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Intreduction

Lysosomes are intracellular acid organelles contining a wide variety of hydrolases
and surrounded by a single membrane. Compared with the amount of knowledge available
about the function and the genetic defects of the lysosomal hydrolases, the understanding of
the function of the lysosome membrane in physiological and pathological processes is only
at the beginning. All the information available has been gained in the last decade. Before
that, the lysosome membrane has been considered to be only a mechanical border limiting
the access of the acidic hydrolases to the surrounding cytoplasmic substrates. This finds its
explanation in the assumption that lysosomes represent essentially the "terminal degradative
compartment” of the cell (Kornfeld and Mellman, 1989), and that their function is strictly
linked to cellular catabolism.

Recent work has shown that efflux and bioavailability of lysosomal degradation
products is controlled by specific transport proteins. In addition, in this organelle, acrive
metabolites (vitamines, antigens, hormones like tyroxine) are produced and released via
specific carriers, before reaching their cytoplasmic target (Gahl, 1989; Harding et al., 1991;
Tietze et al., 1989). Lysosomes can also represent a storage compartment for
neurotransmitters {biogenic amines, in lysosome-like specialized organelles) or for substances
(like Ca** 1ons) (Lemons and Thoene, 1991; Nemere and Norman,1986), which are released
under humoral control (Nemere and Norman, 1989; Nelson, 1991). Morecver, not only the
efflux, but also the influx of low molecular weight metabolites into the Iysosomes can
represent a mechanism of regulation of metabolic functions. For example, lysosomal uptake
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of cytosolic amino acids is thought to regulate autophagic proteolysis during starvation
(Mortimore et al., 1988; Christensen, 1990).

All these processes are under control of specific transperters in the lysosome
membrane. Information about lysosomal membrane transport proteins, as described in this
thesis, has contributed to new concepts about the availability of metabolites, which in turn
are essential for the metabolism in the intracellular compartments.

On the one hand, the study of cell material derived from patients with a single gene
defect has enabled the identification of new transport mechanisms (cystinosis, sialic acid
storage diseases, etc.). On the other hand, biochemical studies have revealed an unexpectedly
large number of different types of transport systems which in some instances have formed
the basis for the elucidation of the molecular defect(s) in hitherto unexplained genetic
disorders.

This thesis deals with the identification of a lysosomal transport mechanism for sialic
acid. A primary genetic defect of this transport mechanism is demonstrated in patients
affected by lysosomal storage of free sialic acid and excessive sialuria (sialic acid storage
discases, SASD). A new patient is described, who presents with a clinical form of the disease
slightly different from that of the other two well defined phenotypes (Salla disease and the
infantile sialic acid storage disease, respectively). The lysosomal sialic acid carrier works as
a unique H*-cotransport system. Unexpectedly, this carrier shows a wide substrate specificity
for acidic monosaccharides, including, for example, glucuronic acid. The demonstration of
a transport defect for both sialic acid and glucuronic acid in lysosomes of patients with SASD
introduced the concept of multiple transport defect in lysosomal disorders. In addition, a
distinct carrier for neutral hexoses has been characterized, and its normal function in patients
with SASD has been demonstrated. The first successful functional reconstitution of the
lysosomal acidic sugar transporter, achieved in the course of our research, represents an
important step to enable its purification and detailed molecular characterization.
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Chapter 1

THE LYSOSOMAIL MEMBRANE

Chemical structure: lipid composition

The lysosomal membrane is constituted by a phospholipid bilayer, containing a large
number of membrane-associated and integral-membrane proteins. The protein/lipid ratio, in
the rat liver, is the highest among the intraceflular membrane types (Bleistein et al., 1980).

The lipid composition of the different intracellular organelles varies. For example,
the plasma membrane has the highest content of cholesterol and contains glycosphingolipids
{GLS) which are both absent in the membrane of the endoplasmic reticulum (ER) (Gennis,
1989). Yet, the majority of the lipids is synthesized in the ER, implying that specific sorting
mechanisms for lipids are present in the cell.

The lysosomal membrane has a composition which resembles that of the plasma
membrane, with high levels of cholesterol, sphingomyelin (SPH}) and GLS. However, the
level of phosphatidylserine (PS) is very low and that of phosphatidylcholine (PC) is the
highest. The lysosomal membrane contains Iysobisphosphatidic acid (bis-[monoacylglycero]-
phosphate), a phosphelipid which is unique to this membrane (Brotherus and Rekonen,
1977).

In lysosomes, like in other intracellular vesicles, PC, SPH and GLS are exclusively
present in the lipid bilayer at the luminal {exoplasmic) face of the membrane. It has been
hypothesized that cholesterel has the same location (van Meer, 1989). GLS and SPH do not
translocate (flip-flop) in the lysosomal membrane. Since glycosphingolipids can translocate
in the ER membrane by means of a specific "flippase” (Bishop and Bell, 1988), it was
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deduced that the flippase activity is retained in the endoplasmic reticulum (van Meer, 1989).
Since GLS and SPH are restricted to transport vesiclies, do not translocate in the

membrane and are only present at the exoplasmic leafiets of various organelles, their location

must be established during biosynthesis, but the details of this process are still unclear.

Cholesterol is abundant in the lysosomal membrane, where it is delivered from de
novo synthesis and lipoprotein degradation (van Meer, 1989). Low density lipoprotein (LDL)
-derived cholesterol can influence the intracellular metabolism of cholesterol much faster than
the plasma membrane inserted cholesterol (Liscum and Faust, 1987). A possible explanation
is that LDL-derived cholesterol, produced in the lysosome, can flip-flop in the membrane and
rapidly reach the endoplasmic reticulum. The existence of a specific flippase, however is still
hypothetical (van Meer, 1989). Studies of the lysosomal storage disease, Niemann-Pick type
C, have suggested the presence of a cholesterol transport mechanism that might be defective
in these patients {Vanier et al., 1991; Thomas et al., 1989; Liscum and Faust, 1987). It is
known that a decrease of the sphingomyelin pool leads to a different cholesterol distribution,
while the biosynthesis of sphingolipids is also under control of LIDL uptake. This suggests
that SPH and cholesterol metabolism are strictly linked to each other and that apparently the
sorting of cholesterol to the plasma membrane is regulated by SPH in the endoplasmic
reticulum {van Meer, 1989),

Though SPH is present in increased amounts in the lysosome of patients with
Niemann-Pick type C disease (Vanier et al., 1991), it appeared unlikely that a primary
dysregulation of SPH-cholesterol interaction or a primary SPH distribution defect is
responsible for secondary lysosomal cholesterol accumulation (Thomas et al., 1989). Instead,
most recent findings support that the primary defect of this disease involves the intracellular
mobilization of cholesterol out of the lysosome, with a secondary inhibition of
sphingomyelinase activity and consequent abnormality of SPH degradation (Vanier et al.,
1991)

Membrane proteins

Membrane proteins are classified on the basis of the interaction between the
polypeptide and the membrane (for a review, see Gennis,1989) (figure 1). The current
classifications arrange the different types according to common bicsynthetic pathways,

Membrane-associated proteins do not span the lipid bilayer but generally interact via
the hydrophobic face of an amphiphilic B-sheet or a-helix segment with the membrane, or
are anchored in the membrane through a covalent bond to phosphelipids (von Heijne, 1988).
Proteins which are parrially inserted into the lipid bilayer (morotopic proteins; Blobel, 1980)
are rare in nature (Singer, 1990). Among these, a well characterized example is cytochrome
bs.

Integral membrane proteins, spanning the lipid bilayer, are structurally classified in
four types (Singer, 1990). Type I and type II consist of a single transmembrane domain, with
an exoplasmic N-terminal (type I) or C-terminal (type II) ead, mostly arranged in a
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Figure 1. Classification of membrane proteins on the basis of the interaction between the polypeptide and the
lipid bilayer.

hydrophebic a-helix (biropic membrane proteins; Blobel, 1980}. Most of these proteins are
functioning as enzymes or receptors, but not as transporters.

Type III proteins contain multiple transmembrane domains alternated with short
hydrophilic stretches (polytopic proteins according to Blobel). Polypeptide portions of about
20-22 nonpolar amino acids, arranged in hydrophobic a-helices, are supposed to represent
the transmembrane domains, being long enough to span the lipid bilayer. But, it has been
hypothesized that they may be shorter (Lodish, 1988)

Type IV integral membrane proteins are aggregates of multiple (identical) type III
subunits containing o-helical transmembrane domains. An important exception to this rule
and so far a unique example among type [V proteins is represented by the mitochondrial and
bacterial porins. In this case, the large transmembrane domains are not made by stretches of
hydrophobic amine acids arranged in a-helices, but by sequences of alternated charged
residues which are compatible with an amphiphilic B-sheet. This results in a large barrel-
shaped structure (pore) through the lipid leaflet, which allows relatively indiscriminated
passage of large hydrophilic molecules (Jap, 1989).

All known transport proteins have structural features of type III or type IV membrane
proteins. The correlation seems so close that a transport function can be forecasted for a new
gene product on the basis of the structure predicted by the hydropathy plots (Kyte and
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Doolittle, 1982}, like in the cases of the major histocompatibility complex type II (MHC II)
and the cystic fibrosis transmembrane conductance regulator (CFTR) gene products (Parham,
1990; Ricrdan et al., 1989).

Proteins associated with the lysosome membrane can be classified as membrane-
asscciated, which contain hydrophobic domains, and integral membrane proteins which span
the lipid leaflet; both types are recovered in the membrane pellet if lysosomes are disrupted.

Some membrane-associated proteins are acid hydrolases like B-glucocerebrosidase
(Rijnbout et al., 1991), e-neuraminidase (Verheljen et al., 1985) present at the inner face of
the organelle, or, at the outer face, the two recently identified regulatory G proteins (Philips
et al., 1991; Balch, 1590) and the 50 kDa immotilins which mediate ATP-dependent stable
association of lysosomes to microtubules {Mithieux and Rousset, 1989).

In the following, some well studied integral lysosomal membrane glycoproteins of
unknown function and integral membrane enzymes that have been characterized to date will
be discussed. Integral membrane proteins with a transport function will be reviewed in
chapter 2.

Integral lysosomal membrane proteins of unknown function

Based on purification procedures for abundant membrane proteins, 2 number of
integral membrane proteins of unknown function has been purified to homogeneity from
lysosomes. These proteins have an apparent molecular weight between 100 and 120 kDa and
account for about 50% of the total content of integral membrane protein from highly purified
lysosomes (Marsh et al., 1987). Distinct types have been identified within the same species.
The major are: LAMP-1" and LAMP-2, in mouse (Chen et al., 1985) and humans (Carlsson
et al., 1988; Mane et al., 1989); rat Igp 120, lgp 110, LIMP HI (Lewis et al., 1986;
Barriocanal et al., 1986); chicken LEP100 (Lippincott-Schwartz and Fambrough, 1986.

Cloning of the respective genes has revealed a great degree of structural homology
among the different types in the same species and among different species (Kornfeld and
Mellman, 1989). Analysis of genomic DNA has shown that some of these proteins are
encoded by house-keeping genes (Zot and Fambrough, 1990).

Seguence analysis predicts in all of them a single membrane spanning domain, a short
C-terminal cytoplasmic tail and a large, heavily glycosylated part at the luminal side. This
structure warrants a classification as type I integral membrane proteins. The general
structure of LAMPS, the best characterized glycoproteins, include a protein core of about 40-
kDa, a precursor of 90-kDa with 17 to 20 N-linked high mannose oligosaccharides (OGS),

! The abbreviations stand, in general, for lysosomal-associared (or integral) membrane (glyco)proteins.
Each of them, however, is immunologically distinct. LEP10Q stands for lysosomal, endosomal, plasma
membrane protein Mr= 100000
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later processed to complex type OGS (Fukuda et al., 1988; for review see Cha et al.,
1990).The oligosaccharide chains seem to be particularly rich in sialic acids and in peculiar
polylactosamines {(Carlsson et al., 1988). The sialic acid residues contribute to a net negative
surface charge (acid pI) and possibly fulfil a protective function against protease degradation.

The biosynthetic processing of these proteins includes translocation into the
endoplasmic reticulum viz a signal sequence. The cytoplasmic tail is responsible for targeting
to the late endosomes and then directly to the lysosomes, essentially without routing via the
plasma membrane and the endocytic vesicles {early endosomes) (Kornfeld and Mellman,
1989). A tyrosine residue (fyr) in the short cytosolic tail is essential for lysosomal targeting
(Williams and Fukuda, 1990). A minor part of LEP100 is routed via the plasma membrane.
This protein exchanges continuously with plasma and endosome membranes, although $1%
normally resides in the lysosome (Lippincott-Schwartz and Fambrough, 1987). Chloroquine
treatment increases the plasma membrane pool of LAMP-1 and a mutation of the fyr in the
C-terminal tail of human LAMP-1 leads to localization in the plasma membrane. Thus, this
fyr seems to be essential as a sorting signal both in the trans-Golgl network and at the cell
surface (Williams and Fukuda, 1950). Unlike soluble lysosomal hydrolases, the sugar chains
do not contain phosphomannosyl oligosaccharides, which, therefore, are not a prerequisite
for the lysosomal localization (Barriocanal et al., 1986). A similar mannose-6-phosphate-
independent targeting to lysosomes has been observed for some membrane-associated
hydrolases like B-glucocerebrosidase and acid phosphatase (see further).

Attempts have been made to correlate the peculiar structure of these glycoproteins to
a specific function. The (faulty) expression of these proteins at the cell surface has been
correlated with metastatic tumor transformation, and accounts for increased cell binding to
extracellular matrix components, which envisages a role in tumor invasiveness (Metzelaar
et al., 1991).

However, these glycoproteins are also expressed at the cell surface of thrombin
activated platelets (Febbraio and Silverstein, 1990) and after cell exposure to weak bases
(chloroquine or methylamine}. Cell surface expression seems also to correlate with low levels
of cellular differentiation (Mane et al., 1989). It is possible that discrepancies between the
routing of different lysosome membrane proteins (Lippincott-Schwartz and Fambrough, 1987;
Green et al., 1987) are partially related to the differentiation stage of the cell types used to
perform processing studies in virro.

Sequence analysis suggests that the luminal part of LAMPs can be arranged in four
lcops, with each loop formed by a disulfide bond. The size of the loops and the yr-X-cys
consensus sequence found at the C-terminal end is the same as in the immunoglobulin
superfamily. This suggested the possibility of a receptor function for LAMP molecules
(Fukuda et al., 1988). It is not known whether the cytoplasmic domain has an enzymatic
activity, like many type I integral membrane proteins (Singer, 1990).
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Recently, the gene encoding the CD 637 antigen has been cloned. The gene product
was found to be a protein with the structural features of an integral membrane protein,
normally locatized in the lysosome membrane (Metzelaar et al., 1991). Its structure includes
four transmembrane loops, and three N-glycosylation sites, with a predicted protein mass of
25 kDa. There are no sequence homologies with human LAMP-1 and LAMP-2, nor with
other lysosome integral membrane glycoproteins. The CD63 antigen is found to be identical
to the ME 491, a melanoma associated antigen, while its function is still unknown.

Integral lysoscmal membrane enzymes

Two enzymes are known so far to be integral proteins of the lysosome membrane:
acid phosphatase and acetyl-CoA: a-glucosaminide-N-acetyltransferase. For the former, this
has been demonstrated by molecular studies of the protein structure and biosynthesis. For the
latter, details of the catalytic mechanism and subcellular localization studies warrant the
definition of integral membrane protein.

Acid phosphatase is synthesized as a mannose-0-phosphate independent (Gottschalk
et al., 1989a) integral membrane precursor (Waheed et al., 1988). It contains 7 to 8 N-linked
oligosaccharide chains. The delivery to the lysosome is dependent on an essential tyrosine
at position 413 of the cytoplasmic tail (Peters et al., 1990). In the lysosome, the cytosolic
tail is first cleaved by an acid protease (the reaction depends upon the acidification of
lysosomes) and then the intraluminal part is released from the membrane spanning domain
by an acid aspartyl protease (Gottschalk et al., 1989b). The soluble phosphatase is then
further processed (Tanaka et al., 1990). The transport to the lysosome also involves a rapid
recycling of the membrane bound form through the plasma membrane, from where
endocytosis follows (Braun et al., 1989).

Features in common with other lysosomal integral membrane proteins are: a single
transmembrane domain, a short C-terminal cytoplasmic tail of 19 aminoacids with a ryr
residue essential for the targeting, which is similarly independent of the mannose-6-
phosphate. Lysosomal targeting is also independent of oligosaccharide processing and
vesicular acidification (Gottschalk et al., 1989a). While ammonium chloride treatment
increases the plasma membrane pool of LEP100 (Lippincott-Schwartz and Fambrough,
1987), it decreases the plasma membrane pool of acid phosphatase (Braun et al., 1989),
which instead increases when the essential fyr is mutated.

B-glucocerebrosidase is a membrane-associated lysosomal hydrolase which shares
some similarities in the biosynthetic process with acid phosphatase. Its lysosomal targeting
is independent of mannose-6-phosphate residues (Rijnbout et al., 1991). Its structure does not
include a transmembrane domain, but only hydrophobic regions, which may act as membrane
anchor sites (Sorge et al., 1985).

Acetyl-CoA: e-glucosaminide N-acetyltransferase is the enzyme genetically deficient

* Identified by use of the CD63 monoclonal antibodies, against platelet membrane antigens.
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in Sanfilippo disease type C. It catalyzes the transfer of an acetyl group from cyteplasmic
acetyl-CoA to terminal a-glucosamine residues of heparansulfate in the lysosome. Studies
with purified lysosomal membranes have shown that the reaction can be divided in two half-
reactions. First the enzyme is covalently acetylated at a histidine residue, exposed at the
cytosolic side of the membrane, then the acetyl group is transferred to the inside of the
lysosomal membrane, where the acetyl-histidine is protonated (Bame and Rome, 1986a).
Afterwards, the glucosamine residue of heparan sulfate binds to a separate site on the enzyme
inside the lysosome and the acetyl group is transferred to form N-acetylglucosamine. A final
conformational shift warrants retumn of the enzyme to the starting configuration (Bame and
Rome, 1985). The molecular structure of the enzyme is unknown, although different
mutations in Sanfilippo type C disease can produce distinct defects of each half of the
reaction (Bame and Rome, 1986b). It is not known whether the mutations belong to separate
complementation groups, i.c. whether the enzyme consists of distinct subunits, each
accomplishing part of the reaction.

Other enzymes involved in heparansulfate degradation are thought to exist in a
membrane associated complex , but it is not known whether any other enzyme is present as
an integral membrane protein (Hopwood, 198%9). A well characterized enzyme complex
associated with the Yysosomal membrane is formed by acid B-galactosidase, e-neuraminidase
and the "protective protein” (Verheijen et al., 1982; D*Azzo et al., 1982; Hoogeveen et al.,
1983; for review see Galjaard et al., 1987) but the exact membrane association is stll
unknown.
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Chapter 2

LYSOSOMAL MEMBRANE TRANSPORTERS

Transport mechanisms

Before analyzing the transporters which have been detected and characterized in the
lysosome membrane, the different mechanisms of membrane transport will be summarized.
However, recent discoveries indicate that the functional discrimination does not always
correlate with structural differences among transport proteins (Dierks etal., 1990; Henderson
and Maiden, 1990; Murakami et al., 1990; Simon and Blobel, 1991; Fischbarg et al., 1989,
Higgins and Hyde, 1991). More knowledge about the actual structure of transport proteins
will help to understand these discrepancies, but so far the three-dimensional protein structure
is known only for three transmembrane proteins, 2t a resolution of 10 A: the photoreaction
center of photosynthetic bacteria, bacterlorhodopsin and porin.

Transporters are functionaily classified as: a) channels, b) pumps and ¢) carriers.

a) Channels (or pores) are known to allow substrate ions {often inorganic ions)
flow along an electrochemical gradient towards equilibrium, generating a membrane potential
defined by the Nernst equation ( saE= RT/zF.In{[X]./[X];} ). This equation defines the
potential difference of selutions as a function of the electrical charge (z) of the ions present
.and the concentration of ions, Channels can be activated in their function by electrical forces
(voltage-gated channels), or by chemicals (ligand- or nucleotide-gated) (Stanfield, 1987).
Channels possess several binding sites which are accessible to ions from both sides of the
membrane at the same time (and not alternatively), but do not undergo conformational
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modifications during each transport event. Conformational changes are usuvally related to
activation of their function {(opening of the channel). Single channels are studied by patch-
clamp electrophysiological registrations (Sakmann and Neher, 1983) performed on
(sub)cellular membrane fragments (Quinton and Bijman, 1983) or after reconstitution of the
channel in planar lipid bilayers (Bridges and Benos, 1990). Their properties are defined on
the basis of their ion selectivity and the current-voltage (I-V) relationship characteristics. The
essential characteristic of a channel compared with other types of transporters is the
extremely fast rate of transport (in the orders of 10%-10% ions/sec) (Stein, 1586) which leads
per se to a rapid change of the eiectrical property of the membrane. Channels can be
switched "on" and "off" and when the channel is closed the ion permeability is zero.

Recent studies demonstrate that high conductance channels can at the same time act
as transporters for complete proteins in vive (Simon and Blobel, 1991). An example is the
channel portion of the ribosome-nascent protein signal recognition complex, which allows
secretory proteins to cross the endoplasmic reticulum membrane and enter the secretory
pathway. The described channel (115 pS$®) is selective for anions like chloride and glutamate,
but also for complete nascent polypeptides. To stress that functional differences between
transporters do not represent definite structural differences, it has been shown that a channel
needed for the import of proteins in mitochondria is identical to the mitochondrial phosphate
carrier (Murakami et al., 1990).

b) Pumps are primary active transporters, driven by energy directly provided by
nucleotide (ATP) hydrolysis or redox reactions; they possess binding sites and undergo
conformational changes during transport. They may also be involved in ATP synthesis. The
process is usually unidirectional and proceeds against an electrochemical gradient. Their
experimental demonstration is based on the absolute energy dependence of the transport
function. Alsc the proton pumps of oxidative phosphoryiation and the light-driven ion pumps
of certain halophilic bacteria (like bacteriorhodopsin} are considered primary active transport
systems (Gennis, 1989; Forgac, 1989).

<) Carriers (or permeases, translocases) facilitate the diffusion of hydrophilic
substrates. The solutes interact with a finite number of binding sites, therefore transport
function is saturable and the conformational modifications needed for transport fulfil the
hypothesis of the mobile carrier (Scarborough, 1985; West, 1983; Stein, 1986). The direction
of transport follows an electrochemical gradient and sometimes can be coupled to binding of
another species (ions), which associates in a cofranspor: mechanism. In this case transport
is activated as long as the jon gradient holds. Other cotransporters can function as symporters
or antiporters, allowing movement of the different substrates in opposite directions. As a
consequence, the chemical gradient of one of the substrates can influence the direction of

% pS, picoSiemens, is the unit for g, single channel conductance.
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Figure 2. Countertransport or frars-stimulation. In the preloaded vesicle (right) the influx is much faster than
in the not preloaded one (left). (@) labeled substrate; (©) unlabeled substrate.

transport of the other substrate, which in turn can be transported against its own
concentration gradient. This mechanism is also called secondary active transport as the
gradient of the driving ions is usually maintained by an independent, primary active pump.
(Geck and Heinz, 1981). The kinetics of carrier-mediated transport can be compared with
that of an enzyme, expressed by the Michaelis-Menten equation (v=SV../[K.+SD.
Saturability of the transport process will show a definite affinity constant (K, often called
K, for transport systems) and a maximal velocity rate (V_,), depending on the number of
substrate molecules transported in a time interval, at a given substrate concentration (S).
Transport is sensitive to substrate inhibition in a competitive or non-competitive mode.
Countertransport and/or trans-stimulation are experimental properties which directy
demonstrate the existence of a carrier and are dependent on the symmetrical function of such
proteins (figure 2). They are based on the fact that the binding sites are alternatively available
at each side of the membrane, Thus, the substrate at one side is not in competition with that
at the other side. The conformational changes necessary to transport the substrate from the
cis- 1o the trans-side of the membrane, enable the carrier to exchange the substrate, released
at the rrans-side, with another substrate molecule. Supposing that, at the start of the turnover
cycle, the substrate concentration at the srens-side is higher than at the cis-side, the net
substrate flux will be from srans to cis. Consequently, the velocity of the process will be
determined by the higher concentration present at the zrans-side. Experimentally, if in such
a case only the molecules at the cis-side are radiolabeled, thus chemically detectable, we will
measure a faster rate of transport from cis to frans than it would be expected in the absence
of substrate at the zrans side, with the apparent paradox of substrate moving against its own
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concentration gradient. This phenomenon, which sometimes can be measured in a test tube,
is called countertransport when provoked by the same molecular species at both sides of the
membrane, or trans-stimulation when the molecule at the opposite side of the membrane is
a substrate analog, recognized and transported by the carrier. Countertransport or frans-
stimulation not only depends on the properties of the transport protein involved, but also on
the ability to create test tube conditions to assay it, i.e. to have a vesicular system where the
internal substrate concentration ¢an be higher than the K, without significant leakage, and
efflux of the radiolabeled species is competed by a high amount of unlabeled substrate.

Transport of a metabolite which is driven by the gradient of another molecular species
(countertransport, frans-stimulation or cotransport with a coupled ion gradient) can
experimentally manifest itself by an overshoor of uptake in a vesicular system, where the
subsirate concentration into a vesicular compartment can transiently arise above its
equilibrium level, as long as the gradient of the other molecular species holds (Turner, 1983;
Gennis, 1989).

Notwithstanding the biochemical and physiological heterogeneity, structural
information about many transport proteins indicate that all transporters in living organisms
show a surprising level of structural homology. This concept has recently been reviewed by
Henderson and Maiden (1990}, and Maloney (1990) and it has led to the assumption that
during evolution all transport proteins, from prokaryotes on, have evolved from a common
ancestor containing a paired number of membrane spanning domains, often six, arranged in
o-helix forms, which can interact at the endoplasmic side (intracellular or extraluminal) with
an hydrophilic, regulatery (nucleotide-binding) protein. During evolution, the regulatory
protein could have become a regulatory domain of the transporting polypeptide and the
membrane spanning domain has duplicated in a paired way, as well as the regulatory
hydrophilic domain. This way, the ABC (from ATP Binding Cassette) superfamily has been
defined (Hyde et al., 1990). The ATP binding domains of the bacterial ABCs (the so called
“periplasmic transport systems") show extensive sequence similarity among one another,
much more than required for ATP recognition, for example, by other sorts of ATP-binding
proteins. It seems thar these proteins are evolutionary related to archetypes of a family of
structurally related proteins which couple ATP hydrolysis to different cellular functions in
eukaryotes and prokaryotes. (Higgins et al., 1990). Comparison of sequence homology
between six different sugar carriers from prokaryotes and eukaryotes up to humans showed
overall homology of 150 amino acids (circa 30%) (Henderson and Maiden, 1990). Recent
developments also indicate that the structural homology of carriers and pumps can be
extended to channels as well. The cystic fibrosis transmembrane conductance regulator
(CFTR) gene product, which is mutated in a human genetic disorder, cystic fibrosis, shares
high levels of sequence homology with pumps like the transporters providing multi drug
resistence (MDRs) and ABC family members (Riordan, et al. 1989; Hyde et al., 1990). It’s
function as a chloride channel is no more in doubt (Anderson et al., 1991; Rich et al., 1991).
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As mentioned, at least two other transport proteins seem to function both as a channel and
as a carrier, the phosphate carrier/protein import system of mitochondria and the anion
channel/protein transporter of the endoplasmic reticulum. The clarification of the apparent
discrepancy between similar structures and different functions of transport proteins will be
2 major challenge for the near future (Higgins and Hyde, 1991)

Channels and pumps in the Iysosome

A recent review about the permeability properties of the lysosome membrane has
accurately lisied al! the categories of compounds which are able, or predicted to cross the
membrane in vive (Forster and Lloyd, 1988).

Essentially, two types of mechanisms have been considered: unassisted simple
diffusion across the lipid bilayer and transport mediated by a specific transport protein. The
role of the simple diffusion is still debated, especially for those compounds, which could
theoretically freely diffuse and are demonstrated to be transported by a specific carmer
(glucose, amino acidsy, Since it is very difficult to judge the physiological role of simple
diffusion mechanisms with "in vitro" detection systems affected by artificial leakage, only
the mechanisms of transport which have been shown to involve a specific transport protein
will be reviewed here.

Up to now, the structure of oaly one transporter, the lysosomal proton pump, has
been partially unraveled. This means that all our knowledge about lysosomal transport
proteins is based on the biochemical characteristics of transport, as assayed in the native
membrane. The correspondence of transport events to theoretical kinetic models sustains the
distinction between lysosomal carriers, pumps and channels. From the data reported in the
literature, a functional classification of lysosomal membrane transport systems has been
attempted in table I,

The interior of the lysosome, like that of other organelles of the endo- and exocytic
pathway, is acidic compared with the cytosol, as first observed by Metchnikoff (1893), long
before the lysosomes were identified by de Duve (1963). The pH is about 4.7, as measured
by fluorescein-labeled dextran (Chkuma and Poole, 1978; for review, Chkuma, 1987). The
pH of the lysosome is the lowest among all the acidic intracellular organelles (Tycko and
Maxfield, 1982; for review see Anderson and Orci, 1988).

The acidification of the interior is maintained by an H™'-translocating ATPase
(Dell’ Antone, 1979; Schneider, 1981; Ohkuma and Poole,1978). The Mg *-ATPase function
was first demonstrated to be membrane bound (Schneider et al., 1978) and later the H
wranslocating function was proven to be associated with ATP hydrolysis (Schneider, 1979).
The pump is N-ethylmaleimide sensitive and insensitive to ouabain, oligomycin and vanadate
{Ohkuma, 1987). These properties can be used to discriminate it from other cellular proton
pumps. The process of proton translocation is electrogenic (Harikumar and Reeves, 1983;
Dell’ Antone, 1979), i.e., in the absence of permeable compensating anions, it produces an
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TABLE 1

Lysosomal membrane transport systems

(functional classification)

Type

Channels

Chemically regulated:

Transporters

Passive:

Active:

primary active

secondary active

Substrate

chloride channel

neutral small amino acids (2)
proline, 3,4-debydroproline
neutral bulk amino acids

branched and aromatic amino acids
anionic amino acids

N-acetylated hexoses

neutral monosaccharides

nucleosides
phosphate ion
calcium ions
folylpolyzglutamates

H* pump/ATPase

actdic sugars

probably secondary active

Unkmown mechanism

cystine

cysteine

sulfate ions

vitamin B,

cationic aminc acids
taurine

cholesterol
small dipeptides

Source

rat liver

fibroblasts
fibroblasts

rat thyroid celis
fibroblasts
fibroblasts

rat liver

rat liver,fibroblasts
rat liver
fibroblasts
fibroblasts
fibroblasts
S180 cells

rat liver
chromaffin graoules
coated vesicles ete.

rat liver, fibroblasts
lymphoblasts

leucocytes
rat liver
fibroblasts
rat liver
rat liver
fibroblasts
rat liver

fibroblasts
rat liver

Ref.

Tilly, 1991

Pisoni, 1987b
Pisoni, 1987b
Beroar, 1936
Stewart, 1989
Collarini, 1989
Jonas, 1989
publ.IV,V
Jonas, 1990
Pisoni, 1989
Pisoni, 1991
Lemons, 1991
Barrueco,1991

Schneider, 1979
Moriyama,1989a
Forgac,1983

publ.IIL,V

Gahl, 1982
Jonas, 1982
Pisoni, 1990
Jonas, 1990
Jonas, 1991
Pisoni, 1985
Vadgama, 1991

Liscum, 1989
Bird,1990



increase of the membrane potential which limits the acidification process.

A similar type of proton translocating ATPase has been identified in several other
acidic organelles of eukaryotes, like clathrin-coated vesicles (Stone et al., 1983; Forgac,
1983), endosomes {Galloway et al., 1983), Golgi vesicles (Glickman et al., 1983; Zhang and
Schneider, 1983), multivesicular bodies (Van Dyke et al., 1985) and chromaffin granules
(Johnson et al., 1982; Cidon and Welson, 1683; Dean et al., 1984). They all have similar
characteristics and are called in general vacuolar proton pumps. In kidney and macrophages,
a vacuolar type of pump is present on the plasma membrane (Gluck et al., 1982; Swallow
et al., 1990). A similar set of proton pumps is also present in plants (Manolson et al., 1985),
archaebacteria (Sidhof et al., 1989}, lower eukaryotes as Neurospora (Bowman, 1983) and
yeast (Uchida et al., 1985). Recently it has been suggested, on the basis of structural
comparison that the mitochondrial ATP synthetase (F,Fy,, complex V) and the vacuolar
classes of proton pumps have common ancestor genes (Moriyama et al., 1986; Forgac, 1989;
Nelson, 1987; Mandel et al., 1988).

The reconsttution of the lysosomal proton pump after solubijlization of the lysosome
membrane proteins has definitively proven that the proton translocation is not iatrinsecally
coupled to another ionic species (D'Souza et al., 1987). Acidification of artificial liposomes
containing the reconstituted proton pump was in fact accomplished in the total absence of
permeant anions, when the membrane potential was compensated by free flow of K* in the
presence of the icnophore valinomycin.

Vacuolar proton pumps from clathrin-coated vesicles and chromaffin granules have
been purified thanks to the availability of specific inhibitors. These pumps appear as
heterologous multimeric complexes of integral membrane compoenents and membrane
associated polypeptides: the proton translocating function and the ATPase function are
apparenily associated with separate polypeptides (Forgac, 1989). Recently, Moriyama and
Nelson (1989a) have shown cross-reactivity of antibodies against different subunits of the
preton pump from chromaffine granules with lysosomal membrane associated polypeptides.
These experiments were performed using membrane associated hydrophilic subunits of the
H*-ATPase released by treatment of lysosomal membranes with MgATP at (° C (Moriyama
and Nelson, 1989b). The lysosomal H*-ATPase showed at least five different hydrophilic
subunits, immunologically and electrophoretically identical to the pump from chromaffine
granules.

In total, there are at least eight major peolypeptides associated with the vacuolar H*-
ATPase function, with molecular weights 116-, 70-, 58-, 40-, 38+, 34-, 33- and 17-kDa. To
date, four out of the eight subunits have been sequenced after cloning the respective genes.
Most of the information was obtained from chlatrin-coated vesicies and chromaffin granules.
Based on the predicted amino acid sequence, the 17-kDa subunit possesses four
transmembrane domains which should direcily be involved in H* channeling (Mandel et al.,
1988). It has been recently shown that this subunit specifically binds the transforming protein
E5 of bovine papilloma virus type I. This suggests a role for a disturbed lysosomal
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acidification in the transformation process produced by this oncoprotein (Goldstein etal.,
1551).

The subunits 70-, 58-, 40- and 33-kDa are all concomitantly needed for ATP
hydrolysis (Xie and Stone, 1988). Deduced amino acid sequence of the 38- and 70-kDa
subunit predicts ATP and N-ethylmaleimide recognition sites (SGdhof et al., 1989), along
with an extraordinary degree of homology with H* pumps from archaebacteria, plants and
fungi as well as with the mitochondrial ATP synthetase {ibidem). The 116-kDa polypeptide
has also recently been purified and the gene cloned (Perin et al., 1991). Analysis of the
deduced aminoacid sequence suggests that it consists of two fundamental domains: a
hydrophilic amino-terminal half containing many charged residues and a hydrophobic
carboxyl terminal with at least six transmembrane spanning regions. This finding supports
the proposed function of the 116-kDa protein of coupling ATP hydrolysis, accomplished by
the cytoplasmic 70-, 58-, 40- and 33-kDa subunits, with proton translocation, carried out
together with the 17-kDa subunit. Former biochemical experiments had shown that loss of
the 116-kDa and 38-kDa subunits leads to loss of Mg™™* dependence for the ATPase and loss
of proton pumping function (Xie and Stone, 1988).

The gene for a 31-kDa subunit of the proton pump from bovine kidney medulla has
also been cloned (Hirsch et al., 1988). Since this gene is highly expressed in the kidney, it
has been assumed that it encodes for a subunit of the plasma membrane proton pump which
in kidney is of the vacuolar type. A large hydrophilic subunit without transmembrane
domains and with a function in the regulation of proton access to the translocating channel
has been predicted for this subunit.

A recent observation by Girich et al. (1991) exploits the activation of a mammalian
endosomal H* pump by GTP and the non-hydrolyzable derivative GTP+S, suggesting that
G proteins are involved in the direct modulation of vacuolar acidification. The mechanism
is not known.

For a simple uniport pump like the lysosomal proton pump, anion conductance
through the membrane is required for accumulation of acid into the lysosome. Consequently,
a physiclogical counter-ion which performs in vivo this task could be identified in the CF
anion. Halides seem to support H* pump activity by serving as a counter-ion in clathrin-
coated vesicles (e et al., 1983}, chromaffin granules (Moriyama and Nelson, 1987}, Golgi
membranes (Forgac, 1989), endosomes (Fuchs et al., 1989), multivesicular bodies (Van
Dyke, 1988) and secretory granules (Barasch et al., 1988).

In rat liver lysosomes, chloride was mostly efﬁcieﬁt in providing an adequate
conductance for proton transport (Cuppoletti et al., 1987). The capacity of the chloride
gradient was enough to generate the proton gradient, independently of the H* pump
activation (by means of tetrachlorosalicylanilide® in the absence of ATP). On the basis of

4 AKTHT exchanger
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these findings, the nature of the chloride conductance can be speculated. Forgac (1989) and
Glickman et al. (1983) hypothesize, without experimental proof, a conductive chloride
channel. Recently Jonas and Jobe (1990) have suggested that the lysosomal carrier for sulfate
can function also as an antiporter exchanging sulfate with chloride. We have recently
demonstrated a chloride specific anion channel in the lysosomal membrane of rat liver. This
channel is gated by nucleotide (ATP, ATPyS, AMP-PNP) binding, independently of kinase
activities (Tilly et al., submitted). These results were obtained after electrophysiclogical
studies performed with purified rat liver lysosome membranes, reconstituted in an artificial
lipid bilayer. This is a new example of an fon channel regulated by nucleotide binding
(Stanfield, 1987) and provides the physiological basls for a compensation mechanism of the
membrane potential generated during lysosomal acidification. Synergically, ATP is useful to
activate H™ pumping and Cl" flux.

These are to our knowledge the first electrophysiological studies leading to the
definition of an ion channel in the lysosomal membrane, In view of the recent demonstration
that the CFTR gene product is a nucleotide-regulated chioride channel (Rich et al., 1991;
Anderson etal., 1991) and that the endosomal acidification is defective in cystic fibrosis cells
{mutated in CFTR) (Barasch et al., 1991), it will be interesting to investigate the structure
of the lysosomal chloride channel and its function in cystic fibrosis patients.

Lysosomal membrane carriers

All the carriers of which the primary structure is known, are derived from eukaryotic
plasma membranes, bacterial membranes or phylogenetically refated mitochondria. In
general, the structural homology is high, but it is not possible at the moment to conclude that
the similarity can be extended to the transporters in membranes of other intracellular
crganelles.

Among lysosomal integral membrane proteins, carriers are best characterized
biochemically, but none of them has as yet been purified to homogeneity.

Initially it was thought that the lysosome membrane works only as an aspecific
molecular sieve, allowing the free diffusion-of molecules of molecular weight up to 200-kDa,
and excluding any compound of larger size (Lloyd, 1969; Reijngoud and Tager, 1977;
Ehrenreich and Cohn, 1969). When it was found that also larger molecules could pass the
lysosome membrane, it was assumed that the permeability rate would better correlate with
the hydrogen bonding capacity (hydrophilicity) of the solute, with the prediction that large
hydrophebic molecules are more permeable than large hydrophilic ones (Bird et al., 1987,
Iveson et al., 1989), The presence of specific carriers for the efflux of intralysosomal
degradation products was hypothesized by Hales (1978) and Docherty et al (1979). Even if
nowadays many specific carriers for solutes have been described, the role of passive diffusion
of hydrophobic compounds is still actively investigated (Iveson et al., 1989).

The different lysosomal carriers will be discussed according to their substrate
specificity for amino acids, sugars or miscellaneous compounds.
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Amino acids

The role of amino aci¢ transport in cellular nutrition and in the regulation of several
processes has been recently reviewed. Lysosomal uptake and efflux systems appear to
participate actively in the regulation of proteolysis (Christensen, 1990; Mortimore et al.,
1988; Chkuma, 1987).

The first kinetic demonstration of a Lysosomal carmer came from the work done on
cystinosis, a genetic disorder where the disulfide cystine accumulates in the lysosome. In
1982, Gahl et al. demonstrated saturation kinetics for cystine iysosomal countertransport,
using leucocyte granular (lysosome-rich) subcellular fractions. This work both discoverad the
genetic defect of cystinosis as an inborn error of the cystine transport system and
unequivocally demonstrated that solute flux across the lysosome membrane is strictly
regulated by highly specific transport proteins (Gahl et al., 1982; Jonas et al., 1982). The
lysosomal cystine carrier is highly specific for this amino acid and for the related
cystathionine. Recently, a K, of 0.27 mM for zero-trans flux has been reported for the carrier
of mouse L-929 fibroblasts (Greene et al., 1990). The system is sensitive to changes of the
membrane potential and of the pH gradient across the membrane (Smith et al,, 1987).
Although no definitive proof was given (Turner, 1983), this system has been classified in
table I among the probably secondary active carriers.

After the discovery of the cystine carrier, using different techniques, several
investigators have demonstrated many more saturable transport systems: the work from
Pisoni’s and Gahl’s group has practically covered the complete field of amino acid transport
in lysosomes (see table I for references).

In rat thyroid lysosomes a carrier recognizes bulk neutrai amine acids like tyrosine,
leucine, histidine, phenylalanine and tryptophan (Bernar et al., 1986). Lysosomal tyrosine
countertransport is stimulated by TSH, probably through a cAMP-dependent pathway (Harper
et al., 1988). TSH-regulated transport of monoiodo- and dilodotyrosine is apparently carried
out by the same transporier (Andersson et al., 1990). In human fibroblasts, instead, two
separate transport systems for aromatic (system #) and bulky dipolar (system [} amino acids
carry out transport of the larger neutral amino acids (Stewart et al., 1989), Nothwithstanding
the extensive biochemical similarity between the latter transport mechanisms and that of
transformed thyroid ceils, the authors could not come to a definitive conclusion about the
identity of them. )

These properties were exploited studying countertransport of radiolabeled amino aeids
in Iysosomes preloaded by exposure to amino acids methylesters. The possibility to load
specifically lysosomes with amino acids by exposure of non purified preparations to
methylesters, which as weak bases accumulate in acidic organelles, had been shown by early
work of Goldman and Kaplan (1973) and has been extensively used to demonstrate specific
carrier-mediated countertransport.

With the same technique, another carrier specific for the class of cationic amino acids
argining, lysine, omithine, histidine, diaminobutyrate was found in fibroblast lysosomes
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(Pisoni et al., 1985). This carrier, called system ¢, performed maximal countertransport at
extralysosomal alkaline pH. It accomodated also the mixed cystelne-cysteamine disulphide,
formed by the reaction of a cysteine with a cysteamine molecule, providing the explanation
for the success of cysteamine in the therapy of cystinosis. The understanding of the
physiological way thiols intervene in lysosomal proteolysis was completed by the detection
of a carrier for cysteine (Pisoni et al., 1990). The model predicts that cysteine enters the
lysosome via a highly specific import mechanism; there it participates into a disulfide
exchange with the thiol groups of proteins and it is released as the disulfide cystine by thiol
proteases. Cystine then effluxes out of the lysosome via another specific carrier, which does
not recognize cysteine. As mentioned, the cysteine carrier instead recognizes also cysteamine,
which can also participate into the disulfide exchange mechanism.

Later, other thiols were found to be as effective as cysteamine to prevent formation
of cystinotic lysosomes, such as thiocholine (Pisoni et al., 1987a) which, bound to cysteine,
transits via the cationic amino acid carrier, and mercaptoethylgluconamide (MEG) (Pisoni
et al., 1989a) which might enter the lysosomal system by the acid sugar carrier (Christensen,
1990).

The substrate specificity and the lack of Na*t dependence of the caticnic amino acid
carrier resembles that of the system y* of the plasma membrane (Pisoni et al., 1987a).
However, uptake studies of radiolabeled arginine revealed that the lysosomal carrier is highly
pH sensitive, with maximum uptake at extralysosomal alkaline pH, it has an eight times
higher K, (0.32 mM) compared with the system y* and presents a substrate specificity which
does not completely overlap with the plasma membrane system (Piscni et al., 1987a).

Interestingly, while the physiological transmembrane pH should support arginine
influx in vive, in the presence of MgATP, arginine efflux is rather favoured and uptake is
retarded. Conclusions were not definitively drawn about this system, which probably
functions as a H*/arginine antiporter. Yeast vacucles, phylogeneticaily related to lysosomes,
contain a very similar H*/arginine antiporter with a similar K, (0.26 mM) (Ohsumi and
Anraku, 1981).

Subsequently, three distinct carriers for small neutral amino acids were identified by
uptake studies in lysosomes purified on 2 continuous gradient of silica {Percell). They are
respectively called system e, fand p. System p is specific for proline and 3,4-dehydroproline
only, but with a relatively high K, {0.07 mM), compared with the other two (about 0.01
mM). System f has high affinity for proline, N-methylated amino acids but also alanine,
serine and threonine. Preline uptake is maximal at extralysosomal acidic pH. System e
Tecognizes the small amino acids alanine, serine and threonine, but does not accomodate N-
methylated forms (Pisoni et al., 1987b). The methods used here allowed for the first ime
calculation and comparison of affinity constants. In a similar way, Collarini et al (1989)
characterized a carrier specific for anionic amino acids (system d), less restrictive and with
a higher affinity than the corresponding X, (for aspartate and glutamate) plasma membrane
carrier.
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Movements of taurine, a unique sulfur amino acid derivative, across the fysosomal
membrane seem afso to be mediated by a transporter (Vadgama et al., 1991).

None of the lysosomal amino acid carriers works as Na*-cotransporter, unlike many
plasma membrane carriers, and all have relatively high K,.

An interesting complementation to these studies on amino acid transport is the recent
investigation about lysosomal transport of (di)peptides. Early studies by Lloyd (1971) showed
that dipeptides cross the lysosome membrane faster than single aminc acids. Recently, the
hypothesis has been forewarded that a carrier-mediated transport mecharism might sustain
dipeptide influx (Bird and Lloyd, 1990). Though the physiological implications of such a
transporter are unclear at the moment, it will be very interesting to investigate whether this
hypothetical transporter is homologous to the new class of channel-like peptide porters
recently identified in other subcellular membranes (Simon and Blobel, 1991; Parham, 1950;
Sambrook, 1991).

Sugars

Monosaccharides represent major lysosomal products of glycan catabolism, which are
assumed to efflux the lysosome and to be recycled by the cell. Disaccharide production is
irrelevant and these compounds are thought to be impermeable (Lloyd, 1969). As mentioned,
early studies of sugar permeability in lysosomes contributed to the postulation of the
existence of lysosomal transport proteins. The work from Hales and coworkers demonstrated
that the uptake of neutral hexoses in tritosomes is sensitive to temperature, pH changes and
ionic composition (Docherty and Hales, 1879), is inhibitable by cytochalasin B and other
candidate substrates (Magnire et al., 1983) and is saturable (K;; 48418 mM). The system
showed some stereospecificity and seemed to recognize also pentoses.

Subsequent experiments performed with the osmotic protection method, an indirect
method to evaluate lysosomal permeability to solutes (Lloyd, 1969), indicated instead that
the lysosomal influx of neutral hexoses mainly depends on their hydrogen bonding capacity,
which is approximately correlated to the number of hydroxyl groups per molecule (Stein,
1967). Matching with this hypothesis, it was observed that hexoses (namely glucose)
penetrate slower than pentoses and consequently it seemed unlikely that they would share a
common carrier, but the flux of both monosaccharides could be explained by simple diffusion
through the lipid bilayer (Bird et al., 1987). When a larger series of compounds was
compared with glucose for the respective lysosomal permeability, the perfect correlation
between the molecular structure (in terms of hydrogen bonding capacity) and the permeability
observed, seemed to support the assumption that simple diffusion was the major mechanism
of transport for the investigated compounds (Iveson et al., 1989).

We decided to address the question about the existence of an hexose carrler, using
highly purified lysosomal membrane vesicles from rat liver. These studies allowed the
demonstration of carrier-mediated transport of neutral hexoses in the lysosomal membrane.
Uneguivocal proof came from the demonstration of countertransport and saturation kinetics
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(publication IV). In our system, the contribution of an aspecific diffusion component was
undetectable, and the carrier did not react with pentoses. Parallel studies in intact rat liver
lysosomes by others confirmed saturability of glucose uptake (Jonas et al., 1990).

Transport of the sugars N-acetylglucosamine and N-acetylgalactosamine, which are
degradation products of glycoproteins and glycosaminoglycans, is mediated by a distinct
transport system (Jonas et al_, 1989). Recycling of these sugars from the lysosome has been
suggested (Rome and Hill, 1986; Trinchera et al., 1990). The properties of this carrier were
investigated in intact lysosomes from rat liver. Transport showed an affinity constant of 4.4
mM for both sugars, specificity for acetylated sugars, lack of effect by pE changes, Mg**
ions, ATP, but inhibition by 50 uM cytochalasin B. Bidirectional transport was demonstrated
by irans-stimulation. In lysosome membrane vesicles the glucose carrier did mot support
transport of acetylated sugars (publication IV), confirming the data of Jonas for a specific
acetylated sugar carrier.

The next distinct sugar transport protein is the carrier for sialic acid and other acidic
monosaccharides (publication II). Its existeace and properties were clarified in lysosomal
membrane vesicles. The peculiar function of this carrier as a proton cotransport mechanism
could be demonstrated (publication III}. A genetieally determined dysfunction of this
transport system is the apparent cause of sialic acid storage diseases, z heterogensous group
of disorders spanning from mental and physical handicaps up to adult age, to early neonatal
death. The biochemical detaiis of this transport system and the description of the clinical
problems related to it will be discussed in the next chapters. Table II summarizes the main
biochemical features of lysosomal sugar carriers.

Other substrates

Besides amino acids and sugars, other products of the lysosomal catabolism are
released from the organelle. For many of them specific membrane carriers have been
described. Considering the degradation of the nucleic acids, nucleotides are hydrolyzed to
nucleosides and inorganic phosphate, but no nucleosidase activity is known to be asscciated
with the lysosome. In fact, a carrier-mediated mode of transport has recently been found both
for nucleosides and for phosphate (Pisoni and Thoene, 1989b; Pisoni, 1991). Saturation
kinetics for the uptake of radiolabeled substrates were demonstrated in both cases. A
peculiarity of adenosine uptake in intact fibroblast lysosomes is that, once entered the
compartment, adenosine is progressively deaminated to inosine, which is recognized and
transported by the same carrier. Puring and pyrimidine nucleosides are substrates with similar
affinity (9 and 11 mM). Trans-stimulation of nucleoside transport could not be elicited
(Pisoni and Thoene, 198%h).

Phosphate is taken up by fibroblast lysosomes with an affinity constant of 5 xM at
37°C, and is metabolized in the lysosome to trichloroacetic acid-precipitable material, which
prevents the release of radioactivity from lysosomes previously exposed to [PIKH,PO,.
However, also the efflux of phosphate can occur, since time-dependent uptake curves reach
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Characteristics of lysosomal sugar carriers

Source K, pH optimum  Countertransport/ Subsfrate Regulation/ Ref,
{mM) Trans-stimulatlion specificity Inhibitors
Acidic sugars
rat liver vesicles 0.2 acidic yes sialic acid ATP public. I
(H™ cotransport) glucuronic acid NEM
gluconic acid
human fibroblast 0.2 acidic yes sialic acid ? public, V
vesicles (H™ cotransport) glucuronic acid
protealiposomes 0.38  acidic yes sialic acid NEM public, VI
(rat liver) (H* colransport) glucuronic acid DEP
PG
Neutral sugars
rat liver 48 neutral ? D-,L-glucose cytochal.B Maguire, 1983
"tritosomes” D-mannose
D-ribose
2-deoxy-D-ghicose
rat liver vesicles 5 acidic yes B-glucose phloretin public. IV
D-galactose cytochal. B
D-,L-fucose
D-mannose
rat liver [ysosomes 22 neutral no D-glucose eytochal, B Jonas, 1990
D-fucose
2-deoxyglucose
methyl-a-glucostde
N-Acetylated sugars
rat liver lysosomes 4.4 neutral yes N-acelylglucosamine cytochal B Jonas, {989
N-acetylgalactosamine
rat liver vesicles 1.3 neutral yes N-acetylglucosamine oytochal.B Jonas, 1990

N-acetylgalactosamine  FJTC



steady-state levels indicating equilibrium between influx and efflux. This transporter also
recognizes arsenate ions as a substrate. The pH curve for phosphate uptake suggests that
monobasic phosphate is the form which is taken up, while the hydrolysis of ATP by the
membrane ATPase is coupled to the uptake of the liberated inorganic phosphate via the
phosphate carrier. The nucleotides CTP and AMP-PNP, glucose-6-phosphate and pyridexal
phosphate seem io interact with phosphate transport in a non competitive way.

Though phosphate is largely produced by intralysesomal degradation of nucleic acids,
it is not clear at the moment whether this ion is leaving the lysosome via this highly specific
carrier or it is rather further metabolized, while the carrier would rather be used in vivo for
the import of inorgamic phosphate in a process coupled to the function of the H*
pump/ATPase, as carlier suggested by Schneider (1983).

A distinct carrier for the inorganic ion sulfate is also present in the lysosome
membrane (Jonas and Jobe, 1990). The system shows countertransport. A good competitive
inhibitor for sulfate uptake, thus a good candidate substrate for this transporter is the
molybdate ion, a trace element. Sulfate uptake was stimulated by an inward-directed proton
gradient, with a K, of 160 xM, and was sensitive to membrane potentials. The protonophore
CCCP could increase proton-driven sulfate uptake. Chloride could trans-stimulate sulfate
uptake in the presence of a pH gradient, at the concentration of 150 mM but not of 10 mM.
The model of a proton-driven sulfate-chloride exchanger was proposed. Since DIDS could
inhibit sulfate countertransport, a comparison has been made with the anion exchanger of the
erythrocyte membrane (band 3).

A preliminary report of a transporter for Ca** has recently appeared (Lemons and
Thoene, 1991). Considering that calcium is an essential cation in the regulation of many
metabolic and hormonal responses, the participation of lysosomes and their membrane
transporters in the regulation of the intracellular homeostasis could be important.

The role of lysosomes in the redistribution of endocytosed material seems particularly
important In the case of vitamins. The acute metabolic decompensation observed in
individuals with a genetic defect of the lysosomal efflux of cobalamin confirms this
assumption (Rosenblatt et al., 1986). Vitamin B,, is endocytosed as a complex bound to
transcobalamin IL (Rosenblatt and Cooper, 1990). The complex is degraded in the lysosome
where the vitamin, as cobalamin, is released from the lysosome via 2 carrier mediated route,
recently described (Jonas and Idriss, 1991). In the latter study, the uptake of cyanccobalamin
in lysosomal membrane vesicles, in the presence of a pH gradient, generated an overshoot.
Elimination of the proton gradient by the protonophore FCCP led to inactivation of transport,
but definitive conclusions about the system working as a H*-cotransporter were not drawn.
Cis-inhibition and frams-stimulation were possible with the analogs adenosylcobalamin and
methylcobalamin, the bioactive forms of the vitamin, but not with cobinamide dicyanide.
Mg** dependence was shown by inactivation of the transport in the presence of
ethylendiaminotetracetate. The detection of this transport system will allow studies in material
from patients with the cobalamin F mutation, where cobalamin is srapped in the lysosome
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(Rosenblatt et al., 1985).

Also biotin is metabolized in the lysosome before being bioactively available as a
cofactor of many carboxylases. A preliminary report suggests that under physiological pH
conditions, free biotin is able to efflux from the lysosome via a carrier-mediated mechanism
(Idriss et al., 1991).

The exact mechanism for the lysosomal efflux of cholesterol has not been identified
yet. Therefore, a discussion about cholesterol release, more than already developed in chapter
1 or in the next chapter, where cholesterel transport defects will be reviewed, will not find
place here.

A new interesting lysosomal import system has been recently described for folyl-
polyglutamates (Barrueco and Sirotnak, 1991). Polyglutamates can also combine with the
folic acid analog and antitumor agent methotrexate and enter the lysosome to undergo
degradation by a specific hydrolase. The transport system is stimulated, in an additive
manner, by Mg** and X* jons, and polyglutamates with longer chains seem to be better
substrates. This is the first example of a transporter for compounds entering lysosomes before
degradation. A hypothetical inhibitor of this carrier could be of therapeutical importance to
inhibit degradation and enhance cytotoxicity of methotrexate.

At last, a unique example of lysosomal coupling of transmembrane transport to
enzymatic catalysis is the transfer of acetyl-CoA and subsequent acetylation of glucosamine
by an integral lysosomal membrane enzyme, in an ATP-independent manner (see chapter 1).

Discussion

None of the lysosomal carriers has as yet been identified nor purified to homogeneity.
It is still not known whether they are products of different genes than those encoding the
plasma membrane carriers for the same substrates. Biochemical differences found for the
transport of cationjc amino acids (Pisoni et al., 1987a), and the occurrence of a human
disease where apparently only the plasma membrane transport of lysine is affected (Simell,
1989), would rather point to genetic heterogeneity among these proteins.,

As indicated in table I, a number of carriers seem to be candidates for secondary
active transporters coupled t0 a pH gradient. Some of them are molecules bearing a net
charge at physiological pH, therefore a cotransport system might contribute to keep the
membrane poténtial unaltered. Censidering the physiological pH gradient existing across the
lysosome membrane, this would be an economical way to regulate solute flux. However, in
most of the cases the investigations have been performed in intact organelies where the pH
at both sides of the membrane and the lysosomal acidification could not be controlled. For
many of the systems listed in table I, conclusions about the mechanism of transpert were not
drawn. The first evidence for a lysosomal secondary active, proton cotransport system was
provided by studies with lysosomal membrane vesicles where the pH was controlled with
impermeant buffers at both sides of the membrane (publication Iil}. It is possible that similar
type of investigations will clarify to which extent pH regufates lysosomal transport for other
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candidate substrates.

An interesting aspect of lysosomal transport concerns the role of lysosomal carriers
in highly differentiated cell types, where they can be involved in very specialized functions,
This is for example the case of the thyroid, where transport of monociodothyrosine and
dilodothyrosine (MIT and DIT), liberated curing lysosomal degradation of thyreoglebulin in
the follicular cells and destined to intracellular recycling, is mediated by the non specialized
carrier for large neutral amino acids (Andersson et al., 1990). Apparently, this TSH-
regulated system could also transport tyroxine (Tietze et al., 1989). If the initial evidence that
T, and T, compete for the transport of MIT and DIT will be confirmed by the demonstration
that T, and T, are real substrates, the hypothesis that an aspecific transport system segves the
excretion of a hormone in a specialized endocrine tissue will be replaced by undoubted
evidence. As a consequence, one might expect to find transporters which can accomplish
very specialized functions in certain tissues, serving for other "housekeeping” functions in
non-specialized tissues.
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Chapter 3

GENETIC DISORDERS OF LYSOSOMAIL TRANSPORT

Extensive reviews about the lysosomal transport defects are available (Gahl, 1989),
therefore the clinical details will not be discussed here. Only essential features will be
recalled in order to introduce some considerations which relate to the general problems
addressed in our studies.

Four human inherited diseases are currently classified as lysosomal membrane
transport defects; cystinosis, sialic acid storage diseases, Niemann-Pick disease type C and
cobalamin ¥ mutation. Among these only cystinosis and sialic acid storage diseases have been
directly demonstrated to be monogenetic disorders caused by a primary defect of a lysosomal
carrier. The experimental evidence for sialic acid storage disorders includes part of the work
presented in this thesis and will be discussed in detail in the next chapters.

The evidence that Niemann-Pick disease type C (or I C) represents a lysosomal
transport defect is still indirect. In Niemann-Pick disease type C, lysosomes accumulate large
amounts of cholesterol and sphingomyelin. The suppressed sphingomyelinase activity and
some aspects of the phenotype have warranted the classification of this disorder among
Niemann-Pick diseases. According to more recent investigations, the storage of cholesterol
appears o correlate with the primary defect, since the sphingomyelinase activity can be
normalized in cells cultured under conditions which prevent cholesterol storage (Thomas et
al., 1989). Several lines of evidence indicate that cholesterol derved from lysosomal
degradation of low-density lipoproteins is not available for esterification in the endoplasmic
reticulum, in the presence of a normal acyltransferase activity, therefore the metabolic defect
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could reside in a mechanism of transport of cholesterol from the lysosome to the endoplasmic
reticulum/Golgi apparatus (Liscum et al., 1989). Due to the chemical structure, it seems
unlikely that cholesterol is blocked in the lysosome because of a deficient transmembrane
simple carrier, but a more complex type of transport, perhaps vesicular, might be involved
{van Meer, 1989). Although 2 certain clinical heterogeneity has been described, patients
cannot be distinguished from those with a primary sphingomyelinase deficiency (Niemann-
Pick diseases type IA and IB}), presenting with a neurovisceral lipidosis (for a review see
Spence, 1989).

The cobalamin F mutation (Cbl F) is the denomination of one of the complementation
groups found for genetic defects of vitamin B, metabolism, clinically and biochemically
related to methylmalonic acidurias (Cooper and Rosenblatt, 1987). Only two patients with
this phenotype have been described to date (Rosenblatt et al., 1986 and Shih et al., 1989).
In both cases, the small-for-date bables showed feeding difficulties, growth and
developmental delay, persistent cutancous rash and stomatitis, macrocytic anemia,
homocysteinemia and methylmalonic aciduria. Both cases responded clinically and
biochemically to hydroxycobalamin supplementation. However, one of these infants has been
found dead in the crib (Shih et al., 1989). Metabolic loading of patient fibroblasts with
[¥Cojcyanocobalamin preincubated with human serum (which contains transcobalamin II),
followed by subcellular fractionation has shown that the increased intracellular content of
cobalamins due to the Intralysosomal accumulation of cyanocobalamin, after normal
endocytosis and uncoupling of the transcobalamin Il-cobalamin complex. This leads to
cellular deficiency of the active coenzymes methylcobalamin and adenocobalamin (Rosenblatt
et al., 1985). It was therefore deduced that the patient cells fail to transfer cobalamin frem
the lysosome to the cytosol, in the absence of a putative cebalamin membrane transporter.
Microscopically, biopsy material and cultured cells do not show typical sigas of lysosomal
storage. A significant increase of lysosomal cobalamin has been shown only by sophisticated
autoradiographic techniques, at the electron microscope level (Vassiliadis et al., 1991). The
description of a lysosomal carrier for cobalamins (Jonas and Idriss, 1991) substantiates the
hypothesis of a membrane transport defect and will allow the molecular definition of the
primary defect.

Cystinosis has been the first genetic defect of a lysosomal membrzane carrier that was
discovered. The classic form of nephropathic cystinosis is essentially characterized by severe
growth retardation and generalized renal tubular defect (Fanconi syndrome) leading to kidney
failure within the first decade. Cystine crystals are deposited not only in the kidaey, but also
in the cornea, giving intense photophobia, in bone marrow and in other organs causing
deterioration of several other functions. By the age of ten years, untreated patients require
kidney transplantation which, until few years ago, was the only form of treatment possible
for this disorder. The introduction of therapy with cysteamine will probably change the
natural history of this disorder.

In 1976, it was observed that cystine storage in cystinotic lysosomes decreases upon
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administration of thiols like cysteamine {Thoene et al., 1976). Only six years later the
metabolic defect was identified in a specific transporter of the lysosome membrane (Gahl et
al., 1982). Subsequent studies on the permeability of the lysosome membrane to different
sorts of amino acids led to fo the discovery of another transporter fer cationic amino acids
which can accomodate the mixed disulfide cysteine-cysteamine. The first follow-up studies
in patients treated with cysteamine have shown depletion of cystine storage in peripheral
leucocytes and significant growth improvement ef the patients (Gahl et al., 1987). Renal
damage, once established, seems to be irreversible but cysteamine therapy has been able to
prevent development of renal Fanconi syndrome (Da Silva et al., 1985). Corneal crystals can
be cleared upon treatment with cysteamine eyedrops, at high doses (Kaiser-Kupfer et al.,
1987).

There are at least two other congenital disorders, a subtype of glycogenosis type I
and Batten’s disease (ceroidlipofuscinosis), which are lysosomal disorders with a possible
involvement of membrane components. In the first, lysosomal glycogen degradation is
impaired while the acid maltase activity is normal. It has been hypothesized, without
experimental evidence, that impaired glucose efflux might cause maltase inhibition in simu
(Ullrich et al., 1989). In the latier disease, accumulation of the 3.5-kDa intramembrane
subunit of the mitochondrial ATP synthetase, highly homologous to the 17-kDa subunit of
the lysosomal proton pump, accumulates in the lysosome (Hall et al., 1991).
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Chapter 4

SIALIC ACID STORAGE DISORDERS

Sialic acid metabelism

The major type of sialic acid in humans is N-acetylneuraminic acid (NeuAc). In other
mammalians, a variable but often minor percentage of the sialic acids is represented by N-
glycolylneuraminic acid (NeuGce). These monocarboxylic N-substituted monosaccharides are
essential components of oligosaccharides (OGS) either present in glycoproteins or
gangliosides. QGS-bound sialic acids are involved In main metabolic functions like
immunological processes, hormonal responses, signal transmission in neurons, tumor
progression, cell adheston and protection from premature degradation (for a review: Schauer,
1982). :

The essential steps of intraceilular sialic acid metabolism (as NeuAc) are schematically
depicted in fig. 3. The steps indicated as 1, 2, 3 are respectively catalyzed by UDP-GlcNAc-
2-epimerase (Thomas et al., 1985}, the key enzyme of NeuAc synthesis, a-neuraminidase
{Verheijen et al., 1985) and the lysosomal carrier for acidic monosaccharides (publication
III). They are particularly mentioned here because they are respectively linked to three
distinct human monogenetic disorders.

A defective feed-back inhibition of the epimerase at step 1 by CMP-NeuAc, leading
to hyperproduction of free NeuAc, has been found in patients with 2 syndrome characterized
by massive sialuria and cytosolic accumulation of free sialic acid (Thomas et al., 1985;
Weiss et al., 1989; Seppala et al., 1991). Three unrelated patients with this disorder have
been identified to date (Fontaine et al., 1968; Wilken et al., 1987). Another patient excreting
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Figure 3. Metabolism of sialic acid. CMP: cytidine-monophosphate; CTP: cytidine-triphosphate; UDP-GlcNAc:
uridine-diphosphate-N-acetylglucosamine: ManNA¢: N-acetylmannosamine; PEP: phospho-éncl-pyruvate.

large quantities of sialic acid, described by Palo et al. (1985), presented with epilepsy,
neuromotor impairment, skeletal changes but no visceromegaly. No evidence of lysosomal
storage was cbserved and also the possibility of sialic acid overproduction has been excluded
(Dr. M. Renlund, personal communication). Her disease remains undiagnosed.

Defective intralysosomal degradation of glycoproteins (Cantz et al., 1977; Cantz and
Messer, 1979) and gangliosides (Mancini et al., 1986; Lieser et al., 1989) by the enzyme o-
neuraminidase (step 2, fig.3) is the defect in patients with sialidosis, where sialyl-OGS and
a little free sialic acid, accumnulate in the lysosomes (Cantz et al., 1977; Durand and Q’Brien,
1982). Some lysosomal storage diseases present with secondary neuraminidase deficiency and
share some clinical aspects with sialidosis, namely I-Cell disease and galactosialidosis
(Hoogeveen et al., 1980).

Following degradation of sialyl-OGS, the efflux of free NeuAc out of the lysosome
precedes its cytoplasmic reutilization (step 3, fig. 3). The observation of patients with
lysosomal storage of free sialic acid, in whom the other steps of sialic acid metabelism
appeared normal, suggested a defective efflux of sialic acid from patient lysosomes, hence
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the existence of a specific transport protein for sialic acid (Renlund et al., 1983). The
clarification of the biochemical mechanism of lysosomal NeuAc transport and of the primary
metabolic defect in these patients has been the subject of this thesis.

Clinical aspects of sialic acid storage diseases

Sialic acid storage diseases (SASD) are characterized by lysosomal accumulation of
free {unbound) sialic acid and excessive sialuria. Two distinct phenotypes are known: Salla
disease, the adult type (SD) and the infantile sialic acid storage disease (ISSD). Salla disease
was originally described in a group of patients originating from a circumscribed area in
northern Finland, which lend the eponym {Aula et al., 1979). The disease is usually evident
in the first months of life with hypotonia and ataxia. Nystagmus, as a sign of ceniral nervous
system involvement, can precede the ataxjia. Very often permanent exothropia persists. The
facies is not specifically malformed, but often hypertelorism, long philtrum and a slighily
coarse features can be observed. Developmental delay is invariably present, with major
handicaps in mentation, walking and speeching abilities. Patients usually reach adult life and
are severely mentally retarded with an I.Q. often below 20. Growth retardation is present in
half of the patienis. Neurological signs in adult life are ataxia and dysdiadochokynesis,
athetosis, brisk tendon reflexes (often with an extensor plantar response), epilepsy in about
one third of the cases, low voltage EEG, dysarthric and dyspraxic speech. CT-scans show
enlarged ventricles, cortical and basal brain atrophy. Visceromegaly and skeletal
abnormealities do not belong to the usual presentation of SD (Renlund et al., 1983; Renlund,
1984). To date 85 patients have been diagnosed in Finland, where the relevant gene appears
to be particularly abundant, with a carrier frequency in the population in nerthern Finland
of 1:40 (Aula et al., 1986), high enough to justify heterozygote screening (Prof. Dr. P.P.
Aula, personal communication). Life span does not seem to be shortened and the oldest
patient deceased at the age of 72 (Mancini et al., 1991).

ISSD is a severe neurovisceral discase, described so far in 15 patients. The major
clinical findings are listed in table IIL. This form does not show ethnical prevalence and has
not been diagnosed in Finland. Constant features are the visceromegaly, the growth
retardation, the severe psychomotor delay, the facial dysmorphysms and the
hypopigmentation. Skeletal changes, though often present as dysostosis multiplex, are not
constant. On the other hand primary skeletal abnormalities are never seen in Salla disease.

Non-Finnish patients with a clinical presentation similar to Salla disease have been
classified in a separate table (zable IV). Among these, some have intermediate features which
would make a classification in either the SD or ISSD group difficult. For example, the
patients of Ylitalo et al. {1986) showed a striking difference between the almost normal level
of mentation and the severe motor impairment. In Salla disease, the opposite situation is
more often encountered (Renlund etal., 1983). The skeletal changes cbserved in the patients
by Wolburg-Buchholz and Fois, though not radiologically representative for dysostosis
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TABLE III

1SSD: Clinical Manifestations

Author

*Horowitz, 1981

*Cooper, 1988
—case 1
case 2

*Tondeur, 1982
-case 1
-case 2

*Stevenson, 1983
~case 1

“ase 2

*Paschke, 1936
(2 cases, one
published

*Camacon, 1990

*Lake, 1989, case |
{+ pranatal)

*Sperl, 1990
~case [

-case 2

*Clements, 1933
-case |
~case 2

Hepatospleno-
megaly/ascites

Yes

Yes
Yes

Yes
Yes

Yes

Yes

Skeletal
changes

No

No
Yes

No
Ne

No

Growth
relardation

Neonatal
Hypolonia

Yes
Yes

Ne
thypertenus)
Na
(hypertonus)

Yes
(Fruncal)

Yes

Hypo-
pigmentation

Yes
Yes

Yes

Yacies

Dysmorphie
Dysmorphic

Gargoylic
Coarse

Coarse;
praminent fiflum
Dysmorphic

Leng philtrum

Dysmorphic, coarse

Mildly dysmorphic

Dysmorphic
prominer filtrum
Dysmorphic

Coarse
Coarse

Signs of
Cardiorespiratory
failure

Yes

Yes

Yes
Yes

Psychomotor
developntend

Brelayed
Delayed

Delayed
Detayed

Delayed

Delayed

Delayed

Delayed

Severely
delayed

Severely
delayed

Ocular
findings

Mormal
Narmal

Squint +
Epicanthus
Retinal paller;
salt & pepper
sppearance

Nommal

Strabismus
pale retina

Strabismus

Oulconte

15 mo.

t § yr.
alive 2 yr.

t 3% yi.

Alive, 5 mo.

t 10 mo.

1 13 mo.

t 17 mo,

i by

T3 mo,

¥ 18 mo.
t 1 mo.



TABLE IV

Non-Finnish {Sporadic} Salla Disease and Intermediate Cases

Author

Wolburg-Buchholz,
1985
-case 1 (3 in total)

*Ylitalo, 1986
~ase 1
—~asé 2

*Echenne, 1936

*Fois, 1987

*Mancini, (submitted}

*BaumkGtter, 1985

Hepalospleno-
megaly

Skeletal
changes

+i-

+-

Growth
retardation

)

Muscular
tone

Hypoloaia +
Tetraplegia

Hypolonia

Hypotonia

Nonmal

Trunk hypotonia
limbs hypertonia

Limbs hyperionia

Hypotonia

Facles

Dysmasphio

Neot dysmorphic
Hearsness of the voice
Macrocephaly

Dysmorphic

Dysmaorphic

Coarse

Cardiorespirntory
fatlare

Psychomotor
developutent

Severely
delayed

Near to normal
menlalion
Detayed motor
functions

-The sams2

Defayed

Severely
delayad

Mildly delayed

Mildly delayed

Ocular
lindings

Mormal

Nystagmus

Normal

Retinat pallor

Retinat pallor
Cormzal opacilies
Strabismus

Martal

Outcome

Alive 9 yr.

Alive 6 yr.

Alive 8 yr.

Alive § yr.

Alive 13 yr,

Alive 10 yr,

Alive § yr.



multiplex, are rare in Salla disease. The disease of Baumkdtter’s patient resembles ISSD in
terms of visceral and skeletal involvement, but not in the clinical course which is slowly
progressive (Baumkotter et al., 1985). The first Dutch patient with SASD has recently been
described (Mancini et 2l., submitted). He combines the neurological features of Salla disease
with skeletal abnormalities observed in ISSD. The slowly progressive course of the
neurological disease, instead, reminds Salla patients. The corneal opacities, among the ccular
findings, are unique to this case. Particularly, clear corneas have been classified among the
clinical criteria to exclude other disorders of sialic acid metabolism (Stevenson et al., 1983).
The clinical course in this patient is mild enough to remind SD. These observations suggest
a wide clinical heterogeneity, while at the moment the biochemical studies (see publication
Il and V) show a similar metabolic defect in patients with different clinical forms of the
disease. Speculations about a possible genetic heterogeneity are at the momen! premature.
All the patients with sialic acid storage disorders are distinguished from the other
form of sialuria, which is caused by overproduction of NeuAc, on the basis of the lysosomal
localization of the stored product (Virtanen et al., 1980; Mendla et al., 1988). In general,
in SASD the levels of storage and excretion correlate with the clinical severity (Gahl et al.,
198%a; Mancini et al., 1991}, but the ethiopathogenetic correlation between the sialic acid
storage and the clinical manifestations is still unclear. The only neuropathological study in
SD has not identified the involvement of specific areas of the nervous system; the grey and
the white matter as well as the central and the peripheral nervous system appeared
aspecifically affected (Autio-Harmainen et al., 1988). In SD, storage material has been found
also in other organs than the nervous system, without leading to clinical dysfunction (Renlund
et al., 1983).

In ISSD instead, the visceral and neuronal storage cause malfunctions of the involved
organs. In particular, the two patients described by Sperl et al. (1990) presented with a
severe nephrotic syndrome dominating the clinical picture and determining the outcome.
Extensive microscopical investigations have showed in these patients specific glomerular
damage of the podocytes and the mesangial cells, without macroscopic damage of the
basement membrane. However, detachment of the cells from the membrane was observed,
which was temptatively ascribed to altered glycoprotein synthesis. Epithelia of the proximal
tubule also showed marked vacuolation of the cell cytoplasm. Again, it is not clear whether
these patients represent a distinct phenotype.

For many other ISSD patients, cardiorespiratory failure with cardiac and pulmonal
infiltration has instead been the main cause of death. Lysosomal storage has been observed
in post-mortem specimens from skin, cardiac muscle, liver, renal tubules and glumeruli, fat
cells, alveolar macrophages, bone marrow, spleea, lymph nodes, neurons, axons and glial
cells (Hancock et al., 1982; Stevenson et al., 1983).

The biochemical diagnosis of SD and ISSD is based eon the microscopical finding of
lysosomal accumulation in peripheral blood cells and skin biopsies and on the detection of
high levels of free sialic acid in urine, leucocytes and cultured fibroblasts. The routine use
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of leucocyte subpopulations as a source for semsitive analysis and a possible tool for
heterozygote deiection, has been proposed (Mancini et al., submitted). Heterozygote
(intermediate ) values of sialic acid transport have been detected in parents of SD patients
using lymphoblast lysosomal membranes (publication V). Easy screening of sialic acid in
urine is done by thin layer chromatography of a properly concentrated and partially purified
sample (Baumkoétter et al., 1985; Mancini et al., submitted).

Prenatal diagnosis has been performed for SD and ISSD with prediction of affected
foetuses, by measurements of sialic acid content of amniotic fluid, amniocytes (Renlund and
Aula, 1987; Vamos et al., 1986) and chorionic villi (Lake et al., 1989}, or by microscopical
analysis of chorionic villi (Vamos et al., 1986; Lake et al., 1989). We have monitored a
pregnancy at risk for SASD, by determination of sialic acid in chorionic villi and amnictic
fluid, with prediction of an unaffected foetus (Mancini et al., submitted).

We have recently described a lysosomal membrane carrier, specific for the ransport
of acidic monosaccharides, among which sialic acid and glucuronic acid {see chapter 5).
Defective carrier-mediated transport of both sialic acid and glucuronic acid was found in the
lysosomal membrane of cells from patients with different clinical forms of SASD (publication
V). These studies defined the primary metabolic defect in these patients, but also revealed,
unexpectedly, that glucuronic acid is another monosaccharide which cannot be transported
out of the lysosomes of SASD patients. Increased amounts of glucuronic acid have been
recently found in cultured fibroblasts of ISSD patients, confirming our results (Blem et al.,
1990). It is therefore interesting to find out whether this (and other?) metabolite(s)
accumulates in the tissues of SASD patients, contributing to the pathological processes.

As stressed by Sperd et al. (1990), it is curious that ISSD, sialidoses and Hurler
disecase (a genetic disorder of uronic acids degradation) are the only lysosomal disorders
which can present with a distinct nephrotic phenotype. It is temptating to speculate about the
responsability of an abnormal metabolism of polyanions like glycosaminoglycans and
sialoglycoproteins in the onset of nephrosis in these disorders.

Also, it 1s not clear whether in SASD the pathologic evolution is linked to impairment
of cellular sialic acid turnover or to its storage in the lysosome with secondary alteration of
the organelle function. The first hypothesis has been forwarded to explain the abnormal
podocyte detachment from the basement membrane in cases of ISSD (Speri et al., 1990). To
support the second hypothesis, it has been suggested that the function of lysosomal
neuraminidase is inhibited in SASD, by the accumulation in sizi of its reaction product
(Baumkotier et al., 1983). This however, should not produce cellular deficiency of sialic
acid, because, independently of the lysosomal recycling, sialic acid can be synthesized de
nove from glucose. The fact that sialuria patients, not affected by a lysosomal disease, share
with sialic acid transport defects the hepatosplenomegaly, the developmental delay and the
progressive course suggest that the type of substrate involved, and not the localization of the
metabolic block, is the factor which more directly correlates with the clinical symptoms.

Therapy of SASD is at the moment only supportive.
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Chapter 5

THE EXPERIMENTAL WORK

Introduction

The project described in this thesis started when the only transport proteins known
to exist in the lysosome membrane were the proton pump and the cystine carrier. However,
Renlund et al. (1983) suggested the possibility of a defective sialic acid efflux from the
lysosome in patients with Salla disease (SD). In this period, patients with infantile sialic acid
storage disease (ISSD) were considered as a separate clinical entity, as well as the non-
lysosomal sizlurias (Tondeur et al., 1982; Stevenson et al., 1983; Renlund, 1984). In one
patient of non-Finnish ancestry we found evidence for a lysosomal storage disease and
increased free sialic acid in urine and fibroblasts, and clinical features resembling those of
$D and ISSD. The patient described in publication I, in collaboration with prof. Dr. A. Fois
(Siena, Italy} is of italian ancestry and from pedigree studies it can be assumed that his
disease represents either a recessively inherited monogenetic disorder or, less likely, is the
result of a spontaneous mutation, Clinically he resembles the most severe patients affected
by Salla disease and does not present the visceral and skeletal abnormalities typical of ISSD,
except for the presence of retinal pallor.

The phenotype of this patient seemed somehow intermediate between SD and 185D,
suggesting that the two syndromes could be related to a common metabolic defect,
manifesting with wide clinical variability. Having cultured fibroblasts from patients with
classical Salla discase, ISSD and the intermediate form available, we wanted to test the
hypothesis of Renlund about a possible defective Iysosomal efflux of sialic acid and to
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investigate whether a common metabolic defect is underlying all clinical forms.

To study the efflux of sialic acid from lysosomes, we needed to preload the lysosomal
compartment of cultured fibroblasts from patients and controls with similar levels of a
radiolabeled, thus easily measurable, counterpart of the acidic monosaccharide. To achieve
this, we have synthesized the methylester of N-acetylneuraminic acid, in collaboration with
Dr. J. van Pelt and prof. Dr. J.P. Kamerling (Utrecht, the Netherlands). The methylester has
lost the charge of the carboxylic group, therefore it should be able to diffuse across
biological membranes. A similar approach had previously been used to study effiux of amino
acids from the lysosomal compartment (Goldman and Kaplan, 1973). The experimenta! data
in publication I indicate that a lysosomal sialic acid pool can be generated by exposure of
cultured cells to the sialic acid methylester. The intralysosomal conversion of the methylester
to free sialic acid was shown in lysosome-rich granular fractions from cultured fibroblasts.
When the efflux of sialic acid from patient and control lysosomes was followed in time, cell
lines from the three main different categories of patients showed an impaired release.
Although these data suggested a defective transport mechanism, this method did not allow
conclusions about the type of transport mechanism that is involved. Nonetheless, the
advantage of this approach was the independence from other metabolic pathways in the
investigation of a particular lysosomal transport event, in partially purified lysosomes.

Independent studies, undertaken with different techniques to load intact lysosomes
with sialic acid, led to very similar conclusions (Jonas et al., 1986; Renlund et al., 1986;
Paschke et al., 1986; Mendla et al., 1988; Tietze et al., 1989). Here too, kinetic
determinations of the mechanism involved were not possible and the only report showing a
relation between lysosomal loading and efflux rate supported the mode] of unassisted simple
diffusion (Renlund et al., 1986). Although a sialic acid transport defect had been established,
it was not certain that the defect represented the primary genetic mutation and that a carrier-
mediated system was involved.

We therefore searched for a reliable and precise biochemical method enabling the
investigation of transport kinetics. Uptake studies in vesiculated membranes had already been
used to investigate transport in other organelles (Turner, 1983). Purified biological
membranes, resealed to form empty vesicles, avoid the disturbancies usually introduced by
the organelle content and metabolism, and easily allow study of transport in both directions.
In 1985 Bame and Rome had reported the preparation of highly purified membrane vesicles
from lysosomes, which allowed the demonstration of the kinetic function of the integral
membrane enzyme acetyl-CoA: GlcNH, N-Acetyl transferase (Bame and Rome, 1985;
Ohsumi et al., 1983). We investigated the utility of such rat liver membrane preparations to
study lysosomal sialic acid transport. Using this approach, described in publication III, we
could for the first time demonstrate that the transport of sialic acid in the lysosome is a
carrier-mediated process. The mechanism is that of secondary active cotransport of sialic acid
with protons. A proton gradient created with impermeable buffers, set at different pH at the
two sides of the membrane, provided the driving force for sialic acid movements across the
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Figure 4. Model for lysosomal sialic acid transport. A transmembrane proton gradient is maintained by an ATP-
dependent proton pump. Sialic acid efflux is driven by the transmembrane proton gradient.

membrane. The initial uptake process showed a transient overshoot, which proved the
energetic activation of the carrier by protons, with actual transport of both sialic acid and
protons (Turner, 1983).

The experimental data also showed for the first time the existence of proton
cotransport mechanisms in the lysosomal membrane, providing a model to explain other
lysosomal transport mechanisms, which might behave in a similar way, like that for vitamin
B,,, sulfate and perhaps cystine (see table I and chapter 2).

A model for the physiological efflux of sialic acid out of the lysosome is depicted in
figure 4. In traditional studies performed with intact lysosomes, pH manipulation can be only
done outside the organelle and the extent of the internal acidification by the proton pump
cannot easily be controlled. In that case, cotransport systems with protons are therefore much
more difficult to detect.

The sialic acid carrier showed rrans-stimulation properties and its function was also
slightly stimulated by nucleotides, most likely via a regulatory mechanism independent of the
proton pump activation. Studies on the substrate specificity revealed that other acidic sugars
were a substrate for the sialic acid carrier as well. Among these, glycuronic acids (aldo-
hexoses, monocarboxylated at Cg) were of special interest because they occur physiologically
in the lysosome as degradation products of glycosaminoglycan metabolism. In fact,
intravesicular glucuronic acid could frans-stimulate the uptake of sialic acid, demonstrating
uneguivocally that it is a substrate for the sialic acid carrier.

The lysosomal carrier for sialic acid thus recognized a category of acidic sugars,
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while neutral sugars like glucose were not transported via this route. Since the possibility that
glucose, produced by glycogen degradation, leaves the lysosome via a specific carzier
{Maguire et al., 1983) had recently been debated (Bird et al., 1987; Bird et al., 1938; Iveson
et al., 1988), it seemed opportune to compare the kinetics of glucose transport with those of
siali¢ acid in our purified vesicle system.

The experimental data in publication IV led us to the discovery that the lysosome
membrane contains a distinct carrier for neutral menosaccharides besides that for
monocarboxylic sugars (see alsc table II, chapter 2). The biochemical properties of this
carrier are quite different from those of the sialic acid carrier. The system does not work as
a proton cotransporter although it showed an optimal function at acidic pH. Jadot et al.
(1989) have shown that glucose transport in intact lysosomes can be mhibited by
diethylstilbestrol (DES). In our system, DES does not inhibit glucose uptake and
countertransport (G. Mancini, F. Verheijen, C. Beerens; unpublished results), but it is
possible that the results of Jadot reflect the effect of a decreased Iysosomal acidification (DES
inhibits the proton pump; Cuppoletti et al., 1987), whereby glucose transport was also slowed
down.

The K, for transport is quite high (about 75 mM), agreeing with data from previous
reports on intact lysosomes (Hales et al., 1984). The substrate specifity included 2 number
of neutral D-hexoses and the mammalian L-fucose, but apparently excluded pentoses which
were formerly claimed to share the lysosomal glucose transport system (ibidem). The acidic
pH optimum of this transporter discriminates it from the other six immunological distinet
glucose carriers already known to exist (Gould and Bell, 1990). This opens new questions
about the metabolic role and the structural feature of a new member of the glucose
transporter family.

With respect to our observations on sialic acid transport in rat liver lysosomal
membrane preparations, the next question 10 be answered was whether the H*/sialic acid
cotransporter exists in the human lysosome as well. We also wanted to know whether the
human system has also substrate specificity for uronic acids or whether the latter are
transported by an independent system. And the ultimate question in this stage of our work
was to define the primary molecular defect in the different forms of SASD.

The possibility to study these questions came from the use of purified membrane
vesicles from human fibroblast lysosomes. In publication V it is illustrated that lysosomal
membranes from human sources show an identical transport system for both acid sugars.
Then we tested cell lines from two ISSD patients, two Salla disease patients and both patients
described in publication I and by Mancini et al. (submitted), As a result, the H*-driven
transport of both sialic acid and glucuronic acid was deficient in all patient cell lines tested.

The transport defect affects acidic sugars only, since neutral monosaccharides are
normally transported in all the patients tested. 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 disesse. This result could be obtained by
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application of the same technical assay on transformed lymphoblasts from patients and
heterozygotes, in collaboration with prof. Dr. P. Aula (Turku, Finland).

Although the defect in SASD has now been clarified, still several problems have to
be solved. For example, it is clear that SD and ISSD are two forms of the same metzbolic
disorder, but the clinical heterogeneity of these diseases still needs to be explained. Also, it
will be interesting 1o investigate whether glucuronic acid, besides sialic acid, is accumulated
in patient lysosomes in vive. Storage of glucuronic acid has been recently reported in
fibroblasts from ISSD patients (Blom et al., 1990), but has never been studied in tissues.

A logical follow-up of these studies was to attempt to isolate and characterize the
lysosomal acidic sugar carrier protein. An important prerequisite for such studies s to have
an assay system for the purified protein once extracted from its membraneous environment.
One approach to this problem is to develop a functional reconstitution system by which the
protein js first solubilized and then incorporated in an artificial liposomal membrane vesicle
before its transport function is being assayed. Reconstitution can be only successful if the
protein is stable under the extraction conditions employed, if it likes the artificial
phospholipid membrane environment which is used, and it returns to its native (active)
conformational state once incorporated into the artificial membrane (Maloney and Ambudkar,
1989; Maloney, 1990). Another useful approach for the purification of a transport protein
would be specific labeling (for example at the active site} enabling the follow-up of the
various purification steps. The development of a sialic acid derivative as a photoaffinity
probe has tecently been successful for the identification of two different sialidases (van der
Horst et al., 1990a and 1990b).

A successful functional reconstitution of the Iysosomal sialic acid carrier was initially
achieved after solubilization of rat liver lysosomal membranes with a non-ionic detergent with
high critical micelle concentration, Mega 10. The solubilized protein fraction was then
inserted into artificial liposomes of egg yolk phospholipids (F. Verheijen, G. Mancini, C.
Beerens, unpublished data). This system contained the active sialic acid transporter, without
obvious changes in its biochemical properties. Though this technique showed us that the
carrier retains its activity after solubilization and can be reintegrated in an artificial
membrane in the absence of native phospholipids, it was not easy to vary the protein/lipid
ratio during treatment without loosing transport activity. This weuld make reconstitution after
a few purification steps, which are inevitably associated with the loss of proiein, quite
complicated.

Therefore we developed another reconstitution system, based on solubilization with
Triton X-100 and detergent removal, after addition of phospholipids, on a small Amberlite
column. This system allowed us to measure transport activity with as liftle as I ug of
incorporated protein, independently of the amount of lipid (publication VI). The
proteoliposomes used are of much smailer size (about 3 xl/mg protein compared with the 10
ul of the other reconstitution system} and are better sealed, showing low aspecific diffusion.
Saturability of the glucuronic acid uptake process was observed practically in the absence of
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a leakage component. Side-chain modification studies have contributed to identify a number
of amino acid residues essential for the transport function of the carrier. Particularly, in the
native and reconstituted carrier, cystine residues cannot be modified without loss of activity.
Arginine and histidine residues, often present at the substrate-binding site of proteins
interacting with anionic substrates (Riordan et al., 1977), were alsc essential for the transport
function. However, the latter inactivation could be prevented by the concomitant incubation
with the substrates sialic acid and glucuronic acid. This result demonstrates that arginine
and/or histidine residues are likely present at or near the active site of the sialic acid carrier.
These results also justfy attempts to specifically label the transporter on the basis of a
selection, induced by the substrate, in a protein mixture (Fox and Kennedy, 1965; Wright
and Peerce, 1984; Peerce, 1989).

The availability of such a reconstitution system, means an important step in the
purification of the acid sugar transporter and of the other carrier proteins in the lysosomal
membrane.,
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Abstract. Increased amounts of free
sialic acid were found in cultured fibro-
blasts and urine of a d-year-T-menth-oid
Tralian boy with mental retardation,
hypotonia, fallure to thrive, coarse facial
features, convergent strabismus, pale
skin and fair hair. Ulramicroscopic
examination of conjunctival and skin
tigsues showed a number of membrane-
bound vacuoles containing low-density
granular material in the ¢ytoplasm of the
fibroblasts. The chnical. biochemical
and uwlmasmucnural findings are sirilar
10 those described inm Salla disease.
Neuraminidase activity is pormal.

The melecular basis of the sialic acid
storage disease is not koown. Evidence
for defective transport of sialic acid
across the lysosomal membrane has been
demonstrated in the patient's fibroblasts,
It is possible that this might represent the
metabolic abnormality.
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Introduction

Two groups of hereditary disorders of
siglic acid metabolism have been iden-
tified. In the first there is a storage of
sialic acid beund to oligosaccharides and
glycoproteins. These patients have 3 de-
fect of the lysosomal enzyme neuramini-
dase (sialidasc) and for this reason the
name of “sialidoses™ has been suggested
[7]- In the second group there is o mark-
edly increased excretion of free sialic
acid {N-acetyl-neuraminic acid) in the
urine. These subjects have different
clinical symptorns. The most ceasistent
number of patients has been observed in
Finland [1. 11. 12, 14}. The disease is
characterized by autosomal recessive
trapsmission, early onset, severe psycho-
motor retardarion. araxia, athetosis.
spasticity and impaired speech. Thick
calvaria, exotropia and growth retarda-
tion are also present in about half of the
patents. Ultramicroscopic examination
of skin biogsies shows membrane-bound
vacuoles containing  {fbrillo-granular
roaterial in different cell types, The daily
excretion of free sialic acid amounrts to

about ten times the normal values. The
actvities of the lysosomal enzymes in
serum, fibroblasts and lymphecytes are
normal. This condition has been named
“Salla disease™ from the region where
the first ¢ases were born.

Other sporadic patients with sialuria
bur a clinical picture different from that
of the Finnish patients have also been
desaribed [2—d4, 10, 15, 19, 21]. We pre-
sent a case of sialic acid storage discase
with sialuria. The clinical, ulmastructural
and biochemical findings are similar to
those deseribed in Salla discase.

Clipical data

Patient P.E., a 4-year-7-month-old boy,
was born from non-consanguineous par-
ents in Terni (Central Italy). Pregnancy
and delivery were uneventful. An 8-
year-old brother and 5-year-old sister are
in good hezlth. Neuromotor retardation
was noted in the patient from the first
menths of life. At 8 months head conrtrol
was 0ot yet acquired, he could not sit un-
supportad and was ot able 10 reach for
objects. At 26 months, with high fever,
ke developed & generalized convulsion
which lasted about 20min. For this
reason he was hospitalized in the Pediat-
rc Institute, University of Siena, Physi-
¢al cxamination showed 2 boy whose
weight was 9.800 kg (< 3rd centile) and
height 75cm (< 3rd centile). Head cir-
cumference was 47.5¢m (25th centle).
He showed mild coarse facial features
with {lared nostrils, long philtrum, flat
nasal bridge, large mouth, bilateral exo-
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tropia, short neck. The skin was pale
with fair hair. There was a moderate
thoracie kyphosis with increased antero-
posterior diameter. Liver and spleen
were not enlarged. Meurological exami-
nation showed marked hypolonia: he
could sit unsupported cnly for a few see-
onds. He could reach for objects and
bring them to his mouth. He could not
speak.

Laboratory findings

At the age of 26 meonths resules of the
following laboratory examinations were
normal: blood glucose, urea nitrogen,
bilirubin. N2~, K* and CI™, serum pro-
teins. wriglycerides and lipoproteins, uric
acid, plasma and urine amino acids.
CSF. Ts, Tu. and TSH, oral xylose load«
ing test, karyogram, chest and bone X-
rays, Uripary glycosaminoglycan and
cligosaccharide excretion was also nor-
mal.

Fundoscopic  examination  showed
only a slight pallor of the optic disc. A
marked diffuse slowing with 2-3/s asyn-
chronous slow waves was present in the
EEG..

CT scan indicated an increase of the
CSF space over the cortex and enlarged
lateral ventricles.

Three percent of mononuclear cells
in the peripheral blood showed azure-
philic cvtoplasmic granulations; there
was no evidence of vacuolated cells in
peripheral blood and bone marrow.

Special studies

Biopsies from conjunctiva and skin were
prepared for ¢lectron microscopy. Skin
biopsy was utilized also for fibroblast
culture.

Elecrron microscopy

Small tissue specimens of conjunctiva
and skin were fixed in 2.5% glutaralde-
hyde in 0.1.M cacodilate buffer, pH 7.2
for Zh at 4°C, washed in the same buffer,
postlived in 1% osmium-tetroxide for
Zh, dehydrated in ethanol and included
i epon-araldite. Semi-thin and ultra-
thin sections were cut with an LXB
NOVA wmramicrotome. The ulira-thin
sections were stained with uranyl acetate
and lead airate and examined uader a
Philips 400 electron microscope. Con-
junctival fibreblasts (Fig. 1), endothelial
and Schwann cells revealed numerous
cytoplasmic vacuoles of different size
containing  grasular, electron-dense
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1. Two conjunctival fibroblasts cottaining cytoplasmatic vacuoles of different dimensions

Fig.2. Skin biopsy: the cytoplasm of 2 Schwann cell is filled with vacuales containiag granular
electron~-dense material

material surrounded by membrane.
Seme fused vacuoles formed vacuoles of
larper dimension. Mast cells and epi-
thelial cells had an apparenty nommal
ultrastructure. The cytoplasmic organ-
¢lles were normal. Ultrastrucrural find-
ings similar to those deseribed in con-
junctival biopsy were also observed in
the skin (Fig.2).

Fibroblast culture

Skin fibroblasts were grown in Ham’s
Fi0 medium supplemented with 10%
fetal caif serum and antbiotics. Cells
were barvested by trypsinization. exten-
sively washed with phosphate buffered
salie and the peller kept frozen until
use.



Table L. Lysosomal hydrolase activities

Leucoceytes Serum Fibroblasts
(nmolh per mg protein)  (nmol/h per ml) (nmel/h/mg protein)
Patent n.vt Pagent n.v.? Patient n.v.*
a-Neuraminidase 1.04 -5 89 40-100
B-Exosaminidase 653 650-3660 500 300-1700
Isoenzyme A 63.4%  60-T4%
Isocnzyme B 31.4% 2340% .
a~Cralactosidase - 9.24 8-50 3 215
B-Galactosidase 387 25-190 2335 340
B-Glucuronidase 187.5 57-350 100 15-385
a-Manposidase c.a 50-233 28.7 3100
a-Fucosidase 218 20-11¢ 3467 30-1500
Arylsulphatase A
pHS 1488 100-260
PHG 90.6  48-140
PH SIpH 6 164 1524
Arylulphatase B 834 70-160
B-Glucosidase 194 129

* n.v. = normal values

Table 2. Sialic acid content in qultuzed fbroblasts, urine and serum

Patiect P.E. Normal controls {n)

Culrured fbroblasts
(omol/mg protein) Free 2719 154 =032 (3)
Total 2474 13 +(.83 (%)
Urine {mg/24 h) Free 58.8 421 1.9 (19}
Toral 599 559 ®2.35 (19
Serum {nmol/mI) Free 0.066 0.027 = 0.00% )]
Totat 178 0.63 =0.11 3]

Lysosomal hydrolase activities

Lysosomal hydrolase activities in serum,
leucocytes and cuitured fibroblasts are
shown in Table 1.

. Leucocytes and cultured fibroblasts
were analysed for neuraminidase activity
on a substrate of sodium 4-methylumbel-
liferyl-a-p~-N-aceryneuraminate .

When re-examined at the age of
4 years 7 months, the patient 56l could
not walk and ¢ould pronounce only a few
syllables. The legs were hypertonic.
Chest X-rays gave normal results. Fun-
duscopic examination confirmed the pre-
vigusly reported pallor of the optic disc,
EEG showed a diffuse 18-20¢/s activity
during wakefulsess apd spontaneous
sleep. There was no evidence of vacuol-
ated cells in peripheral blood.

Sialic acid determination

Qualitative determination of sialic acid
in urine was performed by thin layer
chromatography according to the methe
od of Michalski et al. [9] directly spotting

20l urine samples on a precoated silica
gel 60 thin layer chromatographic plate.
Quanritative assays of sialic acid in
ugige, serum and cuitured fibroblasts
were done essentially as described by
Warren's procedure [20]. An increase
of free sialic acid 1o abour 15 times the
normal control values was present in the
patient’s fibroblasts (Table 2). The 24h
excretion of total sialic acid varied be-
wween 50.2 and 69.7mg (mean value =
55.9mg). The amount of free sialic acid
varied berween 48.9 and 67.5mg (mean
value = 58.8mg) or about 14 times the
nommal control values (Table 2}, The
free sialic acid in the serum was ozly 2.4
times the normal (Table 2),

Discossion

The clinical, ultrostructural and bio-
chemical picture of Salla discase, as de-
scribed above, has been now reported in
49 Finnish subjects {1, 11-14]. Besides
this consistent group. other patients with

sirmilar brochemical findings but a differ-
ent clinical picture have been obscrved,
Fontaine et al. in 1968 [3] described a
boy with massive sialuria. low weight
and height, hepatomegaly, convulsions
and retarded psychomotor development.
Hancock et al. [4] published data on a 5-
month-0ld boy of German-Swedish an-
cestry who died after rapid progression
with massive asdies, hepatomegaly,
probable mental retardation and no sigas
of skeletal involvement. At autopsy the
brain was enlarged and firm. Electron
microscopy showed grapular and floceu-
lar material in liver, brain and cultured
skin fibroblasts. The group of Sirecker
[19] has published two more cases born
from unrelated Yugoslavian parents,
They showed coarse facies. hepato-
splenomegaly, marked neuromotor re-
tardation. pale complexion, fair hair and
vacuolated  peripheral  lymphocytes.
Ultrastructural studies of conjunctiva,
skin, bone marrow and liver demon-
strated a generalized lysosomal storage
of pelysaccharide-like material. Urine
and cultured fibroblasts contained in-
creased (1823 fold} amounts of free
sialic acid. Biochemical analysis of cxude
sonicates of the cultured fibroblasts re-
vealed increased levels of sialic acid [16].
Twe more unrelated infants with sparse
white hajx, coarse facies, hepatospleno-
megaly, . peuromotor retardation, mild
signs of dysostosis muitplex and clear
vacuoles in fibroblasts. visceral, cenmal
nervous system cells and lymphocytes
have been described [15]. Urine, Lver,
leucocytes and sonicated cultured skin
fibroblasts contained increased amounts
of free sialic acid. Lysosomal hydrolases
were normal. A 9-year-old patient without
visceromegaly, with severe peuromotor
retardation, epileptic firs and biochemi-
cal and ultrasgructural findings similar
to Salla disease, has recendy been re-
ported by Wolburg-Buchholwz et al. [21].
Two sisters exhibited similar symptoms
and died at the ages of § and 17 years,
Recenty another Italian case. born of
consanguineous Sicilian parents, has
been reported by Baumkorter et al. {2].
This patient however also had hepato-
splenomegaly and mild signs of dys-
ostosis multiplex. The clinical picture
berter resembled a generalized storage
disorder- Free sialic acid was increased
13, 28 and 46 times more than normal
control values in urine, cultured fibro-
blasts and liver tissues. respectively.
Variants of Salla disease have also been
described in two patents [22]. The
reurclogical picture in the carly period
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of life was considered compatible with a
non-progressive cerebral paisy. There
was no overt intellectual deterioration
but severe hypotonia and ataxia or dys-
kinesia. Later however the picture of 2
progressive encephalopathy became evi-
dent. These patients also had five to ten
times increased amounts of free sialic
acid in the urine with normal values of
neuramircidase and several other lyso-
somal epzymes in culmured skin fbro-
blasts. An Increase of peuramipidase
activity in lymphocytes was present.
Another patient with siahwia and epi-
leptic &ts [10] had, at the age of 26, no
other clinical Sndings. Microscopic or
altrastructural findings of storage disease
were also absent.

Thus it seems apparent that two main
forms of sialic acid storage disease exist:
Salla disease or “Salla varianws™ charae-
terized by a slow progression of symp-
toms aod the severe infantie form. a
rapidly progressive neurodegenerative
disorder with visceral andior skeletal in-
volvement, leading to a vegetative state
or death in the first years of Life.

In our case the severe neuromator re-
tardation. the moderately dysmorphic
facial features and the ulramicroscopic
findings are similar o those described in
Salla disease. The increased excretion of
free sialic acid in the urine and the in-
crease of the same substance in the cui-
tured skin fibrobiasts are in agrecment
with this diagnosis.

The basic metabolic defect of all
these cases, characterized by free sialic
acid in the urine, Is not known. Hancock
et al. [5] and Renluad et al. [13] have
hypothesized the possibility of a trans-
port defect of free sialic acid across the
lysosomal membrape, An over-produce
ticn of free N-acetyl-neuraminic acid in
fibroblasts from the original sialuria
patient reported by Fontaine et al. [3],
has also been considered to be at least in
part responsible for the increased
sialuria. Indirect evidence thar this may
result from either hyperactivity or in-
creased levels of the enzyme uridine di-
phosphate  N-acetylglucosamine-2-epi-
merase has been presented [17].

In our patient a defective efflux of N-
cetylneuraminic acid has been demon-
strated from lyscsome-enriched fractions
prepared from fibroblasts treated with
labelled methylester of N-acerylneur-
aminic acid [8]. In the same smdy, 2
similar defect was also found in cultured
fibroblasts obtained from one of the pa-
tents studied by Tondeur et al. [19] and
in another cultured fibroblast cell line

76

belonging to a patient with classic Salla
disease [12].

This observation. together with the
recent studies of Tietze et al. [18] and
Jonas and Fuls [6], may indicate the
existence of a specific ransport system
for free N-acetyl-neuraminic acid across
the lysosomal membrane. An abnormal-
ity of this transport mechanism could
explain the basis and perhaps the differ-
ent clinical expression of the sialic acid
storage disease. A better knowledge of
this mechanism could clarify whether the
different forms of free sialic acid storage
disorders are due to the same genetic
mutation with clinical heterogeneity or
conversely represent the end point of dif-
ferent genetic abpormalities cavsing
storage and increased excretion of free
stalic acid.
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Free N-acetylneuraminic acid (NANA) storage disorders:
evidence for defective NANA transport across the lysosomal membrane
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Semmary. To study the biochemical defect underlying N-
acetylneuraminic acid (NANA) storage disorders (NSD), a
witium-labeled NANA-methylester was prepared and its me-
tabolism was studied in nermal and mutant human fibroblasts,
The uptake of methylester. its conversion into free NANA,
and the release of free NANA was studied in lyscsome-en-
riched fractions. In three clinically different types of NSD ae-
cumulation of free NMANA was observed and the half-life of
this compound was significantdly increased. Our observations
indicare the existence of 2 transport system for NANA across
the lysosomal membrane, which is deficient in all variants of
NSD.

Intreduction

N-Acetyineuraminie acid (NANA) sworage disorders (NSI)
represent a heterogeneous group of genetically inherited met-
abolic diseases. All variants of NSD are characterized by se-
vere psychomotor retardation and an early onset of the symp~
roms. However. striking differences are found in the progres-
sion of the symptoms and in the lifespan. Patients with 5o cal-
led “Salla™ disease present severe symptems and early ooset,
but a slow progression of the disease (Aula et al. 1979; Rea-
lund et al. 1983a; Baumkétter et al. 1985). In contrast, pa-
tents with the severe infantile form, die in early chiidhood
(Horwitz et al. 1981; Tondeur ¢t al. 1982; Stevenson et al.
1983).

Biochemically, all types of the disease are characterized by
accumulation of free NANA In lysosomes in several organs
and cultured fibroblasts (Hancock et al. 1983 Virtanen et al.
1980), and by excessive urinary excretion of free NANA. The
biochemical defect underlying these diseases is so far un-
known. All the enzymes known te be involved in NANA me-
tabolism were proven to be normally active in liver and cul-
tured fibroblasts from patients with “Salla™ disease (Renlund
et al. 1983b}. Tt has been hypothesized that NSD results from
a defective transfer of NANA across the lysosomal membrane
towards the cyrosol (Hancock et al, 1983: Renlund et al
1983b).

In order to obtain experimental evidenge for such a defec-
tive NANA trangport system, we have loaded living fibro-

* Working as a fellow from the Department of Pediatrics, University
of Sicna. Italy

Offprint requests to: F.W. Verheijen, Department of Cell Biology and
Genetics. Erasmus University. P.O. Box 1738, NL-3000 DR Rotter-
dam, The Netheriznds

blasts with tritium-labeled NANA ((PH)-NANA) using its
methylester, which as an uncharged molecule diffuses into the
lvsosome. Here it is converted into free NANA and methanol,
similarly to what is deseribed for other methylesters (Reeves
1979). The release of radiolabeled-free NANA could then be
followed after isolation of lyseseme-enriched fractions from
the fibroblasts. Under these conditions, we have studied cul-
tured fibroblasts derived from 2 patient with “Salla™ disease
(Renlund et al. 19832), an infant affected by a severe form of
NSD (Tondeur etal. 1982), and from a 5-year-old child of Tta-
lian ancestry with a milder infantile form (A.Fois, personal
communication),

Materials and methods

NANA-methylester synthesis

Tritium labeling of NANA was performed at our request by
Amersham (England) giving a specific activity of S0mCV/
mmole. The NANA-methylester was prepared as described
carlier {Yu and Ledeen 196%), by incubating 100 mg of NANA
with 300mg of Dowex 30 x § (H+ form) in the presence of
15 ml of methanol for Two hours a1 room temperature. After
incubation. the methanolic solution of the methylester was
dried under vacuum rotation. resuspended in the appropriate
volume of warer, and kept frozen at ~20°C until used, The
purity of the preparation was checked by thin layer chromato-
graphy (TLC).

Cell lines

Skin fibroblast cultures from the patient with "Salla™ disease
were kindly provided by Dr.P. Aula (Children’s Hospital,
University of Helsinki, Finland). Fibroblasts from the severe
infantile form of NANA storage disease were a gift from
Dr. E.Vamos (Laboeratory of Cytogenetics and Cell Culture,
Hospital $t.-Pierre. Brussels, Belgium) and from the Italian
pauent from Professor A.Fois (Department of Pediatrics.
University of Siena. Italy). All cell lines were grown in Ham’s
FIO medium supplemented with 10% fetal calf serum and
antibiotics.

Loading of living fibroblasts with (*H)-NANA-methylester

In experiments performed in cell suspension, fibroblasts from
wo 75cm’ Falcon flasks were harvested under controlled
trypsinization. washed rwice with RPMI 1640 mediun, and in-
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cubated 1 hour at 37°C in 1mi of RPMI medium containing
10mM unlabeled NANA-methylester and 50pCi of (*H)-
NANA-methylester. At the end of the incubation, the cells
were washed extensively with RPMI, and in case of “chase™
experiments, cell pellets were resuspended in fresh RPMI and
divided into fractions which were incubated a1 37°C for differ-
ent times (0, 19, 30, and 80min). The content of unlabeled
sialic acid reached afier loading was measured in the cell
hemogenate by the thiobarbituric acid assay (Warren 1959).

For loog-term accumulation experiments fibroblast mono-
lavers were used; 75 cm® flasks were incubated at 37°C for 20k
in Ham's F10 medium centaining 1.mM NANA-methylester
and 50 pCi of CH)}-NANA-methylester. After incubartion lyso-
some-enriched fractions were prepared as follews. The cells
were homogenized with 17 strokes of a Teflon-glass homo-
genizer at 0°C in 0.25 M sucrose containing 10 mM HEPES
buffer and 1 mM EDTA, pH 7. After centrifugation at 100x g
for 10 min, to remove nuclei and unbroken ¢ells, the supermnat-
ant was spun down at 2000x g for 10 min and the new super-
nataot was centrifuged at 12 000x g for 15 min. The final pellet,
representing the lysosome-enriched preparation, was resus-
pended in water. The specific activity of f-hexosaminidase in
this fraction was six-fold higher then that in the rotal cell
homogenate. The radiolabeled compounds in the lysosome-
enriched {raction were separated by TLC on a 0.2 mm silica
gel covered glass plate (Merck) in butanol-acctic acid-water
{100:50:50. v/v/v). Silica fractions of 0.5cm were then
scraped off, the samples were eluted with 500 1 of 1N NaOH,
and the radioactivity was counted with 10mi of Instagel (Pac-
kard) in a liquid scintillation counter.

The radioactivity of the fractions identfied by the corre-
sponding marker as free NANA was expressed as a percent-
age of the initial CH)-NANA dpm per unit of p-hexosaminid-
ase activity. The logarithm of this percentage was plotted
against time of clearance, Half-lives of NANA release were
caiculated by lincar regression.

Lysosomal latency

The integrity of the Iysosomal preparations at each time point
was determined by measuring the B-hexosaminidase activity
as described previously (Galjaard 1980). in 0.3 M sucrose in
the presence or absense of 0.1% Triton X-100. Latency was
defined as 2 percentage of the difference between the activity
in the presence or absence of Triton X-100 and the activity in
the presence of Triton X-100. In all our experiments 30 to
90% of B-hexosaminidase was latent in the Iysosomal prepara-
uons.

Resalts

The methylester of NANA was synthesized by incubation with
DOWEX 50 x 8 (H-+ form} as described previously (Yu and
Ledeen 1969}, and the purity of the preparation was examined
by TLC (Fig.1). This compound proved to be stable in aque-
ous selutions over a pH range from 4 1o 7. and no spentancous
conversion into free NANA was observed in the culture
medivm under our experimental conditions (data not shown}.
Pilot experiments with unlabeled NANA-methylester
showed that living fibroblasts in suspension, expesed to this
compound for two hours, accumulated intracellular levels of
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Fig.1. Thin layer chromatography of (H)-NANA and its methylester

obtained after incubation with Dowex 50:< 8, in the presence of me-
thanol

thiobarbiturate assay positive material of up to 22 nmol/mg
protein; without loading this amount is 0.5-1 nmol/mg protein.

To investigate whether NANA-methylester could reach
the lysosomal compartment, and whether it was converted o
free NANA, normal fibroblasts in suspeasion were incubated
in RPMI medium containing 10 mM of cold NANA-methyl-
ester and S0pCi of the tritium-labeled NANA-methylester.
After periods of 15, 30, 60, asd 120 min lysosome-cnriched
fractions were prepared by differential centrifugation and
applied to a TLC plate, in order to separate the labeled com-
pounds. The areas identified by the corresponding markers as
free NANA and NANA-methylester were scraped off and the
radioactivity was counted. As shown in Fig. 2. lvsosome-en-
riched fractions accumulate an increasing content of NANA-
methylester, and meanwhile part of it is converted into free
NANA, presumably by o lysosomal esterase. Between one
and two hours of incubation the uptake of methyvlester and
conversion into free NANA seems 1o reach a plareau. There-
fore, and 1o prevent cgll damage in the following studies on
the release of NANA a limited period {1h) of loading was
chosen as 2 starting point for the “chase™ experiments.

To compare the long-term accumulation of free NANA in
normal and mutant cells, the following experiment was carried
out. Fibroblast cultures in monolaver were exposed to the
tritium-labeled NANA-methylester for 20h. After prepara-
ton of the respective lysosome-enriched fractions. the radio-
labeled compounds were separated by TLC. and the radioac-
tivity was determined. In the three differsnt patients a peak at
the position corresponding to free NANA, is present, which is
not the case in coatrols (Fig. 3). The radiolabeled products
close 1o the origin in control cells probably reflect incorpo-
rated NANA in other products because of the long incubarion
period.

To study the background of the agcumutation in the mu-
taat cells “chase™ experiments were performed. Cell suspen-
sions were incubated for one hour with (*H)-NANA-methyl-
ester, followed by a “chase™ for up 1o one hour. The release of
NANA from lysosome-enriched fracrions was measured by
counting the radiozetivity of NANA after seporation from
other radiolabeled compounds on TLC, This radioactivity was
expressed as a percentage of the initial dpm per usit of B-
hexosaminidase activity in each lysosomal preparation. With-
in the short period of experimentation the latter activity var-
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Table L. Clearance of (*H)-NANA. after loading of fibroblasts in sus-
pension. Different [ysosome-cnriched {ractions prepared after
“chase” periods of 0, 15, 30. and 60 min, were applied on TLC plates.
Radioactivity in the ares corresponding to NANA was determined
and cxpressed as percentage of the initial (PH}-NANA dpm per unit
p-hexosaminidase activity. The logarithm of this percentage was plot-
ted against time of ¢learance. Half lives were calculated by Snear re-
gression

Cell strain T 172 {roin)
Control 1 &7
Control 2 37
Control 3 62

Mean 53
Infantile NANA storage discase 07

Late infantile NANA storage discase 146
“$alla” disease ©

ied 20t more than 20%. The logarithm of this percentage was
then plotted against tme and. in order 10 quantify the release
of NANA, the half-life of intralysosomal free NANA was cal-
culated by linsar regression (Table 1). These results of three

and methy-NANA
12345678

independent experiments indicate that the half-life of NANA
in eells from all the different variants was significantly higher
thar in normal cells. These data provide experimental evi-
dence for a defective release of free NANA from the lysosome
in all these types of NSD.

Discossion -

Previous studies (Hancock et al. 1983) showed that NANA is
not 1aken up by cultured fibroblasts most likely because of its
charge. Therefore we prepared the methylester of NANA,
which is uncharged and which was expected o reach the lyso-
somes as demonstrated for other monosaccharides (Hales et
al. 1984).

The results of our experiments showed that the NANA.
methylester is taken up by human fibroblasts and is subse-
quently converted into free NANA in the lysosome-enriched
fractions. Since the methylester is chemically stable over 2 pH
range between 4 and 7, this conversion is probably the resulr
of an enzymatic reaction. A similar mechanism has been de-
scribed for amino acid methvlesters (Reeves 1979}, These
methylesters have been successfully used to study amino acid
transport across the lysosomal membrane. which clarified the
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basic defect in cystinosis; a lysosomal storage disease due toa
defective transport of cysting across the lysosomal membrane
(Gahl et al. 1982).

Since the conversion of NANA-methylester to free NANA,
was found to occur rather rapidly, it was possible to study the
transport of NANA across the lysosomal membrane in normal
and mutant human fibroblasts,

During long-term incubation with NANA-methylester all
three types of mutant cells showed an accumulation of free
NANA in the lysosome-enriched fractions. The results of
these loading experiments, where the conversion of methyl-
ester into free NANA is independent of nevraminidase activ-
ity, exclude the possibility that increased neurzminidase activ-
ity or other mechanisms of NANA hyperproduction are re-
sponsible for NANA storage and sialuria, as has been de-
scribed for one case with massive sizlunia (Thomas et al.
1933).

The data from our “chase™ experiments show a markedly
increased half-life of free NANA in lysosome-coriched frac-
tions of cells from all three Types of patients tested. This im-
plies 2 defective transport of free NANA across the lysosomal
membrape, This would be the third example of a genetically
determined transport defect across the lysosomal membeane,
after cystinosis and vitamin B12 storage disease {Gahl et al.
1982; Rosenblatt et al. 1989). Our studies indicate a sitilar
biochemical defect in different clinical variants of NSD. In
order to relate the severity of the clinical features and the bio-
¢hemical defect, somatic ezl hybridization studies and charac-
terization of the responsible transport protein(s) are required
to obtain definite answers.
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Highly purified lysosomal membrane vesicles, obe
tained from rat liver lysosomes, were used to study
charaeteristics of Neude transport across the lysoso-
mal membrane. Uptake of [**C]NeuAc was found to be
strongly influenced by a pH gradient acress the mem-
brane. When a proton gradient (pHin > pHout) was
gencrated by impermeable buoffers, Neudc uptake
above equilibrium level (overshoot) was observed, The
influence of membrane diffusion potentials was ruled
out by experiments where K™ and valinomyein were
present. The overshoot appeared to be specifieally pro-
duced by protons, since gradients of other cations (Na*
and K*) did not give stimulation. Proton-driven uptake
was saturable (K= (.24 mM) and mediated by a single
system, as shovwn by linearity of the Scatchard plot.
Stimulation of transport was also obtained by prein-
cubation of vesicles with MgATP and the effect was
blocked by 4,4'-diisothiocyanostilbene-2,2/-disulfonic
acid, but not by the protonophore carbonyl cyanide p-
trifluoromethoxypheryl hydrazone. Monocarboxylic
sugars like glycuromic acids were competitive inhibi~
tors of sialic acid transport. Transstimulation of [*4C]
NeuwAc uptake was observed when vesicles were pre-
loaded either with unlabeled NeuAc or with glucuronic
acid. The data demonstrate that Iysosomal membrane
vesicles frorm rat liver are a suitable system for kinetic
studies of solute transport events. The presence of a
proton-driven carrier in the lysesomal membrane spe-
cific for sialic acid and other acidic sugars, including
glucuronic acid, is shown. The possible physiclogical
significance of these findings for the human lysesomal
carrier and the patients with a sialic acid transport
defect is discussed.

In eukaryotic cells digestion of products derived from intra-
and extracellular metabolism essentially occurs in hysosomes,
acidic organelles rich in hydrolytic enzymes. The intralysc-
aomal acidic pH s maintained by a membrane ATPase acting
#s an electrogenic proton purnp [1-5). The acidie environment
provides optimal conditions for enzymatie catalysis. The ly-
sosomal moembrane is impermeable to macromolecules and
intermediate oligomeric metabolites, which are therefore re-
tained until their complete digestion. The fact that only low

* A preliminary report of this work has appeared in gbstract form
(Maneini, G. M. 8., and Verheijon, F, W, {1988) J. Cell Biol. 107.
571 (abstr.)). The costs of publication of this srticle were defrayed in
part by the payment of page charges. This article must therefore be
hereby marked “edvertisement” in accordanee with 18 U.8.C. Section
1724 solely to indicate this fact.

§ To whom correspondence should be addressed: Dept, Cell Biology
and Genetics, Postbox 1738, 3000 DR, Rotterdam, The Netherlands.

molecular weight monomeric metabolites can leave the lyso-
somes led in the past to the assumption that the lysosomal
membrane works as an aspecific sieve (5).

The selective permeability of the membrane and its role in
the regulation of catabolite flux became evident when a fatal
human disorder, nephropathic cystinosis, was ascribed to a
genetic defect in a specific lysosomal carrier for the disulfide
amine acid cystine (7). Since then, the presence and function
of other lysosomal transport systems for amino acids have
been investigated, and differences between lysosomal and
other cellular amino acid transport mechanisms have been
found (3-14).

Recently, Salla disease and other forms of NeuAc storage
disorders have been imputed to a defective lysosomal efflux
of the anionic sugar NeuAc through the lysosomal membrane
{15-17). In search for the existence of a carrier, we have
investigated the kinetic properties of the sialic acid transport
mechanism, by studying the flux of radiolabeled sialic acid
into highly purified lysosomal membrane vesicles prepared by
hypotonic shock of rat liver Iysosomes (18, 19). This approach
offers the advansage that transport events can be followed
independently of the intralysosomal content. As previouslhy
demonstrated, carrier-mediated solute movements across a
biomembrane can be studied in both directions, under the
proper thermodynamic ¢onditions (10, 11). Thus, although
the physiological net flux of sialic acid is directed most likely
from the lysosome toweard the cytosol, the characterization of
the [MC]NeuAc uptoke process into lysosomal vesicles does
net require maintenance of the in situ membrane orientation
upon resealing. By this approach, we succeeded in demon-
strating and characterizing a proton-driven lyscsomal trans-
port system for sialic acid. Moreover, the technique of meas-
uring transport in vesiculoted lysosomal membranes, devel-
oped in this study, may find a more general application in the
exploration of other sclute transport mechanisms across the
Iysosomal membrane.

EXPERIMENTAL PROCEDURES

Lvsosomal Membrane Vesicles~For the preparation of lysosomal
membranes, the procedure of Ohsumi et al, (18) was followed, with
the modifications introduced by Bame and Rome (19). Shortly, lyso-
somes were isolated from livers of adult Wistar rats after homogeni-
zation in isetonic sucrose (0.25 M), {ollowed by several differenrial
centrifugation steps. Lysosomal membranes, obtained after selective
hypotoric shock, were centrifuged at 50000 X ¢ for 30 min and washed
with 0.5 M NaCl or KCI. The final peilet was resuspended, in 20 mmM
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No- or K-Hepes,! pH 74, containing 0.1 mm EDTA to give a protein
concentration of 8-10 mg/ml. Small aliquots were then frozen in
Liquid nitrogen and stored at ~70 *C. Full transport activity was
preseyved for at least 1 month., The yield of purified membrane protein
was about 150 ug/g liver (wet weight). Activities of §-glucocerebrosi-
dase and tartrate-inhibitable acid phosphatase were mensured as
lysosomal membrane markers during the isolation precedurs (18-20).
Both enzyme-gpecific activities were 80-100-fold enriched in the final
membrane preparation compared with the total homogenate, which
is in agreement with previous results (18). In the lyscsomal vesicles
described by Obsumi et al, the presence of plasma membrones as
¢ontaminant was ornginally reported. Therefore, the activities of
alkoline phesphodiesterase (21) and ousbain-sensitive Na™
ATPase (22) were assayed 4s plosma membrane markers during the
purification procedure. The relative enrichment in the final prepa-
ration coxpared with the total hormogenate was, respectively, 9-10-
fold, with an average recovery of 0.3% of these enzymes, compared
with the 8% of the lysosomal membrane-associated markers. During
purification, 75% of the original 8-glucocerebrosidase was present in
the pellet of the lysosomal/mitochondrial fraction whereas oxly 5%
of the total alkaline phosphodiesterase was recovered in the same
pellet. This confirmed to us that plasma membrare s eventually
present as a minor contiminant.

In order to rule out the possibility that the observed transport
getivity is due to the presence of contaminating membranes, lysoso-
mal membranes were also isolated by & different procedure, according
to the method of Wattiaux et al {23). The relative enrichment of acid
phosphatase and §-glucocerebrosidase in the vesicles prepared by the
latter procedure was respectively 25 and 30-fold, wherens alkaline
phosphodiesterase and Na*/K* ATPase were both 3-fold enriched,
Also these lysosomal membrane vesicles showed proton-dependent
sialic acid transport, but the method of Ohsumi ef of (18} was
preferred because it was more suitable for large scale isolations.

The ultrastructure of the membrane preparation wos examined by
transmission electronmicroscopy, using negative staining as described
{19).

Stalic Acid Uptake—For a typical uptake experiment, aliquots of
[MC]NeuAe were frecze-dried. When uptake was measured in the
absence of a. H* gradient, the material was redissolved in 5 ul of 20
mM Na- or K-Hepes. pH 7.4. When uptake was assayed i the
presence of o H™ gradient, the substrate was redissclved in 3 ul of 240
mM MES-free acid, which titrated the extravesicular pH during
intubation to 5.5. Membrane vesicles were rapidly thawed at 37°C
and preequilibrated briefly at 20 "C. Uptake was initiated by ndding
25 ul of membrane suspension to the substrate tube at 20 “C. After
the required incubation pericd. uptake was stopped by adding 70 ul
of ice-cold incubation buffor, as indicated in the legends of the figures.
The sample {100 ul) was immediately applied to a 2-ml Sephadex G-
50 (Fine) column (0.5 X § cm), equilibrated with incubatior buffer
and run at 0.3 mi/min at 4 *C. Subsequently, the vesicles were eluted
quantitatively from the column by addition of 1 ml of ice-cold ineu-
bation buffer. Radioactivity of [*C]Neusc trapped in the vesicles

was counted by liquid scintillation in 10 wl of Insta-Gel (Packard

Instruments). In the experiments where the extravesicular pH was
manipulazed by addition of impermeable buffers, a diserepancy be-
tween internal and external osmolarity was present. However, these
differences did not significantly affect initial uptake rates, but only
equilibrium jevels. This technique enabled us to perform experiments
in small incubation volumes and to avoid the effect of viscosity of
osmolyte sugars on the elution rate during Sephadex filtration. As
blanks, 25 4] of membrane suspension was added to a tube containing
{*CINevAs In 75 il of ice-cold buffer and directly run on a column
as deseribed. The radioactivity recovered in the eluate did not differ
from that obtained running [“C]NeuAc only, suggesting that st 4 °C
vesicular binding/uptake of the substrate was negligible. The blank
was subtracted from all determinations. Typically, 4.0 X 10* dpm
applied to the column gave an average blank of 70 dpm. Details for
different assay conditions are given in the legends of the figures. The

! The sbhbreviations wsed are: Hepes, 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid; DIDS, 4.4'-dilsothiocyanostilbene-2,2’ -di-
sulforic acid: FCCP, carbonyl cyanide p-trifluoromethexyphenylhy-
drazone; ManNag, N-acetylmennosamine; MES, 2-(¥-morpholine)-
ethanesulfonic acids MOPS, 3-(N-morpholine) propanesulfonic acid;
AMU-NeuAe, 4-methvlumbelliferyl-a-p-N-acetvineuraminic  acid;
NEM, N-ethylmaleimide: NeuAcZen, 2-deoxy-2,3-dehvdro-N-acetyl-
neuraminic acid; NeuaclMe, N-acetyineuraminic ncid methylester;
NeuGe, N-glveolylneuraminic acid.
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gel filtration procedure was compared with other separation tech-
niques, like filtration chrough nitrocellulose (MF-GS type, 022-um
pore size, Millipore} or glass fiber filtors (GF/C, Whateman), In the
first cose aspecific binding of labeled sialic acid to the filter (approx-
imately 1% of the applied counts) was observed, and the second
method led to an uncontrolled loss of vesicles through the filter.
Therefore, the gel filtration technique wes preferred, Experiments
were performed in duplicate and the intrs-gssay variazion wos always
less than 10% of the mean value. The variation in maxinum uptzke
rate observed between different vesicle preparations was at most 30%.
The figures show representative gxperiments obtained with two to
8ix separate batches of vesicles. Quantitative results are indicated as
mean value + standard errors for different determinations performed
with the same vesicle preparation. The Student’s ¢ test was used to
estimate the significance of differences botween mean valuea.

Miscellanee—N-Acetyl-[4,5,6,78,9-*C)neuraminic acid {specific
activity 280 mCi/mmol}, ["Clglucosamine HCl (270 mCi/mmol) aed
[U-4Csucrose (540 mCi/mmol) were purchased as aqueous solutions
containing 2% ethanol {Amersham Corp.). NEM was from Merck
(Darmstads). Valinomyein was provided by Boehringer (Mannheim).
Sephadex G-50 (Fine) was from Pharmaciz LKB Bictechrology Inc.
MgATP, NaGTP, DIDS, mogensin, FCCP and sl the ¢ompounds
used for inhibition studies were obtained from Sigms, except for
NeuAclMe which wns synthesized from NeuAc as previously de-
scribed {16). Purity of sialic acid analogs, used for inhibition studies,
was checked by thin layer chromatography on precoated silica el
plates (Merck, Darmstadt), developed i butanol/acetic acid/water
(2:1:1) and stained with orcinol (24). Osmolarity was measured with
an Advanced Instruments freemng point depression csmometer. g-
Glucocerebrosidase activity in the presence of 0.3% Triton X-100 and
0.6% sodium tauvecholate was measured as deseribed (20). Acid
phosphatase activity was assayed in the presence and absence of 80
mM Na-K-tartrate, using p-nitrophenolphosphate as substrate, and
the lysosomal activity was calculated subtracting the activity in
presence by that in the absence of tartrate (25}

RESULTS

General Properties of Lysosomal Membrane Vesicles—Pre-
vious studies have shown that lysosomal membranes prepared
under the reported conditions reseal spontaneously to form
vegicles (18, 19). Studies with transmission electron micros-
copy revealed a vesicle diameter between 50-200 nm, confirm-
ing previous observations. The intravesicular volume was
estimated by comparing the uptake of [MC]NeuAc at equilib-
rium. (60 mir of incubation) with uptake of the impermeable
[*Cloucrose. When we studied uptake of 0.03 mM [HC]Neusc
at pH 7.4, ag calculated from the radicactivity of [“C]NeuAe
asscciated with the vesicles at equilibrium, the intravesicular
volume was 1.12 £ 0.05 pl/mg protein, whereas the uptake of
[*C]sucrose in parallel experiments accounted for 0.2 +0.005
ul/mg protein. In order to know whether uptake of NewAe is
taking place into lysosemal membranes or other contaminat-
ing compartments, we compared the vesicle-associated voiume
after uptake of [“C]NeuAc with that cbserved after uptake
of [**Clglucosamine, at equilibrivm. This last compound is
known to freely cross the lysosomal membrane (19). Since the
two volumes coincided, we deduced that the two sugars en-
tered the same vesicle population. This excludes that sialic
acid uptake predominantly takes place in a compartment
possibly present as a comtaminant and distinet from the
lysosomal vesicles. Moreover, these results show that the
sucrose-impermeable volure is at least 0.9 ul/mg protein and
that this space does not change significantly following one
freeze-thawing step. Finally, to prove that the sucrose im-
permeable space represents the internal compartmens of the
vesicles, we studied the uptake of 0.03 mM [“C]NenAc at
equiltbrium at increasing medium osmolarity, promoting ves-
iele shrinkage by addition of sucrose or Hepes buffer, Indeed,
equilibriuvm uptake of [*“C]Neudc decreased progressively
with increasing medium osmolarity and in both cases the
relationship between the uptake and the reciprocal of osmo-



Lysosomal Stalic Acid Transport

larity was linear (data not shown). The extrapolated value of
sialic acid uptake at infinite osmolarity was close to zero,
implying that the amount of [MC]Neude bound to the vesicles
but not internalized is negligible.

Effect of « H* Gradient en Sialic Acid Upteke—The influ-
ence of extravesicular pH on [*CINeuAc uptake was investi-
gated by adjusting the external pH with MES and MQPS
impermeable buffers. The data presented in Fig. 1 show a
progressive increase of initial sialic acid uptake with decreas-
ing pH of the external medium.

In order to find out whether this increase reflected the
titration of specific groups on & transport protein at acidic
pEl, or was dependent on the presence of a proton gradient
across the membrane, we assayed uptake rates in the presence
and absence of monensin. This ionophore is known to ex-
change H* and Na*, thus equilibrating the pH difference
across the membrane, in the presence of excess Na™. In our
case, the titration of vesicles propared in 20 mm Na-Hepes,
P 7.4, with 40 mM MES-free acid, in the presence of monen-
sin, brought the pH inside and outside the vesicles to 5.5. The
experiment in Fig. 2 shows that the presence of an inwardly
directed proton gradient (pHi, = 74 > pHe, = 5.5), in the
absence of monensin, drives uphill transport of sialic acid,
transiently above equilibrium level. Initial uptake rates were
about 9-fold stimulated in the presence of a proton gradient.

The “overshoot” was totally abolished in the presence of

monensin, at the same extravesicular pH (5.5). The uptake
Tates at pH 5.5 (in = out) are close to those observed at pH
T4 (in = out), indicating that, in the absence of a proton
gradient, the_transporter does not display a sharp pH epti-
murm,

The effect of a diffusion potential, possibly generated by
proton movements across the membrane, was evaluated
studying sialic acid transport in vesicles voltage-clamped with
K* and valinomyein, When vesicles were prepared in 20 mM
K-Hepes and preequilibrated with 0.01 mM valinomyein for
10 min at 20 °C, the initial rate of uptake for 0.15 mM [*C)]
Neude, measured afterwards in the presence of a proton
gradient, was 95.3 & 2.4 pmol/mg protein/30 s, compared with
96.1 £ 4.3 in the absence of valinomycin. The difference was
not statistically significant {n = 5). Similar average values
were found when vesicles were prepared in Na-Hepes (mean
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F1G. 1. Effect of extravesicular pH on NeuAc uptake in
mal membrane vesicles. Vesicles {190 ug of protein), pre-
pared in 20 mM Na-Hepes, pH 7.0, were incubated for 20 s at 20 *C
in medium containing 0.1 mm [MC]NewAc ond 80 mm MES
W) or MOPS (O—0)}, titrated to the indieated pH with
aOH.
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Fic. 2. Uptake of NeuAc in the presernce and absence of a
proton grodient. L w0l membrane (190 g of protein).,
prepared in 20 mv Na-Hepes, pH 7.4, were preincubated for 10 min
at 20 °C, in 20 mM Na-Hepes, pH 7.4 {@—&; A~—A), or 20 mM
Na-Hepes, 40 mM MES, pH 5.5 plus 0.01 mM monensin (O0—0).
Subsequently, transport of 0.1 m [“C]NeuAe was measured at 20 °C
in 20 mM Na-Hepes, pH 7.4 (8——8: pHy, = pHaox = 7.4}, or in 20
mM Na-Hepes, 40 mm MES, pH 5.5, plus 0.01 mM moneasin
(O——0; pHin = pHow = 5.5), or in 20 mmM Na-Hepes, 40 my MES,
pH 5.5 (@—&; pHi.= 7.4 > pHou = 5.5).

97.9 + 5.6; n = 5). These experiments virtually rule out a role
for a proton diffusion potential or requirement of Na* in the
overshoot of sinlic acid uptake observed in Fig. 2.

Further, the influence of inside positive diffusion potentials,
generated by other cations than protons, was examined by
studying the effect of a 20 mM Na* or K* gradient {inside, 20
mM Na- or K-Hepes; outside, 40 mM Na- or K-Hepes), the
latter in the presence and absence of 0.01 mM valinomyein,
on the uptake of 0.1 mm [MC]NeuAc at pH 7.4 {in = out). In
all cases, no significant increase of initial uptake rates of [*C)
Neuhc was observed above the values already reported in Fig.
2 at pH 7.4 {in = out). From these last experiments it can be
also concluded that sialic acid transport is not coupled to Na™
or K*. Instead, these data altogether indicate that an inwardly
directed proton gradient provides the driving force for sialic
acid transport in lysosomal membrane vesicles.

In the experiments shown in Table TA, preincubation of the
vesicles at pH 7.4 (in = out) with 2 mM MgATP was able to
progduce 2-fold increase of [MC]NeuAe uptake. This effect
might be explained by generation of a proton gradient hy the
lysosomal proton pump in inside-out vesicles. However, this
would require membrane permeability for ATP, since the
ATP-binding site is present on the external sutface of the
lyscsomes. To investigate this hvpothesis, we have studied
the effeet of ATP in the presence of inhibitors of the lysosomal
proton pump and of the protonophore FCCP, which should
prevent the formation of a proton gradient. As shown in Table
14, both DIDS and NEM prevent ATP stimulation, however,
the latter only ot concentrations higher {1 mm) than those
known to inhibit the proton pump (50 xM). The experiments
in Table IB indicate that the effects of DIDS cannot be
ascribed to a direct inhibition of the carrier, in contrast to the
effect of NEM, but seems to be specific for the ATP-stimu-
lated transport. In another set of experiments, it was found
that the presence of the protonophore FCUP did not affect
the ATP stimulation (Table 1A}, excluding an effect of proton
pumping in the inside-out vesicle population. Control exper-
iments in the presence of MgS0. excluded that Mg was

87



Lysosomal Stalic Acid Transport

TasLE T
Effect of nuclcotides and lysosomal H* pump inhibitors
on sialic acid transport -

Part A. Vesicles in 20 mM Na-Hepes, pH 7.4 were preincubated
for 10 min in the presence of 2 mM MgATP, or MgATP plus NEM,
or plus DIDS, or plus FCCP, or Me80, only, or N2aGTP only. Uptake
of 0.1 mMm [MC]NeuAc was studied for 30 s at 20 *C in the same buffer
at pH 74. Part B. Vesicles in 20 mm Na-Hepes, pH 7.4, were
preincubated for 10 min with NEM or DIDS at the indicated final
concentration. In all these experiments, uptake was studied in the
presence of a H™ gradient generated by the addition of 40 ram MES
frey acid, Vahues are expressed ag means > S.E.

n* Uptake
Pmoifmg protein
A
No addition 10 12117
MpATP 12 24.0 % 2.0
MgATP + 0.5 mm DIDS 3 14309
MgATP + 50 uM NEM 4 182+ 15"
MgATP + 1 mM NEM 2 128x01
MgATP + 10 um FCCP [ 243 £21°
MeS0. 2 12.9=19
NaGTP 4 29.3 % 1.2¢
B .
No addition 3 731 £5.0
0.5 mM DIDS 3 64.7 £ 0.8
50 uM NEM 2 M3 x40
1 mu NEM 3 114 = 1.3°
* n, number of determinations.
bp<0.05

responsible for the increased uptake, Moreover, stimulation
was also chserved after addition of NaGTP, From all these
experiments we conclude that the stimulation of sialic acid
uptake by ATP is not due to proton pumping in the Inside-
out vesicle population, but is probably aseribed to a yet
unitnown regulation mechaniam by nucleotides. |

Concentration Dependence of Sialic Acid Uptake—Incuba.
tions for only 30 s were considered to approximate zero trans
conditions and therefore were chosen to determine initial
uptake rates of NeuAc as a function of substrate concentra-
tion. The results of these experiments. performed in the
presence and absence of a proton gradient (Fig. 34), show the
characteristic features of the Michaelis Menten kinetics typ-
ical of carrier-medisted transport- In the presence of a proton
gradient, the apparent affinity constont X.. as caleulated by
linear regression analysis from Lineweaver-Burk plots,
showed an average value of 0.24 + 0.07 mM (n = 3), At pH
5.5 {in = out, monensin added) the apparent K, increased to
0.7 mM (n = 2)_ As shown in the fijare, the Ve, also differed
in the presence and absence of a proton gradient (respectively,
450 and 280 pmol/30 s/mg protein). Scatchard plots of the
data (Fig. 3. B and C) reveal a linear relationship in both
cases (respectively, r = 0.97 and r = (.98), indicating the
operation of a single carTier and excluding the contribution
of different transport mechanisms within the concentration
range studied.

Cooperativity of Protons in Activating Siclic Acid Trans-
port—The previous experiments demonstrate that the cartier
does not display a clear pH optimum in the absence of a
proton gradient, since the uptake rates at pH 5.5 (in = out)
and pH 7.4 {in = out) are similar. Assuming that this is also
the case in the presence of a proton gradient, an evaluation
of the degree of coeperativity of the protons in activating
sialic acid transport should be possible. The experimental
data of the pH-dependent uptake of {*CINeuAc shown in Fig.
1 were fitted to the Hill equation. Uptake was expressed as a
function of the external proton concentration. after subtrac-
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F16. 3. Concentration-dependent uptake of NeuAe into ly-
sosomal membrane vesicles in the presence and absence of o
proton gradient. A, uptake in the presence of 2 proton gradient
H, = 74 > pHow = 8.5: &—8) and in the absence of proton
gradient (monensin added; pHin = pHo, = 5.5; Owu—0) was performed
in 20 mM Nap-Hepes, 40 my MES, pH 5.5, a3 indicated in Fig. 2,
during 30 3 at 20 *C, using different NeuAc¢ concentrations. B, Scat-
chard plot of the uptake curve in the presence of a proton gradient
(pHin > pHew). and C, the same in the presence of monensin (pH,, =
PHoul.
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Fit. 4. Proton gradient-dependent NeuAc uptake in Lyso-
somal membrane vesicles, as a function of the extravesicular
H* concentration. The experimental data from Fig. 1 were fitted 10
the Hiil equation after subtraction of a proton gradient-independent
component of 15 pmol/39 s/mg protein. Inset, plot expressing the log
form of the Hill equation. The slope of this curve was used to calculate
the Hill coefficient n.

tion of the uptake component ohserved in the absence of a
proton gradiens ar 8.1 mM NeuAs concentrazion (average 15
pmol/30 s/mg protein) (Fig, 43. The Hill coefficient r, indi-
cating the degree of cooperativity, was determined using the
log form of the Hill equation (Znser, Fig. 4) and was found to
be 0.8. This value suggests that probably there is no positive
or negative cooperativity nnd thav the sialic acid carrier in.
teracts with one proton (26).

Trensstimulation Effect by Unlabeled Sinlic Acid—In order
to demonstrate the symmetrical function of the carrier, the
following experiment was performed. Vesicles were preloaded
with 1 mM unlabeled sialic acid, and after 4-fold dilution of
the extravesicular medium. uptake of [*C]NeuAc was meas-
ured. As shown in Fig. 5, in the absence of a preton gradient,
(monensin added; pHi = pHow = 5.5), the presence of an
outwardly directed gradient of unlabeled Neudc strongly
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Fi1. 5. Transstimulatiorn of [**C)NeuAc uptake in lysosomal
membrane vesicles preloaded with unlabeled NeuAc. Vesicles
(180 ug of protein) in 10 my Na*, 10 mm K*, 20 mM Hepes, 40 mM
MES, pH 5.5, plus 0.01 mM monensin, and 0.01 mM valinomyein
were preincubated for 60 min at 20 *C in the presence (+) or absonce
{—=} of 1 mm unlabeled NeuAe (final volume 25 pl). Transport was
initiated by 4-fold dilution of the samples in the same prewarmed
incubatien buffer at pH 55 containing 0027 oM [“C]NeuAc and
followed for 30 & at 20 *C. In the samples that were preincubated in
the absence of unlabeled NeuAce, unlabeled NeuAc was added to the
dilution buifer~to give the same final concentration of C.25 mM
unlabeled sialic acid and 0.027 mu {MC]NeuAc outside the vesicles,
under both conditions, Resulss are indicated as average values £ S.E.,

stimujated uptake of extravesicular [“C]NeuAc. Since K* and
valinomyein were present throughout the experizoent, it can
be ruled out that the stimulation of uptake is due to the
generation of membrane potentials. This phenomenon of
countertransport proves that, under appropriate biochemical
conditions, sialic acid can be transported in both directions
by the same carrier.

Substrate Specificity Studies—In order to investigate the
substrate specificity of the tranmsporter, we gtudied the eis-
inhibitory effect of selected analogs on the proton-driven
uptake of [“C]NeuAc. As shown in Table II, analogs whick
were modified in the carboxyl group at carben 1 (like Neu-
AclMe) or ac carbon 2 (4MU-NeuAc and NevAc2er) of the
native N-acetylneuraminic acid backbone led enly to a weak
inhibition, On the contrary, an analog like NeuGe, which is
modified at the side chain on carbon 5, is 2 strong NewAe
transport inhibitor. This suggests that both the carboxyl
group at carbon 1 and the aleoholic group at carbon 2 are
important recognition sites for the transport protein.

Besides structural analogs, alse other neutral and carbosx-
ylic monosaccharides and acidic aminoacids were tested for
their cis~-inhibition effect (Table II). ManiNAe, a sialic acid
precursor, GlelNAe, glucose, and anionic aminoacids, like as.
partic and glutamie acid, did not affect transport at the
concentration studied. On the other hand, glycuronic and
aldonic acids strongly inhibited sialic acid transport. Glucose
derivatives were apparently more effective thon galactose
ones. The strongest inhibitors were menocarboxylic monosac-
charides with a negatively charged terminus, as shown by the
fact that uronic and aldonic acid lactones were completely
ineffective. But the position of the carboxyl in the molecule
(uronic acids at carbon 6 and aldonie acids at carbon 1) and
the formation of an hemiacetale ring (aldonic neids do not
spontaneously form rings) are not crucial for recognition.

TABLE II
Cis-inkibition of Newde uptake into {ysesomal membrane vesicles by

stalic acid englogs, other monoseecharides, and actdic emine acids

Uptake of 0.15 mM [MCINeuAc was studied in the presence of an
inwardly directed proton gradient under conditions similar 1o those
of Fig. 2, except that vesicles were preequilibrated with 4 mm K™ and
0.01 mM valinomycin. Inhibitora (7 mM final contentration) were
titrated at pH 5.5 with NaQOH, if necessary. Control uptake was 92.4
=+ 5.7 pmol/30 s/mg protein. Uptake in presence of inhibiter is
expressed as percentage of uninhibited rate for duphicate determina-
tions.

% of
uninhibited
rate
Sialic acid analogs
No additien 100
NeuAc 10
NeuGe 12
NeuAclMe 49
4MU-NeuAe 58
NeuAcZen 50
Other monosaccharides, acidic amino acids

Gluguronate 10
Cluconate 14
Galacturonate 34
Galactonate 38
Pyruvate 50
Glueose 80
N-acetylglucosamine 100
N-Acetylmannosamine 100
Gulenolactone 38
Mannurensiactone 86
Aspartate 89
Glutamate 86
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Fic. 6. Double reciprocal plot of NeuAc uptake in the pres-
ence of different inhibitors. Lysosomal membrane vesicles (200
ug of protein) in 20 mm Na-Hepes, pH 7.4, were preincubated 10 min
at 20 °C in 16 mM Na-Hepes, 4 mM K-Hepes, and 0.01 mm valine-
my¢in. Transport of inereasing amounts of [M'C]NeuAc was mensured
for 30 8 at 20 “C, in the presence of a proton gradient, as described in
the legend of Fig. 2. The uptake medium contained 0.5 mM of the
required inhibitor, titrated, t6 pH 5.5 with NaOH. #—@. n¢ inhib-
itor added; O——0. NeuAceZen; BB—8, gluconic acid; O—210,
NeulGe; 4——a4, glucuronic acid.

Inhibition. Kinetics—The inhibition kinetics of representa-
tive cormnpounds of gach class of inhibitors were studied in
detail. Sinee some of these inhibitors might be potential
substrates for the sialic acid earrier, we tested their effect at
a concentration rather close to the K, for sialic acid. Proton-
dependent transport was measured in voltage-clamped mem-
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Fi1c. 7. Transstimulagion of NeuAc nptake in lysosomal membrane vesicles preloaded with glucu-
ronic acid. A, vesicles (160 xg of protein) in 20 mm Na-Hepes, 40 mmM MES, pH 5.5, plus 0.01 mM monensin were
preincubated for 60 min ag 20 °C in the presence {(§——®) or absence (O~} of 1 mM glucuronic 2¢id. Transpert
was initiated by 4-fold dilution of the sample in the same prewnrmed incubation buffer at pH 5.5 containing [C]
NeuAc at a final concentration of 0.027 mM. In the case where no preloading was performed (O—-0), 0,25 mM
glucuroni¢ acid was added at the start of the tramsport Assay. B, assay conditions were similar to those presented
in the experiment of Fig. 5 except that vesicles were preincubated with 1 mM glucuronie acid (+). When no
preloading was performed (—), 0.25 mM glucuronic acid was added at the start of the transport assay.

branes with K*/valinomycin. The results were fitted to n
double reciprocal plot and the approximate X, for the different
inhsbitors were caleulated from the foliowing relationship K;
= K {I)/{(1/x) — K}, where [I] is the inhibitor concentration,
% 1 the intercept of the line on the ehscissa found by linear
regression analysis, and K is the apparent affinity constant
for sialie acid. The latter value did not change in the presence
of K*/valinomycin, As illustrated in Fig. §, all compounds
displayed a competitive mode of inhibition of sialic-acid
transport. The caleulated K; for glucuronic, gluconic acid, and
NeuGe were, respectively, 0.11, 0.26, and 0.22 mM. For
NeuAo2en we found a K, of 1.6 mM, indicating that this last
cotnpeund has a much lower affinity for the cartier.
Transstimulation of Sialic Acid Uptake by Glucuronic Acid—
Among the competitive inhibitors, glucuronic acid seemed of
particular interest, since this compound natuzally occurs in
the lysosome, together with its sterecisomer iduronic acid, as
breakdown product of glycosaminoglycans, Although the ex-
periments mentioned above showed that glucuronic acid is
competing at the binding site for sialic acid transport with
high affinity, they do not prove that this compound is actually
transported by the slalic acid carrier. In this latter case,
glucoronic acid should be able to activate the carrier function
and provoke transstimulation of [*C]NeuAc uptake, similarly
to unlabeled NewAc. To test this assumption, vesicles were
preloaded with unlabeled glucuronic acid and the uptake of
trace amounts of [“C]NeuvAc, in the absence of a proton
gradient (pH 5.5; in = out), was followed in time. Vesicles
were incubated with monensin and in some instances with
K~ /valinomyein to prevent undesired changes of the pH and
the potential across the membrane as a consequence of glu-
curonic acid movements. The results are shown in Fig. 7, A
and B. A transient accumulation (overshoot) of sialic acid,
against A concentration gradient, was observed in glucuronic
acid preloaded vesicles, receding to equilibrium levels after 1
b {Fig 74). Apparently, In this case, the magratude of the
outward directed glucuronic acid gradient drives transpert of
NeuAc in the opposite direction, thus moving it against its
own concentration gradient {overshoot). The stimulation of
Neude transport is not due to the generation of membrane
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potentials, since it i also observed in voltage-clamped mem-
branes (Fig. 7B5). This demonstrates that the lysosomal sialic
acid carrier not only recognizes hut also transports ghicuronic
acid.

DISCUSSION

Investigations on lyscsomal sugar transport mechanisms
have been limited 50 far to uptake studies of neutral mono-
saccharides into rat liver lysosomes (27-30).

The existence of a lysosomal carrier for the anionic sugar
sialic acid has been first supposed when initial biochemical
studies on the metabolic defect in patients with free sialic
acid storage disease showed no deficiency of lysosomal nor
extralysosomal enzymes involved in sialic acid metabolism
{32, 33). Lysosome-enriched fractions from cultured fbro-
blasts were used to provide evidence for defective sialic acid
efflux in patients with NeuAc storage disorders (15, 16, 31)
but appeared unsuitable for detailed kinetic studies of sialic
acid transport. Jonas (31) reported that sialic acid uptake and
efflux in rat liver and cultured human fibroblast lysosomes
appear to be similar.

As presented in this paper, lysosomnal membrane vesicles
from rat liver exhibit appreciable rates of uptake of radiola-
beled sialic acid, providing 2 convenient system to study
transport kinetics in a system where both the extra- and the
intravesicular medium can be easily adapted to the sssay
conditions.

The contribution of contaminating membranes, and partic-
ularly plasma membranes, in the observed sialic acid transport
activity is excluded by the foliowing considerations. First, the
ntravesicular volume was found to be identical either after
uptake of [*C]NeuAc or of {*C]glucosamine, whick is known
to freely cross the lysosomal membrane (18}, This suggests
that the two compounds enter the same vesicle population
and essentially that sizlic acid is not only entering a com-
partment distinct from the lysosomal one. Second, the kinet-
ics of sialic acid transport. represented in the Scatchard plots,
demonstrate that, under cur assay conditions, oxly one mech-
anism of transport is present, which therefore should be
identical either in lysosomal or in contaminating compart-
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ments. Third, lysesomal membrane vesicles obtained from
highly purified lysosomes prepared by a different procedure
(23) did show similar proton gradient-medisted sialic acid
uptake. Also, partially purified lysosomal membrane prepa-
rations (lyscsnmal/mitochondrial fraction, during the proce-
dure of Qhsu:ni et ol ), containing the same amount of plasma
membrane markers, but lower specific activities of lysosomal
membrane markers, compared with the final preparation, did
not show any proton driven sialic zcid uptake (data not
shown).

All these data indicate that sialic acid is taken up into a
lysosomal compartment by a earrier-mediated mechanism and
the possible contribution of contaminating (plasma-) mem-
branes is undetectable.

Qur experiments demonsatrate that lysosomal sialic acid
transport is a saturable process, mediated by a single carrier
displaying transstimulation properties. Moreover, an “over-
shooting” uptake of NeuAc is cbserved when a pH gradient
(pPHow: < PH,n} is generated with impermeable buffers. This
overshoot persisted following the short-tircuiting of the mem-
brane potential with K*/valinomycin and therefore cannot be
explained merely by the generation of a proton diffusion
potential, Accordingly, no stimulation was chserved when
other inwardly directed cation gradients were generated {Na*
and K7), nor when the proton gradient was shunted by mo-
nensin, showing the specificity of the proton effect. The
presence of a proton gradient xot only increased the maximum
rate of uptake (Va.} but alse increased the affinity of sialic
acid for the carrier {K:}. Since in vivo an outwardly directed
proton gradient is present, due to the action of the lysosomal
proton pump, it is likely that proton-driven sialic acid efflux
represents the physiological mechanism of sialic acid export
out of the lysosome.

Proton-driven solute transport has been described not only
{or several bacterial systems, but also for some plasma mem-
brane carriers of eakaryotic cells, tranaporting either aniomic
or cationic compounds (34-39), Studies performed with intact
lysosomes, showed that the lysosomal carrier for cystine and
that for cationic amino scids (svstem ¢} are influenced by
changes in the extralysosomal pH, but the underlying mech-
anism has not been elucidated vet (9, 10, 40, 41).

Qur observations on proton gradient-dependent sialic acid
transport suggest no cooperativity of the protons (or QOH~
ions) at the binding site of the carrier but did not allow us to
discriminate between the operation of a H*/sialic acid sym-
porter or of a OH/sialic acid antiporter. In the latter case,
however, the type of carrier must be different from the DIDS-
sensitive anion exchangers (42).

The roie of ATP In stimulating sialic acid transpert is
intriguing. Even if it i3 reasonsble to think that, in our
experiments, ATP stimulates the sialic acid carrier, in the
inside-out vesicles, via generation of a proton gradient by the
lysosomal proton pump, which is inhibited by DIDS, the
experiments with the ionophore FCCP and with NEM do not
suppert the hypothesis of proten pumping. The fact that the
same stimulation is found botk with ATP and GTP also
excludes, in this case, the involvement of the lysosomal proton
pump and rather suggests a kind of regulating mechanism by
nucleotides. Little is known about regulating mechanisms of
lysosomal carriers, and we believe that these observations
deserve more detailed investigations.

In the rat liver lysosomal membrane, the sialic acid carrier
displayed a preference for sialic acid analogs in which the
‘carboxyl group at C, and the native hydroxyl group at C. are
unaitered. In contrast, the viral, bacterial, and mammalian
neuraminidase is only capable of recognizing the a-2-glyco-

sidic linkage of sialic acid residues (43), whereas the §-2-
glycosidic bond of CMP-sizlic acid 13 specifically recognized
by the Golgi membruane carrier and sialyltransferases (44, 45).
Indeed, free sialic acid is not a substrate for the Golgi carrier
(45), precluding the access of the free sugar to this compart-
ment. Our data indicate that the structural requirements for
recogrition by the lyscsomal carrier are different from those
of othexr proteins invelved in sialic acid metabolism, with the
possible exception of the enzyme N-acetylneuraminate-pyru-
vate lyase, which is localized in the cytosol,

Armong other monocarboxylic sugars, uronic acids were
found to be strong competitive inhibitors of lysosomal sialic
acid transport. Glucuronic acid and its isomer iduronic acid
occur in most mommalian tissues as acidic sugars of glycosa-
minoglycans. Because of their low pK, probably these acids
are, like sialic acid (pK < 2), pregent a5 charged anions at
intralysosomal pH and, similarly might require a carrier to
exit the Iysosome. Cur evidence that ghicuronic acid is a
substrate for the sialic acid carrier iz not only based on ¢is-
inhibition studies (sharing a K, in the same range as the K,
for sialic acid), but also on transstimulation of [*C]NeuAc
uptake by intravesicular glucuronic acid, and this phenome-
non is not gemerated by changes in membrane potentisls,
Therefore, the substrate specificity of the sialic acid carrier
in rat lysosomal membranes apparently alse includes other
carboxylic sugars. Group specificity has alveady been demon-
strated for several lysosomal aminoacid carriers (8, 13-12).

It is now interesting to study the relevance of our studies
to the human lyscsomal system, which might help in under-
standing the biochermical defect in patients with Neudc stor-
age disorders. Reinvestigation of storage products in biological
marterial of these patients, which led in the past to the iden-
tification of sialic acid as the main accumulating compound,
may reveal the presence of other earboxylic monosaccharides.
Research in this direction is in progress in our laboratory.
Positive results would imply that the human lysosomal sialic
acid transport system has mot only a substrate specificity
similar to the rat liver svstem described here, but alse that
such a carrier displays an essential role in lysosomal disposal
of both sialic acid and uronic acids. Howevez, the full char-
acterization of thig and perhaps other transport mechanisms
for uronic acids in the lysosomal membrane must await the
availability of radiolabeled glycuronic acids of sufficiently
high specifit racioactivity.
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Lyscsomal membrane vesicles isolated from rat liver
were exploited to analyze the mechanism of glucose
transport across the lysosomal membrane. Uptake ki-
netics of [**Clo-glucose showed a concentration-de-
pendent saturable process, typical of carrier-mediated
facilitated transport, with z K, of about 75 mM. Uptake
was unaffected by Na* and K™ ions, membrana poten-
tials, and proton gradients but showed sn acidic pH
optimum. Lowering the pH from 7.4 to 5.5 had no
effect on the affinity of the carrier for the substrate
but increased the maximum rate of transport about 3-
fold. As inferred from the linearity of Scatchard plots,
a gingle transport mechanism could account for the
uptalce of glucose under all conditions tested. As indi-
cated by the transstimulation properties of the carrier,
other neutral monchexoses, including p-galactose, D-
mannose, D= and L-fucose were transported by this
carrier. The transport rates and affinities of these
sugars, mmeasured by the use of their radiolabeled coun~
terparts, were in the same range as those for D-gluecose.

Pentoses, sialic acid, and other acidic monosaccha-
rides including their lactones, aminosugars, N-acotyl.
hexosamines, and most L-stercoisomers, particularly
those not present in mammalian tissues, were not
transported by this carrier. Glucose upiake and trans-
stimulation were inhibited by eytochalasin B and phlor-
etin. The biochemical properties of this transporter
differentiate it from other well-characterized lysoso-
mal sugar carriers, including those for sialic acid and
N.acetylhexosamines. The acidic pH optimum of this
glucose transporter is a unique feature not shared with
any other knovwn glucose caxrior and is consistent with
its lysosomal origin.

Sinee the discovery of the lysosome, much insight has been
obtained into the role of this organelle in the catabolism of &
wide variety of macromolecules. Instead, less is known about
the fave of the products of catabolism and the role of the
lyscsome membrane in the regulation of their efflux.

Specific carrier-mediated transport systems in the lysoso-
mal membrane have been detected and characterized during
the last few years (for review see Ref. 1). The occurrence of
human diseases and, consequently, the use of human mutant
cells have been helpful in ¢lucidating the normal mechanisms
of lysosomal membrane transport for metabolites like cystine
(2), vitamin Biz {3), and sialic acid {4-6}.

The biechemistry of lysosomal transport systems for sugars

= The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “edvertisemens™ in accordance with 18 U.S.C. Section 1734
selely 10 indicate this fact,

1 To whorn ¢errespondence should be addressed: Dept. Cell Biclogy
and Genetigs, P. 0. 1738, 3000 DR, Rotterdam, The Netherlands.

like sialie acid, uronic, and aldonic acids and for N-acetylhex-
osamines has been recently investigated (7, 8). Although
previcus investigations suggested the existence of & specific
carrier for glucose transport in the lyscsomal membrane (9,
10), this evidence has recently been the object of debate in
the literature, and experimental data have been provided in
favor of a simple diffusion rather than carrier-mediated trans-
port model (11-13). Alse, 1t has been questioned whether
hexoses and pentoses share the same lysosomal transport
system (11, 12, 14}, In this respect, most studies have been
performed using the osmotic protection method (9, 15), or
with tritosomal preparations (10}, and some technical diffi-
culties inherent to both these methodologies may have caused
the questionable results. (13, 14, 16),

Recently, we have developed a new system for studying
transport mechanisms in highly purified lysosomal membrane
vesicles. These vesicles are prepared by selective hypotonic
shock of purified lysosomes and are 50% inside-out oriented
upon resealing of the membrane (20, 21). We have advanta-
geously used uptake experiments, in the presence of an in-
ward-directed pH gradient, for the kinetic characterization of
a proton-driven lysosomal transport system for sialic acid and
other acidic monosaccharides (7). This has been possible
because carrier-mediated transport mechanisms are theoreti-
cally bidirectional and both uptake and efflux studies bave
proved to be e¢quivalent for the demonstration of lysosomal
carriers, although these systems are physiologically needed
mainly for the efflux of catabolites (17-19). In the present
study, we have followed the same approach to unequivocally
establish the mechanism by which ghicese and cther neutral
monosaccharides are transported acroas the lysosomai mem-
brane. The data provide firm evidence for the existence of a
lysosomal carrier-mediated transport system, distinet from
the sialic acid and the N-acetylhexosamine transport systems,
which specifically mediates the facilitated diffusion of neutral
hexoses like D-glucose, D-galactose, D-mannose, and D~ and
L-fucose, with the exclusion of other L-stereoisomers, pen-
toses, aminohexoses, acidic monosaceharides, and their lac-
tones.

MATERIALS AND METHODS

Rat liver lysosomes were solated by differential centrifugation,
and highly purified membrane vesicles were prepared sccording to
the procedure descrived by Ohsumi et ol [20) and Bame and Rome
(21). The membrane preparation was suspended at 4 protein concen-
tration of 8-10 mg/ml in 20 mm NaHepes', pH 7.4, containing 0.1
mM EDTA, unless otherwise specified in the text, and were kept at
=70 *C before use. The purity of the membranes was assessed as
described (7). The lysosomal membrane marker enzyvmes 3-gluco-
cerebrosidase and acid phosphatase were about 100-fold enriched in

"'The abbreviations used are: Hepes, 4-(2-hydroxvethyl)-1-pipera~
znecthanesuifonic aad; MQPS, 3-(N-morpholinojpropanesulfonic
acid; MES, 2-(V-morpholine)ethanesulfonic acid,
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the final preparation, with a final recovery of 8% of the marker
enzymes present in the total homogenate.

The radiolabeled sugars of the highest specific netivity available
D[U-+C]glucose, B{U-*Clglucosamine, p{U-*Clmannoss, p[U-“C]
galactose, L[6-"H]fucose were purchased from Amersham. All the
augars used in the transstimulation experiments, ¢ytochalasin B,
phloretin, valinomycin, and monensin were purchased from Sigme.

For & typical “zero-trans” uptake assay, 10 ul of vesicles were
incubated ot 20 “C with 20 ul of substrate solution usually containing
2 4Ci of radiolabeled sugar, 20 mM NoHepes, pH 7.4 (or MES and
MOPS buffers, for experiments ot different pH) and the required
amount of unlabeled monosaccharide to reach the appropriate final
<oncentration. In order 1o corapensate for the osmotic effect of the
extravesicular sugars at the higher concentyations, the vesicles were
permeabilized by previous freezing in liquid nitrogen and slow thaw-
ing 4t 0°C, in the presence of an spprepriate amount of buffer
(NaHepes or NaMES), or KCL. This treatment allowed equilibration
of the buffer across the membrane and apparently did not alter the
transpors ¢apacity nor the vesicular structure. After incubation, the
reaction was stopped by adding 70 xl of iscosmotic ice-cold incubation
buffer and the sample (100 ui) was poured over o small Sephadex G-
50 (Fine) column, run at 0.3 ml/min at 4 "C, and elution of the
vegicles was further nccomplished as described (7). As blanles, 10 uf
of veaicles were added to 90 ul of ice-cold incubstion buffer containing
2 ¢Ci of radiolabeled sugar and directly eluted on the ¢olumn. This
blank averaged between 200 and 300 dpm.

For tranastimulntion experirments, the same amount of membranes
{10 ul} was pre-equiilbrated for 45 min at 20 "C with § 4l of 20 mm
NaHepes or Mes buffer containing 300 mm unlabeled sugar {100 mM
final concentration}, and the assay was started by adding 85 ul of
NaHepes or NaMES buffer at 20 *C, containing 2 2Cl of zadiclabeled
substrate, and 50 M KCl to compensate for osmolarity. Control
experiments were performed by pre-equilibration of the membranes
with 30 mM KCI instead of the sugar and, at the start of the assay,
16 mM unlabeled sugar was added together with 2 «Ci of label and 36
mm KCl (final concentrations), in order to maintain in both cases
the samd final extravesicular concentration of unlabeled sugar and
the same osmolarity. Measurements of the sensitivity of [MClp-
gluceose uptake to medium osmmolarity were performed as described
(7). All the experiments were repeated with two to four different
vesicle prepazations and were routinely performed as duplicate or
triplicate determinations. The intra-assay variation mever exceeded
20% of the mean value. Statistical determinations were performed
using the Students ¢ test. Calculation of the kinetic parameters was
carried out using the computer program Enziitter {rom Elsevier-
BIOSOFT, Cambridge United Kingdom. Ne corrections were neces-
sary to compensate {or nonsaturable componenta of sugar uptake,

RESULTS

Appreciable uptake of [“C]D-glucese was observed in rat
liver lysosomal membrane vesicles. In ovder to verify whether
the vesicular uptake of glucose reflects transport into an
osmotically active intravesicular space, rather than binding
to the lysosomal membrane, we studied the sensitivity of the
uptake at equilibrium (60 min of incubation) te Increasing
medium osmolarity, achieved by increasing the extravesicular
concentration of an impermeant huffer (Hepes). As a conse-
quence, glucose equilibrium uptake progressively decreased,
indicating that the vesicle membrane is resealed and osmoti-
cally active. The relationship between the uptake and the
reciprocal of osmolarity was found te be linear, and no signif-
icant uptake remained following extrapolation of the data to
infinite osmolarity {results not shown).

Initial experiments demonstrated no Influence of Na™ or
K* gradients on the rates of 0.12 mM [“C]D-glucose uptake
(N2~ o2 K*low = 40 mM, [Na* or K*]i, = 20 mMm) and also
variations of the membrane potential in the presence of a 20
mM K™ gradient plus valinomycin did not affect transport
(Table I). The use of larger gradients did not change the
resuits (not shown).

Initial uptake rates of [“C]D-glucose were found to be linear
up to 30 s of incubation, ensuring reliable zero-trans condi-
tions for kinetle determinations (Fig. 1), 1t is noteworthy to
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TasLe [
Effect of inwerd directed Na* and K™ grodients or membrane
potentials on D-glucose uptake in lysosomal membrane pesicles
10 4l of vesicles in 20 mM NaHepes, pH 7.4, were incubated with
0.12 m™ {MC)p-glucose for 30 s at 20 *C in 20 ul of the same buffer
(no addition)} or of buffer containing at final concentrations 40 mM
NaHepes (Na* gradient), or 40 mmM KHepes (K* gradient} or 40 mM
KHepes plus 10 M valinomyein, or without addition. Reactions were
stopped with 70 I of the corresponding ice-cold buffer and vesicles
were collected as deseribed under “Materials and Methods.” Results
are from a representative experiment and show average values of
triplicate determinations plus standard deviations.

[“Clp-Glucoaa uptake
smol{mg protein
Ne addition 0.052 = 0.002
20 mn Na" gradient 0.053 = 0.003
20 my K™ gradient 0051 = 0.002
20 mM K™ gradient plus valinomycin 0.046 = 0,003
~ 025
£
H
& 020 o
o
E
~
E Q.15 -
<
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=
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B
® 005
H
H
- 112
2.00 o
0 1 2 3 60
tirme {min)

Fic. 1. Time course of p-glucose uptake into rat liver lyso-
soma]l membrane vesicles. Lysosomal membrane vesicles (T8 xg of
protein) n 20 mM NeHepes, pH 7.4, wete incubated with (.18 mae
[“CIp-ghucose at 20 “C. At the end of incubation, the reaction was
stopped by addition of ice-cold NaHepes buffer, The sample (100 ul)
was poured over a Sephadex (-50 column, and the vesicles were
cluted by addition of 1 ml of buffer. The radioactivity asscciated with
the membranes was determined by liquid scintillation counting.

mention that the intravesiculsr volume, as calculated from
the equilibrivm uptake levels, s about 1 ul/mg protein, simi-
larly to what we previously observed for sialic acid uptake (7),
suggesting that the same lysosomal compartment is permeable
to both sugars.

Subsequently, we studied the concentration-dependent up-
take of [**C]D-glucose at the extravesicular pH of 7.4. The
results are shown in Fig. 2. Kinetics of initial uptake show a
saturable process typical of carrier wediated transport. The
K, of this process averaged about 75 mM (n = 4) and the Vi
about 13 nmol/15 s/mg protein. The Lineweaver-Burk trans-
formation of the data (Fig 28), and the Scatchard plot {Fig.
2C}, demonstrate huearization of the process, suggesting that,
within the concentration range studied (99 pM to 200 mM),
only one type of transport system is responsible for glucose
uptake.

The sensitivity of the uptake to changes in the extravesic-
ular pH was investigated within the pH range 5.5-7.9, using
the impermeant buffers MOPS and MES. When we manipu.
lated the extravesiculsr pH, keeping the internal pH at 7.4,
we observed that uptake rates were significantly higher at
acidic pH, with an optimum between pH 5.5 and 8.0 (Fig. 3}.
‘We had previously observed that the lysosomal carrier for
sialic acid is also extremely sensitive to extravesicular acidi-
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Fic. 2. Kineties of initisl p-glucose wptake into lysosomat
membrane vesicles at pH 7.4. 10 pl of vesitles (90 xg of protein)
in 170 m» NaHepes, pH 7.4, were incubated for 15 s at 20 *C with
20 u} of Hepes buffer containing 2 Ci of [C]D-glucese and increasing
omounts of unlobeled D-glucose. In order to compensate for the
increasing medivm osmolarity, the concentration of NaHepes was
proporticnally decreased. At the highest glucose concentration {200
mM), 10 mm NaHepes was present (1soosmotic with 170 mm NaHepes
inside the vesicles). At the end of each incubation, the reaction was
stopped with 70 gl of 170 mM NaFlepes, ond the membranes were
eluted as described under “Materials and Methods.” A, Michaelis-
Menten analysis, B, Lineweaver-Burk transformation. C, Seatchard
analysis plot.

30

20

glucosa vplake (nrct/13 3/mg proletn)

0
5.0 55 6.0 65 7.0 7.5 3.0 85
PH

Fic. 3. Effect of medium pH on the initial uptake rates of
p-glncose in lysosomal membrane vesieles. Lysesomal mem-
brane vesicles, prepared in 20 mm NoHepes, pH 7.4, were 5-fold
diluted in medium containing 25 mm MES or MOPS (final concen-
trations), titrated to the desired pH with NoOH, and 100 mM D-
glucose plus 2 #Ci of [“C]D-glucose. Although no compensation was
introduced for tho higher external osmolarity, this was maintained at
comparable levels in all the experiments. Incubations were performed
for 15 s ot 20 *C and afterward, the vesicles ware filtered and collectod
23 described, S—enkd = MES; 8—& = MOPS.

fication, but in that case the effect of pH is essentially coupled
to the presence of a proton gradient across the membrane (7).
In order to find out whether this holds for the glucose carrier,
we compared glucose uptake rates at acidic pH in the presence
or absence of an inward-directed proton gradient (pH,, 7.4 >
pHou 5.5, or pHia = pHew = 5.5). The equilibration of the
acidic pH across the membrane was achieved by adding MES-
free acid to the vesicles and then shunting the pH gradient
with the ionophore monensin, in the presence of sodium, As
shown in Pig. 4, glucose initial uptake rates are about 2-fold
stimulated at acidic pH, both in the absence and in the
presence of an inward-divected proton gradient across the
membrane, compared with conditions where pHin = pHow =

glucose uplake {nmeol/mg proteln)

0.0 0.5 1.0 15 2.0
tlme {min)

Fic. 4. Time course of lysosomal vesicular nptake of 100
mM glucese at different pH values, either in the presence or
absence of o proton gradient across the membrane. Uptake at
pH 7.4 in = out (A——A): vesicles were pre-equilibrated 20 min at
20 °C in 20 mm NeHepes, pH 7.4, and 50 mu NaCL The assay was
started by addition of 10 x1 of membranes to 20 ul of 20 mM NaHepes
pH 7.4, 150 mM D-glucose, and 2 uCi of [*C}p-glucose. Uptake at
pHi. 7.4 = pHou 5.5 (@—@): vesicles were equilibrated for 30 min
at 20 °C like sbove. Transport was measuzed by adding 10 al of
membranes to 20 gl of 30 oM MES-free acid, 150 mM D-glucose, and
2 uCi of [“C]p-glucose. This addition titrated the oxtravesiculsr pH
to 5.5. Uptake at pH 5.5 in = out (B—E=): vesicles wera pre-
equilibrated in 10 mM NaHepes, 20 mym MES$-free acid, pH 5.5, plus
0.01 mM monensin and 50 mM NaCL At the start of the assay, 10 ul
of membranes were added to 20 pl of 10 M NoHapes, 20 mM MES-
{ree acid, pH 5.5, phss 0.01 mM monensin, 150 mM D-glucose, and 2
#Ci of {“Clp-glucogse. Monensin was diluted from & concentrated
st0¢k in ethanol. In the absence of monensin, an ¢qual amount of
athanol was added.

TasrLe I
Effect of inwerd- or outwerd-directed pH grodients aeress the
{ysosomal membrene on the upiake of 100 mM o-glucose

Lysosomal membrane vesicles were washed and cenizifuged at
50,000 X g with 8 mm NaMES, pH 5.5 (A and B) or NnHepes, pH
7.4 (C and T2) plus 90 mm NaCl, Uptake was started by adding 10 ul
of membranes to 40 al of 75 mm NaHepes, pH 7.4 {A and D) ar 75
mm NaMES, pH 6.5 (B and C) plus 125 mM p-glucose and 3 £Ci of
[4C]p-glucose. Incubations were performed for 39 s at 20 °C. Results

are from quadruplicate determinations, plus standard deviations.

D-Glutose uptake

Amolfsmg protein
A, pH.. 5.5 < pHo 74 188 %02
B. pHu 5.6 = pH,. 5.5 24002
C. pHin 74 > pHou 3.5 24.1%01
D, pHu 7.4 = pHon 74 15.1 = 0.05

7.4, Next we investigated whether the divection of the proton
gredient (inward or outward directed) would differently influ-
ence plucose uptake. As shown in Table II, again highest
uptake rates aro observed at extravesicular acidic pH, inde-
pendently of the presence of an inward-directed pH gradient.
The effect of an acidic pH on the transport protein is not as
efficient when the acidic pH is present at the opposite side of
the membrane, compared with the substrate {outward-di-
rected pH gradient). All these results exclude a cotransport
mechanism linked to protons. Since the hepatocyte plasma
membrane glucese carrier is apparently not sensitive to pH
changes (22), our data also exclude that the observed uptake
takes place into a contaminating plasma membrane compart-
ment. Conversely, an acidic pH optimum is 4 typical hallmark
for lysosomal proteins,

In order to Investigate the impact of an acidic pH on the
transport kinetics, the concentration-dependent uptake of
glucose was followed at pH 5.5. The results of the experiments
shown in Fig. 5 indicate that the uptake process at acidic pH
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Fic, 5. Kinctics of ixitial glucose transport at acidic pE.
Lysosomal membrane vesicles were pre-equilibzated in 20 mM Na-
Hepes, pH 7.4, and 200 mm KCl by freeze-thawing, a3 described under
“Materials and Methods.” The assay was started by diluting 10 ul of
membranes with 20 ul of 75 M NaMES, pH 5.5 (final concentration
50 mm), 2 uCi of [“C]D-glucose, and increasing concentrations of
unlabeled p-glucose up to 200 mM. The increase of extravesicular
asmolarity was compensated by decreasing the extornal KCl concen-
wation. Incubations were performed for 15 s at 20 *C. Right panels
respectively show Lineweaver-Burk (ebove) and Scatchard (below)
transformations.
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Fig. 6. Transstiulation of [*“Clp-glucose uptake after
preloading lysosomal membrane vesicles with unlabeled D=
glucose. 10 ul of vesicles in 20 mM NaFepes, pH 7.4, were prelcaded
with 100 mm b-glucose and the uptake of 2 wCi of [“Clp-glucose was
followed after diluting the sample 6.7 times exactly as deseribed under
“Materials and Methods™ (@——®). Control experiments without
preloading were performed in the presence of 15 ma unlabeled D-
glucose and 2 xCi of [*C]D-glucose, a3 similarly deseribed (B—-81).
Uptake is expressed as [MC|p-glucose radicactivity asscciated with
the vesicles minus the blank.

is also saturable with an affinity constant of sbout 90 mm,
very close to that observed at pH 7.4, Instead, the Vi raises
to circa 35 nmol/15 s/mg protein, which is significantly higher
than that chserved at pH 7.4. Separate experiments performed
in the presence of monensin (at pHi, = pHou. = 5.5) produced
very similar results, ncluding the increase of Vi, (data not
shown). These results reveal that the carrier incresses the
transport capacity at the optimal pH, without changes in the
affinity for the substrate. Linearity of the Scatchard and
Lineweaver-Burk plots suggest the operation of a single sys-
tem, also under these assay conditions.

One of the properties of a carrier is the ability to transport
the substrate in both directions and, consequently, to show
under the proper ¢onditions the phenomenon of transstimu-
lation. When lysosomal vesicles were preloaded at glucose

o8

concentrations close to half saturation levels {100 mM), up-
take of trace amounts of radiolabeled glucose (73 1M) was
transstimulated by the outward-directed glucose gradient (to-
tal external glucose comcentration 15 mM, Fig. 6}, In these
experiments we performed incubations at pH 74 to ensure
linear uptake for longer incubation times. However, compa-
rable levels of transstimulation were obtained when the ex-
periments were performed at pH 5.5, with the only difference
that the peak of overshoot was exhausted earlier, at 30 s of
incubation instead of 2 min (data not shown).

Once we established these properties, we investigated the
sensitivity of glucese uptake and zramsstimulation to known
inhibitors of plasma membrane glucose carriers. As presented
in Table III, cytochalasin B is a good ¢is-inhibitor and reduces
glucose transstimulation, but this effect is only evident at
concentrations much higher than those known to inhibit the
hepatocyte plasma membrane carrier (1.3 um) (22). Phloretin
was found to be a stronger inhibitor when used at the same
concentrations as cytochalasin B, in either cig-inhibition or
transstimulation experiments. In the latter case the addition
of 100 wM phloretin resulted in total abolition of the trans-
stimulation effect (Table I3}, This inhibition effect seems to
be more proncunced than that reported for the hepatocyte
plasma membrane ghicose carrier (22).

The transstiaulation properties of the lysosomal glucose
carrier were then used to investigate the substrate specificity
of this transport system, assuming that all the solutes recog-
nized and transported by the carrier with a similar affinity
should be able to produce an equivalent stimulation. In Fig, 7

Tasre I
Effect of cytochelasin B and phioretin on lysosomel glucose uptaie
and transstimudation

A, uptake studies. 10 x4l of vesicles in 20 mm NaHepes, pH 7.4,
were preincubated 5 min at 20 "C with cytochalasin B or phloretin.
Uptake of 0.1 mum D-glucose (2 uCi of [“ClD-glucosel was later
followed in the presence of the same concentration of inhibitor for
15 8 at 20°C. Phloretin and ¢ytochalasin B were added from concen-
trated ethanol solutions. The same amount of ¢thanol was added in
the control experiments. Resuits are average of triplicate determina-
tions. Control uptake (100%): 0.048 + 0.001 nmol/mp protein. B,
transstimulstion. Lyscsomal membrane vesicles (10 pl) were pre-
loaded with 100 mM unisbeled D-ghicose similarly to the experiment
of Fig. & ¢xcept that in the last 5 min cytochalasin B or phloretin
were added. Uptale was studied after diluting the sample 6.7 times
in buffer containing 20 mmM NaHepes, pH 7.4, plus 2 uCi of [*C]p.
glucose and cytochalasin B or phloretin, and was followed for 2 min
at 20 “C. Results of triplicate ot quadruplicate experiments performed
with two different batrches of vesicles are reported Control uptake
without preleading (100%): 10.8 = 0.3 nmol/mg protein.

% of uninhibited rate
A. Cis-Inkibition

No addition 106
Cytochalasin B

30 M €2

200 unt 37
Phloretin

30 pv 79

200 uM 21

% of glucose uptake

B. Trapsstimulation

Without preloading 100
After preloading 280
Prelcading + cytochalasin B
10 oM 254
100 uM 154
Preloading + phloretin
10 e 230
160 ju Q4
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Fic. 7. Transstimelation of [**C]p«glucose uptake in lyso-
somal membrane icles after preloading with 100 mm of
the unlabeled ides D-gal and sialic acid.
Experimental conditions were similar to those indicated in Fig. 6.
Filled symbols, experiments after preloading with 100 my unlabeled
sialic acid (@—3@) or D-galactose (8—8). Open symbels, experi-
ments without preloading but where 15 mM unlabeled sialic acid
(O—L) or D-galactose (O——3) was added outside the vesicles to
reach equal concentrations of external substrate,

it is shown that, for example, D-galactose produces a pattern
of transstimulation similar to that observed when vesicles are
preloaded with D-glucose (see Fig. 6). On the contrary, sugars
which are not recognized by the carrier should not produce
sigmificant increase of [*C]p-glucose uptake when they are
accumulated at the trans-side of the membrane. In agreement
with this assumption, we observed no tramsstimulation of
[“Clp-glucose tramsport when we preloaded the lysosomal
mermmbrane vesicles with high concentrations of N-acetylneu-
raminic acid (sialic acld) (Fig. 7). This demonstrates that
sialic aecid, a stzongly acidic monosaccharide, is not trans-
ported by the glucose carrier and also that this latter carrier
is distinet from the one specific for sialic acid and other acidie
monosaccharides. Reciprocally, previous experiments showed
that glucose is not a substrate for the sialic acid carrier (7).
The experiments 1lustrated in Figs. 6 and 7 show a peak of
transstimulation at 2 min of incubation, under the conditions
used. For screening of a wider group of sugars, we therefore
studied the ability to preduce transstimulation at this time
point. As presented in Table IV, other neutral hexoses, namely
D-mannoge, D-galactose, and D- and L-fucose produced levels
of transstimulation very close to those found for D-glucose
uptake, and are therefore Hkely to be tramsported by the
carrier with a similar affinity. Comparable levels of counter-
transport were achieved when, reciprocally, the uptake of 72
uM labeled D-galactose, D-mennose, or L-fucose was followed
after preloading with 100 mM unlabeled p-glucose (data not
shown}. Interestingly, all these sugars (including D-fucose)
are produced in the lysosome by the activity of specific acid
bydrolases and are supposed to leave the lysosome without
further catabolism (23). A number of ather sugars were not
recognized by the carrier under these conditions (Table IV).
Among these, it is important to note that N-acetylglucosa-
mine, which possesses a specific lysosomal carrier, is not
recognized by the glucose tramsporter, even though it is a
neutral monosaccharide, Other sugars not recognized by the
glucose carrier include the L- sterecisomers L-glucose, L-
gainctose, and L-thamnose (not represented in animal tis-
sues), the acidic monosaccharides sialic acid, glucuronic acid,
and gluconic acid and lactones of acidic moneosaccharides (p-
mannuronolactone, D-galactono-y-lactome and L-ascorbic
acid). Among the aminosugars, 6-amine-8-deoxy-p-glucose
alse gave a negative result, but a modest increase of uptake

TaBLE IV
Transstimulation of [MCJo-glucose uptake by different
monosacsharides

Lysosomal membrane vesicles {10 ul) were preloaded with 100 mn
of the indicated sugar and afterward the sample was 6.7 times diluted
and incubated for 2 min at 20 *C in the presence of 2 xCi of [“C]o-
glucose. In the cases where no preloading was performed, 15 mM
unlabeled sugar wos added at the start of the transport assay, as
slready described. Seiutions of the acidic sugars and the aminosugars
were titrated to pH 7.4 by addition of an appropriate amount of
NaOH or HCL Uptake rates are represented as percentags of control
[*CIn-glucose uptake obtained without preloading with unlabeled
sugar (averape value 12 = 2.6 nmol/mg protein, r = T}, Regqults are
from duplicate experiments performod with at least two different
vesicle proparations.

[*C)p-glucose uptake

After preloadi Without preloads
%
D-Glucose 290 100
D-Galactose 302 114
D-Mannose 255 84
D-Fucose 231 101
L-Facose 190 80
D-Fructose 173 100
L-Glucose 118 90
L-Galactose 114 79
L-Rhamnose 116 98
n-Ribose 132 95
B-Arabinose 100 34
p-Glucuronic acid 75 109
»-Gluconic acid &1 107
N-Acetylneuraminic acid 61 86
N-Acetylgincosamine 70 101
D-Glucesamine 141 96
£-Amino-8-deoxyglucose 109 12
p-Manauronolactone 105 100
p-Galactonalactone 101 101
L-Ascorbic acid 3 100

was observed witk D-glucosamine.

Wa further investigated this aspect by studyingunder iden-
tical conditions the uptake of [**C]p-glucosaming after pre-
loading the vesicles with either D-glucose or D-glucosamine.
The latter compound is known to be taken up by lysosomal
membrane vesicles (7, 21). While preloading with 100 mM, D-
glucosamine did not produce any countertranspert, a 50%
increase over the basal ["*Clp-glucosamine uptake was seen
after preloading with 100 mM D-glucose. This suggests that,
although the glucose carrier is ahle W recognize glucosamine,
its affinity for this compound must be much lower than that
for D-glucose, since 100 mM unlabeled glucosamine ¢ould not
transstimulate [MC)D-glucosamine transport. A similar ex-

"planation may apply for D-ribose which showed a low level of

transstirmulation, aithough this effect does mot secm to be
shared by other pentoses (compare D-arabinose). Evidently,
the affinity of the glucose earrier for D-ribose must be even
Jower than for D-glucosamine, which makes a possible phys-
iological significance of such recognition rather questionable,

Ags reported in Table IV, the keto-hexose D-fructose showed
intermediate levels of transstimulation, which were signifi-
cantly higher than those obtained without preloading, but
always lower than obtained by loading of aldo-hexoses.

We compared transport kinetics of the major substrates by
studying the concentration-dependent uptake of [“C]p-galac-
tose, [“C]D-mannose, and [PH]L-fucose. In all cases the proc-
esaes were saturable and the K, averaged about 50-75 mM, Le.
very close to the values observed for [C]p-glucose (Fig. 8).
The processes linearized when plotted according to the Line-
weaver-Burk and the Scatchard transformations. From our
results, we conclude that all these hexoses share a common
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Fic. 8 Kinetics of lysosomal vesicle transport of D-galac-
toge, D-mannose, and L-fucose. Experimentz]l conditions were
similar to those of the experiments in Fig- 5 at pH 5.5. A, uptake of
["C]p-galactose in the presence of increasing amounts of uniabeled
D-palactose. B, uptake of [“C]p-mannose plus increasing amounts of
unlabeled D-mannose. C, uptake of ["H]L-fucose plus incrossing
amounts of unlabeled L-fucose. Right penels respectively show Line-
weaver-Burk transformations {above} and Scatchard plots (below).

[fucssa] (mM)

carrier with D-ghicose in the Iysosomal mermbrapne and that
in our system there are no other major mechanisms respon-
sibla for their transfer across the membrane.

DISCUSSION

Early studies performed by Lloyd sustained that the major-
ity of neutral monosaccharides, including glucose, could cross

100

the lysosomal membrane by sizmple diffusion through the lipid
bilayer (15). In contrast, using the oszootic protection method,
but also studying uptake of radiplabeled glucose and ribose
into rat liver tritosomes, Docherty ec al. (9) and Maguire et
al. (10) suggested the existence of a common lysosomal carrier
for hexoses and pentoses. But in both cages, due to technical
problems inherent to the methodologies, the contribution of
diffusion tomponents to the measured upteke could not be
excluded (16).

Recently, by use of the same techniques, evidence has been
provided against the existence of & common carrier for D-
giucose and D-ribose (11), and again the possibility of simple
diffusion, predicted on the basis of hydrogen bonding capacity,
has been proposed as the main mechanism of glucose transfer
across the lysosomal membrane (13).

Purified rnembrane vesicies have been increasingly used in
the last decade as the most appropriate method for accurate
and direct investigations of solute transport kineties in bio-
logical membranes. We have recently developed an assay to
study the transport properties of resealed lysosomsal mem-
brane vesicles (7).

In the study presented here, we have demonstrated the
ezistence of a carrer in the lysosomsl membrane, which
facilitates the diffusion of neutral menosaccharides, in agree-
ment with the previous suggestions by Maguire et of, (10) and
by Jadot et al. (24), We found that transport is inhibited by
cytochalasin B, similarly %o what was observed by Maguire et
al. (10), but phloretic is found to be a more powerful inhibitor.

This transport system possesses characteristics which dif-
ferentiate it clearly from glucose carriers in mammalian
plasma membranes, particularly that of rat liver hepatocytes
(22, 25, 26).

The lysosomal plucose transporter showed an acidic pH
optimum which sccounted for an incresse of the maximum
transport capacity, without changes in the affinity for the
substrate, Cur data argue against the possibility that the
carrier is involved in a mechanism of cotzansport with pro-
tons. Presumably, the effect of the pH is played at the level
of ionization of the carrier protein.

This pH optimum seems to be unigque to the lysosomal
system, since it has never been observed for other types of
mammalian glucose carriers. Particularly, this carrier is dis-
tinct from the more widely represemted Na™-independent
glucose carriers in the erythrocyte, hepatocyte, adipoeyte,
fibroblast, and sieletal musele plasma and microsomal mem-
branes which mediate facilitated diffusion of monosaccharides
at neutral pH (27, 28).

The pH sensitivity of the lysosomal glucose transport sys-
tem also differs from that observed for other well-character-
ized lysosomal sugar carriers (7, 8). In the case of the carrier
for sialic acid, an extravesicular ncidic pH provides the driving
force for H*/sialic acid cotransport, implying that the pH
effect jg strictly coupled to the presence of & proton pradient
across the membrane (7), Here we show that such a model is
not applicable to the lysosomal glucose carrier. Furthermore,
the lysosomal caxzier for N-Acetylbexosamines, recently char-
acterized by Jonss et al (8), was apparently insensitive to
changes of the extralysosomal pH, and in this respect differs
clearly from the glucose carzier.

The trapsport kinetics appeared to adapt well to the Mi-
chaelis-Menten equation and to the Lineweaver-Burk and
Scatchard analysis and did not demonstrate any contribution
of 2 nonsaturable component. This supports the idea that, in
lysosomal membrane vesicles from rat Liver, the rate of non-
facilitated diffusion of glucose and other monohexoses must
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be very low in comparison with the transport rate supported
by the glucose carrier.

This system also demonstrates transstimulation properties,
which bave provided a direct and sensitive method to inves-
tigate substrate specificity. Using this approach, the main
substrates were found to be D-glucose, D-galactose, D-man-
nose, D- and L-facose. All these sugars are produets of intra-
lysosomal catzbolism, including D-fucose which, though xo-
nobiotic, ¢an be recognized by a lysosormal hydrolase biochem-
ically similar to S-galactosidase (23). These sugnrs produce
reciprocal transstimulation and display a sixailar affinity for
the carrier, as judged from their K.

This carrier exhibits clear stercospecificity and in general
L-hexoses are net transported. L-Fucose represents an extep-
tion, but this suger is a component of oligosaccharide chains
of mammalian glycoproteins, and it is normally present in the
lysogome, due to the hydrolytic activity of acid o-L-fucosidase.
Its structural similarity to D-galactose probably makes rec-
ognition possible (23).

The substrate specificity studies also permitted us to gain
additional information about other structural properties that
play a role in substrate recognition by the carrier. For exam-
ple, the presence of charges in the hexase molecule (amino-
sugars, carboxylic monosaccharides, and their lactones) de-
crease substrate recognition, whereas the presence of an hem-
iacetal bond (absent in fruetose, gluconic acid, ascorbic acid,
and other lactones of acidic monosaccharides) facilitates rec-
ognition. Similarly, the glucose cartier in placental brush
border membrane shows some preference for hemiacetal-
forming sugars and has a lower affinity for the ketohexose D-
fructose (29).

Since our data exclude that ribose and pentoses in general
are recognized by the glucose transporter, they agree with the
conclusions of Bird et al (11, 12), who argue against the
existence of a lysosomal carrier common to hexoses and
pentoses. Moreover, we have to consider that extralysosomal
degradation of nucleosides by nucleosidases, the major intra-
cellular source of pentoses, produces pentose-phosphates. In
the lysosome, nucleosides ave not further catabolized and
escape via a specific carrier {30). This might imply that free
pentoses do not require a lysosomal transport system. On the
other hand, it has been suggested that, on the basis of their
size and hydrogen bonding capacity, pentoses might diffuse
acrods the Iysosomal membrane unassisted by any carrier (1,
12). Clearly, studies witk radiolabeled peatoses should be
carried out to demonstrate the presence or absence of a
separate pentose ¢arrier,

The Iysosomal glucose carrier exhibits a Jow substrate af-
fimity, compared with the other known lysosomal carriers (1,
7,8, 18, 30) and with the physiological intra- and extracellular
glucose concentration, which is about 4-10 mM. These
properties apparently do not support 2 model in which the
lysosomal transport of monosaceharides is a rate-limiting step
in the metabolism of lysosome-derived sugars, preventing
under physiological conditions glucose accumulation in the
lysosome. Nevertheless, 2 hypothetical genetic defect of this
transport systemn might produce accumulation of neutral
monosaccharides in the lysosome. It has heen recently hy-
pothesized that in some human forms of lysosomal glycogen
storage disease without acid maltase deficiency (3133}, glu-
cose release from the lysosome might be abnormal (33). In
these cases, therefore, intralysosomal glycogen accumulation
could be due to secondary iphibition of acid maltase by
hexoses, accumulated because of o lysosomal transport defect.

Recently, a great deal of work has been carried out to
demonstrate the central role of glucose transporters in the

glycemic homeostasis, as a final target of insulin action on
sensitive tigsues like the adipose and muscular tissue (28, 34—
38). One of the major insulin effects is to recruit glucose
carriers to the plasma membrane from an intracellular micro-
somal pool (34, 35). Studies on the subcellular localization of
the transporters have recently shown that immunologically
distinet glucose carriers (either ingulin-sensitive or not) ¢an
coexist in different intracellular compartments of insulin-
responsive cell types (39), The characterization of 5 biechem-
ically distinct lysosomal type of glucose transporter stimulates
further investigations aimed at understanding whether a re-
lationship exists with the other members of the family of
glucose carriers, and whether the lysosomal membrane plays
a role in the intracellular routing of these transport molecules.
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A Multiple Lysosomal Transport Defect for Acidic Monosaccharides
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Abstract

A defective efflux of free sialic acid from the lysosornal com-
partment has been found in the clinically heterogencous group
of sialic acid storage disorders. Using radiolabeled sialic acid
(NenAc) as a substrate, we have recently detected and charac-
terized a proton-driven carrier for sialic acid in the lysosomal
membrane from rat liver. This carrier also recognizes and trans-
ports other acidic monosaccharides, among which are uronic
acids. If no alternative roates of glucuronic acid transport exisz,
the disposal of uronic acids can be affected in the sialic acid
storage disorders, In this study we excluded the existeace of
more than one acidic monosaccharide carrier by measuring up-
take kinetics of labeled gleenronic acid (PE}GlcAC) in rat lyso-
somal membrane vesicles. PH]GlcAc uptake was carrier-me-
diated with an affinity constant of ransport (K, of 0.3 mM and
the transport could be cis-inhibited or trans-stimulated to the
same extent by sialic acid or glucuronic acid. Human lysosomal
membrane vesicles isolated from cultured fibroblasts showed
the existence of a similar proton-driven transporter with the
same properties as the rat liver system (K, of PH]GleAc uptake
0.28 mM)}. Uptake studies with PH]NeuAc and PH[GleAc ie
resealed lysosome membrane vesicles from cultured fibroblases
of patients with different clinical presentation of sialic acid
storage showed defective carrier-mediated transport for both
sugars. Further evidence that the defective transport of acidic
sugars represents the primary genetic defect in sialic acid stor-
age diseases was provided by the observation of reduced, half~
rormal transport rates in lymphoblast-derived fysosomal mem-
brane vesicles {rom five unrelated obligate heterozygotes. This
study reports the first observation of a human Iysosomal] trans-
port defect for multiple physiological compounds. {J, Clir. Jn-
vest. 1991. 87:1329-1335.) Key words: glucuronic acid = carrier
= protost coiransport « heterozrygotes - Salln discase

Introduction
Sialic a¢id storage diseases represent a clinically heterogeneous

group of inherited disorders, characterized by abnormal accu«
mulation of free {unbound) sizlic acid in unne and in lyso-
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somes of different tissues. "f'hey must be distingnished from
other forms of sizluria without lysosomal storage (1). The two
main phenotypes of lysosomal sialic acid storage are the “Fin-
nisk™ Salia disease, presenting with mental retardation of early
onset, ataxia, and near-normal life span (2, 3). and an infaatile
form without any ethnical prevalence, presenling severe vise
ceral involvemnens, dysostosis muitiplex, psychomotor retarda-
tion, and early desth (4-10). In addition, some patients have
been deseribed with intermediate phenotypes between these
two extremes (11-135), Impaired efflux of sialic acid (M-acetyl-
neyraminic acid, NewAc)' from lysoseme.rich subcellular frac-
tions of fibroblasts from patients with all the different clinical
forms of the disease has suggested a defect of a putative sialic
acid transport system (16-20), Recently. we have detected and
characterized a proton-driven carrier specific for sialic acid and
many other acidic monosaccharides, including glucuronic
acid, in rat liver lysosomal membrane vesicles (21). Glucuronic
acid is normally present in the lysosomes as a degradation prod-
uct of glycosaminoglycans. Sialie acid storage disecases there-
fore may represent 2 genetic transport defect of a carrier with
wide substrate specificity. Consequently, storage of different
compeounds may be involved in the pathogenesis of the dis-
order, unless it is demonstrated that more than one carrier
exists for the lysosomal disposal of different acidic sugars. Bio-
chemically distinet lysosomnal carriers with partially overlap-
ping substrate specificity have been described for amine acids
(22, 23). Evaluation of the number and properties of the hu-
man lysosomal acidic monosaccharide transport mechanisms
is mandatory for understanding the metabelic defect in sialic
acid storage diseases. [n this study, we have further investigated
the transport kinetics of D-glucuronic a¢id (GleAc) and Neuace
in rat liver lysosomal membranes and extended the studies 1o
resealed lysosomal vesicles from cultured human fibroblasts
and lymphoblasts. Transport activity was also determined in
cell lines from patients and obligale heterozygotes of various
types of sialie acid storage disorders. The results provide strong,
evidence that the impaired transport mechanism for different
acidic monoesaccharides is the primary genetic defect of these
diseases.

Metheds

Cell cultures. Fibroblasts were grown in Ham's F1¢ medium suppie-
mented with 10% FCS and antibiotics. Fibroblast and lymphoblast cell
lines from patients with Salla disease and their relatives were provided
by one of the authors (P. Aula), Fibroblast cel! ling 3015 is from a feral
skin biopsy of an interrupted pregnancy after a positive prenatal diag-
nesis for Salla disease (Renlund, Dr. M., personal communication),

|, Abbreviations wused in this paper: GleAe, D-glucuronic acid: £, affin-
ity constant of transport: MES. 2H{M-morphotino)ethanesulfonic scid:
NeuAcg, sialic acid (N-scetylueuraminic acid).

Lysesomal Transport of Aeidic Sugars in Sialic Acid Storage Diseases

105



Cells {rom patient A. Z. (5} are from Dr. E. Vamos, Dept. of Medical
Generics, University of Brussels; cells of patient E. P. (14) are from
Prof. A. Fpis, Dept. of Pediatrics, University of Siena; cell ine D K. is
from a patient observed by Prof. F. van Hoof, i. C. P. Univemsity of
Louvain; and cell liane E. B. 13 from a patent observed by Dr. F, G, L.
Jennckens, Dept. of Neurclogy, University of Utrecht (manussipt in
preparation). Lymphoblast strains were established by EBV infection
of peripheral blood lymphocytes and grown in CO» atmosphere with
RPMI medium supplemented with 20% FCS and glutamine, The
transformation procedure does net seem to interfere with Iater isola-
ton of lysosomes and integrity of the lysosomal membrane (24),

Lysosomal membrane vesicles. Rat Hver was uszd a5 2 source of
lysosomal membrane vesicies as described carlier (21). Proton-deiven
sialic acid uptake was only observed In fractions highly enriched for
lysosormal membrane markers znd ot in less pure fractions obtained
during the purification progedure, For fitroblast tysosemal membrane
vesicles, eclls from 12 to 15 850-cm? roller bottles were harvested by
trypsinization and homegenized with 30 strokes of a Potter Elvejem
glass-Teflon type of homogenizer in 0.25 M sucrose, 0.2 M KCl, 10
mM NaHepes pH 7.4 plus a cockiail of protease Inhibitors as used for
raz liver isolations, Differential centrifugation steps (650 g and 11,000
£) produced 2 ysosomal/mitochondrial peliet representing about 20%
of the lysosomes in the 1ol homogenate, 80% of which were intact, as
Judged by the distribution and latency of the soluble fysosomal marker
enzyme f-hexosaminidase. No difference in lysosome rccovery was
observed between preparations from controls and patients. Afterwards,
lysosomal membrane vesicles were prepared by selective hypotonic
shock of this pellet according to the procedure of Ohsumi et al. {25)
applied to human fibreblasts (26), Because of the hypotonic shock (2
% 30 min 21 0°C in 0.02 M suerose) and the following extensive wash-
ings. lyscsomes lost their content and patient membranes obviously
lost their storage products. In the final preparation, the specific activity
of the lysosomal membrane marker enzyme g-giucocerebrosidase was
comparable to the rat liver lysosomal membrane vesicles (about 2
amol/h per milligram protein). The total enrichment of this marker
was lower for fibroblast than for rat liver membranes (20-fold against
90-fold), the difference being caused by the high specific enzyme activ-
ity in the original fibroblast homogenate compared with the total liver
tissue homogenate. The final recovery of membrane markers in fibro-
blast preparations was comparable 1o rat liver (4-8%). No difference in
purity and recovery was observed between patient and control prepara-
tions. but usually better yickds were obinined from (el fibroblasts (eell
lines 9015, 53. 698). Lyvsosomal membranes were also prepared from
1-2 g (wet wi) transformed lymphoblasts following the seme procedure
used for fibroblasts, Although the specific activity of fglucocerebrosi-
dase in lymphoblasts is much lower than m fbroblasts (~ 5%), the
enrichment of this marker in the final preparatzon was similar to fibro-
blasts. The membrane vesicles were suspended in 20 mM NaHepes pH
7.4 plus 0.01 mM EDTA at a protein concentration of 3-5 mg/ml for
both fibroblast and lymphoblast preparations and were kept frozen at
—70°C before usc. Frozen lysosomal membranes from any souree re-
sined nosmal transport activity for at Jeast 4 mo. Each preparation was
sufficient 10 performt duplicaic determinations of marker enzymes, of
Gleag/NeuAc transport and glucose rans-stimulation. For cach cell
ling transport paraneters were assayed in at least Two separate memt-
brang preparations.

Transport studies. Uptake of the acidic monosaccharides GleAc
znd NzuA¢ was assayed in the presence and absence of an inward
directed proton gradient (pH,,, 5.5 < pH,, 74, of pH, = pHouw = 7.4)
generated with impermeant buflers as deseribed (21), except that for
fibroblast and lymphoblast lysosomal membranes about 2040 ug pro-
1ein was used per each assay aad incubations were performed at 37°C.
Briefly, 2044l vesicles, prepared in 20 mM Na- or K-Hepes buffer pH
7.4 plus 0.0F mM valiromycin, were incubated with 10 ul radiolabeled
sugar pius (00 mM 2{N-morpholino)thanesulfonic acid (MES) free
acid, o give a final concentration of 33 mM MES, 13 mM Hepes, and
an extmvesicuiar pH of 5.5. Reactions were stopped by diluting the
sampie with 70 ul icecold incubation buffer. and vesicles were filtered

and eluted with | mi bufler on 2 small Sephadex G50 (fing) column
(Pharmacia LKB Biotechnology Inc., Uppsala, Sweden) run at 0,3 mi/
min at 4°C as we described earlier. Vesicle-associated radicactivity was
counted by liquid scintillation. Uptake at pH, = pHoy = 7.4 (R0 pro-
ton gradient) was assayed m 20 mM Na- or K-Hepes pH 7.4 present
inside and outside the vesicles. Trans-stimulation of PH]GIcAC uptake
was studied at pH,, = pH,,, = 5.5 in the presenée of the ionophore
monensin, a5 previcusly described (21). Trans-stirmulation of PH}o-
glucese uptake was followed a1 pH 5.5 after praoadiag the vesicles with
100 mM unlabeled p-glucose, essentially as described for the rat Lver
system (27), except that the assay was performed at 37°C using about
30 ug membrane protein, Details for different assay conditions are
indicated in the figure lepends. Experiments were performed under
controlled osmotic conditions and uptake of NewA¢ and GleAc was
usually done in the presence of equimolar intra- 20d extravesicular K™
and 0.01 mM valinomycin, 10 ¢limioate membrans potentals that
could artificially affect movements of the charged sugars. As bianks.
vesicles exposed to icecold buffer conmaining radiolabeled substrate
were filtered. without incubation, through a $ephadex column. This
blank was subtracted from all the determinations (about 200 dpm).
Exnch assay was performied a5 duplicate or triplicate determination and
the accepted vaniation from the mean was 10%. Kingtic parameters.,
obtained from the experimental data, were calculated using the com-
puter program Enziitter, [rom Elsevier-Biosoft, Cambridge, UK,

Misceligrecus. Activities of S-hexosaminidase and latency measure-
ments were performed as described (16). f-glugocerebrosidase activity
in the presence of Triton X-100 and taurccholate was assayed with 2
synthetic substrate at pH 5.3 as described (28). Radiolabeled
p[1-"H]GleA¢ (sp act 1.8 Cifmmol) and n{2-*H)glucose (sp act 23 Cif
mmel} were prepared by Amersham International. Amersham, UK,
and [9-*H]NeuAc (3p act 10 Ci/mmol) was purchased [rom American
Radiclabeled Chemicals. St. Louis, MO, Osmolazity measurements
were dong with a freering point-depression osmormeter (Advanced In-
struments, Ine., Needhar Helghts. MA). The unlabeled sugars Newac,
GleAe, and p-glucose, the jonophore menensin, the bulfers Hepes and
MES were obtained from Sigma Chemical Co., 8t Lowis, MO. Valine-
mycin was from Bochringer Mannheim GmbH, Mannheim, Ger-
marny.

Results

Glucuronic acid iransport in rat liver lysosomal membranes. In
previous studies we demonstrazed that, in the rat Liver, the lyso-
somal carrier for sialic acid also recognizes and transports gluc-
uronic acid (21). However. using radiolabeled NeuAc as a sub-
strate, we could not exclude the existence of alternative routes
of transport for uronic acids. We therefore investigated the ki~
netics of PH]GIcAC traasport in rat iver membranes in the
presence and absence of an inward-directed proton gradient,
by manipulating the intra- and extravesicuiar pH with imper-
meant buffers. As shown in Fig. 1, similarly 10 what we ob-
served for sialic acid. inital uptake rates for glucuronic acid
were strongly stimulated above equilibrium level (overshoot)
in the presence of the prozon gradient (pH,, 5.5 < pH,, 7.4),
which is the driving force of this cotransport mechanism. Sa-
turability of the process at increasing substrate concentrations,
typical of carrier-mediated transport. was observed, The affin-
ity constant of transport (K) of this process, calculated by a
Michaelis-Menten equation, was 0.3 mM (r = 2}, close to that
previously measured for sialic acid (0.24 mM). When the data
from a representative experiment were applied to the Line-
weaver-Burk and Scatchard analysis. the process linearized
(Fig. 2). This indicates that. in this concentration range. only
one mechanism of transport is responsible for the uptake. To
confirm this observation, we could demonstrate that the cis-in-
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s 150 Figure i. Time curve of
] glucuroni¢ a¢id uptake
2 425 ° in rat liver lysosomal
e membrane vesicles. 20-
E’ 100 b al membrane vesicles
~ o in 7 mM Na™, 13 mM
s 75 e K, 20 mM Hepes pH
E — 7.4 plus 0.01 mM valin-
~ 50 omycin were incubated
2 at 20°C with 10 uf con-
T 25 taining 2 G PHIGIcAS
e o " (C.1 M final total con-
o cenmatien) in 100 mM
< o1 2z 3 80 MES Iree zcid, when
] uptake was foilowed in

time (min) the presence of an in-

ward-directed proton gradient (pH . 5.5 < pH,, 7.4) (e— o), when
assays were performed without the pH gradient (pHoy = pHy = 7.4),
wesicles were incubated with 10 ul radiolabeled substrate in 20 mM
NaHepes pH 7.4 {o—¢). Reactions were stopped with 70 al ice-cold
buffer and vesicles were filtered at 4°C a5 described in Methods.

hibition of [PH]GleAc uptake achieved in the presence of 7 mM
unlabeled GleAc was identical to that obtained with unlabeled
NeuaAc. In contrast. other anionic compeunds not recognized
by the sialic acid carrier, like aspartic acid, did not produce
significant inhibition (Fig, 3 A4). Moreover, the same extent of
trens-stimulation of [PHIGlcAc transport was achieved by pre-
loading the vesicles either with | mM Neuagc or GleAc (Fig. 3
B). Trans-stimulation commonly proves the symmetrical fune-
tion of the carrier, and that the compounds are actually trans-
ported across the membrane. Our present data in the rat liver
lysosomal membranes therefore prove there is only one lyso-
somal cammier for the investigated acidic monosaccharides.
Glucuronic acid and sialic acid transport across the human

180 Figrre 2. Kinetics of

glucuronic acid trans-
port in rat liver lyso-
somal membrine vesi-
-cles. 20 «l lysosomazl
membrane vesicles (80
AR protein) in 7 mM
Na*, 13 mM K*, 20
mM Hepes pH 7.4 plus
0.01 mM valinomyein
were incubated with 10
ul 100 mM MES free

id plus 1.5 «Ci
VlBleac], (mm)~ ?;;l{d]GDICAC zmr}# increas-
300 ing concentrations of
B uniabeled sodium glue-
wronate. Duplicate in~
cubations were per-
formed for 30 sat 20°C.
The resuls were fitted
to a Michaelis-Menten
equation for calcuiation
of the kinetic parame-
ters. Lineweaver-Burk
{A) and Seatchard (8)
transformations of the
experimental data are
v shown.
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Figure 3. Substrate specificity of the acidic monosaccharide carrier in
rat liver lysosomal membranes, (4} Cis-inhibition. Uptake of 0.02
mM ["H]GleAc was assayed for 30 s at 20°C in the presence of an
inward-diresied proton gradient {pH,,, 5.5 < pH,, 7.4) plus K™ and
valinomyein as deseribed in Fig, 1 without farther addition (+), or
upen addition of 7 mM unlabeled stahic acid {MeuAc), or glucuronic
acid (GleAe), or aspartic acid (Asp). All the acidic compounds were
titrated with NaQH. Results are expressed as picomoles of radiola~
beled Gleac/30 5 per rulligram protein. (B} Trans-stimulation. 15 ui
Iysesomal membrane vesicies in 7 mM Na*, 13 mM K™, 20 mM
Hepes, 33 mM MES pH 5.5 plus (.01 mM monensin, and 0.01 mM
valinomyein were preincubated 60 min at 20°C m the presence (+)
or absence {—) of 1 mM unlabeled sialic acid (MeuAe) or glucaronic
acd (Gleds). The samples were then diluteg §,7-fold in the same
prewarmed butfer containing 2 xCi (*H]GicAc. [n the samples that
were preincubated without unlabeled sugar (<), (.15 mM ualabeled
NeuAc or GleAc was added together with radiolabeled substrate at
the start of the xssay 10 give the same extravesiculas substrate con-
centratien in both experizents.

lysosomal membrane. To investigate if human cells possess a
similar transport mechanism for acidic sugars as so far demon-
strated in rat liver, we measured transport of [*H]GlcAc in
resealed lysosomal membrane vesicles obtzined from human
cultured fibroblasts. When the uptake of PH]GlkAc was stud-
ied in the presence and absence of a proton gradient we found
that the human lysosomal membrane indeed possesses 2 pro-
1on-dependent transport mechanism for PH)GlcAc. The trans-
port could be inhibited to the same extent by the addition of
cither unlabeled GleAc or NeuAc, but not by neutral sugars
like glucose {Fig, 4), Similar experiments using [PH]Neuac
showed comparable rates of proton-dependent transport and
substrate inhibition pattern (data not shown). Therefore, we
conclude that in human lysosomal membranes also no residual
routes of glucurenic acid transport exist aiternative 1o the sialic
acid-inhibitable one. In another set of experiments. we ob-
served that the proton-driven uptake disappears upon addidon
of monensin, This ionophore, in the presence of Na*. shunts
the proton gradient across the membrane (21, 29). confirming
that the pH effect is strictly linked to the presence of a cross-
membrane gradient (data not shown), Since, similarly to rat
liver membranes, 30-s incubations showed clear proton-depen-
dent stimulation, we considered these conditions as representas
tive for zero-trany uptake. Proton-driven [PH]GlcAc transport,
assayed for 30 s as a function of the substrate concentration,
showed saturability: the K, of this process was about 0.28 mM
{Fig. 5). Uptake of 0.017 mM [PH)GlcAc could be twofold
trans-stmulated when fibroblast lysosomal vesicles were pre-
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NeouAc GleAe Glu

Glchc uptake (pmol/mg protein)

Figure 4, Substrate specificity of glucuronic acid transport in lyso-
somal membrang vesicles from human fibroblasts, Uptake of 0.046
mM PPHIGleAc 2.5 1) at 37°C for 30 5 was studied in lysosomal
membrane vesicles from control fibroblasts {20 pg membrane protein)
in the presence of a proton gradient (pH,,, 5.5 < pH), 7.4) (+) or at
PHeow = pHia = 7.4 (=), 23 deseribed in Fig. 1. Proton-driven uptake
{PH,., 5.5 < pH,, 7.4) was also followed upen addition of 7 mM
uniabeled sialic acid (Neude), or glucuronic acid (Glede), or S-glucose
(Glu) 10 the incubation medium. In all the assays K* 2nd valinomyein
were present, Results are presented as average of separate determina.
tions with the same vesicle preparation. plus standard deviations.

loaded with gither 2 mM unlabeled GleAc or NeuAcat pH 5.5
(in = out) (uptake without preloading 4.3 pmol/30 s per milli-
gram protein; after preloading with Glcac 10.5, and after pre-
loading with Neuag 9.1). Altogether, these data reveal that an
acidic mmenosaccharide carrier, with identical properties to the
rat liver system, is present in the human lysosomal membrane.

Transport of acidic sugars in lysosomal membrane vesicles
Jrom eultured cells of patients. The standardized assay system
that we developed for fibroblast lysosomnal membrane vesicles
was used 10 investigate the transport of acidic sagars in cell
lines from vanous types of sialic acd storage disorders. To
chieck the integrity of the lysosomal membrane from fibroblasts
of the patients, we measured carrier-mediated transport of
[PHID-glucose. Glucose and other neutral monosaccharides are
not recognized by the sialic acid carrier, but are instead trans-
ported by a distinet lysosomal transporter for nentral monosac-
charides {27). We found conditions under whick human hyso-
somal membrane vesicles show carrier-mediated frans-stimula-
tion of ["H]p-glucese uptake, upon preloading with unlabeled
D-glucose (Fig. 6). As shown in Table I, lysosomal membrznes
from patients with sialic acid storage diseases demonstrate nor-
mal rates of [PH)p-glucese trzrs-stimulation, proving the integ-
rity of the lysosomal vesicles in patient preparztions, The fol-
lowing assay system was chosen to study essential parameters
of acidic monosaccharide transport in patient cell lines. The
uptake of ["H)NeuAc was measured after 30 sincubation in the
presence of an inward-directed proton gradient (pH,,. 5.5
< pH,, 7.4) and compared with the inhibitory effect of unla-
beled NeuAc on such proton-driven uptake and with the up-
take without a proton gradient {pH,,, = pH,, = 7.9 (Fig. 7. A

and 5). The ceil line from the patient E. P. (14} was initially
used in this experiment and showed clear deficiency of proton-
driven siafic acid transport. In the control cell line, the proton-
mediated uptake could be inhibited by addition of 7 mM sialic
acid. Since the residual uptake upon inhibition paralleled the
non-proton-driven uptake, we assumed that this residual com-
ponent 1s apparently not carrier-mediated. Accordingly, the
residual uptake in the patient could not be further inhibited.
The same assay was applied to the study of {*H]GlcAc trans-
port. As shown in Fig. 7, Cand D, lysosomal membranes from
the same patient showed comparable deficient carrier-me-
diated transport of glucuronic acid. We extended our study toa
larger number of patient cell lines, using the same experimental
conditions. The results are shown in Table [1. Carrder-mediated
transport activity 15 here expressed by the difference between
the uptake in 1he presence and absence of the proton gradient.
Each patient’s cell line showed 2 total deficiency of lysosomal
transport for both NeuAc and GleAc. As separately tested, in
no case was the residual uptake further inhibitablz by 7 mM
GleAc or NeuAg, nor did it differ significantly in patient and
control preparations.

Transport of acidic sugars irr cell lines from obligate hetero-
rygotes. To confirm that the transport defect directly reflects
the genetic mutation, we measured transport activity in cell
lines from parents of Salla disease patients. Extended pedigree
studies indicated that the disease is inherited as an autosomal
recessive trait (2. 30), and therefore half maximal activities are
expected for obligate heterozygotes, We used transformed lym-
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Figure 5. Concentration dependence of proton-driven glucuronic acid
Transpert in human lysosomal mem brane vesicles. Lysosomal mem-
brane vesicles from contrad fibroblasts (27 ug protein per assay) were
incubated with 2.5 xCi ["H]GleAc plus incraasing concentrations of
unlabeled sodium glucuronate at 37°C for 30 s in the presence of an
inward-directed proten gradient (pH,,, 5.5 < pH,, 7-4), and in the
absence of a proton gradient (pH,,, = pH,, = 7.4}. After subtraction
of the residual uptake at pH 7.4, the dara relative to the proton-driven
uptake were fitted to a Michaelis-Menten equation. (Jase) Line-
weaver-Burk trensformation of the data.
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Figure 6. Trans-stimu-
lation of [PH]p-ghicose

10 uptake in fibroblast ly-
sosomal membranes.
8 Vesicles from c¢ontrol
. frbroblasts (32 ug pro-
6 win) in 20 mM NaMES

pH 5.5 were preincu-
bated with 100 mM p-

4 glucose for 4% min at
20°C, and the uptake of
2 6 4Ci ["HIn-glucose was
followed at 37°C afier
a diluting the sample 6,7-
0 4 5 3 foldin 70 mM NaMES

pH 5.5 (a—s) In
control experiments
(o——0). membranes
were preincubated with 20 mM NaMES plus 50 mM NaCl instead of
glucose and the uptake of radiolabeled glucose was studied after
diluting the sample in MES buffer containing 15 mM Deglucose, 10
obtain the same final external substrate concentration in both experi-
ments.

D-glucose uplake {nmol/mg profein)

time (min}

phablasts as a source of lysosomal membrane vesicles because
of the case of growing the large quantities ¢of material needed
for the merabrane isolations. Lysosomal membrane vesicles
from lymphoblasts were obtained according to the same proce-
dure as for rat liver and human fibroblasts. In controi material,
proton-driven transport of glucuronic acid was present, compa-
rable te fibroblast membranes, and defective uptake was found
in vesicles of Salla disease patients (Fig. § 4). When transport
studies were performied on lysosomal vesicles from parents of
Salla disease patients, we found that ceils from five unrelated
abligate heterozygotes exhibited reduced rates of [PH]GlcAc
lysosomal transport, compared with contrels (Fig. § A): mean
of control cell lines 42 (1 = 4), heterozygotes 26 (n = ), and

Table I. Trans-stimulation of [? HD-glucose Transport
in Fibroblast Lysosomal Membrane Vesicles from Controls
and Patients with Siafic Acid Storage Discases

Pereentage of

Cell line basal uptake
Control 698 378
Conrrol 540 138
Control 53 231
Patent AZ. 314
Patent D.RC 265
Patient S.F. 282
Patlent 9315 283
Patient E.P. 2
Patient E.B. 24

Uptake of 6 xCi [PHIp-glucose was followed for 30 5 at 37°C after
preloading with 100 mM unlabeked D-glucose, as described in the
legend to Fig, 6. Results are reponied as percentage of increased up-
take afier preloading, compared with the basal transport rates without
glucose preloading (100%). Results are from duplicate determinations
in two or three different membrane vesicle preparations per each cell
fine.

CONTROL. PATIENT

A B

Figure 7. Determina-
tion of sialic acid and
glucuronic acid trans-
port rates in patent and
control lysgsomal mem-
branes. Uptake of 0.046
mM [*HiNeuAc or
PHIGIeAC (2.5 4Ci) was
assayed in the prescnce
of an inward-dirccted
pH pradient gencrated
with impermeant
buffers (+), or in the
presence of a proton
gradient plus 7 mM un-
labeled NeuAc or, re-
spectively, GleAc (Irh).
orin the abscnee of a
pH gradicnt (pH 7.4,
= our) {—), a5 specificd
for the ¢xperiments of
Fig. 4. Lysosomal membrane vesicles (cone the control and the patient
contained, respectively, 20 ug and 38 g protein per assay. Results
are averages of triplicate determinations plus standard deviations and
are expressed as picomoles acidic sugar/30 s per milligram protein.
{A) and (C): contrel; (8) and (D) patient E.P.

Huwde uplake

GleAe uptoko

patients & pmoif30 s per milligram protein (7 = 2). The residual
activity could still be inhibited by uniabeled substrate, confirm-
ing that it represents carrier-mediated transport (Fig. § B). Simi-
lar results were obtained from two heterozygote cell lines when
PH]NeuAc uptake rates were measured (control;2] pmol/30 s
per milligram protein; Salla disease patient:2.(; heterozygote
900015:7.8; heterozygote §91070:7.8; n = 2).

Discussion

Evidence for saturability. cotransport with ions. ¢fs-inhibition
and (rans-stimulation are general parameters of carrier-me-
diated transport in biological systems (31, 32). The advantage
of using resealed lysosomal membrane vesicles for transport
studies lies in the absence of the intralysosomal content and the
¢ase of performing uptake studies under close-to-normal physi-
ological conditions. Although many lysosomal transport de-
fects can be expected (33). only cystinosis has so far been
proven 19 be caused by a~defective carrier-mediated transport
mechanism (34). The transpost defect involves a single amino-
acid, c¢ystine. Significant biochernical and clinical improve-
ment of the disease can be achieved upon treatment with cys-
teamine (35, 36). This compound specifically depletes lyso-
somes of cystine (37, 38), making cystinosis the only
pharmacoiogically treatable lysosomal storage disease,
Various studies have previously suggested a transport de-
feet for sialic acid in patients with Salla disease {16-18) and
other forms of sialic acid storage disease {16, 19, 20), but direct
evidence for saturability or other parameters has not been pro-
vided to support the involvement of a Jysosomal carrier-me-
diated transport mechanism. The detection of a transporter for
different acidic monosaccharides in rat liver lysosomal mem-
brane vesicles pointed out the possible physiological mecha-
nism of sialic acid transport in mammalian lysosomes (21).
Thus carrier apparently performs a secondary active transport
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Table I, Proton-driven Transport of Sialic Acld and Glucuronic
Acid in Fibroblast Lysosomal Membrane Vesicles from Patients
with Different Clinical Forms of a Sialic Acid Storage Disease

Cellline

Uptake mic
pmolf30 sfmy proiein
[PHNeuA: PHIGleAc
Contral 698 208 24.6
Coatrol 540 12.6 174
Coantrol 53 23.6 350
Infantile salic acid sworage disezse
Patient AZ. L1 0
Patient D.R. 0.4 0
Salla disease
Patient 5.P. 0 Q
Patient 9015 0 0

Intermediate non-Finrish phenotype

Patient E.P. c.5 L4
Paticnt E.B. 6.7 0

Uptake of 0.046 mM [*H]GlcAc and [*H]NewAc was assayed in the
presence and absence of an inward-directed proton gradient, as de-
seribed in Fig. 7. The difference between the two rates was considered
as representative for carner-mediated transport 4nd is reported. In
the ¢ontrel ¢oll lines, the ratio between proton-stimulated and pro-
ton-independent uptake was about 5:1 for Neuac and 4:1 for Gleac.
The residual uptake rates at pH 7.4 i = out) did not significansly
differ between controls and patents.

with protons, linked te the physiological pH gradient present
across the membrane (32). Here we have employed resexled
lysosomal membrane preparations 1o the clarification of 2 pu-
tative human lysosomal traosport defect. Experiments on
GicAc transport kinetics enabled us to demonstrate that only
one lysosomal carrier disposes polysaccharides-derived acidic
sugars. Evidence is provided by the linear kinetics found at the
Lineweaver-Burk and Scatchard analysis for ["H]GleAc trans-
port and also by the total interchangeable possibility 10 use
cither GlcAc or NeuAc 1o eis-inkibit or frans-stimulate
PH}GlcAc uptake. Singe these properties were observed in hu-
man fibroblasts as well, we could theoretically exclude the possi-
bility that a sialic acid transport defect could coexist with a
normal glucuronic acid transport activity, unless a mutation in
the same transport pretein would affect the recognition site for
ouly one sugar (39). The daza from patients’ material demon-
strate that & lysosomal carrier function is impaired in sialic acid
storage disorders. The transport defect involves multiple physi-
ological substrates. Defective transport for sialic acid and glue-
uronic acid, but not for glucose, was found both in patients
with classic Salla disease and in patients with a severe infantle
formn or with a milder intermediate form of the disease,
Strong evidence for the idea that the transport defect is
indeed the primary genetic mutation is the finding that lympho.
blast lysosomal membrane vesicles [rom obligate heterozygotes

revealed intermediate transport rates. In this respect. lympho-
blast lysosomal membrang vesicles proved 1o be a suitable and
sensitive system to discover the deficient function of 2 mem-
brane transport system. The use of other techniques did not
allew carlier demonstration of half-maximal lysosemal sialic
acid efflux in beterozygotes (19). Qur Endings supgest that the
wide clinical heterogeneity of this disense is not based on differ-
ences between defective transport or disposal of one substrate
instead of another, Nevertheless, our assay did not allow us to
discriminate for residual transport activities, which would ex-
plain lower levels of storage in the milder clinical forms. Blom
et al. (30) have recently found accurnulation of glucuronic acid
in fibroblast homogenates from infantle salic acid storage dis.
case, which accounted for only 5% of the cellular sialic acid
storage. In the same study, glucuronic acid storage 1o Salla
disease was even lower (sometimes undetectable) than in the
infantile form, resembling the difference in sialic acid storage
usually observed between these two forms of the disease, The
similarity of the X, for GleAc and NeuAc makes it unlikely that
a difference in substrate affinity determines the threshold for
the storage of one or the other compound, Rather, the physio-
logical rate of intralysosornal production of these sugars might
play arole and should therefore be investigated. Urinary excre-
tion or accumnulation in tissues of glucuronic acid in patients
with Iysosomal sialic a¢id siorage has not been reported. This
may reflect methodological difficulties in glucuronic acid deter-
raination. The role of glucuronic acid (and perhaps of other
acidic sugars as well} in the pathogenesis of these diseases needs
0 be reanalyzed, not only for full undersianding of the disease
mechanisms., but also for possible therapeutical approaches
{41). The substrate affinity of the affected transporter indicates
that a drug must be designed that can deplete lysosomes of
acidic monosaccharides in general and not onty of sialic acid.
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Figure 8. Transport rates of glecuronic acid in Iysosomal membrane
vesicles from human lymphoblasts. () Lysosomal membrane vesicles
from controls. rom patients with Salla disease, and from five unre-
lated parents of Saila disease patients were assayed for transport ¢a-
pacity of 0.055 mM [PH)GleAc (3 1T for 3¢ 5 a1 37°C at pH,,, 5.5
< pH,, 74 orat pH,,, = pH,. = 7.2, as already described for Ebroblast
Tvsosomal vesicles. Proton-driven transport is reported after subtrac-
tion of the residual proton-independent uptake. (8) The same experi-
ment was performed in the presence of 7 mM ynlabeled sedium gluc-
uronate and the difference between proton-griven and proton-inda-
pendert uptake is presented. C, controls: A, heterozygotes; P, patients.
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FUNCTIONAL RECONSTITUTION OF THE LYSOSOMAL SIALIC ACID
CARRIER INTC PROTEOLIPOSOMES.

Grazia M.S. Mancini, Cecile E.M.T. Beerens, Hans Galjaard and Frans W. Verheijen.

Department of Cell Biology and Genetics. Erasmus University Medical Faculty. 3000
DR Rotterdam, the Netherlands.

Summary

The Iysosomal carrier for the acid monosaccharides sialic acid and glucuronic acid
was solubilized from rat liver lysosomal membranes and reconstituted into phospholipid
vesicles. Membrane proteins were extracted from lysosomal membranes with Triton X-100.
Upon removal of the detergent by absorption on Amberlite XAD-2 beads, the solubilized
proteins were incorporated in egg yolk phospholipids. The reconstituted protecliposomes
show proton-driven carrier-mediated uptake of acid monosaccharides. The reconstituted
carrier was compared in a number of characteristics with the transporter as present in the
native Iysosomal membrane. Substrate affinity (K, for glucuronic acid = 0.4 mM) and
specificity for acid monosaccharides are completely retained. The proteolipesomes also
demonstrate trans-stimulation properties with both substrates sialic acid and glucuronic acid.
The transporter is inhibited, both in its native and in the reconstituted state, by the sulfhydryl
modifying agenis parg-chloromercuribenzoic  acld, N-ethylmaleinimide and
phenylisothiocyanate. In native membrane vesicles, arginine and histidine modifiers
phenylglyoxal and diethylpyrocarbonate inactivated transport in a substrate-protectable
manner. In reconstituted proteoliposomes similar inhibition was observed. However,
protection by substrates was achieved only after treatment with phenylglyoxal. These data
suggest that arginine and/or histidine residues are present at or near the substrate binding site
of the carrier. Possibly, other essential histidines become exposed in the reconstituted state.
The first successful functional reconstitution of the lysosomal sialic acid carrier represents
an importan; step towards its purification and its detailed molecular characterization.

{Abbreviations: CMC: critical micelle concentration: DEP: diethylpyrocarbenate; DTT: dithiothreitol; EAL:
ethylacetimidate; GleAc: D-glucuronic acid; MES: 2-[N-morpholino]ethanesulfonic acid; NBS: N-
Bromosuccinimide; NEM: N-ethylmaleinimide; NeuAc: N-acetylneuraminic acid, sialic acid; NeuGe: N-
glycolylneuraminic acid; NH,OH: hydroxylamine; pCMB: parachloromercuribenzoic acid; PG: phenylglyoxal;
PITC: phenylisothiocyanate; TNBS: trinitrobenzensulfonic acid).
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Introduction

In lysosomes several membrane transport systems have been characterized for amino
acids, nucleosides, monosaccharides, vitamins and miscellaneous compounds (1-5). In
general, these carriers permit the efflux of catabolites from the organeclle to the cytosol,
allowing their (rejutilization. So far none of these carriers has been identified and very little
is known of their molecular properties. Recently we have developed a sensitive transport
assay making use of vesiculated highly purified lysosomal membranes. This technique
allowed us to demonstrate the existence of a proton cotransport system for anionic
monosaccharides, with sialic acid and glucuronic acid as important physiological substrates
(3). In sialic acid storage diseases, a heterogeneous group of inherited disorders characterized
by lysosomal storage and excessive excretion of sialic acid, a specific transport defect of the
lysosomal acidic monosaccharide carrier has been found (6). Sialic acid and glucuronic acid
are produced by intralysosomal degradation of respectively sialylglycoconjugates and
glycosaminoglycans. Because of the importance of this lysosomal carrier in the metabolism
of normal and diseased states, we are interested in extending our knowledge zbout the
function of this transporter at the molecular level. The first approach to the identification of
transport proteins, in general, is the development of a functional reconstitution system by
which the membrane proteins are first solubilized, and then incorporated into artificial
phospholipid membranes. This system provides the functional assay to follow the
fractionation and purification of the solubilized transporters. Several methods have been
described in the literature for the reconstitution of transport proteins from various sources,
however none of them has been successfully reported for lysosomal transporters, except for
the proton pump (7).

In the present paper we present the successful solubilization and functional
reconstitution of the lysosomal carrier for acidic monosaccharides, using the nonionic
detergent triton X-100 and egg yolk phoshpolipids. The active reconstituted transporter is
compared with the carrier in its native state with respect to several kinetic parameters,
substrate specificity and some structural characteristics.

Materials and Methods

Solubilization and reconstitution.

Highly purified lysosomal membrane vesicles from rat liver were prepared as
described (3, 8). Extraction of membrane proteins took place in ice by mixing 150 gl of
membrane vesicles (in 20 mM NaHepes pH 7.4) with 150 ul of 6% triton X-100 (w/v), 200
mM KCl, 2 mM DTT, and 20 mM NaHepes pH 7.4. After 10 min, unextracted material was
pelleted by centrifugation at 4°C at 150,000xg for 20 min, the supernatant was collected and
kept in ice. This extract usvally contained 50-60% of the original protein. Egg yolk
phospholipids were freshly prepared as described, and stored under N, at -20°C (9, 10). To
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prepare liposomes, 300 ul phospholipids were dried under N; and resuspended in 3 ml of 20
mM NaHepes pH 7.4, 100 mM KCl, 1 mM EDTA. The tube was sonicated in an ice bath
with a Branson B15 sonifier (pulsed mode 50% duty for 60 min). Reconstitution was done
in a final volume of 680 ul containing 200 ul of the detergent exiract, 60 pl1 10% triton X-
100 (w/v), 100 ul of the sonicated liposomes, 320 ul of 24 mM NaHepes pH 7.4, 119 mM
KCl, 1 mM DTT. Proteoliposomes were formed by removal of detergent on an Amberlite
XAD-2 (Fluka Chemie, Buchs, Switzerland) column (0.5 x 3.6 cm), at room temperature,
passing the sample 15 times through the same column, which was equilibrated with 20 mM
NaHepes pH 7.4 and 100 mM KCl. Proteins were determined according to the procedure of

Lowry et al. (11), after aceton precipitation to delipidate the samples and resuspension in 1%
SDS.

Transport assays.

GlcAc transport was assayed in the presence of an inward-directed proton gradient,
using D[1-*H]GlcAc (Amersham, spec. act. 1.8 Ci/mmol). Uptake was initiated by adding
25 ul of proteoliposomes to 5 il 240 mM MES acid containing 2 xCi of D[1°HIGlcAc (37
uM final concentration) and 60 M valinomycin at 37°C. This tirated the extravesicular pH
10 5.3, After the required incubation time, uptake was stopped by adding 70 gl of ice-cold
incubation buffer. The sample was Immediately applied to a Sephadex G 50 (fine; Pharmacia
LKB Biotechnology Inc.) column (0.5 x 5 cm), run at 4°C at 0.3 ml/min, and eluted with
1 ml of the incubation buffer. The recovered radioactivity was counted by liquid scintillation.
Experiments in the absence of a pl gradient were performed at pH 7.4 in 20 mM NaHepes,
100 mM KCl and 10 pM valinomycin. For frans-stimulation experiments a 60%
proteoliposome solution (25 pl) was pre-equilibrated for 60 min at 37°C with 40 mM MES
acid, 1 mM Na-GicAc or Na-NeuAc and 10 xM monensin (final concentrations) in an iso-
osmotic solution (pH 5.5). The assay was started by adding 75 ul of an equivalent buffer
containing 2 xCi of radiolabeled GlcAc at 37°C. Control experiments were performed by pre-
equilibration of the membranes with the same buffer without Na-GlcAc or Na-NewAc, but
the external final concentration was corrected as in the case of preloading (3). Assays were
regularly performed in duplicate or triplicate. Kinetic parameters from the experimental
results were calculated by the computer program Enzfitter, from Elsevier-Biosoft,
Cambridge, UK.

Protein side-chain modification.

On the basis of the amino acid selectivity and of the tolerance of the carrier to the
different assay conditions a choice was made among different covalent protein modifiers.
Native lysosomal membranes (50 ul) were incubated with (final concentrations in 250 ul) 1
mM pCMB for 15 min at 37°C in 50 mM NaHepes pH 7.0, or with 1 mM NEM for 20 min
at 20°C in 50 mM NaHepes pH 7.4, or with 8 mM PITC for 20 min at 22°C in 20 mM
NaHepes pH 7.4, or with 1mM EAI or TNBS for 30 min at 20°C in 20 mM NaHepes pH
3.0, or with 4 mM NBS or 1 mM DEP for 30 min at 20°C in 30 mM NaMES pH 6.0, or
with 1 mM PG for 60 min at 37°C in 50 mM NaHepes pH 7.4. All the incubations were
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performed in the dark. Alternatively, the same incubations were performed in the presence
of 30 mM NeuAc or GlcAc. Afterwards the membranes were washed with 25 mi of 20 mM
Natepes pH 7.4 and centrifuged at 50000xg 30 min at 4°C. The pellet was resuspended in
20 mM NaHepes pH 7.4 for direct assay of transport and protein content. Controls were run
per each assay condition without modifiers in the presence and absence of excess substrate.
None of these conditions significantly altered basal transport rates. The effect of 100 mM
NH,0H-HCI in Tris-Hepes pH 7.4 for 1 hr at 20°C was tested on washed membranes,
pretreated with DEP, before proceeding to the transport assay. Reconstituted proteoliposomes
were incubated with protein modifiers under appropriate conditions as described for native
lysosomal membranes. The only difference was that after the preincubations the
extravesicular modifier and the eventual excess substrate were removed by filtration of 200
ul samples on small (2 ml) Sephadex G50 (medium) columns equilibrated in 20 mM
NaHepes pH 7.4 plus 100 mM KCI and centrifuged at 100xg for 2 min. The cycle was
repeated twice. The resultant eluate was éirectly assayed for protein content and transport
activity. All the chemicals were provided by Sigma, except for valinomycin (from
Boeringher, Mannheim)} and NEM (from Merck, Darmstadt).

Results

Injtial experiments focussed on developing reconstitution conditions which yielded
proteoliposomes sufficiently impermeable to protons. This should be necessary to prove the
activity of the proton gradient-driven acidic monosaccharide (sialic acid) carrier, after
solubilization and reconstitution.

We have applied a rapid reconstitution procedure, which had been originaly developed
for several mitochondrial carriers (12). This method uses the low CMC nonionic detergent
triton X-100 for extraction. Mixtures of extracted lysosomal membrane proteins and egg yolk
phospholipids are depleted of triton X-i00 by repetitive chromatography on small columns
of Amberlite XAD-2. This procedure leads to proteoliposomes which are able to transport
glucuronic acid (Fig. 1). Because sialic acid and glucurenic acid are transported by one and
the same lysosomal carrier for acidic menosaccharides (3, 6), we have performed all studies
using radiolabeled GlcAc, which was more readily available. After reconstitution we
observed that uptake of GlcAc is significantly stmulated in the presence of an inward
directed proton gradient, leading to a transient overshoot. At 37 °C, initial uptake rates are
linear for about 1 minute. Since the influence of membrane potentials was circumvented by
the presence of valinomycin and potassium ions, these results prove that the pH gradient
represents the driving force for a GlcAc-proton cotransport system.

We next determined if initial transport rates of proton-driven GlcAc uptake were
saturable and displayed a similar affinity constant as in native lysosomal membranes. The
results of this experiment confirm typical kinetics of carrier-mediated transport for the
reconstituted system (Fig.2). The proteoliposomes show only one mode of uptake with an

118



180

g /Lo
£ 120}
3 /~
£
=
o
S 60} o
L]

0 »

o 1 2 3 4 5 60

time (min)
Figure 1. Proton gradient dependent uptake of the acidic monosaccharide GleAc into reconstituted
proteoliposomes. Lysosomal membrane proteins were solubilized from rat liver lysosomal membranes in the
presence of 3% triton X-100 and centrifuged at 150000 g for 20 mun. The solubilized proteins were incorporated
in liposomes and the transport of [PHIGIcAc was determined at 37 °C. Proteofiposomes prepared in 20 mM
NaHepes, 100 mM KCl pH 7.4 were incubated with 37 uM PPH]GleAc and 10 M valinomycin (no proton
gradient, pH, =pH_,=7.4, © 0). or m the same buffer titrated to pH 5.5 with 40 mM MES free acid
(with proton gradient, pH,, =7.4 > pH,,=5.5. @ @).

affinity constant K, of 0.4 mM, which is similar to the affinity constant of the native carrier.
No significant Jeakage (not carrier-mediated component) was present. Control liposomes,
made in the absence of protein, did not show significant proton stimulated uptake. These
results demonstrate that the sialic acid carrier polypeptide(s) is stable under the conditions
used for extraction and subsequent reconstitution into liposomes. Observation of the
preparations at the electronmicroscope revealed that the reconstituted proteoliposomes are
homogeneous in size and unilamellar (data not shown). As measured from the equilibration
point, the internal volume is about 3 pl/mg protein, slightly larger compared to the native
membrane vesicles (3).

The carrier in its native membrane displays rrans-stimulation properties. To
investigate if the reconstituted carrier shows this same characteristic, the experiment of figure
3 was performed. Proteoliposomes were preloaded with concentrations above K| of either
sialic acid or glucuronic acid. After four-fold dilution, uptake of trace amounts of PHJGlcAc
was measured. The presence of an outward-directed gradient of unlabeled sialic acid or
glucuronic acid stimulates the time-dependent uptake of radiolabeled GlcAc. This effect
disappears upon dissipation of the outward gradient. Apparently the reconstituted carrier
refaines its typical frams-stimulation properties, with both substrates.
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Figure 2. Saturable uptake of GlcAc into protecliposomes. Proteoliposomes were incubated in the presence
of a proton gradient as described in the legend of fig. 1. Initial uptake rates were measured for 45 s, using
different GleAc concentrations. (Inser) Scatchard transformation of the experimental data.

The substrate specificity was further investigated by cis-inhibition experiments.
Uptake of radiolabeled GlcAc was measured in proteoliposomes im the presence of high
concentrations of several potential substrates (inhibitors). As shown in Table I the carrier
retains the same substrate specificity pattern as in native membrane vesicles (3). Furthermore
some interesting inhibitors are found like saccharic acid 1,4 lacton and hydroxycinnamate
derivatives, which both could be useful for developing further purification steps.

To get insight into the molecular characteristics of the carrier we investigated the
sensitivity of the transporter to protein modifiers. A number of modifiers has been selected
both on the basis of assay conditions which do not per se lead to inactivation, as well as on
the basis of amino acid selectivity, considering that some amino acids are more often
encountered at the active site (binding site} of proteins interacting with anjonic substrates
(13). The results in Table 2 indicate that significant inactivation of transport in native
Iysosomal membrane vesicles was achieved by cystine covalent modifiers pCMB, NEM and
PITC. The last two, however, can, under the employed conditions, alsc react with lysine
residues. Though, the lysine-specific reagent TNBS and EAI did not inhibit glucuronic acid
transport. In separate experiments, the apparent K for inactivation was calculated about 0.8
mM for NEM and 6 mM for PITC, but was not calculated for pCMB. 1 mM PG and DEP
produced significant inactivation of glucuronic acid transport with an apparent K respectively
of 0.67 mM and 0.46 mM. 4 mM NBS, another histidine modifier, also inactivated totally
the carrier. Inhibition by DEP and PG could be completely prevented by concomitant
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Figure 3. Trans-stimulation of APH]Gchc uptake after preloading proteoliposomes with the unlabeled acidic
monosaccharides NeuwAc or GlcAc. Proteoliposomes were preincubated 60 min at 37 °C, in the presence or
absence of either 1 mM unlabeled NeuAc or GleAc, in 20 mM NaHepes, 100 mM KCl, 40 mM MES, 10 uM
monensin. The transport assay was started by a four-fold dilution in pH 5.5 incubation buffer supplemented with
37 uM [PHIGlcAc. With preloading NevuAc (@ @) or GlecAc (a 4); without preloading NevAc
I Q) or GlecAc (& 4).

incubation with 30mM GlcAc (Table 2) or NenAc (not shown) with identical resuits. Lower
substrate concentrations were progressively less effective (not shown). While both PG and
DEP can react with histidine residues, the assay conditions we chose would make the PG
reaction exclusive for arginines (14, 15). In theory, the reactions of histidines with DEP,
generating a carbetoxy group, can be reversed by treatment with hydroxylamine. We could
not reverse the effect of DEP with NH,OH, but control membranes, treated with NH,O0H
only, totally lost their transport activity (Table 2). We conclude that essential arginines and
histidines are possibly involved in the binding process of acidic sugars to the lysosomal sialic
acid carrier.

Interestingly, inactivation of transport was also achieved in reconstituted
proteoliposomes by NEM, DEP and PG (Table 3), revealing that the effect is likely directed
to the transporter polypeptide(s). However, inhibition could be prevented by the
contemporary presence of substrate only in PG-treated but not in DEP-treated membranes.

Discussion
Qur recent investigations on transport of the acidic monosaccharides sialic and
glucuronic acid have demonstrated the existence of a carrier in the lysosomal membrane with

substrate specificity for these carboxylated sugars. This carrier was demonstrated to be
defective In the sialic acid storage diseases (6). All these studies are based on transport assays
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Table 1. Cis-inhibition of transport of GlcAc into protecliposomss

Inhibator (7mM) Transport activity (as % of unizhib.rate)
None 100
GleAe 16
NeuAc 17
NeuGe 18
Glucose 83
N-Acetylglucosarmune 95
Aspartic Acid 105
Cyano-3-hydroxycinnamic Acid b
Cyano-4-hydroxycinnamic Acid 10
D-Saccharic Acid-1,4-lacton 11
No proton gradient 31

Proteoliposomes were incubated 45 sec. at 37°C with 37 pM [FH]GlcAc as described in the legend of fig. 1, in
the presence of an inward directed protongradient and in the presence of 7mM of the indicated compounds.
Control uptake without inhibitor was 167 +7 pmol/45 s/mg protein. Uptake in presence of inhibitor is expressed
as % of this control uptake without inhibitor, Results are average of two independent determinations.

with vesiculated lysosomal membranes. We have now shown that the lysosomal sialic acid
carrier can be extracted from the lysosomal membrane with the detergent triton X-100 and
subsequently functionally reconstituted in liposomes from crude egg yolk phospholipids,
without loss of activity. The reconstitution procedure is fast and easy and can be performed
on a small scale. The reconstitution assay opens the door, by using fractionated solubilized
lysosomal membrane proteins, to purification and further molecular characterization of the
transporter polypeptide(s).

The carrier functionally reconstituted in protecliposomes was compared in a number
of characteristics with the carrier in its native membrane. Uptake of GlcAc in
proteoliposomes 1s also driven by an imposed proton gradient. The uptake process is
saturable with an affinity constant similar to that measured in original membranes. Trans-
stimulation and cis-inhibition characteristics of the carrier were also fully retained after
reconstitution.

Some additional interesting inhibitors were found, which coulé be considered for
further affinity chromatography purification steps. The first was saccharic acid 1,4 lacton,
as a strong competitive inhibitor of B-glucuroaidases (16) which has been used in its
immobilized state for the purification of these glucuronic acid recognizing proteins. The
second are cinnamic acld derivatives, which were shown to be potent inhibitors of
monocarboxylate transporters in mitochondria and have been used for their purification (17,
18).
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Table 2. Effect of amino acid modifiers on transport activity of the sialic acid carrier in rat liver Iysosomal
membrane vesicles

Reagent Transport activity Transport activity after
(as % of uninhib. rate) protection by substrate (%)

No Modifier 100 -

pCMB 0 0

NEM 20 0

PITC 10 18

EAl 100 ND

PG 30 100

DEP 20 95

NH,OH + DEP 9 ND

NH,OH 19 ND

TNES 100 ND

NBS 0 ND

Lysosomal membrane vesicles were pretreated under the appropriate conditions for each amino acid modifier
in the absence or presence of 30 mM GlcAc. After preincubation vesicles were spun down at 50000 g, 30 min
and the resultant pellets were suspended in 20 mM Na-Hepes pH 7.4, 50u] vesicles were assayed for PH[GlcAc
uptake as described in materials and methods. The activities after treatment (without or with protection) are
expressed as % of the transport rate displayed by vesicles treated without modifier. ND: not determined.

A number of covalent side-chain protein modifiers was chesen to investigate which
amino acid residues are determinant for the transport activity, in the native and reconstituted
state, and which might be located at or nearby the substrate binding site. In particular cystine
modifiers (NEM, PITC and pCMB) were selected because preliminary observations had
suggested the importance of disulphide bridges in the native conformational state (3).
Cationic amine acids, and particularly arginines, have been observed often at the substrate
binding site of enzymes reacting with anionic substrates (13). Preliminary observations with
side-chain modifiers on native proteins have often been confirmed after cloning of the
correspondent gene and expression of in vitre mutagenized residues involved in the formation
of the active site (19, 20}. Thus, PITC (cystine- and lysine-specific), EAI and TNBS (lysine-
specific), NBS, DEP and PG (arginine- and histidine-specific) were employed. In conclusion
thiol modifiers inhibit glucuronic acid transport in a substrate-unprotectable manner.
Although this does not exclude that cystine residues can be involved in the substrate-binding
process and 1n the consequent conformational changes, certainly also other cystines must be
kept in their native statz to maintain activity. Lysines are apparently not essential for
transport, since EAI and TNBS did not alter transport function. Instead, histidines and
arginines are essential for the normal carrier function and apparently are present at or near
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Table 3. Effect of amino acid modifiers on transport activity of the reconstituted sialic acid carrier

Reagent Transport activity ( % of control uptake)
after treatment after treatment, with protection

No Modifier 100 100

NEM 0.2 1.3

DEP 0.9 2.3

PG 15.0 101

Proteoliposomes were preincubated at the appropriate condition for each modifier, in absence or presence of
30 M GleAc. Afterwards extravasiq{ﬂar modifier and excess substrate were removed by gelfiltration. 50 ul
vesicles were incubated with [jH]Gchic as described 1n materials and methods, in presence of a proton gradient.
The trangport activity is expressed as a % of proton gradient dependent uptake in control proteoliposomes
similarly preincubated in the absence of protein modifiers. Results shown represent average values of two
independent determinations.

the substrate-binding site. This was confirmed in reconstituted proteoliposomes, where,
however,. protection could be obtained only for the PG treatment. We could not definitively
demonstrate by NH,CH that histidines were modified by DEP. On the other hand, the pH
of the PG reaction should only select arginines for covalent modification. Taken together,
the present results suggest that in the native state both arginines and histidines are Involved
in substrate recognition. Upon solubilization and reconstitution it is possible that other
essential histidines are exposed which are not involved in substrate binding. In membrane
spanning regions of integral membrane proteins it seems that histidines can be "buried" with
low energy expenditure (21). We hypothesize that such a mechanism is responsible for
histidines exposure upon solubilization and reconstitution of the lysosomal acidic sugar
carrier.
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General discussion and foture perspectives

Several human diseases have been related to metabolic defects of membrane transport.
However, only in one case the genetic mutation of a membrane carrier has been
demonstrated to be the cause of 2 monogenetic disease. In fact, a mutation in the gene
encoding for the intestinal Na*/glucose cotransporter has been recently diagnosed in patients
with the rare form of glucose/galactose malabsorption (Turk et al., 1991),

To date twentytwo different fransport systems (twenty carriers, one pump, one
channel) have been described in the lysosomal membrane. Congenital defects of those which
are essential for the cellular homeostasis can be the cause of a predictable new disease.
Recent reports reviewing the clinical implications of lysosomal transport suggest that new
lysosomal transport defects must be searched for among patients with unknown lysosomal
storage diseases (Gahl, 1989; jonas et al., 1989; Editorial, 1986). Although some clinical
signs are common to many lysocsomal storage disorders, which have as a constant feature the
presence of lysosomal storage detectable at microscopical level, the clinical presentations and
the biochemistry of lysosomal transport defects warn against the generalization that any
transport defect represents a disease with evident lysosomal storage.

Table V summarizes the lysosomal transport defects in relation to the clinical
syndromes by which they manifest.

TABLEV

Lysosemal transport defects Clinical presentatiomns  Lysosomal morphology Ref.
Cystinosis Fanconi tubulopathy cystine crystals Gahl, 1989
Sialic acid storage Glycoproteinoses empty, swollen vacuoles, Gahl, 1989
diseases fine granulacion
Chl F mutation Organic acidemia, normal Rosenblatt, 1986

SIDS Shih, 1989
Niemaom-Pick type C Sphingolipidosis lamellar inclusions, Spence, 1989
foamy cells
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As shown, the clinical pictures of transport disorders are quite polymorphic and the
microscopical alteration of the lysosomal morphology in patient tissues is totally lacking in
the case of Cbl F mutation. Conversely, the histologic evidence of lysosomal storage in the
absence of an enzyme deficiency is not a sufficient parameter to suspect a transport defect
{as in case of deficiencies of activator proteins for lysosomal enzymes). Lysosomal transport
defects can lack the progressivity (Salla disease}, the neurological dysfunctions (cystinosis),
the visceromegaly or skeletal dysostosis (Salla disease, Cbl F, cystinosis) typical of most
lysosomal storage diseases. On the other hand they can manifest as Fanconi renal tubulopathy
(cystinosis), non progressive brain damage recalling cerebral palsy (Salla disease), poor
feeding, vomiting and failure to thrive, typical of organic acidurias and sudden infant death
syndrome (Cbl F). It seems, in general, that detectable Iysosomal storage can be expected
when the metabolite involved is produced in the lysosome at a relatively high rate and/or it
represents an abundant structural component, rather than trace components like a vitamin or
a hormone. Also, the compound might need to display a sirong osmotic property, like
hydrophilic solutes with absolute inability to freely diffuse through the lipid bilayer, in order
to lead to organelle swelling and detectable vacuolation.

It is theoreticaily possible that the genetic mutation of a transporter for a substrate
which can escape by alternative routes, like proline which can be transported by two distinet
carriers (Pisoni et al., 1987), would not generate a clinical disease, unless each of these
carriers fulfils another yet undiscovered essential function. Moreover, for some hydrophobic
compounds, simple diffusion could also contribute to the efflux in vive, as it seems to be the
case for glucose in intact lysosomes (Iveson et al., 1989). On the other hand, mutations
affecting transport systems which are essential for the existence and proper function of the
lysosome, like the proton pump, are perhaps not compatible with life.

Biochemical studies have not been able so far to explain the wide clinical
heterogeneity of SASD. In our studies, lysosomal proton-dependent transport rates of sialic
aci€ and glucuronic acid were deficient in the cells from different patients. As we said, the
lysosomal sialic acid carsier shows rrans-stimulation properues {proton gradient-independent)
as well as proton-driven cotransport. For similar H-cotransport systems in bacteria, two
distinct sites on the same polypeptide are respectively involved in proton or substrate binding.
A mutation of the H* binding site will affect H*-cotransport, but it will not affect rans-
stimulated transport and vice versa (Kaback, 1987). If Salla disease represents a mutation of
the H* binding site of the sialic acid carrier, it is possible that the carrier can still have a
residual proton-independent activity in vivo. A residual carrier function in these patients
might explain the milder symptoms and the lesser extent of storage. This hypothesis should
be tested with frans-stimulation experiments in lysosomal membrane preparations from SD
patients, and, if proven, can open new therapeutical perspectives.

Many general questions remain open after the completion of this research. Some of

128



them, already mentioned before, seem particularly important and will be summarized here
briefly.
Multiple transport defect: what does this imply for the evolution of the disease?

Sialic acid storage disorders are the first lysosomal transport defect for multiple
compounds. It has been demonstrated that both sialic acid and glucuronic acid cannot efflux
from the patient lysosomes. An important problem to be addressed in the near future is to
define the extent of accumulation of glucuronic acid in patient tissues and to clarify its role
in the pathogenesis.

Lysosomal rransport defect: does this always lead 10 a Iysosomal storage disease?

Some transport defects, like Cbl F mutation, do not present clinically and
microscopically as a lysosomal storage disease. As mentioned before, in the clinicians’mind
lysosomal transport defects and vacuolation should not represent synonyms.

Lysosomal transport systems: how can they supply for one another?

In general, therapeutical perspectives of lysosomal transport defects are more hopeful
than for other lysosomal diseases caused by enzyme deficiencies. For example, cystinosis is
the only lysosomal disorder which can be treated pharmacologically. Though the observation
of the therapeutical role of thiols in this disease was almost serendipitous, studies on the
amino acid transport mechanisms have provided the explanation for the success of this
treatment and the possibility to design improved drugs (Christensen, 1988). As mentioned
above, the definition of the molecular defect in SASD might open new therapeutical
possibilities,

Lysosomes: only "end point” or also "starting point” for cellular metabolism?

Studies about the multiple functions of the lysosome membrane have also contributed
to understand how lysosomes actively participate into complex cellular mechanisms. Their
role in information storage (via transport of calcium and neurotransmitters) is one of the most
exciting perspectives . Vitamins are made available in an active form by the lysosome (biotin
and cobalamin). Lysosomal transporters can be target of hormonal regulation (TSH on
tyrosine transport) and can dispose hormones themselves (T, and T, by the tyrosine carrier).
A passage through lysosomes is one of the steps involved in the antigen realization in
immunocompetent cells (antigenic peptides devoted to MHC-II complex formation).
Intriguingly, substrate degradation by the relevant hydrolase is not the rule, but recycling of
undegraded material can take place (for example glucosylceramide; Trinchera et al., 1990
and 1991). Integral lysosomal membrane proteins of unknown function can be expressed on
the plasma membrane under special metabolic circumstances (LEP100, CD63 antigen,
LIMP).

The definition of lysosomes as a point of no return of the intracellular catabolism, still

formulated 2 couple of years ago (Kornfeld and Mellman, 1989), may be too restrictive
today.
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Summary

Lysosomes are intracellular acid organelles with a major functien in the catabolism
of intracellular and extracellular components. In the last decade, a large number of
transporters has been characterized in the lysosomal membrane for the facilitated transport
of amino acids, sugars, nucleosides, inorganic ions, vitamins and other miscellaneous
compounds. This has clarified that the products of catabolism efflux from the lysosome via
specialized mechanisms, regulated by transport proteins. Biochemically, they function as
channels, pumps or carriers. Their function can be regulated by nucleotides (ATP), by
membrane potentials, by hormones, or by ion gradients. The substrate specificity is often
extended to a category of compounds with similar chemical characteristics, which compete
with each other for transport. .

Some human genetic disorders have been ascribed to the defective function of a
lysosomal transport system. The classical example of this situation is represented by
nephropathic cystinosis, where the lysosomal carrier for the disulfide cystine is affected.

In this thesis the biochemical and clinical aspects of patients with different types of
sialic acid storage disorders (SASD) have been studied with the conclusion that these
disorders represent the second example of 2 genetic error of a lysosomal transport protein.

SASDs are inborn errors of metabolism characterized by excessive sialuria and
cellular storage of free sialic acid in the lysosomal compartment.

In publication I a patient with sialic acid storage disease is described. His phenotype
resembles that of Salla disease (SD) in many respects. Salia disease is an eponym used for
the form of the disease encountered in the northern Finnish population with an estimated
heterozygote frequency of 1:40. However the patient from publication I is of Italian ancestry
and more severely affected than most of SD patients. This demonstrates a wide phenotypical
variability between SD and the infantile severe form of this disorder (ISSD).

Previous studies showed that all the enzymes involved in the metabolism of sialic acid
are normal in SASD and the hypothesis of a transport defect for sialic acid out of the
lysosomal compartment had been proposed. In publication II a preliminary study of
lysosome-rich fractions from patient fibroblasts indicated that the efflux of sialic acid is
defective in lysosomes from patients with different clinical forms of SASD.

Subsequently we characterized the biochemical mechanism of transpost for sialic acid
in highly purified lysosomal membrane vesicles from rat liver (publication III). The
lysosomal membrane was found to contain a carrier for the transport of a category of acidic
monosaccharides. Among these sialic acid and glucuronic acid are physiologically important,
gince they both represent intralysosomal products of macromolecule degradation. The carrier
works as a secondary-active proton cotransporter, so that the efflux of lysosomal acid sugars
is driven by the physiclogical pH gradient existing across the lysosomal membrane.

While studying the lysosomal mechanism of transport for other sugars in rat liver
lysosomal membranes, we discovered another protein involved in the transport of neutral
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sugars. In publication IV the biochemical evidence for carrier-mediated transport of neutral
monosaccharides, among which D-glucose, D-galactose, D-mannose and D- and L-fucose,
is presented. This carrier does not recognize pentoses, nor acid monosaccharides, nor their
lactones, and it is inhibited by cytochalasin B and phloretin, and seems biochemically distinct
from already known glucose transporters.

Further investigations of the functions of both these carriers in human fibroblast
lysosomal membranes led to the conclusion that, in all patients with different forms of SASD
tested, the carrier-mediated transport of sialic acid and glucuronic acid is defective, while
neutral hexoses are normally transported (publication V). These studies also introduced the
concept that lysosomal transport defects can involve multiple physiological substrates, raising
the question about the contribution of each of these substrates to the pathogenesis.

Iniermediate (half-maximal) transport rates were found in lymphoblast preparations
from five unrelated parents of SD patients, who are obligate heterozygotes of this autosomnal
recessive disease. This proves that the transport defect indeed represents the primary genetic
defect.

Up to now, none of the functionally and biochemically defined lysosomal transporters
has been purified and characterized. As a first step to achieve this goal, it was essential to
develop a functional reconstitution assay for the solubilized carrier in proteoliposomes. The
first successful reconstitution of a lysosomal carrier has been summarized in publication VI.
All the biochemical characteristics shown by the carrier for acidic monosaccharides in the
native membrane, are maintained after solubilization in Triton X-100 and subsequent
reconstitution in egg yolk liposomes. The availability of an assay system for the solubilized

protein will enable the purification and characterization of the transport protein in the near
future.
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Samenvatting

Lysosomen zijn intracellulaire zure organellen met een belangrijke rol in de afbraak
van stofwisselingsproducten. Gedurende de laatste 10 jaar zijn in het lysosomale membraan
een groot aantal transport ejwitten gevonden die betrokken zifn bij het transport van
aminozuren, suikers, nucleosiden, inorganische ionen, vitaminen en allerlei andere chemische
producten. Dit heeft aangetoond dat de afbraakproducten het lysosoom verlaten via speciale
membraan-transportsystemen. Deéze eiwitten functioneren als kanalen, pompen of
transporteurs. Hun functie kan gereguleerd worden door nucleotiden, zoals ATP, door
hormonen of door iongradiinten. De substraat specificiteit omvat vaak groepen van
gelijksoortige chemische producten die getransporteerd kunnen worden.

Een aantal erfelijke afwijkingen van de mens wordt veroorzaakt door het niet goed
functioneren van een lysosomaal transportsysteem. Het klassieke voorbeeld is cystinose,
waarbij het lysosomale transport eiwit voor het disulfide aminozuur cystine is aangedaan.

In dit proefschrift zijn de biochemische en Xklinische aspecten van siaalzuur
stapelingsziekten (SASD) bestudeerd. De conclusie is dat deze ziekten het tweede voorbeeld
zin van een erfelijke afwijking in een lysosomaal transport eiwit.

SASD’s zijn aangeboren metabole afwijkingen met als verschijnselen een overmaat
vri] siaalzuur in de urine en in de lysosomen van verschillende celtypen.

In publicatie I wordt een patidnt met siaalzuur stapelingsziekte beschreven. Zijn
klinische beeld lijkt veel op dat van de ziekte van Salla (SD). Deze ziekte komt vooral in
noord-Finland voor met een dragersfrequentie van 1:40. De patiént beschreven in publicatie
Iis echter van Italiaanse afkomst en hij heeft ernstiger symptomen dan de meeste patiénten.
Dit laat zien dat er een grote fenotypische variatie bestaat tussen SID en de infantiele emstige
vorm {ISSD).

Eerder onderzoc¢k heeft aangetoond dat alle enzymen, betrokken bij het metabolisme
van siaalzuur, normaal functioneren in SASD en daarom werd een mogelijk transport defect
van siaalzuur uit het lysosoom als hypothese naar voren gebracht. In publicatie II is
gevonden, gebruik makend van lysosomale fracties geisoleerd uit fibroblasten van patiénten,
dat het transport van siaalzuur uit de lysosomen niet goed functioneert in de verschillende
Klinische vormen van SASD.

We hebben het biochemische mechanisme van het transport van siaalzuur in sterk
gezuiverde lysosomale membraan vesicles uvit rattelever beschreven in publicatie 1. Het
lysosomale membraan bevat een transport eiwit noodzakelijk voor het transport van een groep
van zure monosacchariden. Uit deze groep zijn siaalzuur en glucuronzuur van fysiologische
betekenis, want zij vertegenwoordigen producten die in het lysosoom onistaan uit de afbraak
van macromoleculen. Het transport eiwit werkt als een secundair geactiveerde zgn.
cotransporteur, waarbij het transport van zure monosacchariden uit het lysosoom gedreven
wordt door de fysiologisch aanwezige pH gradiént over het lysosomale membraan.

Verdere studies aan het transport van suikers over het lysosomale membraan hebben
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geleid tot de ontdekking van een ander eiwit betrokken bij het transport van neutrale suikers.
In publicatie IV wordt een transport eiwit beschreven voor neutrale monosacchariden zoals
D-glucose, D-galactose, D-mannose en D- en L-fucose. Dit eiwit transporteert geen pentoses,
geen zure monosacchariden noch hun lactonvormen, en wordt geremd door cytochalasine B
en phloretine, en lijkt biochemisch verschillend te zijn van andere al bekende glucose
transporteurs.

Verder onderzoek aan de werking van deze beide transport eiwitten in lysosomale
membranen verkregen uit huidfibroblasten heeft aangetoond dat in alle patiéaten met
verschillende vormen van SASD de transporteur voor siaalzuur en glucuronzuur niet goed
functioneert. Daarentegen is het transport van neutrale suikers normaal. Deze studies laten
ook zien dat een lysosomaal transport defect meerdere fysiologische substraten kan omvatten
die aan het verloop van het ziekteproces mee zouden kunnen doen.

In lymfoblasten van vijf verschillende ouders van SD patiénten werd intermediair
(half-maximaal) transport gemeten. Dit bewees dat het transport defect het gevolg is van een
primaire genetische mutatie van een recessief allel.

Tot dusverre is geen van de functioneel en biochemisch beschreven lysosomale
ansport eiwitten gezuiverd en moleculair gekarakteriseerd. Als eerste stap om dit doel te
bereiken, was het nodig om de funciie van het uit de membranen geéxtraheerde eiwit te
kunnen bepalen. In publicatie VI wordt de eerste succesvolle reconstitutie van een lysosomaal
transport eiwit beschreven. Het eiwit werd met het detergens Triton X-100 uit de membranen
geéxtraheerd en vervolgens in een artificieel liposoom ingebouwd. Alle biochemische
eigenschappen van de transporteur voor zure monosacchariden zijn in dit proteoliposoom
identiek aan die gevonden in het natieve membraan. Dit reconstitutie systeem zal de zuivering
en de verdere moleculaire karakterisering vergemakkelijken,
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