibly, this canine model can be helpful in the study
on lysosomal heavy metal transport in the copper overload disorders.
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Sialic acid and glucuronic acid are monocarboxylated
monosaccharides, which are normally present in sugar
side chains of glycoproteins, glycolipids, and glycosami-
noglycans. After degradation of these compounds in ly-
sosomes, the free monosaccharides are released from
the lysosome by a specific membrane transport system.
This transport system is deficient in the human heredi-
tary lysosomal sialic acid storage diseases (Salla disease
and infantile sialic acid storage disease, OMIM 269920).
The lysosomal sialic acid transporter from rat liver has
now been purified to apparent homogeneity in a recon-
stitutively active form by a combination of hydroxyap-
atite, lectin, and ion exchange chromatography. A 57-
kDa protein correlated with transport activity. The
transporter recognized structurally different types of
acidic monosaccharides, like sialic acid, glucuronic
acid, and iduronic acid. Transport of glucurenic acid
was inhibited by a number of aliphatic monocarboxy-
lates (i.e. lactate, pyruvate, and valproate), substituted
monocarboxylates, and several dicarboxylates. cis-Inhi-
bition, frans-stimulation, and competitive inhibition ex-
periments with radiolabeled glucuronic acid as well as
radiolabeled L-lactate demonstrated that r-lactate is
transported by the lysosomal sialic acid transporter.
L-Lactate transport was proton gradient-dependent, sat-
urable with a K, of 0.4 my, and mediated by a single
mechanism. These data show striking biochemical and
structural similarities of the lysosomal sialic acid trans-
porter with the known monocarboxylate transporters of
the plasma membrane (MCT1, MCT2, MCT3, and Mev).

The major function of lysosomes is the degradation of a large
variety of intra- and extracellular macromolecules. The release
of degradation products from the lysosome is accomplished by
specific membrane transport systems. More than 20 lysosomal
transporters have been characterized for specific solutes like
amino acids, sugars, nucleosides, ions, and vitamins (1). Their
fundamental role in biology is illustrated by the occurrence of
two human inherited diseases with a defective lysosomal trans-
port function, cystinosis and sialic acid storage diseases (2).
Sialic acid storage diseases are autosomal recessive disorders
that are characterized by mental retardation and a variable
degree of neurodegeneration. Lysosomal accumulation and ex-
cessive urinary excretion of free sialic acid are pathognomonic
findings. Previously, we have characterized a carrier in the
lysosomal membrane with substrate specificity for the acidic

* This work was supported in part by the Dutch Organization for
Scientific Research (NWO!. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
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monosaccharides sialic acid (Neu5Ac)!, uronic acids, and al-
donic acids (3). Subsequent studies in our laboratory showed
that a defective transport of sialic and glucuronic acid (GlcA) is
the primary defect in both clinical variants (4), Salla disease
and infantile sialic acid storage disease. Recently, the gene for
these disorders has been localized to the same refined chromo-
somal area on 6q14-q15 by linkage disequilibrium analysis (5).
However, the disease gene has not been identified yet. The
elucidation of the molecular structure and functional proper-
ties of the lysosomal sialic acid transporter is indispensable for
further understanding of the molecular defect(s) in the clinical
heterogeneous forms of sialic acid storage diseases. Previously,
we have developed a functional reconstitution system for the
sialic acid transporter that provided the tool to start the puri-
fication and functional characterization of the transport
protein (6).

In this paper we present the purification of the sialic acid
transporter from lysosomal membranes of rat liver to apparent
homogeneity. Its functional properties are compared with those
of other monocarboxylate transporters present in the plasma
membrane of various mammalian cells (7-9;.

EXPERIMENTAL PROCEDURES
Materials

Highly purified lysosomal membrane vesicles were isolated from
livers of adult Wistar rats (3). The lysosomal membrane vesicles were
suspended at a protein concentration of 8-10 rag/ml in 20 my NaHepes,
pH 7.4, 1 myM EDTA and were stored at —70 °C. All chemicals used were
obtained from Sigma or as indicated. L-Iduronic acid, sodium salt was
obtained from Toronto Research Chemicals Inc. (North York, ON, Can-
ada). All the tested carboxylates were titrated with NaOH before use.

Reconstitution

Reconstitution of the protein eluates into liposomes was performed
as described earlier (6), with the following modification: proteolipo-
somes were formed by incubating the protein sample, containing deter-
gent and phospholipid (total volume, 170 4l), with 150 zl of Amberlite
XAD-2 beads (Fluka) in 20 my NaHepes, pH 7.4, 100 my KCI. After 30
min of rotation at room temperature, beads were removed by short
centrifugation, and proteoliposomes were used for transport assays.

Transport Assay

After reconstitution, the carrier activity was assayed by uptake of
radiolabeled GlcA in the presence of an inwardly directed proton gra-
dient. Because Neu5Ac and GleA are transported by the same lysosomal
transporter for acidic monosaccharides (3. ¢, we have performed all
studies using radiolabeled GleA, which was more readily available.
Aliquots of proteoliposomes (25 x4l were incubated at 37 °C with 5 4l of
240 my Mes tfree acid containing 2 «Ci of 0-{1->H|GleA (Amersham
Pharmacia Biotech; specific activity, 6.6 Cimmols. resulting in an ex-
travesicular pH of 5.5 and a final concentration of 10 g GleA. Blank

' The abbreviations used are: NeuSAc, M-acetylneuraminic acid:
Glea, glucuronic acid: Mes, 2« N-morpholino-ethanesulfonic acid; IdoA,
iduronic acid: DIDS, 4,4"-diisothiocyanostiltene-2.2 -disulfonic acid:
PAGE. polyvacrylamide gel electrophoresis

This paper is available on line at http://swww.jbc.org
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values were determined by incubation of proteoliposomes at 37 °C with
40 my Mes (free acid), 7 my unlabeled NaGlcA, pH 5.5, and 2 uCi of
D-(1-*H|GlcA and subtracted from all determinations. Previous experi-
ments showed that uptake rates are linear up to 1 min. After 1 min, the
reactions were stopped by diluting the sample with 70 ul of ice-cold
incubation buffer (17 mat NaHepes, 84 my KCl, 40 myt Mes (free acid),
pH 5.5). The samples were immediately applied to a Sephadex G50 fine
{Amersham Pharmacia Biotech) column (Pasteur pipettes, 0.5 X 5¢cm)
at 4 °C. Columns were equilibrated in cold incubation buffer, and ves-
icles were eluted with 1 ml of cold incubation buffer. Vesicle-associated
radioactivity was determined by liquid scintillation counting in 10 ml of
Insta-gel (Packard).

cis-Inhibition experiments were performed by incubating the proteo-
liposomes for 1 min at 37 °C with 2 xCi of [*'H]GlcA (final concentration,
10 41 in 40 mu Mes ifree acid), resulting in an inwardly directed
proton gradient (pH,, = 7.4 > pH_,, = 5.5), and 7 mx of the tested
compound.

For trens-stimulation studies, a 60% proteoliposome solution (25 1}
was pre-incubated for 60 min at 37 °C with 17 mm NaHepes, 84 mym
KCl, 40 ma1 Mes acid, pH 5.5, plus 10 x5 monensin, 10 M valinomycin
(Boehringer Mannheim) in the presence or absence of 1 my unlabeled
substrate. The assay was started by adding 75 xl of an equivalent buffer
containing 2 £Ci of [PH]GleA at 37 °C with a final concentration of 0.25
mM. When the samples were pre-incubated without unlabeled sub-
strate, the external final concentration was corrected as in the case of
preloading (0.25 mM unlabeled compound). After 1 min, the reaction
was stopped as described (6).

The experiments with [**C|L-lactate (Amersham Pharmacia Biotech;
specific activity, 152 mCi/mmol) were largely performed as described for
(*H]GlcA. However, incubation mixtures contained 0.066 xCi of [*CjL-
lactate (final concentration, 15 x) and were performed at 20 °C instead
of 37 °C. Blank values were determined by incubation of proteolipo-
somes with 40 my Mes (iree acid), 7 my unlabeled sodium L-lactate and
subtracted from all determinations. For protein side chain modification,
proteoliposomes (100 ul: were incubated and treated as described (6).

Purification of the Rat Liver Lysosomal Membrane
Sialic Acid Transport Protein

For a single purification, lysosomal membrane vesicles prepared
from 150 g of rat livers (15 rats) were used.

Step 1: Solubilization—Solubilization of lysosomal membrane pro-
teins was performed by mixing the lysosomal membrane vesicles 1:1
(v/v) with 1% Triton X-190 (especially purified for membrane research,
Boehringer Mannheim), 20 myt Tris-HC, pH 7.4. After 25 min of incu-
bation at 0 °C, unextracted material was pelleted by ultracentrifugation
at 150,000 X g in a Beckman SW 40 rotor for 20 min at 4 °C.

Step 2: Hydroxyapatite—The Triton X-100 extract was applied to
hydroxyapatite columns {Pasteur pipettes containing 0.5 g of dry ma-
terial, Biogel HTP, Bio-Rad, packed by 15 s of tapping) at 4 °C, with a
maximum of 500 x| solubilized material/column. Each columa was
washed with 3 ml of 20 raat Tris-HCI, pH 7.4, 0.1% Triton X-100 (buffer
A). Elution was with 3 ral of buffer A, 25 my Na,HPO,, NaH,PO,, pH
7.4. After pooling all the 3-ml eluates, a 2-m! sample was concentrated
in a Centricon 10 device (Amicon, Inc., Beverly, MA) until 100-150 xi
and desalted. A 50-ul aliquot was used for the reconstitution assay and
a 20-41 aliquot was used for the protein assay. Desalting was performed
on a 2-ml Sephadex G50 medium (Amersham Pharmacia Biotech) col-
umn equilibrated in buffer A (10).

Step 3: Lentil Lectin-—The eluates of the different hydroxyapatite
columns were pooled and applied to a 2-ml lentit lectin affinity chro-
matography column (lentil lectin-Sepharose 4B, Amersham Pharmacia
Biotech) pre-equilibrated in buffer A. After washing the lentil lectin
coluran with 2 ml of buffer A, the flow-through fraction (unretained
material) was applied to a 2-m! DEAE-Sephacel (Amersham Pharmacia
Biotech) anion exchanger pre-equilibrated in buffer A containing 10%
glycerol (buffer Bi. A 2-ml sample of the lentil lectin flow-through
fraction was concentrated in a Centricon 10 device to 100-150 zl and
desalted (10). A 50-4! aliquot was used for the reconstitution assay. and
a 20-4l aliquot was used for the protein assay.

Step 4: DEAE-Sepkacel—After extensive washing the DEAE-Sepha-
cel column with 20 ml of buffer B and 20 ml of buffer B with 40 mm
NaCl, bound material was eluted with 6 m! of buffer B with 100 mym
NaCl. This fraction was stored at =70 °C.

Step 5: Hydroxyapatite—After the DEAE-eluate was thawed, 2 0.5
ml sample was concentrated in a Centricon 10 device until 100 xt and
desalted (10). A 50 2l aliquot was used for the reconstitution assay and
a 20 ul aliquot for the protein assay. The 100 my NaCl DEAE-eluate
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(5.5 ml) was adjusted to pH 6.0 with 0.5 M Mes (free acid) and applied
to a prepacked hydroxyapatite column (1-ml EconoPac HTP cartridge,
Bio-Rad) pre-equilibrated in 300 my NaCl, 20 my NaMes pH 6.0, 0.1%
Triton X-100. Transport activity was eluted with 5 ml of 1 mm
Na,HPO,, NaH,PO,, pH 6.0, 300 my NaCl, 0.1% Triton X-100. This
eluate was concentrated in Millipore ultrafree-15 centrifugal filters 10K
(Millipore Corporation, Bedford) to approximately 300 x| and desalted
(10). A 50- aliquot was used for the reconstitution assay, and a 100-21
aliquot was used for the protein assay.

Step 6: Mono @—The concentrated hydroxyapatite eluate (150 i)
was applied to a 0.10-ml Mono Q anion exchange column attached to a
Amersham Pharmacia Biotech SMART system. This column was equil-
ibrated in buffer B, and bound material was eluted with a linear
gradient of 0-210 my NaCl in buffer B. Fractions of 0.1 ml were
collected and pooled pairwise, buffer was exchanged for 20 mm Na-
Hepes, 100 my KCl, 0.1% Triton X-100 by the desalting procedure as
described above, and a 50-z1 aliquot was used for the reconstitution
assay. All column procedures were performed at 4 °C.

Protein Characterization and Determination

The purity of the various active fractions was determined by SDS-
polyacrylamide gel electrophoresis according to Laemmli (11) of meth-
anol/chloroform precipitated samples (12), followed by Coomassie Bril-
liant Biue R-230 or the silver nitrate staining according to Amersham
Pharmacia Biotech. Protein concentration was determined by the pro-
cedure of Lowry et al. as modified by Peterson (13) for the presence of
Triton. Protein concentrations in eluates of the second hydroxyapatite
columr: were determined after methanol/chloroform precipitation (12).
Protein concentrations ir. Mono Q eluates were too low to be determined
by the above assay and were therefore estimated frorn silver-stained
SDS-PAGE gels.

For the endoglycosidase F/N-Glycosidase F (Boehringer Mannheim)
treatment of the purified protein, the Mono Q fracticns 19-23 were
pooled, concentrated, and incubated with 25 milliunits endoglycosidase
F., 100 gl in the presence of 20 ma potassium phosphate buffer, pH 7.4,
50 mM EDTA, 2% Triton X-100, 0.2% SDS, 2% Bmercaptoethanol for
2 h at 37 °C. Proteins were precipitated with methanol/chloroform (12).
The pellet was resuspended in sample buffer and analyzed by SDS-
PAGE (10% geD.

RESULTS

Purification of the Lysosomal Sialic Acid Transporter—Var-
ious membrane (transport) proteins have been successfully pu-
rified using hydroxyapatite as well as ion exchange chromatog-
raphy in the presence of detergents (14-18). In addition,
affinity chromatography with oligosaccharide-specific lectins
has been used to identify the major heavily glycosylated lyso-
somal membrane proteins: LAMPs (lysosomal-associated mem-
brane proteins) and LIMPs (lysosomal integral membrane pro-
teins) (19-22). Based on the success of these purification
methods for membrane proteins we developed a purification
protocol for the lysosomal sialic acid transporter. Previously,
we have reported a successful reconstitution procedure for the
rat liver lysosomal sialic acid transporter that now provided
the functional assay to follow fractionation and purification of
the solubilized transporter (6). At all steps of the purification
procedure, samples were collected and reconstituted into pro-
teoliposomes, and their transport activities were measured us-
ing radiolabeled GlcA as a substrate (Table I.

The Triton X-100 solubilized lysosomal membrane proteins
were applied to small columns of dry hydroxyapatite material.
The columns were washed with equilibration buffer at pH 7.4,
and about 20% of the transport activity was eluted with 25 mm
sodium phosphate buffer at pH 7.4. This resulted in a 4-fold
purification. The next step consisted of lentil lectin affinity
chromatography. Almost all activity of the sialic acid trans-
porter was recovered from the column flow-through. Lentil
lectin recognizes a-d-glucose and «-p-mannose residues and
therefore binds glycoproteins. Consequently, a number of ma-
jor lysosomal membrane glycoproteins bound to the column
and thus could be separated from the protein preparation con-
taining transport activity. This step was kept in our protocol
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TABLE [

Purification of the sialic avid transporter

from rat liver lysosomal membrane vesicles

Lysosomal membrane vesicles (approximately 25 mg of protein) derived from 150 g of rat livers were used as starting material. The purification
procedure, reconstitution, and transport assay were performed as described under “Experimental Procedures.” Activity is expressed as uptake of
[*H]GleA in 1 min at 37 °C. Data represent the means of three separate isolations.

Fraction Protein Total protein Total Activity Yield Specific activity enhal:n%ledment
gl mi e pmol/min % pmol GleA/mg/nin
Solubilized lysosomal 200 12000 2102.4 100 175.2 1
membrane extract
First hydroxyapatite eluate 16.4 591 441.5 21 7473 4
Lentil lectin eluate 13.6 439 378.4 18 774.4 4.4
DEAE eluate 16.6 99.5 252.3 12 2534.9 14.5
Second hydroxyapatite 0.5 3.0 42.1 2 14171.4 80
eluate
Mono Q eluate 0.14 0.028 2.1 0.1 75757.6 432

despite the fact that it did not lead to an increase in specific
activity.

The lentil lectin flow-through fraction was applied to a
DEAE-Sephacel anion exchange column. With 100 mym NaCl,
12% of the total transport activity was eluted. As depicted in
Table I, this resulted in a =14.5-fold increase in specific activ-
ity over the starting material. Analysis of the protein composi-
tion of fractions obtained from these initial purification steps is
shown in Fig. 1. Many different protein bands were still
present.

The next purification step consisted of chromatography on
hydroxyapatite. This time the column was pre-equilibrated at
pH 6.0 in the presence of 300 muy NaCl. Under these conditions,
acidic proteins are retained and are eluted with low phosphate
buffers. This step provided an important purification of the
sialic acid transport protein with an 80-fold enrichment in
specific activity (Table I). SDS-PAGE protein analysis using
silver staining showed at least four distinct protein bands (Fig.
2A), One of these proteins has a molecular mass of 85 kDa and
based on its N-terminal amino acid sequence represented one
of the major lysosomal membrane glycoproteins, the Lgp85 or
LIMP II (23). Another major 67-kDa protein represented the
lysosomal membrane-bound subunit of acid phosphatase (24).
The other proteins were considered as candidates for the lyso-
somal sialic acid transporter.

The next purification step consisted of a strong anion ex-
change Mono Q column attached to the SMART system of
Amersham Pharmacia Biotech. Retained proteins were eluted
with a gradient of 0-210 mym NaCl. SDS-PAGE analysis by
silver nitrate staining of the eluted proteins showed a predom-
inant protein band with a molecular mass of ~57 kDa in the
fractions 20/21 in which also the highest GleA transport activ-
ity was observed (Fig. 2B). In addition, quantitative image
analysis of the SDS-PAGE protein elution pattern from the
Mono Q column demonstrated a correlation between the 57-
kDa protein and the transport activity (data not shown). All
other visualized proteins could not represent the sialic acid
transporter, because they became more prevalent in following
fractions, where lower or no transport activity was detected
(Fig. 2B).

In the final protein preparations (fractions 20-21 from the
Mono Q column) transport activity was 432-fold enriched over
the activity in the initial lysosomal membrane extract (Table I).
Considering that the lysosomal membrane marker gSglucosi-
dase is about 100-fold enriched in the lysosomal membrane
vesicles (used as a starting material), the sialic acid transport
protein is about 40,000-fold purified in the final eluate of the
Mono Q column.

Properties of the Purified Lysosomal Sialic Acid Transport-
er—To investigate the glycosylation of the transporter, the
final protein preparation was incubated with the enzyme mix-
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Fic. 1. SDS-PAGE of protein fractions during the initial steps
of the purification of the functional lysosomal sialic acid trans-
porter from rat liver. Protein fractions were analyzed by SDS-PAGE
(10% gel) and Coomassie Brilliant Blue R-250 stained. Per lane, an
aliquot of approximately 30 xg of total prozein was loaded. Lane 1,
mid-range protein molecular weight markers (Promega). Lane 2, rat
liver lysosomal membrane vesicles. Lane 3, Triton X-100-solubilized
lysosomal membrane vesicles. Lane 4, 25 my sodium phosphate eluate
of first hydroxyapatite column. Lane 5, lentil lectin unretained fraction.

Lane 6, 100 my NaCl eluate of DEAE-Sephacel column.

ture endoglycosidase F/N-glycosidase F. After treatment, the
apparent molecular mass of the 57-kDa protein was not de-
creased. The apparent molecular mass of a control glycoprotein
was decreased as a result of cleavage of glycosydic chains (data
not shown). This, together with the observation that this pro-
tein did not interact with lentil lectin, indicates that the carrier
is apparently not glycosylated. Analysis by SDS-PAGE in the
presence or absence of the thiol-reducing agent 2-mercaptoeth-
anol did not show any alteration of the electrophoretic behavior
of the purified transport protein (data not shown). This indi-
cates that the transporter is not functional as a (homo)dimer or
polymer linked by disulfide bridges.

Substrate Specificity of the Lysosomal Sialic Acid Transport-
er—Because the final yield of the highly purified sialic acid
transporter was very low, detailed kinetic studies were difficult
to perform. Therefore, most kinetic characterization of the ly-
sosomal sialic acid transporter was performed using partially
purified preparations (DEAE-Sephacel eluates). Subsequently,
some key experiments were repeated in a concise manner with
the highly purified transport preparation.

Interaction of the Lysosomal Sialic Acid Transporter with
Iduronic Acid—In earlier substrate specificity studies with the
crude lysosomal sialic acid transporter, we have shown that
this transporter recognizes structurally different types of acidic
monosaccharides (i.e. the sialic acid NeuSAc and the uronic
acid GleA) (3, 4). The uronic acid iduronate (IdoA) represents,
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Fic. 2. A 57-kDa protein correlates with the transport activity.
Panel A shows the SDS-PAGE protein pattern of the preparation, which
was applied to the Monc Q column. Panel B, bottom, elution profile of
Mono Q column. Transport activity was measured in reconstituted
proteoliposomes of the respective Mono Q fractions. Proteoliposomes
(25 pl) were incubated 1 min at 37 °C with 10 uM (*H]GlcA in the
presence of an inwardly directed proton gradient. Transport activity is
expressed as pmol [PHIGlcA/min/25 ul. Top, SDS-PAGE and silver
staining of correspondinz Mono Q fractions.

like GlcA, a major component of glycosaminoglycans. These are
degraded in lysosomes, and thus free IdoA is like GlcA expected
to be transported across the lysosomal membrane. The recent
commercial availability of free IdoA made it now possible to
investigate by cis-inhibition and trans-stimulation studies
whether this uronic zcid is also a substrate for the lysosomal
sialic acid transporter (Table II). IdoA inhibited [*H}GlcA up-
take, although less efliciently than Neu5Ac and GlcA. Further-
more, IdoA was able to induce, like its isomer GlcA, almost a
2-fold trans-stimulation (Table II). These experiments indicate
that IdoA is indeed a substrate for the sialic acid transporter.

Interaction of the Lysosomal Sialic Acid Transporter with
Small Monocarboxylotes—We investigated the interaction of
the transport protein with other known substrates for organic
anion carriers. Initially, mono-, di-, and tricarboxylic acids
were tested for their cis-inhibition effect on the initial linear
rate of proton-driven [*H]GlcA uptake in a partially purified
preparation (Table IT:. Most of these organic anions are known
substrates for the proton-driven monocarboxylate transporters
MCT1, MCT?2, and MCT3 of the plasma membrane and for the
pyruvate and the dicarboxylate transporters of the outer mito-
chondrial membrane. The monocarboxylic and dicarboxylic ac-
ids were all strong inhibitors, except for the amino acid gluta-
mate and the Krebs cycle intermediate a-ketoglutarate.
t-Lactate and the anti-epileptic drug valproic acid (dipropyl
acetate), among the monocarboxylates, and succinate, among
the dicarboxylates, were the strongest inhibitors (Table II). The
tricarboxylate citrate showed no significant inhibition. To test
whether inhibition represents interaction at the substrate
binding site and consequently transport, we investigated the
trans-stimulation effect of some representative mono- and di-
carboxylate inhibitors on the uptake of [*H]GlcA. Partially
purified protein preparations were reconstituted in proteolipo-
somes and preloaded with an unlabeled compound at concen-
trations of 1 my, just above the K,,, of GlcA (0.4 my) (), and the
uptake of [PHIGIcA was followed for 1 min. As shown in Table
1I, L-lactate as well as GleA itself trans-stimulated the uptake
of PHIGlcA. Mevalonate and succinate did not cause trans-
stimulation. Next, we investigated transport kinetics of L-lac-
tate by the partially purified sialic acid transporter using ra-
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TaBLE II
cis-Inhibition and trans-stimulation of [PH]GlcA uptake by mono-,
di-, or tricarboxylic acids

The partially purified (DEAE-Sephacel eluate) sialic acid transporter
was reconstituted, and proteoliposomes were incubated 1 min at 37 °C
with 10 gy PHJGlcA in the presence of an inwardly directed proton
gradient and 7 my of the indicated compounds. Data represent the
means of four independent determinations * S.D. In trans-stimulation
experiments partially purified protecliposomes were preincubated for
60 min at 37 °C in the presence or absence of 1 mM unlabeled GleA,
IdoA, L-lactate, mevalonate, or succinate in 20 mm NaHepes, 100 my
KCI, 40 my Mes, pH 5.5, 10 uM valinomycin and monensin. The trans-
port assay was started by a 4-fold dilution in pH 5.5 incubation buffer
with 2 «Ci of {*H]GlcA and allowed to preceed for 1 min. In the samples
that were preincubated without unlabeled compound, 0.25 mM unla-
beled compound was added together with radiolabeled substrate to give
the same extravesicular substrate concentration in both experiments.

Transport activity trans-Stimulation

pmol/mglmin % of control % of not trans-

stimulated

Control 2280.5 * 132.6
Acidic monosaccharides

GleA Q 0 200

NeubAc 0 0

IdoA 916.1 = 272.4 40 180
Monocarboxylates

Oxamate 553.0 = 45.5 24

Pyruvate 534.6 > 46.0 24

L-Lactate 195.6 = 67.8 8 150

4-OH-butyrate 369.4 = 107.2 16

Mevalonate 510.0 = 24.0 22 109

Valproate 0 0
Dicarboxylates

Succinate 0 0 79

Malate 366.0 = 21.8 16

Malonate 685.3 = 37.5 30

Maleate 592.5 = 79.5 26

Fumarate 234.3 = 81.0 10

aKetoglutarate 1090.2 = 199.6 48

Glutamate 2437.8 = 195.4 107
Tricarboxylate

Citrate 1665.9 > 30.6 73

20

uptake lactate (nmol/mg)
3

toe

L
0 1 2 3 4 5 60
time (min)

Fi. 3. Proton gradient-dependent uptake of ['*C]L-lactate.
Proteoliposomes of DEAE-Sephacel eluate prepared in 20 my NaHepes,
100 my KCI, pH 7.4, were incubated with 15 gz [**CjL-lactate at 20 °C
in 40 mum Mes (free acid), 10 uv valinomycin, pH 5.5 (with proton
gradient, pH,, = 7.4 > pH,,, = 5.5, ® or in 20 my NaHepes, 10 uM

valinornycin, pH 7.4 (no proton gradient, pH,,, = pH,,, = 7.4, O)\

diolabeled [*C]i-lactate. The presence of an inwardly directed
proton gradient (pH,, = 7.4 > pH,,, = 5.5) stimulated initial
uptake rates of lactate above equilibrium level (Fig. 3). At the
top of overshoot, approximately 2% of external lactate was
taken up inside the vesicles. This overshoot phenomenon was
abolished in the absence of a proton gradient (pH;, = pH,,, =
7.4), indicating that the transport of lactate is proton gradient-
driven, similarly to the transport of the acidic monosaccharides
NeudAc and GleA. In these experiments, the use of low concen-
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Fi6. 4. Competitive inhibition of 15~

[*H]GlcA transport by L-lactate and
of [**C]L-lactate transport by Neu5Ac.
Initial proton-dependent transport rates
of (*H]GlcA (1 min, 37 °C) and ["*ClL-lac-
tate (30 s, 20 °C) were measured in pro-
teolip of DEAE-Sephacel eluates.
The uptake medium contained increasing
concentrations of the respective sub-
strates in the presence or absence of the
inhibitors L-lactate or NeuSAc. Data were
plotted double reciprocally. A, (PH]GlcA
uptake with (O) or without (@) cold 2 mat
L-lactate. B, ["*C]r-lactate uptake with
(O) or without (@) cold 7 mm NeuSAc.
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trations of lactate (15 um), lower temperature (20 °C), and the
use of a pH far above the pK for the tested compounds limit the
contribution of aspecific diffusion on the net uptake. Proton-
driven [*C]L-lactate transport under apparent zero-trans con-
ditions was saturable with a K|, of approximately 0.4 my and
a Vinax Of 500 nmol/30 s/mg protein. An Eadie-Hofstee plot of
the kinetic data indicated a linear process, suggesting that only
one type of transport system operates (data not shown).
Although these studies provide evidence that the partially
purified protein preparation is able to transport, in addition to
acidic monosaccharides, many other small monocarboxylic ac-
ids, it cannot be excluded that other proteins in this prepara-
tion are present. However, the exchange of GlcA with L-lactate
in the trans-stimulation experiments is strong evidence for
transport of both compounds by the same protein. To provide
further evidence that lactate and GleA can be transported by
the same carrier in the lysosomal membrane, competitive in-
hibition experiments were performed. Proton-dependent trans-
port of (PHiGlcA or [M*ClL-lactate was measured in voltage
clamped membranes with K*/valinomycin in the absence or
presence of cold L-lactate or cold NeuSAc as inhibitors, respec-
tively. The results were fitted to a double reciprocal plot, show-
ing a clear mode of competitive inhibition of lactate (calculated
K, of 2.5 mm) on GlcA transport and of Neu5Ac (calculated K; of
2 mm) on L-lactate transport (Fig. 4). Definite evidence that
transport of lactate is performed by the lysosomal sialic acid
transporter was obtained from cis-inhibition and concentration-
dependent inhibition studies with the highly purified sialic acid
transporter preparation. Proton-driven (*H)GleA transport un-
der apparent zero-trans conditions was completely inhibited in
the presence of 7 mu unlabeled GleA or NeuSAc or L-lactate
(Table I1I). Proton-driven [**C]c-lactate transport under appar-
ent zero-trans conditions was inhibited totally by r-lactate and
significantly by NeuSAc. It is interesting to note that under
these conditions GlcA did not inhibit. Because the GlcA trans-
port assays are performed at 37 °C and the lactate transport
assays at 20 °C, these apparent inconsistencies can be ex-
plained by differences in affinities at different temperatures.
Inhibition of [*H]GlcA transport by L-lactate was a clear con-
centration-dependent process (Table IIl). Clearly, the highly
purified transporter preparation contains a transporter that
carries all three substrates, GlcA, NeubAc, and i-lactate (see
also the above competitive inhibition experiments).
Sensitivity to Covalent Protein Modifiers—In previous exper-
iments studying the effect of protein modifiers on GlcA trans-
port in native lysosomal membrane vesicles and reconstituted
proteoliposomes, we have demonstrated the involvement of
arginines (and possibly histidines) in substrate recognition (3,

el
10 2 0 2 4 6 8 10
1/[Lactate], (mM)!

2 4 6 8
1[GIcA], (mM)™

TasLE III
cis-Inhibition of [PH]GIcA and [C]i-lactate uptake by GlcA, Neu5Ac,
and L-lactate in proteoliposomes of the highly purified lysosomal sialic
acid transporter

In the upper part of the table, the Mono @ eluate was reconstituted,
and proteoliposomes were either incubated 1 min at 37 °C in the case of
[*HIGIcA assay or 30 s at 20 °C in the case of [rosup;14ClL-lactate assay,
both in the presence of an inwardly directed proton gradient and with
7 mm of the indicated compounds. In the lower part of the table,
proteoliposomes of the highly purified sialic acid transporter were in-
cubated with 10 zm [PH|GIcA for 1 min at 37 °C in the presence of an
inward directed proton gradient (pH,, = 74, pH,,. = 5.5) and with
various concentrations of L-lactate. Data represent the means of two
independent determinations.

Transport activity

Comp:
[PHIGIcA {“Cli-Lactate
pmol/minlassay % of control pmol{30 siassay % of control

Coatrol 0.082 15.4
GleA 0 0 16.2 105
Neu5Ac 0 0 &8 57
L-Lactate 0 0 0 0
L-Lactate

10 st 0.082 100

20 M 0.075 92

50 s 0.066 81

150 M 0.059 72

500 um 0.010 12

6). To investigate whether L-lactate transport is similarly af-
fected by some of these protein modifiers, inhibition and sub-
strate protection experiments were performed. 1 mm N-ethyl-
maleimide, a thiol-modifier, irreversibly inactivated transport
of both GlcA (75% inhibition) and L-lactate (86% inhibition) in
proteoliposomes from partially purifie¢ preparations. Phenyl-
glyoxal, under these conditions an arginine modifier, signifi-
cantly inhibited GlcA transport (44% of uninhibited rate). The
inactivation of GlcA transport could be partially rescued when
phenylglyoxal treatment was performed in the presence of the
substrates GlcA, NeuSAc, and L-lactate (96, 96 and 56% of
uninhibited rate, respectively). Similarly, i-lactate transport
was significantly inhibited by phenylglyoxal (59% of uninhib-
ited rate) and protected in the presence of L-lactate, GlcA, and
NeuSAc (91, 88, and 71%, respectively, of uninhibited rate).
Apparently, GlcA, Neu5Ac, and L-lactate all use the same sub-
strate-binding site of the transport protein.

DISCUSSION

In this paper we describe the purification of the lysosomal
sialic acid transport protein to apparent. homogeneity based on
its biological activity. To our knowledge, this is the first report
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about the purification and detailed kinetic characterization of a
lysosomal membrane carrier protein. Initial attempts using
specific inhibitors like a-cyanocinnamate as ligands for affinity
chromatography have not been successful.? Classical chromato-
graphic techniques for membrane proteins were used. Hy-
droxyapatite chromatography was particularly successful in
obtaining fractions enriched in transport activity. This medium
has also been successful in the purification of several mitochon-
drial membrane transport proteins (14). Like some of those
carriers, our transporter adsorbed weakly to hydroxyapatite
(elution with 25 my and 1 my sodium phosphate buffer). This
is probably due to a large micellar shell around the protein
formed by Triton X-100 molecules. Silver-stained SDS-PAGE
gels showed only one protein band with a molecular mass of
approximately 57 kDa, correlating with the transport activity
of GleA (Fig. 2B). Concerning the enrichment of this lysosomal
membrane transporter and the highly sensitive silver staining,
it is unlikely that the activity resides in another minor, not
visualized protein. Apparently, the more abundant and well
characterized integral lysosomal membrane proteins, such as
LAMPs and LIMPs, are densely N-glycosylated glycoproteins
(22). Based on the deglycosylation studies, the sialic acid trans-
porter appears no? to be heavily glycosylated. For several
known anion carriers N-glycosylation is not required for their
transport function (2). The same is true for some other mem-
brane transporters (25, 27). Some sugar carriers are known to
be functional because homodimers possibly linked by S-S
bridges (28, 29). In contrast, our transporter does not have a
quaternary structure in which subunits are held together by
S-S bridges.

In previous studies, we showed that the structural require-
ments for recognition of the substrate by the carrier were
different from those of other proteins involved in sialic acid
metabolism (lysosoraz] sialidase, the Golgi system transporter
for CMP-sialic acid and sialyltransferases). For the carrier, the
C-1 carboxylic group had to be unsubstituted as well as the
native hydroxy!l group at C-2 (3). In addition, the kinetic prop-
erties of the lysosomal sialic acid transporter were similar to
those of other known proton cotransporters for other organic
anions (3, 6). Structurally different monosaccharides, such as
sialic acid (V-acetylneuraminic acid) (a 9-carbon N-substituted
monosaccharide), glucuronic acid (a hemiacetal-forming acid
monosaccharide with a C-6 carboxylic group), and gluconic acid
(a non-hemiacetal-forming acid monosaccharide with a C-1 car-
boxylic group) are all recognized by this carrier (3, 6). In this
paper we extended the group of acidic monosaccharide sub-
strates with IdoA, like GlcA an important physiological com-
ponent of mammalian glycosaminoglycans. The lysosomal
sialic acid transporter is the only mammalian transporter
known to allow transport of uronic acids, aldonic acids, and
N-substituted neuraminic acids (3, 4). The physiological role of
sialic acid and glucuronic acid transport has earlier been dem-
onstrated by the accumulation of these monosaccharides and
by their defective transport in lysosomes of patients with sialic
acid storage diseases (4, 30). So far, lysosomal accumulation of
IdoA in these patients has not been investigated. The contri-
bution of the different acidic monosaccharides to the pathology
remains therefore elusive.

Because aliphatic monocarboxylates like pyruvate inhibit
transport {3), we compared the biochemical characteristics of
the purified carrier with those of the aliphatic monocarboxylate
transporters. To date, several monocarboxylate transporters
present in the plasma membrane of various mammalian cells
have been cloned and characterized: MCTL, MCT2, and MCT3

(7~9, 31). They are proton-coupled transporters with a broad
specificity for short chain monocarboxylates (including lactate
and pyruvate), showing differences in cellular distribution. A
number of non-sugar mono- and dicarboxylic acids were effec-
tive inhibitors of initial uptake rates of GlcA transport by the
partially purified lysosomal sialic acid transporter (Table II).
The inhibition observed was not dependent on changes in mem-
brane potential, because experiments were performed in the
presence of K* and valinomycin. These monocarboxylates are
transported by the MCTs with different affinities, except me-
valonate (7). Mevalonate is transported by Mev, a homologue of
MCT1 from Chinese hamster ovary cells (32), but is not trans-
ported efficiently by MCT1 (8). trans-Stimulation experiments
demonstrated that mevalonate is not transported by the lyso-
somal sialic acid traasporter (Table II). Most of the tested
dicarboxylates are known to be substrates of the dicarboxylate
carrier in mitochondria (e.g. succinate, malate, and malonate)
(33). For the di- and tricarboxylic acids glutamate, a-ketoglut-
arate, and citrate specific mitochondrial transport proteins
have been identified (34). The lack of trans-stimulation in our
experiments suggested that one of the strongest dicarboxylate
inhibitors (i.e. succinate) is not transported by the lysosomal
sialic acid transporter. Similarly, a lactate transporter in pla-
cental brush border membrane vesicles is unable to transport
the cis-inhibitor succinate (35).

Transport of [*H]GlcA by the partially purified lysosomal
sialic acid transporter is cis-inhibited and ¢rans-stimulated by
the small aliphatic monocarboxylate L-lactate. This inhibition
of ’H)GlcA transport by L-lactate showed a competitive mode.
The same cis-inhibition of [PH]GlcA transport by L-lactate was
observed using the highly purified preparation, containing one
major protein band on SDS-PAGE. This inhibition was clearly
dependent on the concentration of the inhibitor L-lactate.
Transport of [**Cli-lactate by the partially purified lysosomal
sialic acid transporter preparation is a proton gradient-medi-
ated process that can be competitively inhibited by Neu5Ac but
surprisingly not by GlcA. ["*C]L-lactate transport by the highly
purified preparation also showed clear inhibition by Neu5Ac
but not by GlcA. Apparently, at 37 °C ((*H]GIcA transport
assay) as well as GleA, NeuSAc, and L-lactate are recognized by
the transporter, but at 20 °C ([**C]L-lactate transport assay)
the affinity for L-lactate and NeuSAc is much higher than for
GlcA. This can be explained by structural differences among
these molecules, especially at the site of the carboxyl group.
Another possible explanation would be the presence of different
lactate transporters, one of which is not fully inhibited by the
other two compounds. However, kinetic analysis (linear Eadie-
Hofstee plots) did not show any evidence for different lactate
transporters. In conclusion, all these data provide strong evi-
dence that the lysosomal sialic acid transporter is able to trans-
port besides acidic monosaccharides also other short chain
monocarboxylates like L-lactate. The competitive inhibition ex-
periments, the trans-stimulation experiments, and the cis-in-
hibition experiments using the highly purified preparation ex-
clude the possibility that the observed L-lactate transport is
due to a contaminating protein.

We do not know whether L-lactate is a physiological sub-
strate in the lysosome. However, a probenecid-inhibitable or-
ganic anion transporter, possibly also recognizing lactate, was
postulated in endosomes from macrophages (36). Probenecid is
also an inhibitor of the sialic acid transporter in native lysoso-
mal membranes.? Proton cotransport of L-lactate has been de-
seribed for MCT1, MCT2, and MCT3 by kinetic analysis and by
inhibition with para-chloromercuribenzoic acid (8, 9, 31). Lac-

2 G. M. S. Mancini, ur.published results.
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tate and pyruvate show a structural similarity with NeuSAc, of
which pyruvate is the natural precursor. Although it would be
interesting to investigate whether MCT1 and/or MCT2 also
could transport monocarboxylic monosaccharides, it is as-
sumed that MCT1 transports mainly unbranched aliphatic
monocarbexylates from C-2 to C-5 but not mevalonate.
[*HIGIcA uptake is cis-inhibited by the anti-epileptic drug val-
proic acid. Valproic acid is also a known inhibitor of the mito-
chondrial pyruvate carrier (37) and of MCT1 in Chinese ham-
ster ovary cells (38), suggesting a similarity between the
lysosomal system here investigated and these monocarboxylate
carriers. It would be interesting to study in more detail the role
of the lysosomal sialic acid transporter in the transport of
valproic acid, its metabolites, and other organic anions by fu-
ture experiments using their radioactive forms.

Both the lysosomal sialic acid transporter and MCTs are
sensitive to hydroxycinnamic acid derivatives, the stilbene dis-
ulfonate DIDS, and para-chloromercuribenzoic acid (6-9).
However, the difference in sensitivity to the amino acid modi-
fier N-ethylmaleimide distinguishes MCT1 from the lysosomal
sialic acid transporter. MCT1 is only poorly inhibited by N-
ethylmaleimide (7) in contrast to the sialic acid transporter,
which is strongly inhibited by N-ethylmaleimide (this paper).
Another difference between the sialic acid transporter and
MCT1 is the lower K,,, for lactate transport, 0.4 m (this paper)
versus 8 mu for MCT1(9). Recently, Price e al. have cloned and
sequenced four new human MCT homologues, MCT4 to MCT7
(39). Their similarities and some strongly conserved sequence
motifs provide evidence for an ancient family of transporters.
Considering that the conversion of Phe® into Cys changes
MCT1 from a lactate transporter to a mevalonate transporter
(8, 82), it is possible that minimal structural differences among
MCTs account for major differences in substrate specificity.
The amino acid modifier phenylglyoxal inactivated the recon-
stituted sialic acid transporter. This reagent revealed essential
arginine/histidine residues at the substrate-binding site of the
transporter, because its inactivation could be prevented by
concomitant incubation with Neu5Ac or GlcA (6). L-Lactate acts
on the same substrate-binding site as GlcA, because the inhib-
itory effect of phenylglyoxal on the uptake of [*'C]i-lactate
could be prevented by concomitant incubation with i-lactate or
GleA (this paper). Apparently, phenylglyoxal modifies essential
arginine residues present in the lactate-binding site of the
carrier protein. Also, for the MCTs an essential function for a
conserved Arg residue has been proposed (39). In conclusion,
we have observed an overlap in substrate specificity for mono-
carboxylates, a similar proton cotransport mechanism (with
consequently the sensitivity to para-chloromercuribenzoic
acid), a similar sensitivity to hydroxycinnamic acid derivatives
and stilbene disulfonates, and the presence of essential argi-
nine residues in the substrate binding sites of the sialic acid
carrier and the monocarboxylate carriers. Altogether, these
data suggest functional and structural similarities of our trans-
porter with previously characterized monocarboxylate
transporters.

The lysosomal transport mechanism for sialic acid is defec-
tive in different clinical variants of the neurodegenerative dis-
order sialic acid storage disease. We demonstrated that the
purified sialic acid transporter interacts with lactate, an im-
portant energy source in brain. Further studies of lactate me-
tabolism in brain from these patients might help 0 understand
events of neurodegeneration in this disorder. By NMR spec-
troscopy, it is possible to show abnormalities in metabolites in
brain (40). We are not aware of NMR spectroscopy studies in

sialic acid storage diseases, which could be applied to study
lactate metabolism in brain of these patients.

By N-terminal sequencing, we have obtained a stretch of
amino acids from the 57-kDa protein, but still too many doubt-
ful residues are present, making gene cloning difficult. How-
ever, the functional and possible structural homology with
monocarboxylate transporters may provide a tool to identify
and clone the sialic acid transporter gene by screening for
homologues in available sequence libraries.

Acknowledgments—We thank Dr. André Hoogeveen and Leontine
van Unen for technical assistance with the Amersham Pharmacia Bio-
tech SMART System, Marian Kroos and D'r. Amons for help with the
N-terminal sequencing of the purified protein, and Jeannette Lokker
for secretarial assistance.

REFERENCES

Pisoni, R. L., and Thaene, J. G. (1991) Biochim. Biophys. Acts 1071, 351-373
Gahl, W. A, Schneider, J. A., and Aula, P. P. {1995} in The Metabolic and
Molecular Basis of Inherited Disease (Scriver, C. R., Beaudet, A. L., Sly,
W.S., and Valle, D., eds) pp. 37633797, 7th Ed., McGraw-Hill, New York
. Mancini, G. M. §,, de Jonge, H. R., Galjaard, H., and Verheijen, F. W. (1989)
oJ. Biol. Chem. 264, 15247-15254
. Mancini, G. M. S., Beerens, C.E. M. T., Aula. P. P., and Verheijen, F. W. (1991)
oJ. Clin. Invest. 87, 1329-1335
. Schleutker, J., Leppanen, P.,, Mansson, J. E., Erikson, A., Weissenbach, J.,
Peltonen. L., and Aula, P. (1995) Am. J. Hum. Genet. 57, 893-801
. Mancini, G. M. S., Beerens, C. E. M. T., Galjaard, H., and Verheijen, F. W.
(1992} Proc. Natl. Acad. Sci. U. S. A. 89, 6609-6613
. Poole, R. C., and Halestrap, A. P. (1993) Am. J. Physiol. 264, C761-C782
Garcia, C. K., Goldstein, J. L., Pathak, R. K., Anderson, R. G. W., and Brown,
M. S. (1994 Cell 76, 865873
Garcia, C. K., Brown, M. S, Pathak, R. K., and Goldstein. J. L. (1993) J. Biol.
Chem. 270, 1843-1849
10. Penefsky. H. S. {(1979) Methods Enzymol. 56, 527-530
11. Laemmli, U. K. (1970} Nature 227, 680-685
12. Wessel, D.. and Flugge, U. L. (1984) Anal. Bicchem. 138, 141-143
13. Peterson, G. L. (1979) Anal. Biochem. 100, 201-220
14. Palmieri, F. (1994) FEBS Lett. 346, 48-54
15. Kyouden, T., Himeno, M., Ishikawa, T., Ohsumi. Y., and Kato, K. (1992)
oJ. Biochem. (Tokyo) 111, 770-777
16. Arai, K., Shimaya, A., Hiratani, N, and Ohkuna, S. (1993)J. Biol. Chem. 268,
5649-5660
17. Kim, 8., Ezaki, J., Himeno, M., and Kato, K. {1993} J. Biochem. (Tokyo) 114,
126-131
13. Schulte, 8., and Stoffel, W. (1995) Eur. J. Biochem. 233, 947-953
19. Carlsson, S. R., Rath, J., Piller, F., and Fukuda, M. (1988) J. Biol. Chem. 263,
18911-18919

[l

o s W

o

® i

©

13

20. Akasaki, K., Yamaguchi, Y., Furuno, K., and Tsuji, H. {1991) J. Biochem.
(Tokyo? 110, 922-927
21. Okazaki, I, Himeno, M., Ezaki, J., Ishikawa, T., and Kato, K. (1992) J.

Biochem. (Tokyo) 111, 763769

22. Fukuda, M. (1991) J. Biol. Chem. 266, 21327--21330

23. Fujita, H., Ezaki, J., Noguchi, Y., Kono, A., Himeno, M., and Kato, K. (1991)
Biochem. Biophys. Res. Commun. 178, 444-452

24. Himeno, M., Koutoku, H., Ishikawa, T., and Kato, K. (1989) J. Biochem.
(Tokyo) 105, 449-456

25. Carpenter, L., Poole, R. C., and Halestrap, A. P (1996) Biochim. Biophys. Acta
1279, 157-163

26. Hediger, M. A. Mendlein, J., Lee, H., and Wright. E. M. (1991) Biochim.
Biophys. Acta 1064, 360-~364

27. Casey, J. R., Pirraglia, C. A, and Reithmeier. R. A. F. {19921 J. Biol. Chem.

267, 11940-11948

28. Hebert, D. N, and Carruthers, A. (1991) Biochemistry 30, 4654 -4638

29. Malathi, P., and Preiser H. (1983) Biochim. Biophys. Acta 735, 314-324

30. Blom, H. J., Andersson, H. C., Seppala, R., Titze, F., and Gahl, W. A. (1990)
Biochem. J. 268, 621625

31. Yoon, H., Farelli, A, Grollman, E. F.. and Philp. N J. (1997) Biochem.
Biophys. Res. Commun. 234, 90-94

32, Kim, C. M., Goldstein, J. L., and Brown, M. S. (1992} J. Biol. Chem. 267,

23113-23121

isaccia. F., Indiveri, C., and Palmieri, F. (1988} Biochir. Biophys. Acta 933,

29240

34. LaNoue. K. F., and Schoolwerth, A. C. (19791 Aanu. Rev. Biochem. 48, 871~922

35. Balkovetz, D. F., Leibach, F. H., Mahesh, V. B., and Ganapathy. V. (1988)
J. Biol. Chem. 263, 13823-13830

36. Lipman, B. J., Silverstein, S. C., and Steinberg. T. H. (1990} J. Biol. Chem.

26, 142-2147

37 Benavides. J.. Martin, A, Ugarte, M., and Valdivieso. F. {1982) Biochem.
Pharmacol. 31, 1633-1636

I.. Takanaga, H.. Maeda, H.. Sai. Y., Ogihara, T.. Higashida, H., and

11995) Biochem. Biophys. Res. Commun. 214, 432-489

. N. T.. Jackson. V. N, and Halestrap. A. P. (1993) Biochem. J. 329,

321-328
Gadian, D. G, and Leonard, J. V. {1996 /. [nherit. Metab. Dis. 19, 548-552

4
=3

65






PUBLICATION Il

Transport of organic anions by the lysosomal sialic acid transporter:
a functional approach towards the gene for sialic acid storage disease.

Havelaar, A.C., Beerens, C.E.M.T., Mancini, G.M.S., and Verheijen, F.W.

FEBS Lett. 1999; 446:65-68






FEBS 21656

FEBS Letters 446 (1999) 65-68

Transport of organic anions by the lysosomal sialic acid transporter:
a functional approach towards the gene for sialic acid storage disease

Adrie C. Havelaar, Cecile E.M.T. Beerens, Grazia M.S. Mancini, Frans W. Verheijen*
Department of Clinical Genetics. Erasmus University, Dr Molewaterplein 50, 3015 GE Rotterdam. The Netherlands

Received 1 January 1999; received in revised form 1 February 1999

Abstract Transport of sialic acid through the lysosomal
membrane is defective in the human sialic acid storage disease.
The mamumalian sialic acid carrier has a wide substrate
specificity for acidic monosaccharides. Recently, we showed that
also non-sugar monocarboxylates like L-lactate are substrates
for the carrier. Here we report that other organic anions, which
are substrates for carriers belonging to several anion transporter
families, are recognized by the sialic acid transporter. Hence, the
mammalian system reveals once more novel aspects of solute
transport, including sugars and a wide array of non-sugar
compounds, apparently unique to this system. These data suggest
that the search for the sialic acid storage disease gene can be
initiated by a functional selection of genes from 2 limited number
of anion transporter families. Among these, candidates will be
identified by mapping to the known sialic acid storage disease
locus.
© 1999 Federation of European Biochemical Societies.

Key words: Lysosomal transporter; Sialic acid;
Organic anion; Major facilitator superfamily; Salla disease

1. Introduction

Recent work has led to the characterization of specific
transport systems for monosaccharides in the mammalian ly-
sosomal membrane [1.2]. One of these, the sialic acid trans-
porter has an essential metabolic function in the disposal of
acid sugars from the lysosomal compartment after degrada-
tion of glycoproteins, glycosaminoglycans and glycolipids. In
the human genetic disorders Salla disease and infantile sialic
acid storage disease (SASD) (OMIM 269920), the function of
this transporter is impaired and a progressive accumulation of
acid sugars occurs in the lysosomal compartment [3.4]. The
responsible SASD gene(s) is (are) not known but linkage was
demonstrated for both phenotypes to chromosome 6g14-q15
{5]. The lysosomal transporter from human fibroblasts and rat
liver recognizes monocarboxylic anionic sugars {e.g. sialic
acid, glucuronic acid and iduronic acid) and other aliphatic
monocarbexylated anions (e.g. L-lactate), showing functional
similarities with the previously characterized family of mono-
carboxylate transporters (MCTs) [1.4,6].

Membrane transporters have been classified into distinct
families on the basis of sequence similarities {7]. Within each

*Corresponding author. Fax: (31) (10) 4089439,
E-mail: verheijen@ikg.fgg.eur.nl
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family, most proteins have a similar substrate specificity, in-
dicating that substrate specificity frequently correlates with
phylogeny. In this way several different anion transporter
families have been characterized [8). The MCT family seems
structurally and phylogenetically distinct from other families
of organic anion transporters. So far, the molecular structure
of the lysosomal sialic acid transporter is not known, but
initial functional characterization showed some similarities
with members of the different anion transporter families [6].
Therefore, in this paper we have compared in more detail the
functional properties of the lysosomal sialic acid transporter
with those of carriers from different families of anion trans-
porters. Our final aim is to identify and clone the sialic acid
transporter gene causing SASD, which can be initiated by this
functional approach.

2. Materials and methods

2.1. Muterials

Rat liver lysosomes were isolated by dirfferential centrifugation, and
highly purified membrane vesicles were prepared as described [1]. The
Iysosomal membrane vesicles were suspended at a protein concentra-
tion of 8-10 mg/ml in 20 mM NaHEPES, 0.t mM EDTA at pH 7.4
and were stored at —~70°C. [*H]GIcA (specific activity 6.6 Ci/mmol)
was purchased from Amersham Pharmacia Biotech. Most chemicals
were purchased from Sigma or as indicated.

2.2. Transport assays

For a ‘zero-trans’ uptake assay, lysosomal membrane vesicles were
rapidly thawed at 37°C and pre-equilibrated for 10 min in 20 mM
NaHEPES, 10 mM KCl and 10 pM valiromycin at 20°C. All uptake
studies were performed for 30 s at 20°C and in the presence of an
inward-directed proton gradient (pHyu: =3.5<pH;;=7.4) as de-
scribed earlier [4]. For cis-inhibition studies 10 pl pre-equilibrated
vesicles were incubated with 10 pl of substrate solution containing
0.5 uCi of radiolabelled GlcA (final concentration 2.5 pM) in 20
mM NaHEPES, 80 mM Mes(free acid), resulting in a extravesicular
pH of 5.5 and 10 pl of 21 mM of several organic anions (final con-
centration 7 mM), titrated with NaOH to pH 5.5. The following
organic anions were used: a-ketoglutarate, p-aminohippurate, urate,
salicylate, valproate, methotrexate, fofate, glutamate. tetraethylammo-
nium, phosphate, sulfate. p-glucosamine-2-sulfate, p-galactose-6-sul-
fate, p-glucose-6-phosphate. N-acetyl-glucosamine-1-phosphate. The
blank value was determined by incubation of vesicles with 7 mM
unlabelled GlcA and substracted from all determinations. Incubations
were stopped by the addition of 70 ut of wce-cold stop-buffer {13 mM
NaHEPES, 27 mM Mes(free acid) and 10 mM KCL pH 5.5) and 100
ul was immediately applied 1o a Sephadex G390 fine (Pharmacia Bio-
tech) column (Pasteur pipettes, 0.5 X 3 cm). equilibrated in cold stop-
butfer at 4°C. Vesicles were eluted with | ml ice-cold stop-buffer.
Vesicle-associated radioactivity was determined by liquid scintillation
counting in 10 ml Instagel {Packard).

-stimufation of {*H]GleA uptake was studied at pH,, =

.3 in the presence of the ionophore monensin. 13 pl of
"Ir.> were pre-equilibrated 60 min at 20°C with 40 mM Mes(free
acid). 12 mM NaHEPES. 4 mM KHEPES. | mM NaGlcA or other
organic anions. 10 uM valinomycin and 10 uM monensia (final con-
centrations). The assay was started by adding 75 pi of an equivalent
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buffer containing 2 pCi of radiolabelled GlcA (final concentration
3 uM). Control experiments were performed by pre-equilibration of
the membranes with the same buffer without Na-GlcA or other or-
ganic anions. To give the same extravesicular substrate concentration
in both experiments. 0.25 mM unlabelted organic anion was added
together with radiolabelled substrate at the start of the assay.

For competitive inhibition studies, initial proton dependent trans-
port rates (30 s, 20°C) of 10 pM [PH]GIcA were measured at increas-
ing unlabelled GicA concentrations (0.05, 0.1, 0.2, 0.3, 0.5 and 1 mM
final concentrations) in the presence or absence of different inhibitors.
Details about the used concentrations of inhibitors are described in
the legend. All experiments were performed in duplicate or triplicate.

3. Results

In earlier substrate specificity studies, we have shown that
the lysosomal sialic acid transporter recognizes structurally
different types of orgaric anions, like monocarboxylic (al-
donic, hexuronic and N-substituted anionic) sugars and ali-
phatic monocarboxylates {1,6]. Recent genome sequencing
data and a wealth of biochemical and molecular genetic in-
vestigations have revealed the occurrence of many families of
primary and secondary transporters [7,8]. Since in the lysoso-
mal system a proton gradient provides the driving force for
secondary active transport [1], transporter families in which
organic anions are known to be transported by a proton sym-
port mechanism are of special interest. In this paper, we in-
vestigated which other organic anions are recognized by the
lysosomal sialic acid transporter. We tested a variety of typ-
ical substrates of previously identified members of the differ-
ent families which transport organic anions. As representa-
tives of the novel multispecific organic anion transporters
(OATs) we tested p-aminohippurate (PAH), a-ketoglutarate,
urate, salicylate, methotrexate, folate and valproate [9,10].
The dicarboxylate a-ketoglutarate is also a substrate of the
o-ketoglutarate: H™ symport permease of Escherichia coli,
which belongs to a different family [8). Additionally, we tested
substrates of the mammalian inorganic anion transporters of
the sulfate permease (SulP) and phosphate:H* symporter
(PHS) family (i.e. sulfate and phosphate) [11-13], of the acidic
amino acid transporter of the proton-dependent oligopeptide
transporter (POT) family (i.e. glutamate) [8,11], of the organic
cation transporters (OCTs) (i.e. tetraethylammonium) [14] and
of the bacterial hexose phosphate transporters of the organo-
phosphate:P; antiporter (OPA) family (i.e. several sugar-phos-
phates) [15]. As shown in Fig. 1, the lysosomal sialic acid
transporter is strongly cis-inhibited by the dicarboxylate o-
ketoglutarate, the prototype substrate of organic anion trans-
porters PAH, the purine metabolism endproduct urate and

Table 1 )
Trans-stimulation of GlcA uptake by different anions
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Fig. |. Cis-inhibition of [*H]GlcA uptake into lysosomal membrane
vesicles by different anions. Lysosomal membrane vesicles were pre-
equilibrated for 10 min, 20°C in 20 mM NaHEPES, 10 mM KCI
and 10 uM valinomycin. A sample of 10 pl pre-equilibrated vesicles
were incubated for 30 s at 20°C with 2.5 uM [PH]GIcA in the pres-
ence of an inward-directed proton gradient and 7 mM of the indi-
cated compounds. The blank value was substracted from all deter-
minations. Data are presented as percentage of the uninhibited
transport activity. Values (n=3) are mean£S.D.

the acidic monocarboxylated drug salicylate. Moderate inhib-
ition (25-60% of control) was shown by the anti-epileptic drug
valproate and the anionic drugs methotrexate and folate. No
significant inhibition was found for the acidic amino acid
glutamate. the organic cation tetraethylammonium (TEA),
the inorganic anions phosphate and sulfate and sulfated or
phosphorylated sugars. This demonstrates that the lysosomal
sialic acid transporter recognizes different organic anions, but
not acidic amino acids, organic cations, inorganic anions or
sugar-phasphates.

In order to test which of the cis-inhibitors can be trans-
ported by the lysosomal sialic acid transporter, we investi-
gated their trans-stimulation effect on the uptake of [PH]GIcA.
For these experiments, vesicles were pre-loaded with unla-
belled compound and the uptake of PH]GIcA was measured
in the absence of a proton gradient. In our experience, sig-
nificant frans-stimulation represents at least a two-fold in-
crease above the basal uptake rate under the current condi-

anionic compound Transport Activity

+Preloading —Preloading Trans-stimulation factor

(pmol/mg/30 s)
GleA 6.53£0.28 0.99£0.04 6.6
NeuSAc 5.90£0.07 0.84£0.07 7.0
a-Ketoglutarate 4.35%£0.03 0.88%0.07 4.9
PAH 2.53£0.17 5 1.6
Salicylate 1.87£0.06 1.8
Valproate 1.84%£0.09 1.6
Methotrexate 1.94+0.17 1.62£0.05 1.2
Urate 2.09+0.14 13
Glutamate 1.74£0.05 1.3
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Fig. 2. Concentration dependent inhibition of [*H]GlcA uptake.
Transport of 10 uM [PH]GlcA was measured in the presence of a-
ketoglutarate (®). valproate (O), PAH (m). folate (a) and urate (&)
at the following concentrations: 100 puM, 1, 7 and 20 mM (plotted
on a logarithmic x-axis). Transport assays (#=3) were performed as
described in the legend of Fig. |. The blank value was substracted
from all determinations. The dotted line corresponds with 30% of
the uninhibited rate. The uninhibited rate is indicated on the y-axis

(®).

tions. As shown in Table I, o-ketoglutarate clearly trans-
stimulated GlcA uptake, like GlcA itself and NeuSAc. PAH,
salicylate, valproate, methotrexate, urate and glutamate did
not show a significant trans-stimulation at the tested concen-
trations. This indicates that the lysosomal sialic acid trans-
porter can exchange GlcA for a-ketoglutarate.

Further kinetic studies were performed to determine the
mode of inhibition. As shown in Fig. 2, all compounds in-
hibited in a concentration dependent manner. In subsequent
kinetic inhibition studies the following concentrations, close
to ICsg, were used: 0.5 mM a-ketoglutarate, 1 mM PAH,
1 mM valproate, 5 mM urate and 5 mM folate. The initial
uptake of [PH]GIcA was measured at increasing GlcA concen-
trations in voltage clamped membranes with K*/valinomycin
in the absence and presence of unlabelled compounds. As
illustrated in Fig. 3, all compounds showed a competitive
mode of inhibition of glucuronic acid transport. The calcu-
lated K; for a-ketoglutarate, valproate and PAH were respec-
tively 0.46 mM, 0.64 mM and 0.73 mM (K; = K;[I)/{(-V/x)-K.},
in which X, is the K, for GlcA, [1] is the inhibitor concen-
tration, x is the intercept on the abscissa). For urate and
folate, we found a K; of respectively 1.77 mM and 4.6 mM,
indicating that these last compounds have a much lower af-
finity for the transporter.

4. Discussion

The lysosomal sialic acid transporter shows functional sim-
ilarities with the MCT family [6]. Both, MCTs and our car-
rier, are energized by protor symport. have an overlap in
substrate specificity in compounds like L-lactate, and are sen-
sitive to specific inhibitors like cyano-cinnamates. The MCT

family is classified as a subfamily of the major facilitator
superfamily (MFS) [7,8]. This superfamily contains many dif-
ferent prokaryotic and eukaryotic enion transporters. Many
homologues of bacterial genes have also been found in higher
animals (mammalians). Members of the MFS are transporting
small solutes, including sugars, often in response to ion gra-
dients and are recently classified into 18 distinct subfamilies
[8]. There can be significant overlap in substrate specificity
between members of the different subfamilies.

In the experiments, described in this paper, several sub-
strates of the OATSs [9,10,16-18], like PAH. a-ketoglutarate,
folate and valproate showed competitive cis-inhibition of
GlcA uptake by the lysosomal sialic acid transporter. Trans-
stimulation studies demonstrated that o-ketoglutarate is not
only recognized but also actually translocated across the
membrane by the mammalian sialic acid transporter. The
OATSs have homology with members of the sugar porter sub-
family of the MFS [16.18]. Better phylogenetic analysis could
reveal whether these transporters indeed belong to the sugar
porter family. This shows that our observation of a mam-
malian carrier for both sugars and anions is not completely
unexpected. We do not know whether compounds like o-
ketoglutarate, PAH, urate, salicylate or valproate are physio-
logical substrates in lysosomes or nat. It would be interesting
to study in more detail the role of the sialic acid transporter in
the translocation of these drugs or tkeir metabolites across the
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Fig. 3. Inhibition kinetics of [*H]GlcA transport by different anions.
Initial uptake rates of [0 pM [PH|GICA (30 s. 20°C) were measured
at increasing GlcA concentrations in the presence of a proton gra-
dient as described in the legend of Fig. 1. The uptake medium con-
tained the following inhibitors: (A) 0.3 mM o-ketoglutarate (2.
I mM PAH (D) or | mM valproate (A). (B) 5 mM of folate (a) or
urate (+). As a control. the uptake medium contained no inhibitor
(®). The blank value was substracted from all determinations. Data
are plotted double reciprocally.
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lysosomal membrane in future experiments, in relation to Sal-
la disease.

a-Ketoglutarate is also a known substrate of a different
MFS family, the metabolite:H™ symporter (MHS) family
[8]. Substrates of these carriers all possess at least one carbox-
yl group and the carriers function as proton symporters.

Sialic acid is an important substrate of our transporter.
Two putative sialic acid permeases are known in the prokar-
yotes E. coli [19] and Haemophilus influenza. They form the
sialate:H™ symporter (SHS) family [8]. Interestingly, the yeast
Saccharomyces cerevisiae homologue (JEN1) of the E. coli
permease {20], although functionally characterized as a car-
boxylic acid transport protein (lactate transport, [21]), was
classified on the basis of sequence similarities as a member
of this SHS family.

The hexuronate glucuronic acid is another main substrate
of the lysosomal sialic acid transporter. Few other transport-
ers for hexuronates and glucarate (saccharate) are known.
They belong to the anion:cation symporter (ACS) family of
the MFS [8]. Saccharic acid 1,4 and 3,6 lactons are strong cis-
inhibitors of GlcA transport by the lysosomal sialic acid
transporter [22]. The lysosomal sialic acid transporter is the
only mammalian carrier known to transport free hexuronates
like glucuronate, galacturonate and iduronate {1,6].

The aldonic acid sugars gluconate and galactonate are also
recognized by our transport protein [1}. They are substrates of
the recently identified gluconate:H* symporter family (GntP),
which is not a member of the MFS [23].

The tested compounds methotrexate and folate are known
substrates of another pliylogenetic different superfamily, dis-
tinct from the MFS5, called the organic anion transporting
polypeptides (oatps) [24,25]. As shown in Fig. |, methotrexate
and folate mildly inhibited GlcA transport, with a very high
K; for folate. Since the oatps do not recognize PAH and a-
ketoglutarate and the lysosomal sialic acid transporter does
not seem to transport or recognize with a high affinity sub-
strates like methotrexate and folate, it is very unlikely that our
transporter belongs to this family. Since sulfate, phosphate,
glutamate, tetraethylammonium and several sugar-phosphates
are not recognized by the lysosomal sialic acid transporter
(cis-inhibition studies), the SulP family [11.12], the PHS fam-
ily [11,13]. the POT family [8.11]. the OCT family [14] and the
OPA family [15] are not of particular interest to us.

With the present studies we intended to extend the knowl-
edge on the function of the lysosomal sialic acid carrier which
can be helpfull in the identification of the transporter gene
involved in SASD. Our recent biochemical studies suggested
homology between this transporter and the monocarboxylate
transporters, belonging to the MCT family. Here we present
data which show functional similarities with a-ketoglutarate
transporters within the OAT and MHS family. On its func-
tional basis, the transporter could also belong to the SHS,
ACS or GntP family. This means that the search for the

72

A.C. Havelaar et al IFEBS Letters 446 (1999) 65-68

human sialic acid transporter gene should not be limited to
members of the MCT family.
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Fibroblast silver loading for the diagnosis of

Menkes disease

Frans W Verheijen, Cecile E M T Beerens, Adrie C Havelaar, Wim J Kleijer,

Grazia M § Mancini

Abstract

Menkes disease is a genetic disorder of
copper metabolism. Copper uptake and
retention assays on fibroblast or amniotic
fluid cell cultures have been used for pre-
and postnatal diagnosis. These copper
loading tests are complicated by the use of
“Cu, which is not commenly available and
has a very short (12.8 hours) physical half
life. Besides copper, silver is also a
substrate for the bacterial homologue of
the Menkes transport protein. We report
here that loading tests using radioactive
silver ('""Ag), instead of copper, can be
used for the diagnosis of Menkes disease.
"mAg is commercially available and has a
convenient physical half life of 250 days,
which makes it suitable for use in diagnos-
tic laboratories. Our studies support the
hypothesis that reduction of divalent to
monovalent copper is an essential step
preceding transport.

(F Med Gener 1998;35:849-851)

Keywords: Menkes disease; copper; silver

Menkes “steely hair” disease is a severe X
linked recessive disorder of copper metabo-
lism. Patients suffer from neurodegeneration,
connective tissue abnormalities, and failure to
thrive. Various copper dependent enzymes are
deficient because of the malabsorption and
decreased availability of copper in tissues. The
disease generally leads to death in infancy or
early childhood.'*

The incorporation of *'Cu into cultured skin
fibroblasts and amniotic fluid cells is used for
pre- and postnatal diagnosis of Menkes
disease.” After identification of the defective
gene in 1993, diagnostic confirmation by
mutation analysis of the Menkes gene (ATP74,
or MNK in earlier reports) is possible.
However, the spectrum of mutations is broad,
80% of mutations being accounted for by small
base pair changes.'’ Biochemical diagnosis
remains essential, therefore, to confirm the
clinical suspicion. The copper loading test
requires particular expertise. "'Cu is not
commonly available and its physical half life is
very short (12.8 hours), which greatly compli-
cates its use, and the test is carried out in only
a few specialised centres world wide.

The ATP7A gene product is a putative cop-
per transporter (ATP74), highly homologous
to copper transporters CopA and CopB from
Enterococcus hirae.' A recent report that CopB
also transports monovalent silver ions suggests
that copper is transported by CopB as the

reduced monovalent cation (Cul).” Also bind-
ing of copper as Cul has been shown for the in
vitro expressed amino-terminal domains of
ATP7A." There is, as yet, no direct evidence of
copper transport by ATP7A, but recent studies
have shown an increased expression of ATP7A
in Chinese hamster ovary cells resistant to
excess copper.’

It has been shown that ATP7A is predomi-
nantly localised to the trans-Golgi apparatus,
where it probably serves as an import protein
for copper ions to provide copper to the
cuproenzymes.”'' However, under conditions
of copper excess a rapid shift in localisation
from the Golgi to the plasma membrane is
observed.’ This ligand regulated trafficking of
ATP7A can explain many clinical features of
patients with Menkes disease, which are the
result of the deficiency of several cupro-
enzymes (defective Golgi import of copper
ions) or defective absorption by intestinal
epithelial membranes. It was shown that,
besides-copper ions, silver ions were also able to
induce this ligand regulated trafficking.’® Since
the bacterial homologue of ATP7A is able to
transport copper and silver ions, we investi-
gated whether ATP7A was also able to do so
and consequently whether silver can replace
copper in a more accessible biochemical test.
'""Ag is a commercially available B and y emit-
ter with a physical half life of 250 days and is
therefore much easier to handle in a diagnostic
laboratory.

We first investigated the incorporation of
radioactive silver in cultured fibroblasts (fig 1).
In controls and Menkes fibroblasts a clear, time
dependent incorporation of '""Ag was ob-
served, with a higher incorporation in Menkes
cells. Most of the radiolabel was released from
the control cells during subsequent culturing in
unlabelled medium for 24 hours (“chase”),
while Menkes cells retained most radioactivity.
The entire process was inhibited by copper
sulphate added to the medium (data not
shown). These results are comparable with
previous data from **Cu loading experiments.’
Subsequently, cultured cells from 10 different
Menkes disease patients were tested with this
silver incorporation test. As shown in table 1,
cell lines from Menkes disease patients showed
a higher average level of silver incorporation
during the first 16 hours as compared with
controls. During the subsequent chase period,
the Menkes cell lines retained high levels of
radioactivity, ranging from 77 to 100% of the
level before chase, compared 1o 14 10 48% in
10 controls. This shows that silver incorpora-
tion perfectly discriminates Menkes cells from
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Figure 1 Time dependent incorporation of ""Ag in

cultured fibroblasts from a control and from a Menkes
disease patient. Cells were harvested at the indicated time
points (“pulse” period). After 24 hours’ loading, the
radioactive medium was replaced by fresh, non-silver
containing medium and cells were further cultured for the
indicated time (“chase” period). For detatls of the assay see
description below table 1.

controls. Cultured amniotic fluid cells from a
fetus with Menkes disease show entrapment of
"mAg after 24 hours’ chase (table 1), suggest-
ing that the silver loading test can be used for
prenatal diagnosis as well.

In fig 2, the individual incorporation levels
after pulse and chase are plotted for all cell
strains. After the first 16 hours there is some
overlap of the "'*"Ag levels in Menkes and con-
trol cells. However, during the subsequent 24
hours’ chase all control cells rapidly release
nmA g while all Menkes cells show no or very
little efflux. Evidently the 16 hours loading lev-
els are the result of simultaneous import and
efflux processes, which are in part dependent
on the rate of uptake. In contrast, chase experi-
ments directly address the efflux. Since in
Menkes disease fibroblasts the efflux of copper
(and silver) is defective and not the uptake,
diagnostic conclusions can be drawn best from
the chase experiments.

The long half life of '""™"Ag and its common
availability will potentially facilitate both diag-

Table 1 Diagnosis of Mznkes disease by silver loading of cell cultures

Pudse (16 B) Chase (24 b) % Retained

Fibroblasts
Controls (n=10)
Mean (SEM) 141.2 (18.8) 47.5(11.0) 30+£3%
Range 14-48%
Menkes (n=10)
Mean (SEM) 261.7 (23.8) 230.7 (23.0) 88+ 2%
Range 77-100%
Amniocytes
Contro) 1 14.2 3.7 26%
Control 2 33.0 33 10%
Menkes 33.2 30.7 93%

Each cell line was seeded 10 confluency in four separate wells of six well plates (Costar, 9.5 cm*/
well). The cells were cultured for three to four days in F10" medium (+ 15% FCS+PS)ina3%
CO, incubator at 37°C. Tc start the experiment, the medium was replaced by 2 ml fresh medivm
containing 1.25 pmold **AgNO, (Amersham spec act 2.7 uCi/pg Ag). After 16 hours wells were
rinsed twice with 4 m} PBS. Two wells were harvested by lysis with 500 pl 0.2% SDS in 0.2 moil
NaOH. The other two wells were subsequently cultured for 24 hours in fresh medium without
label before harvesting. The lysates were neutralised and samples were taken for protein determi-
nation and liquid scintillaton counting.

All Menkes cell lines exhibited increased
Kennedy Insti Cop ). Loading is exp
cate wells). % Retained = chase/pulse * 100%.

in previous *'Cu loading tests (The John F
d as ng """ Ag/mg protein (average of dupli-
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Figure 2 Stlver incorporation by 10 different control and
10 different Menkes fibroblast cultures. The incorporation
walues, obtained after 16 hours’ “pulse” and after
subsequent 24 hours® “chase” are reported for each cell
strain.

nosis and research aiming at improved therapy
of Menkes disease and its allelic variant occipi-
tal horn syndrome.® The finding that CopB
(Enterococcus hirae) and ATP7A (human), both
members of a family of copper transporting P
type AT Pases, also transport monovalent silver®
(this paper) suggests that other members of this
family might also transport silver. Among these
are the transporters involved in Wilson disease
and Indian childhood cirrhosis.”? It is not
known whether the transport of silver is merely
a biochemical property of the substrate binding
site of copper transporters or that silver
wransport has a physiological role. There are
only sporadic reports suggesting a specific role
for silver ions in the oxidative burst of
polymorphonuclear leucocytes."

A few Menkes disease patients respond to
copper supplementation whereas others do
not. It is hypothesised that in some patients
with residual copper transport, early copper
supplementation therapy can be beneficial.” In
one of the mouse models for Menkes disease,
the brindled mouse, the activity of copper
dependent lysyl oxidase dramatically increases
after subcutaneous injection of reduced copper
(Cul). This suggests that the effectiveness of
copper supplementation depends on its oxida-
tion state.'” Copper loading tests in nine differ-
ent mottled mouse variants do not correlate
genotype with phenotype.'® Our data support
the hypothesis that copper is transported as a
monovalent cation by ATP7A and that copper
reduction represents an essential step preced-
ing transport. Thus, comparison of copper and
silver transport kinetics in different murtants
might help to elucidate whether, in some of
these mutants responsive to Cul supplementa-
tion therapy, the transport defect is secondary
to a defective reduction mechanism.

The authors thank the Duich Organization for Scientific
Research (NWO) and the Stichting Klinische Genetica regio
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Abstract Lysosomes are thought to play a role in various
aspects of heavy metal metabolism. In the present study we
demonstrate for the first time the presence of a heavy metal ion
transport protein in the lysosomal membrane. Uptake of
radioactive silver both in highly purified lysosomal membrane
vesicles and in purified intact lysosomes showed the typical
kinetics of a carrier-mediated process. This tramsport was
stimulated by ATP hydrolysis, and showed specificity for Ag*,
Cu?*, and Cd**. All biochemical properties of this lysosomal
metal ion transporter could classify it as a heavy metal
transporting P-type ATPase. Long Evans Cinnamon (LEC)
rats, an animal model for the copper transport disorder Wilson
disease, showed normal lysosomal silver transport.
© 1998 Federation of European Biochemical Societies.

Key words: Lysosomal transporter; Heavy metal ion;
Copper; Silver; P-type ATPase; Wilson disease

1. Introduction

Lysosomes are intracellular acid organelles which are
mainly responsible for the degradation of a variety of biolog-
ical macromolecules, derived from both extra- and intraceliu-
lar constituents. Various specific transport systems have been
characterized in the lysosomal membrane either for the release
of small degradation products or for the uptake of small sub-
strates {1]. Previously, we have developed a methaod for study-
ing transport across the lysosomal membrane using highly
purified lysosomal membrane vesicles. With this method, we
have characterized a sialic acid transporter, a glucose trans-
porter, and a chloride channel in the lysosomal membrane [2-
4]. For many years, lysosomes are also thought to play a role
in various aspects of the metabolism of heavy metals. For
instance, during hepatic copper overload the major route of
copper excretion is via exocytosis of lysosomal contents into
biliary canaliculi [5]. However, so far, direct evidence that
lysosomes are able to take up or exclude, sequester and mo-
bilize heavy metal ions by specific transporters has been lack-
ing. The importance of mechanisms regulating copper metab-
olism is shown by the occurrence of severe diseases like
Menkes and Wilson disease. Both diseases are caused by ge-
netic defects in distinct steps of copper metabolism [6). Trans-
port studies using radioactive copper are limited by its avail-
ability and short physical half-life {12.8 h). Recently, we have

‘Corresp;nding author. Fax: (31) (10) 436 2536.
E-mail: vecheijen@ikg.fgg.eur.nl

Abbreviations: VacA, vacuolating cytotoxin A; TPA, 12-O-telradeca-
noylphorbol-13-O-acetate: DMSO. dimethyl sulfoxide: NaBu, sodium
butyrate: EGF, human epidermal growth factor

shown that radioactive silver can replace copper in copper
transport studies {7}. This provides an excellent opportunity
to study copper transport mechanisrs. In this paper we dem-
onstrate the presence of a heavy metal ion transport protein in
the lysosomal membrane. This transport protein is the first
heavy metal ion transporter detectec. in the lysosomal mem-
brane.

2. Materials and methods

2.1. Materials

0m A p was purchased from Amersham (specific activity of | uCilug
Ag). Seven-week-old Long Evans Cinnamon (LEC) rats were pur-
chased from Charles River Japan. All chemicals used were obtained
from Sigma or as indicated.

2.2. Preparation of lysosomal membranes vesicles and imact lysosomes
Sfrom rat liver

Highly purified lysosomal membrane vesicles were isolated from
livers of adult Wistar rats or 7-week-old LEC rats, as described earlier
[2). Characteristics of LEC rats are descrived elsewhere [8]. The lyso-
somal membrane vesicles were suspended at a protein concentration
of 8-10 mg/ml in 50 mM KHEPES, pH 7.4, and were stored at
~70°C. Intact lysosomes were isolated from a liver of an adult Wistar
rat by Percoll gradient centrifugation [9). The lysosomal/mitochon-
drial pellet of the above described procedure for lysosomal membrane
vesicles was resuspended in 5 ml 0.25 M sucrose/50 mM KHEPES,
pH 7.4, and was slowly loaded onto a Percoll gradient. The gradient
was made of 40% Percoll (Pharmacia) in 0.25 M sucrose/50 mM
KHEPES, pH 7.4. After | h centrifugation in a Beckmann Ti 45 rotor
(fixed) at 20000X g at 4°C, the gradient was divided in fractions of
I ml In all fractions the activity of the lvsosomal enzyme B-hexosa-
minidase was determined, as described [10]. Fractions enriched in B-
hexosaminidase (60-80-fold over total homogenate) were combined
(£10 ml), diluted 6.5 times with 0.25 M sucrose/30 mM KHEPES,
pH 7.4, to dilute the Percolt concentration and centrifuged for 20 min
at 8000x g in Ti 45 rotor at 4°C. The pellet was used for transport
assays, performed immediately after preparation. Latency of the lyso-
somes was based on measurements of the activity of the intralysoso-
mal enzyme B-hexosaminidase in the presence and absence of the
detergent Triton X-100. The lysosomal latency of B-hexosaminidase
was approximately 72%.

2.3. Transport assays

Transport of "™Ag was measured into lysosomal membrane
vesicles or intact lysosomes. For the transport assays using lysosomal
membrane vesicles, the (rozen membrane vesicles (70-120 pg of pro-
tein in 10 pl) were quickly thawed and pre-incubated with 50 mM
KHEPES, pH 7.4/10 mM reduced glutathione/s puM valinomycin
(Boehringer Mannheim)/5 uM carbonyl cyanide p-trifluoromethoxy-
phenylhydrazone (FCCP) for 10 min at rcom temperature (total vol-
ume 25 pl). Glutathione (GSH) was added to reduce aspecific binding
of Ag to the membrane. The ionophores valinomycin and FCCP were
added to prevent, respectively. the formation of a membrane potential
and the formation of a proten gradient due to stimulation of the
Jysosomal H~-ATPuase by ATP. Simultancously. radiolabeled " Ag
(0.032 uCi) was pre-incubated with 10 mM reduced glutathione for
10 min at reom temperature to allow the formation of an Ag-GSH
complex (1:1, total volume 10 pi). After 10 min pre-incubation, the
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suspensions were pre-warraed at 37°C for 3 min. The uptake experi-
ments at 37°C were started by adding a 5-ul aliquot of 32 mM
MgATP in 50 mM KHEPES, pH 7.4, to a 10-ul aliquot of the
HomAp/GSH suspension and subsequently to a 25-u! aliquot of the
pre-incubated membrane sion. [n control experiments ATP was
replaced by AMP (Boehringer Mannheim). Transport was terminated
by the addition of 60 pl of ice-cold stop-sofution (50 mM KHEPES,
pH 7.4) and 100 pl were immediately applied to a Sephadex G50 fine
(Pharmacia LKB) column (Pasteur pipettes, 0.5X 5 cm), equilibrated
in cold stop-solution at 4°C. Vesicles were eluted with 1 ml ice-cold
stop-solution. Vesicle-associated radioactivity was determined by
liquid scintillation counting in 10 ml Instagel (Packard). Aspecific
binding of ''"®Ag to the membrane was determined either by 0 min
incubations at 0°C (Fig. 1A) or by incubations at 37°C in the presence
of high concentrations CuSO, (>100 uM, as indicated in the
legends), and subtracted from all determinations. Transport assays
using intact lysosomes were largely performed as described above
for the lysosomal membrane vesicles. However, 20-ul aliquots of in-
tact lysosomes were used and all buffers contained 0.25 M sucrose.
Inhibitors, like CuSO;, AzNO;, or other metal sulfates were applied
to the ATP solution and were added just before the start of the assay.
In the competitive inhibition experiments the 25 M unlabeled CuSO,
and CdSO, were added to the """ Ag/GSH suspension. The ATPase
inhibitors and protein medifier 4,4'-diisothiocyanostilbene-2,2"-disut-
fonic acid (DIDS) were added to the pre-incubation solution of the

A 500 1

Ag uptake (pmol/mg protein)

time (min)

L] L L J

Ag uptake (pmol/mg protein/5 min)

0 1 2 3 4
18], (M sucrose)

Fig. 1. A: "mAg uptake in lysosomal membrane vesicles is stimu-
lated by ATP. Membrane vesicles (100 ug of protein) were pre-incu-
bated at 20°C for 10 min in medium containing 50 mM KHEPES,
pH 7.4, 10 mM GSH, 5 pM valinomycin, and 5 pM FCCP. Assays
at 37°C were started by the addition of 7.5 pM ""Ag 10 mM
GSH in the presence (@) or absence (D) of 4 mM ATP. All data
are corrected for aspecific binding as measured at 0 min incubation.
B: Effect of increasing medium osmolarity by sucrose on Ag uptake
in lysosomal membrane vesicles. Lysosomal membrane vesicles were
pre-incubated in 50 mM KHEPES, pH 7.4, 10 mM GSH, 5 uM va-
linomycin, 5 pM FCCP. and with 0.25--1 M sucrose for 30 min at
20°C. Vesicles were then incubated for 5 min at 37°C with 7.5 uM
WmAg in 50 mM KHEPES, pH 7.4, 10 mM GSH, 0.25-1 M su-
crose and in the presence (9) or absence (O) of 4 mM ATP.
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Fig. 2. Carrier mediated uptake of """ Ag into lysosomal membrane
vesicles. Lysosomal membrane vesicles were pre-incubated as de-
scribed in Fig. 1A. Y0™Ag uptake (5 min, 37°C) was measured in
the presence of 4 mM ATP and increasing concentrations of Ag,
and corrected for aspecific binding as measured in the presence of
100 pM CuSO,.

lysosornal membrane vesicles. All experiments were performed in du-
plicate.

3. Results

3.1. Carrier mediated uptake of """ Ag in lysosomal membrane
vesicles

Studies on copper (Cu) transport have been greatly compli-
cated by the % Cu isotope, which is not readily available and
has a very short physical half-life (12.8 h). Recently, we have
shown that copper transport can be easily measured using
radioactive silver (Ag) [7]. '®™Ag is commercially available
and has a physical half-life of 250 days. We used this isotope
to invastigate the presence of a heavy metal ion transporter in
the lysosomal membrane. Since, so far, all characterized cop-
per transporters are belonging to the class of P-type ATPases
{11]. we investigated the transport of !'"Ag in the presence
and absence of ATP. It is known that heavy metal ions can
easily bind to proteins, disturbing measurements of membrane
transport of these ions [12]. This aspecific binding can be
reduced by the addition of glutathione (GSH) [13]. Therefore,
in all our transport assays GSH was present. Appreciable
uptake of ''""Ag was observed in rat liver lysosomal mem-
brane vesicles. Fig. 1A shows that Ag uptake (7.5 uM) was
stimulated by ATP. To determine whether the amount of Ag
observed in uptake assays is due to real uptake (internaliza-
tion) or binding on the outside membrane, osmotic shrinking
experiments were performed. In these experiments increasing
of the medium osmolarity leads to shrinking of the vesicles
(i.e. the internal volume gets smaller, while the membrane
surface is constant). As shown in Fig. 1B, the amount of
Ag associated with the vesicles decreased with increasing os-
molarity of the external medium. This indicated that Ag is
transported into an osmotically active intravesicular space.
Extrapolation of thess data to an infinite high medium osmo-
larity (i.e. a negligible intravesicular volume) revealed the
amount of " Ag which is not taken up. but which is present
bound to the outside membrane. The same binding compo-
nent is seen in control assays (both lines of Fig. 1B cross the
Y-axis at approximately the same point). Furthermore, the
same aspecific binding component was observed when assays
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Fig. 3. A: Cis-inhibition of metal ions on the ATP stimulated up-
take of M9"mAg Lysosomal membrane vesicles were incubated for
5 min at 37°C in the preseace of 7.5 uM "®"Ag SO mM KHEPES,
pH 74, 10 mM GSH, 5 uM valinomycin. 5 pM FCCP, 4 mM
AMP or ATP and 100 pM of the indicated metal sulfates. Values
are mean+ §$.D. of two experiments performed in duplicate and cor-
rected for aspecific binding as measured in the presence of 100 pM
CuSO,. B: Competitive inhibition of ®™Ag transport by CuSO,
and CdSO,. Initial uptake rates of 15 uM "'""™Ag were measured at
increasing Ag concentrations in pre-incubated lysosomal membrane
vesicles, as described in Fig. 1. Data were corrected for aspecific
binding as measured in the presence of 500 uM CuSO,. Data were
plotted double reciprocally, without inhibitor (@), with 25 pM unla-
beled CuSO, (O) or with 25 uM unlabeled CdSO; (+). As reported
in the text Kis were calculated by the following equation: K = K {I)f
{(—1/x)—K,} (K. is the K, for Ag, I] is the inhibitor concentration,
x is the intercept on the abscissa).

were performed in the presence of high concentrations ( > 100
uM) unlabeled AgNO3 or CuSO, (data not shown). There-
fore, in all subsequent experiments assay blanks wers deter-
mined in the presence of high concentrations of CuSQ,. Next,
we determined if transport rates of " Ag uptake were satu-
rable. Initial uptake of '""™Ag was studied under zero-rrans
conditions at increasing Ag concentrations in the presence of
ATP. All data were corrected for an aspecific binding compo-
nent as measured in the presence of high concentrations of
inhibitor. We observed the typical kinetics of carrier mediated
transport by one single process, with an apparent affinity con-
stant K; of 16 pM in the presence of ATP (Fig. 2).

3.2. Substrate specificity of the lysosomal heavy metal ion
!r(uzxpur[el‘
To determine the substrate specificity of the transporter, we
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first tested the cis-inhibition effects of several metal ions. A
clear cis-inhibition of """ Ag uptake was seen with Ag*, Cu2*
and Cd?*, but not with Fe®*, Hg>~, Mn?*, Mo*~, Ni>*, and
Zn?* (Fig. 3A). To determine the mode of inhibition, initial
uptake of "™Ag was measured at increasing Ag concentra-
tions in voltage clamped membranes with K~/valinomycin, in
the absence and presence of, respectively, unlabeled CuSOy or
CdSO,. The results were fitted to a double reciprocal plot,
showing a clear mode of competitive inhibition of CuSO,
(K; of 17 uM) and of CdSO, (X; of 28 uM) on """ Ag trans-
port (Fig. 3B). These results demonstrated that Ag, Cu, and
Cd are recognized by the same protein in the lysosomal mem-
brane.

3.3. Ag uptake by lysosomal membrane vesicles is stimulated by
ATP hydrolysis

So far, all known copper transporters are P-type ATPases
[11]. We investigated if the lysosomal heavy metal ion trans-
porter also belongs to this group of F-type ATPases. To test if
ATP stimulation of Ag uptake bty lysosomal membrane
vesicles is dependent on ATP hydroiysis. we tested two non-
hydrolyzable analogues of ATP, adenosine 5'-[B,y-methylene]-
triphosphate tetralithium (AMP-PCP) and 5'-adenylylimido-
diphosphate (AMP-PNP). Both ATF analogues did not stim-
ulate Ag uptake in comparison to the control level (AMP
level) (Table 1). This indicated that ATP hydrolysis is required
for the stimulation of Ag uptake by lvsosomal membrane
vesicles. Besides ATP, also other iriphosphates, CTP and
GTP, but not the monophosphates AMP, CMP, and GMP
were able to stimulate Ag uptake. indicating that generally
hydrolysis of high energy phosphate bonds is required for
transport (Table 1). The effect of specific ATPase inhibitors
and protein modifiers on the Ag uptake by the lysosomal
membrane vesicles was investigated. Vanadate, acting as a
phosphate analogue, is considered to be a specific inhibitor
of several P-type ATPases [14]. inhibiting ATP hydrolysis at
micromolar concentrations. As shown in Table 2, Ag trans-
port by the lysosomal carrier was not inhibited by vanadate.
This is in accordance with an earlier report [15] that P-type

Table 1

Effects of monophospho- and triphosphonucieotides, and non-
hydrolyzable ATP analogues on Ag uptake into lysosomal mem-
brane vesicles

Tested compound Transport activity

pmol/mg/5 min % of control

None* 92.5£0.7

Nucleotide

ATP 145.8%18.6 158
CTP 148.2+0.6 160
GTP 115.4%248 125
AMP 83.7%+6.8 91
CMP 8§9.4+49 97
GMP RN - IS 83
Non-hydrolyzable ATP-analogues

AMP-PCP 89.6£12.0 97
AMP-PNP 7761144 84

“Net uptake in the presence of 30 mM KHEPES. pH 7.4, corrected
for aspecific binding as measured in the preserce of 100 pM CuSO;.
was set to 100%. All uptakes are performed in the presence of 4 mM
of the indicated compounds. incubated for 5 min at 37°C and are
corrected for aspecific binding.
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Fig. 4. Effect of increasirg medium osmolarity by sucrose on Ag
uptake in intact lysosom2s. Percoll gradient isolated intact lyso-
somes were pre-incubated in 50 mM KHEPES, pH 7.4, 10 mM
GSH, 5 pM valinomycin, 5 uM FCCP, and with 0.25-1 M sucrose
for 1 h at 20°C. Lysosomes were then incubated for 5 min at 37°C
with 15 uM "Umag in 50 mM KHEPES, pH 74, 10 mM GSH,
0.25-1 M sucrose and in -he presence (@) or absence (O) of 4 mM
ATP.

ATPases with a specificity for heavy metal ions seem to be
resistant to vanadate inhibition. None of the other tested AT-
Pase inhibitors inhibited Ag uptake (Table 2). Surprisingly,
only the protein modifier DIDS showed a slight inhibition
of transport in the presence of ATP. In fact, inhibition of
transport was observed to the level of control transport
(AMP). Apparently, ATP stimulation was inhibited by
DIDS. This indicated that lysine residues (modified by
DIDS) may play a role in the binding of ATP (anion).

3.4, 11m gg uptake in purified intact lysosomes

All our previous studies made use of lysosomal membrane
vesicles. Such vesicles are a mixed population of inside-out
and right-side-out vesicles [2]. To investigate if the lysosomal
heavy metal ion transporter functions physiologically as an
importer or exporter, we performed uptake studies using in-
tact lysosomes. These highly purified lysosomes, isolated by
Percoll gradient centrifugation, showed ATP stimulated
MomAe yptake similar to that observed in lysosomal mem-
brane vesicles. The increase of the external medium osmolar-
ity by the addition of sucrose (leading to shrunken lysosomes)
resulted in a concomitant decrease of '"Ag uptake (Fig.
4), demonstrating import into the intralysosomal compart-
ment.

Table 2

A.C. Havelaar et al IFEBS Letters 436 (1998) 223-227

3.3. The lysosomal heavy metal ion transporter is not affected
in an animal model for Wilson disease

The Long Evans Cinnamon (LEC) rat is a biochemical and
genetic animal model for human Wilson disease [16,17). The
gene mutated in this disease normally encodes for a copper P-
type ATPase. The LEC rats show a reduction in the rate of
incorporation of copper into ceruloplasmin and a reduction in
the biliary excretion of copper. A decreased biliary copper
secretion due to a lysosomal defect has been suggested for
Wilson disease {5.18,19]. Therefore, we investigated the Ag
transport in lysosomal membrane vesicles of 7-week-old
LEC rats. No significant difference in "'"™Ag transport was
observed in vesicles from both normal and LEC rats (160 and
228 nmol/mg/l min incubation and 38! and 349 nmol/mg
protein/5 min incubation, respectively). Apparently, this newly
described lysosomal heavy metal ion (copper) transporter is
not affected.

4. Discussion

In the present study we provide biochemical evidence for
the presence of a heavy metal ion transport system in the
lysosomal membrane stimulated by ATP hydrolysis. Our stud-
ies on Ag transport were complicated by aspecific binding of
the free metal ions to proteins. Addition of excess glutathione
was necessary to reduce the aspecific binding of Ag to the
membranes. Similar problems have been encountered with
copper transport across biological membranes [13,20,21]. In
our experiments, at least 60% of the vesicle-associated silver
was the result of carrier-mediated transport into an osmoti-
cally sensitive vesicle.

The heavy metal ions, Ag, Cu, and Cd competitively inhib-
ited MUmAp uptake into the lysosomal membrane vesicles,
while many others did not. This demonstrates that the lyso-
some contains a carrier with a specificity for a limited number
of metal ions. This carrier is different from the recently iden-
tified general metal-ion carrier, DCT1 (divalent-cation trans-
porter), which has a much broader substrate specificity, in-
cluding Fe, Zn, Mn, Co, Cd, Cu, Ni and Pb, and is present
in the plasma membrane [22]. While Cd is only occurring as a
divalent cation and Cu as a mono- or divalent cation, Ag is
only occurring as a monovalent cation. Hence, this lysosomal
transport system apparently does not discriminate monovalent
from divalent ions. We assume that Ag forms a complex with
GSH and that this complex is recognized by the transport
protein. Since the lysosomal membrane is impermeable to

Effect of ATPase infibitors and protein modifiers on Ag uptake into lysosomal membrane vesicles

Tested compound Concentration (mM)

Tranasport activity

pmol/mg/3 min

Y of uptake

Target

ATP 1
AMP 3
ATP+KNO; 50
ATP+N-ethylmaleimide |
ATP+bafilornyein Al 0.001
ATP+NaX, 5
ATP+VO;~ 0.1
ATP+DIDS {

3071542 - ~
173.5220.1 58 -
102 V-type ATPase
109 V-type ATPase
93 Vetvpe ATPass
109 F-type ATPase
713 97 P-type ATPase
136.3£279 51 Anion carriers

Assays were perfarmed in the presence of ATP or AMP or in the presence of ATP and the indicated compounds for 3 min at 37°C and cosrected

for aspecific bind.ng .15 mewsared in the presence of 100 M CuSO,. The uptake in the presence of ATP was set o 10070
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GSH (23], Ag is released from the complex. and is transported
as a free monovalent ion into the vesicles.

Based on sequence similarities, about 20 puiative copper
ATPases have been identified from various sources {11]. ali
belonging to the subclass of heavy metal jon P-type ATPases.
ie. the CPx-type ATPases (based on a conserved intramem-
branous cysteine-proline-cysteine or cysteine-preline-histidine
motif). Direct evidence for a function in copper transport
exists only for the CopB ATPase (Enterococcus hirae) [24)
and for ATP7A (human), which is defective in Menkes disease
[7]. Both proteins can also transport silver.

The lysosomal heavy metal ion transporter is stimutated by
ATP, but not by non-hydrolyzable ATP analogues. This in-
dicates that hydrolysis is needed for stimulation. This. togeth-
er with its insensitivity to vanadate suggests that the lysoso-
mal transporter belongs to the CPx-type ATPases. Ag uptake
was not only stimulated by ATP, but also by other triphos-
phonucleotides (i.e. CTP and GTP). To our knowledge, stim-
ulation by CTP or GTP has not been tested earlier for the
CPx-type ATPases. However, it is known that other ATP-
dependent transport systems can be stimulated by different
triphosphonucleotides [25].

In our studies the metals (Ag, Cu, and Cd) are supplied to
the lysosomal transporter as complexes with GSH. Several
transport systems have been demonstrated for the transport
of GSH-complexes (e.g. the canalicular multispecific organic
anion transporter (¢MOAT)) [26]. However, a similar GSH-
complex transport is unlikely in our studies for the following
reasons: (i) our lysosomal system recognizes also monovalent
ions (Ag*), while substrates of cMOAT are supposed to have
at least two negative charges (e.g. GS™.."Zn"*..”SG) [27]: (ii)
the lysosomal transporter has a much more restricted sub-
strate specificity for Ag, Cu, and Cd, with competitivs inhib-
ition among different metal ions; (iii) moreover, the lysosomal
membrane is reported to be impermeable to GSH [23].

It is interesting to speculate on a possible physiological
function of this new lysosomal heavy metal ion transporter.
Both ATP stimulation (the intra-lysosomal lumen does not
contain ATP) and transport into intact lysosomes suggest
that this carrier functions as a lysosomal importer for copper
and cadmium, with an extralysosomal ATP-binding site. Sil-
ver, which is also recognized by this importer, is not known to
have any physiological function. Under certain conditions,
import of copper may be required for storage or disposal. A
decreased biliary excretion of copper leads to hepatic accumu-
lation of this heavy metal. Several hypotheses, including de-
fective transporters, have been proposed to explain the defec-
tive biliary copper excretion in Wilson disease [28]. It has been
demonstrated that in conditions of hepatic overload, the ma-
jor route for biliary copper excretion is exocytosis of lysoso-
mal contents into biliary canaliculi [5]. Since the transport
observed in LEC rats, an animal model for Wilson disease,
was not affected, this new lysosomal heavy metal ion trans-
porter does not play a role in the release of copper into the
bile. However, it may explain the mechanism by which copper
is taken up into the lysosomes during overload conditions [3].
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Chapter 4 RECENT DEVEL.OPMENTS AND FUTURE APPROACHES

4.1 Characterization of the first lysosomal membrane transporter for
heavy metal ions

4.2 A functional approach towards the gene for sialic acid storage
disease






4.1 Characterization of the first lysosomal membrane transporter for
heavy metal ions

For many years, lysosomes have been known to play a role in the regulation of the
intracellular homeostasis of heavy metal ions. The biochemical characterization of a
heavy metal ion transporter in the lysosomal membrane (publication IV) provided the first
direct experimental evidence that lysosomes are able to take up and possibly sequester
heavy metal ions. This lysosomal transporter has the kinetic characteristics of a heavy
metal P-type ATPase and is responsible for the uptake of silver, copper, and cadmium
ions. The heavy metal ion P-type ATPase family comprises members with a specificity
for either silver and copper or cadmium ions (Solioz and Vulpe, 1996). Several other
transporter families have been identified which include heavy metal ion transporters
(Saier, 1998). These families are present in prokaryotes as well as eukaryotes and at
different cellular localizations. Therefore, the lysosomal membrane may contain other
heavy metal ion transporters with a different specificity. There are suggestions for an iron
export mechanism, since ferritin is known to be degraded in lysosomes (Ringeling et al.,
1989; Radisky and Kaplan, 1998).

Lysosomes also play a role in diseases in which heavy metal homeostasis is
disturbed. In LEC rats, the animal model for Wilson disease, we excluded that the
lysosomal heavy metal ion transporter is defective, although we cannot exclude that the
mobilization or excretion of the lysosomal copper into the bile is defective in this disease.
Recently, it has been demonstrated that the biliary excretion of copper via lysosomes is
restored in LEC rats after the introduction of the ATP7B gene in these rats, which
indicates the participation of ATP7B in the lysosomal-biliary excretory pathway for
copper (Terada et al., 1999). Accumulation of copper in lysosomes is also observed in
other copper overload diseases, including the human disorders endemic Tyrolean infantile
cirrhosis and Indian childhood cirrhosis, and the copper toxicosis in Bedlington terriers
(Alt et al., 1990; Adamson et al., 1992; Haywood et al, 1996). It would be interesting to
test lysosomal heavy metal transport with radioactive silver in these disorders. Technical
difficulties in obtaining enough material (lysosomal membranes from patient livers) limit
at the moment the realization of this test in the human disorders, but perhaps the canine
model can be helpful.

4.2 A functional approach towards the gene for sialic acid storage disease

The purification of the lysosomal sialic acid transporter initiated a number of
detailed studies aimed at understanding the physiological function of this transporter. The
transport activity correlated with a 57 kDa protein isolated from rat liver lysosomes.
Characterization of the purified protein revealed that besides acidic monosaccharides also
other (non-sugar) mono- and dicarboxylated anions are transported by this protein. In
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other words, the lysosomal sialic acid transporter has a wide substrate specificity for
carboxylated anions. In this respect the sialic acid transporter is quite unique among the
lysosomal transport proteins, since most of these appear to have a very restricted substrate
specificity (see chapter 1.2). However, comparison at the molecular level is not possible
since none of the other transporters has been isolated. It would be interesting to know
whether the wide substrate specificity of the sialic acid transporter has implications for the
pathophysiology. So far, a defective transport of sialic acid and glucuronic acid has been
established in lysosomal membrane vesicles of fibroblasts from patients with sialic acid
storage disease (SASD) (Mancini et al., 1991). Of these acidic sugars, sialic acid has been
demonstrated to accumulate extensively in patient’s lysosomes, whereas only a slight
lysosomal accumulation of glucuronic acid has been observed (Gahl et al., 1995). Studies
on the contribution of different anions in the pathophysiology of SASD are lacking and
might provide new insight into the cause of clinical heterogeneity. A reduction in the
turnover rate of gangliosides, sialioglycoconjugates and sphingolipids has been observed
in SASD fibroblasts (Chigorno et al., 1996; Pitto et al., 1996). It is possible that the
disturbance of myelination in severe Salla disease patients, observed with brain imaging
(MRI) and pathological studies, is due to lysosomal accumulation of gangliosides, the
main sialic acid-containing sphingolipids and the major component of myelin (Autio-
Harmainen et al., 1988; Haataja et al., 1994b).

On the basis of the extensive functional characterization, we conclude that the
sialic acid transporter belongs to one of the selected anion transporter families with
overlapping substrate specificities (publication II). Those families which comprise anion
as well as sugar transporters are most interesting. This detailed functional characterization
of the lysosomal sialic acid transporter provides a clear-cut approach towards the
identification of the gene involved in SASD, by searching in EST (expressed sequence
tag) databases for members of these anion transporter families. Transporter genes from
these families, which map in the known critical SASD region on 6ql14-ql5 (Leppénen et
al., 1996) should be considered as strong functional candidates and should be tested for
mutations in SASD patients. By this “functional candidate gene approach” several ESTs
that might encode novel anion transporters were mapped by hybrid panel hybridization
and fluorescent in situ hybridisation. They were excluded as candidate genes for SASD,
since they did not map in the critical SASD region (unpublished results).

Many new EST clones have been mapped on the recent human genome map
(GeneMap 98)(Deloukas et al., 1998). Some of these EST clones mapped near markers in
the critical region of SASD. Among these, some overlapping ESTs showed significant
homology to mammalian Na*-phosphate and bacterial H'-hexuronate cotransporters, both
members of the anion:cation symporter (ACS) family. These ESTs provided the
opportunity to clone the ¢cDNA of this functional candidate (Verheijen et al., manuscript
in preparation). The predicted size of the protein encoded by this cDNA (495 amino
acids), is in agreement with the molecular mass of our purified sialic acid transport
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protein, observed on SDS-PAGE gel as 57 kDa. The protein contains 7 potential N-
glycosylation sites and 12 transmembrane domains, characteristic for a transporter of the
major facilitator superfamily (MFS) to which the ACS family belongs. The ACS family
containg not only anionic sugar transporters, but also Na*-phosphate symporters (Pao et
al., 1998). Mutation analysis of this cDNA identified a possible founder mutation in the
Finnish patients with Salla disease and a number of deletions and insertions in the
infantile phenotype (ISSD) (Verheijen et al., manuscript in preparation). The novel gene
has a high homology to a brain-specific Na":phosphate symporter (Ni et al., 1996). The
gene of this brain phosphate transporter is localized at chromosome 19ql13.3, a
susceptibility locus for late onset Alzheimer disease (Ni et al., 1996). Several reports have
demonstrated that phosphate homeostasis is important in the central nervous system (Ni et
al., 1994; Argov et al., 1997; Bellocchio et al., 1998). Patients with Salla disease always
show severe mental retardation and cognitive regression, even in the absence of further
neurologic abnormalities.

Future expression studies are essential to investigate whether the SASD gene
product can function as an acidic monosaccharide:H" symporter and perhaps also as a
Na™:phosphate symporter, particularly in neuronal cells. As a Na*:phosphate symporter it
should reside in membranes different from the lysosomal membrane, since lysosomes in
vivo do not contain a sodium gradient across their membranes. Like other transport
proteins (e.g. ATP7A) and some lysosomal membrane proteins of unknown function (e.g.
LEP100), it may be expressed on the plasma membrane under special metabolic
circumstances (Hunziker and Geuze, 1996; Petris et al., 1996). Antibodies raised against
the SASD gene product can be used to investigate its localization. Expression studies of
mutated SASD gene constructs may contribute to our understanding of their effect on the
protein level. The development of transgenic and knock-out mice may provide answers on
the consequences of the mutations in vivo.
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SUMMARY

The existence of specific lysosomal transport proteins became evident with the
elucidation of two lysosomal storage diseases due to a transport defect, cystinosis and
sialic acid storage disease. During the last 15 years, more than 20 lysosomal transport
proteins for the transport of amino acids, sugars, nucleosides, inorganic ions, and vitamins
have been characterized. In our laboratory, the acidic monosaccharide transporter, a
neutral monosaccharide transporter and a chloride channel have earlier been described
and characterized. At the beginning of the present studies, none of the lysosomal
transporters had been purified and none of the corresponding genes had been cloned.
Therefore, knowledge of their molecular structure was not available.

The experimental work in this thesis describes the first successful purification of a
functionally active lysosomal transport protein, the sialic acid transporter, and the
characterization of its functional properties. Additionally, it describes the characterization
of a new lysosomal transporter involved in heavy metal metabolism.

A lysosomal proton-cotransporter with a specificity for sialic acid and glucuronic
acid is defective in sialic acid storage disease (SASD). This autosomal recessive inherited
disorder is characterized by lysosomal accumulation and excessive urinary excretion of
free sialic acid. Abnormal sialic acid transport in lysosomes is the primary genetic defect
in the two clinical variants of SASD: Salla disease and infantile sialic acid storage
disease. The elucidation of the molecular structure and functional properties of this
transport system is indispensable for further understanding of the molecular defect(s) in
the clinical variants of SASD. A previously developed system for the solubilization and
functional reconstitution of the sialic acid transporter provided the tool to start protein
purification. The sialic acid transporter has now been purified to apparent homogeneity by
a combination of hydroxyapatite, lectin, and ion exchange chromatography. A 57 kDa
protein correlated with transport activity (publication I).

Kinetic studies on the functional properties of the purified protein showed that
besides the acidic monosaccharides sialic acid and glucuronic acid, also iduronic acid is a
substrate. These monocarboxylated sugars are physiological end products of the
lysosomal degradation of glycoproteins, glycosaminoglycans or glycolipids. Comparison
of the functional properties of our transporter with those of other monocarboxylate
transporters revealed that at least in vitro the sialic acid transporter also translocates L-
lactate (publication I). In subsequent kinetic studies we demonstrated that substrates of
other anion transporters are also recognized: a-ketoglutarate, para-aminohippurate,
valproate, salicylate, urate, methotrexate and folate (publication II). Among these, we
demonstrated that the sialic acid transporter also translocates a-ketoglutarate across the
lysosomal membrane. The structures of the recognized molecules are quite different,
ranging from small aliphatic molecules (e.g. L-lactate) to more complex molecules (e.g.
folate). The presence of one or twa carboxylic groups seems to be a structural requirement
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for recognition. On the basis of these functional studies, the sialic acid transporter can be
classified within anion transporter families, including proton symporters, which show an
overlap in substrate specificity. Those families are the sialate:H™ symporters (SHS), the
organic anion transporters (OAT), the metabolite:H™ symporters (MHS), the
monocarboxylate transporters (MCT), and the anion:cation symporters (ACS), which are
all subfamilies of the major facilitator superfamily (MFS). Databases generated during the
Human Genome Project contain many ESTs (expressed sequence tags) with homology to
members of these transporter families. Candidate genes for SASD might be selected by
mapping those ESTs and comparing their chromosomal localization to the linkage
interval of SASD on chromosome 6q.

Hepatic lysosomes are able to sequester excess copper and to empty their contents
into the bile. Therefore, besides their major function in degradation, lysosomes are also
thought to play a role in the regulation of heavy metal metabolism. In publication III, we
describe a new method to study copper transport. Transport studies using radioactive
copper (*Cu) are difficult to perform, because of its scarce availability and very short
physical half life (12.8 hours). The existing copper loading test for one of the genetic
diseases with a disturbed copper metabolism, Menkes disease, is therefore cumbersome.
This test can only be performed in a few specialized centers in the world. We here
developed a diagnostic loading test for Menkes disease by using radioactive silver
(""*"Ag"), which is commercially available and has a convenient physical half life of 250
days (publication ILI). These studies support the hypothesis that reduction of divalent to
monovalent copper is an essential step preceding transport. The finding that radioactive
silver can replace copper provided the opportunity to study lysosomal heavy metal
(copper) transport in lysosomes. With the characterization of a heavy metal ion P-type
ATPase, we provided direct evidence that lysosomes are able to take up and possibly
sequester heavy metal ions (publication IV). The transporter showed specificity for
silver, copper and cadmium ions. A possible role of this new lysosomal transporter in
Wilson disease, a copper accumulation disorder, was excluded in the existing animal
model.
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SAMENVATTING

Het bestaan van specifieke lysosomale transport eiwitten werd duidelijk door de
opheldering van twee lysosomale stapelingsziekten, cystinosis en siaalzuur
stapelingsziekte, die beiden worden veroorzaakt door een transport defect. In de afgelopen
15 jaar zijn er meer dan 20 lysosomale transport eiwitten gekarakteriseerd. Er bestaan
transporters voor aminozuren, suikers, nucleosiden, anorganische ionen en vitaminen.
Drie van deze transport eiwitten zijn in het verleden in ons laboratorium beschreven en
gekarakteriseerd: een transporter voor zure monosacchariden, €én voor neutrale
monosacchariden en een chloride kanaal. Bij aanvang van de studies beschreven in dit
proefschrift was geen enkele lysosomale transporter gezuiverd of gekloneerd, waardoor
hun moleculaire structuur onbekend was.

Het experimentele werk beschreven in dit proefschrift omvat de eerste succesvolle
zuivering van een functioneel actief lysosomaal transport eiwit, de siaalzuur transporter,
en de karakterisering van zijn functionele eigenschappen. Daarnaast beschrijft het ook de
karakterisering van een nieuw lysosomaal transport systeem, dat betrokken is bij het
metabolisme van zware metalen.

Een lysosomale proton-cotransporter met een specificiteit voor siaalzuur en
glucuronzuur is defect in siaalzuur stapelingsziekte (SASD). Deze autosomaal recessieve
ziekte wordt gekenmerkt door een lysosomale stapeling en excessieve uitscheiding via de
urine van vrij siaalzuur. Abnormaal siaalzuur transport in de lysosomen van patienten is
het primaire genetische defect in de twee klinische varianten van SASD: de ziekte van
Salla en de infantiele siaalzuur stapelingsziekte. Om de moleculaire defecten bij de
klinische varianten van de siaalzuur stapelingsziekte beter te begrijpen, is opheldering van
de moleculaire structuur en functionele eigenschappen van dit transport eiwit gewenst,
Door de ontwikkeling van een systeem, waarbij de siaalzuur transporter uit het
lysosomale membraan wordt geNxtraheerd en vervolgens functioneel wordt ingebouwd in
een artificieel membraan, werd het mogelijk de zuivering van dit eiwit te starten. De
siaalzuur transporter is nu in zuivere vorm verkregen door middel van een combinatie van
hydroxyapatite, lectine, en ionen wisselaar chromatografie. De transport acitiviteit was
gerelateerd aan de aanwezigheid van een eiwit met een molecuul gewicht van ongeveer
57 kDa (publicatie I). Kinetische studies omtrent de functionele eigenschappen van het
gezuiverde eiwit lieten zien dat naast de zure monosacchariden siaalzuur en glucuronzuur,
ook iduronzuur behoort tot de substraten van dit eiwit. Deze suikers met een
monocarboxyl groep zijn fysiologische eindproducten van de lysosomale afbraak van
glycoprotegnen, glycosaminoglycanen of glycolipiden. Vergelijking van de functionele
eigenschappen van onze transporter met die van andere transporters  voor
monocarboxylaten liet zien dat de siaalzuur transporter in vitro ook L-lactaat transporteert
(publicatie I). Uit vervolg onderzoek is gebleken dat ook substraten van andere anion
transporters  worden herkend door de siaalzuur transporter: o-ketoglutaraat, para-
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aminohippuraat, valproaat, salicylaat, uraat, methotrexaat en folaat (publicatie II). Van
deze moleculen wordt a-ketoglutaraat niet alleen herkend, maar ook getransporteerd. De
structuren van de moleculen die worden herkend zijn zeer verschillend, uiteenlopend van
kleine alifatische moleculen, zoals L-lactaat, tot meer complexe moleculen, zoals folaat.
De aanwezigheid van één of twee carboxyl groepen in hun structuur lijkt een vereiste
voor herkenning. Op basis van deze functionele studies kan de siaalzuur transporter
worden ingedeeld bij anion transporter families, die proton symporters bevatten en een
overlap hebben in substraat specificiteit. Deze families zijn de sialaat:H" (SHS)
symporters, de organische anion transporters (OAT), the metaboliet:H™ symporters
(MHS), de anion:cation symporters (ACS) en de monocarboxylaat transporters (MCT),
die allen subfamilies zijn van de “major facilitator superfamily” (MFS). Databanken die
voortgekomen zijn uit het Humane Genoom Project bevatten vele ESTs (“expressed
sequence tags”), die homologie hebben met leden van deze transporter families.
Kandidaat genen voor SASD zijn die ESTs, dic na bepaling van hun chromosomale
localisatie in hetzelfde gebied gelegen zijn als het bekende locus voor SASD op
chromosoom 6ql4-ql5.

Lysosomen in hepatocyten zijn in staat om koper op te nemen ten tijde van
overvloed en hun inhoud te legen in de gal. Hierdoor wordt gedacht dat lysosomen, naast
hun belangrijkste functie in afbraak, ook betrokken zijn bij de regulatie van het
metabolisme van zware metalen. In publicatie III, beschrijven we een nieuwe methode
om koper transport te kunnen bestuderen. Transport studies, waarin radioactief koper
wordt gebruikt zijn ingewikkeld om uit te voeren, omdat dit materiaal moeilijk te
verkrijgen is en een zeer korte halfwaarde tijd heeft (12.8 uur). Om die rede is de huidige
diagnostische koper belastingstest voor één van de erfelijke ziekten met een verstoord
koper metabolisme, de ziekte van Menkes, moeilijk in het gebruik. Deze test kan maar in
een paar centra ter wereld worden uitgevoerd. Wij hebben nu een diagnostische
belastingstest voor de ziekte van Menkes ontwikkeld waarbij we gebruik maken van
radioactief zilver (*'® Ag). Dit radioactief materiaal is commercieel verkrijgbaar en heeft
een gunstige halfwaarde tijd van 250 dagen (publicatie I{I). Dit onderzoek liet tevens
zien dat reductie van divalent in monovalent koper een belangrijke stap is voordat er
transport kan plaatsvinden. Het feit dat radioactief zilver koper kan vervangen in transport
studies, maakte het mogelijk om transport van zware metalen (koper) over het lysosomale
membraan te bestuderen. Met de karakterisering van een P-type ATPase voor zware
metaal ionen in het lysosomale membraan hebben we aangetoond dat lysosomen in staat
zijn om zware metaal ionen op te nemen en eventueel op te slaan (publicatie IV). De
transporter heeft een specificiteit voor zilver, koper en cadmium ionen. Een mogelijke rol
voor deze nieuwe lysosomale transporter in Wilson disease, een koper stapelingsziekte,
werd uitgesloten in het bestaande diermodel.
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ABBREVIATIONS

CFTR

' DEPC
ER
EST
GlcA
IdoA
ISSD
LAMP
LEC
LIMP
LPI
MDCK
MRI
NEM
Neu5Ac
NMR
SASD
TGN

Cystic fibrosis transmembrane conductance regulator

Diethyl pyrocarbonate

Endoplasmatic reticulum

Expressed sequence tag

Glucuronic acid

Iduronic acid

Infantile sialic acid storage disease
Lysosome associated membrane glycoprotein
Long Evans Cinnamon

Lysosome integral membrane glycoprotein
Lysinuric protein intolerance
Madin-Darby canine kidney

Magnetic resonance imaging
N-acetylmaleimide

N-acetylneuraminic acid

Nuclear magnetic resonance

Sialic acid storage disease

trans-Golgi network
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eiwit zuiver je echt bij 4°C!), Henk-Jan, Greetje, Manou (veel succes met de laatste
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Stellingen behorende bij het proefschrift

Lysosomal membrane transport proteins
and their significance in human genetic disease

Zonder transport staat alles stil.
Transport en Logistiek Nederland
Dit proefschrift

Functionele studies moeten niet worden onderschat bij het
kloneren van ziektegenen.
Dit proefschrift

Het toeschrijven van een functie aan een genprodukt alleen op
basis van sequentie homologie dient met voorzichtigheid te
geschieden.

Everett et al., (1997) Nat. Genet. 17:411-422

Scott et al., (1999) Nat. Genet. 21:440-443

Dit proefschrift

Radioactief zilver kan radioactief koper vervangen in de
diagnostische belastingstest voor de ziekte van Menkes.
Dit proefschrift

Digitalisering zet gemakkelijk aan tot fraudering.

Het algemeen testen van jonge kinderen op dyslexie zou vroeg
ingrijpen mogelijk maken en daarmee langdurige problemen van
vele dyslectici doen verminderen.

Clayton, New Sci. (1999) 162:27-30

Door de enorme groei van de wereldbevolking is het gebruik van
genetisch gemanipuleerd voedsel onontkoombaar.



10.

11.

12.

Bij promoveren spelen zowel intrinsieke motivatie (succes door
volharding) als extrinsieke motivatie (succes door geluk) een
belangrijke rol.
v.Yperen en Diderich, Ned. Tijdschr. Psychol. (1998)
53:76-84

Per definitie keer je altijd de helft van de wereld de rug toe.

De feminisatie van de wetenschap neemt toe naarmate men verder
afdaalt langs de rangen.

Het schrijven van een proefschrift is een cognitieve afleiding voor
een promovendus die “aan het lijnen is”, waardoor overeten
onvermijdelijk is.

Boon et al., Br. J. Health Psychol. (1998) 3:27-40

Deze promovenda

Een computer is een vriend: hij veroorzaakt vaak een gevecht, je
kunt er om lachen en grienen, maar hij is stil en oprecht.

Adrie Havelaar Rotterdam, 21 juni 1999
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