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Introduction 

Lysosomes are intracellular acid organelles containing 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 h ydrolases 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, active 

metabolites (vitamines, antigens, hormones like tyroxine) are produced and released via 
specific carriers, before reaching their cytoplasmic target (Gahl, 1989; Harding eta!., 1991; 

Tietze et a!., 1989). Lysosomes can also represent a storage compartment for 
neurotransmitters (biogenic amines, in lysosome-like specialized organelles) or for substances 
(like Ca++ ions) (Lemons and Thoene, 1991; Nemere and Norman,!986), which are released 
under humoral control (Nemere and Norman, 1989; Nelson, 1991). Moreover, not only the 

efflux, but also the influx of low molecular weight metabolites into the lysosomes 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 transporters 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 tum 
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 
diseases, 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 LYSOSOMAL 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 intracellular 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 lysobisphosphatidic acid (bis-[monoacylglycero]­
phosphate), a phospholipid 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 cholesterol 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 vesicles, do not translocate in the 

membrane and are only present at the exoplasmic leaflets 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 ntight 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 LDL 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).lnstead, 
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,l989) (figure 1). The current 

classifications arrange the different types according to common biosynthetic pathways. 

Membrane-associaJed proteins do not span the lipid bilayer but generally interact via 
the hydrophobic face of an amphiphilic £-sheet or O<-helix segment with the membrane, or 

are anchored in the membrane through a covalent bond to phospholipids (von Heijne, 1988). 

Proteins which are partially inserted into the lipid bilayer (monotopic proteins; Blobel, 1980) 
are rare in nature (Singer, 1990). Among these, a well characterized example is cytochrome 
b,. 

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) end, mostly arranged in a 
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Membrane 
Associated 
Proteins 

Integral Membrane Proteins 

Type I Type II Type Ill 

Exoplasmic 

(luminal) 

Endoplasmic 

(cytosolic) 

Figure 1. Classification of membrane proteins on the basis of the interaction between the polypeptide and the 

lipid bilayer. 

hydrophobic a-helix (bitopic membrane proteins; Blobel, 1980). Most of these proteins are 
functioning as enzymes or receptors, but not as transporters. 

Type Ill 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 0:'-helical transmembrane domains. An important exception to this rule 
and so far a unique example among type IV proteins is represented by the mitochondrial and 
bacterial porins. In this case, the large transmembrane domains are not made by stretches of 

hydrophobic amino acids arranged in a-helices, but by sequences of alternated charged 
residues which are compatible with an arnphiphilic 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; Riordan et aL, 1989), 

Proteins associated with the lysosome membrane can be classified as membrane­
associated, 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), a-neuraminidase (Verheijen 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, 1990) and the 50 kDa immotilins which mediate ATP-dependent stable 

association of lysosomes to microtubules (Mithieux and Roussel, 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, a 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 1 and LAMP-2, in mouse (Chen et al., 1985) and humans (Carlsson 

et al., 1988; Mane et al., 1989); rat lgp 120, lgp llO, LIMP Ill (Lewis et al., 1986; 
Barriocanal et al., 1986); chicken LEP!OO (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). 

Sequence 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 o1igosaccharides (OGS), 

1 The abbreviations stand, in general. for lysosomal-associared (or integral) membrane (glyco)proteins. 
Each of them, however, is immunologically distinct. LEPlOO stands for lysosomal, endosomal, plasma 
membrane protein Mr=lOOOOO 
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later processed to complex type OGS (Fukuda et a!., 1988; for review see Cha et a!., 
1990).The oligosaccharide chains seem to be particularly rich in sialic acids and in peculiar 
polylactosamines (Carlsson eta!., 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 via 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 (ryr) in the short cytosolic tail is essential for lysosomal targeting 
(Williams and Fukuda, 1990). A minor part of LEPlOO is routed via the plasma membrane. 
This protein exchanges continuously with plasma and endosome membranes, although 91% 
normally resides in the lysosome (Lippincott-Schwartz and Fambrough, 1987). Chloroquine 

treatment increases the plasma membrane pool of LAMP-l and a mutation of the ryr in the 
C-terminal tail of human LAMP-l leads to localization in the plasma membrane. Thus, this 

ryr seems to be essential as a sorting signal both in the trans-Golgi network and at the cell 
surface (Williams and Fukuda, 1990). Unlike soluble lysosomal hydrolases, the sugar chains 
do not contain phosphomannosyl oligosaccharides, which, therefore, are not a prerequisite 
for the lysosomal localization (Barriocanal eta!., 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 
eta!., 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 eta!., 1989). It is possible that discrepancies between the 
routing of different lysosome membrane proteins (Lippincott-Schwartz and Fambrough, 1987; 
Green eta!., 1987) are partially related to the differentiation stage of the cell types used to 
perform processing studies in vitro. 

Sequence analysis suggests that the luminal part of LAMPs can be arranged in four 

loops, with each loop formed by a disulfide bond. The size of the loops and the ryr-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 a!., 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 632 antigen has been cloned. The gene product 

was found to be a protein with the structural features of an integral membrane protein, 

normally localized in the lysosome membrane (Metzelaar eta!., 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-l 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 lysosomal 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 

defmition of integral membrane protein. 

Acid phosphatase is synthesized as a mannose-6-phosphate independent (Gottschalk 

eta!., l989a) integral membrane precursor (Waheed eta!., 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 eta!., 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., l989b). 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 eta!., 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 a!., 1989a). While ammonium chloride treatment 
increases the plasma membrane pool of LEPlOO (Lippincott-Schwartz and Fambrough, 
1987), it decreases the plasma membrane pool of acid phosphatase (Braun et a!., 1989), 
which instead increases when the essential r:yr 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 eta!., 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: a-glucosaminide N-acetyltransferase is the enzyme genetically deficient 

2 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 cytoplasmic 

acetyl-CoA to terminal a-glucosamine residues of heparansulfate in the lysosome. Studies 

with purified lysosomal membranes bave 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 return 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.e. 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, 1989). A well characterized enzyme complex 

associated with the lysosomal 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 still 

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 membraoe, the different mechanisms of membraoe transport will be summarized. 
However, recent discoveries indicate that the functional discrimination does not always 

correlate with structural differences among transport proteins (Dierks eta!,, 1990; Henderson 
and Maiden, 1990; Murakami eta!., 1990; Simon and Blobel, 1991; Fischbarg eta!., 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 traosmembraoe proteins, at a resolution of 10 A: the photoreaction 
center of photosynthetic bacteria, bacteriorhodopsin and porin. 

Traosporters are functionally classified as: a) channels, b) pumps and c) 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 Nemst equation ( ~E= RT/zF.ln{[X]j[X];} ). This equation defines the 
potential difference of solutions 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 

25 



modifications during each transport event. Conformational changes are usually 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 106-103 ions/sec) (Stein, 1986) 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 vivo (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 pS3

) 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 a!. , 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. Also the proton pumps of oxidative phosphorylation and the light-driven ion pumps 

of certain halophilic bacteria (like bacteriorhodopsin) are considered primary active transport 

systems (Gennis, 1989; Forgac, 1989). 

c) 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 cotransport mechanism. In this case transport 
is activated as long as the ion 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 

3 pS, picoSiemens, is the unit for g, single channel conductance. 
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Figure 2. Countertransport or trans-stimulation. In the preloaded vesicle (right) the influx is much faster than 
in the not preloaded one (left). (0) labeled substrate; (0) 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, !981). The kinetics of carrier-mediated transport can be compared with 

that of an enzyme, expressed by the Michaelis-Menten equation (v=SV-/[K.,+S]). 
Saturability of the transport process will show a definite affinity constant (K,, often called 
K, for transport systems) and a maximal velocity rate (V ..,j, 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 directly 

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- to the trans-side of the membrane, enable the carrier to exchange the substrate, released 

at the trans-side, with another substrate molecule. Supposing that, at the start of the turnover 

cycle, the substrate concentration at the trans-side is higher than at the cis-side, the net 

substrate flux will be from trans to cis. Consequently, the velocity of the process will be 

determined by the higher concentration present at the trans-side. Experimentally, if in such 

a case only the molecules at the cis-side are radio labeled, thus chemically detectable, we will 
measure a faster rate of transport from cis to trans than it would be expected in the absence 

of substrate at the trans side, with the apparent paradox of substrate moving against its own 

27 



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 trans­
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 can be higher than the JC.n, 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, trans-stimulation or cotransport with a coupled ion gradient) can 

experimentally manifest itself by an overshoot of uptake in a vesicular system, where the 

substrate 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 

a-helix forms, which can interact at the endoplasmic side (intracellular or extraluminal) with 

an hydrophilic, regulatory (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 that 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 

a major challenge for the near future (Higgins and Hyde, 1991) 

Channels and pumps in the lysosome 

A recent review about the permeability properties of the lysosome membrane has 
accurately listed all the categories of compounds which are able, or predicted to cross the 
membrane in vivo (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 carrier 
(glucose, amino acids). 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 only 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 (Ohknma and Poole, 1978; for review, Ohkuma, 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 a!., 1978) and later the H+ 
translocating 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; 

Deii'Antone, 1979), i.e., in the absence of permeable compensating anions, it produces an 
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TABLE I 

Lysosomal membrane transport systems 
(functional classification) 

Type 

Channels 

Chemically regulated: 

Tran.•morters 

Passive: 

Acrive: 

primary active 

secondary active 

Substrate 

chloride channel 

neutral small amino acids (2) 
proline, 3,4-dehydroproline 
neutral bulk amino acids 
branched and aromatic amino acids 
anionic amino acids 
N-acetylated bexoses 
neutral monosaccharides 

nucleosides 
phosphate ion 
calcium ions 
folylpolyglutamates 

H+ pump/ATPase 

acidic sugars 

probably secondary active 

Unknown mechanism 

cystine 

cysteine 
sulfate ions 
vitamin B 1~ 
cationic amino acids 
taurine 

cholesterol 
small dipeptides 

Source 

rat liver 

fibroblasts 
fibroblasts 
rat thyroid cells 
fibroblasts 
fibroblasts 
rat liver 
rat Iiver,fibroblasts 
rat liver 
fibroblasts 
fibroblasts 
fibroblasts 
S180 cells 

rat liver 
chromaffin granules 
coated vesicles etc. 

rat liver,fibroblasts 
lymphoblasts 

leucocytes 
rat liver 
fibroblasts 
rat liver 
rat liver 
fibroblasts 
rat liver 

fibroblasts 
rat liver 

Ref. 

Tilly,l991 

Pisoni,l987b 
Pisoni,l987b 
Bemar,l986 
Stewart,1989 
Collarini,1989 
Jonas,l989 
publ.IV,V 
Jonas.1990 
Pisoni.l989 
Pisoni,l991 
Lemons,l991 
Barrueco,l991 

Schneider,l979 
Moriyama,I989a 
Forgac,l983 

publ.Ill,V 

Gahl,l982 
Jonas,l982 
Pisoni,l990 
Jonas,1990 
Jonas,l991 
Pisoni,l985 
Vadgama,1991 

Liscum,l989 
Bird,l990 



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, 1983; Dean et al., 1984). They all have similar 

characteristics and are called in general vacU1Jlar 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 (Siidhof et al., !989), 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 (F1F0, 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 reconstitution of the lysosomal proton pump after solubilization of the lysosome 
membrane proteins has definitively proven that the proton translocation is not intrinsecally 
coupled to another ionic species (D'Souza et al., 1987). Acidification ofartificialliposomes 
containing the reconstituted proton pump was in fact accomplished in the total absence of 
perrneant anions, when the membrane potential was compensated by free flow of K+ in the 

presence of the ionophore 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 components and membrane 
associated polypeptides: the proton translocating function and the ATPase function are 
apparently associated with separate polypeptides (Forgac, 1989). Recently, Moriyama and 
Nelson (1989a) have shown cross-reactivity of antibodies against different subunits of the 

proton 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 0' C (Moriyama 
and Nelson, 1989b). The lysosomal H+-ATPase showed at least five different hydrophilic 

subunits, immunologically and electrophoretically identical to the pump from chromaffme 
granules. 

In total, there are at least eight major polypeptides 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 vesicles and chromaffm granules. 
Based on the predicted amino acid sequence, the 17-kDa subunit possesses four 
transmembrane domains which should directly 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., 

1991). 
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 58- and 70-kDa 

subunit predicts ATP and N-ethylmaleimide recognition sites (Siidhof 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-k:Da 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 Giirich et al. (1991) exploits the activation of a mammalian 
endosomal H+ pump by GTP and the non-hydrolyzable derivative GTP-yS, suggesting that 
G proteins are involved in the direct modulation of vacuolar acidification. The mechanism 

is not lmown. 

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 physiological counter-ion which performs in vivo this task could be identified in the cr 
anion. Halides seem to support H+ pump activity by serving as a counter-ion in clathrin­

coated vesicles (Xie 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 efficient 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 A K· JH+ exchanger 
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these findings, the nature of the chloride conductance can be speculated. Forgac (1989) and 

Glickman et a!. (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, ATP-yS, AMP-PNP) binding, independently of kinase 
activities (Tilly et a!., submitted). These results were obtained after electrophysiological 
studies performed with purified rat liver lysosome membranes, reconstituted in an artificial 
lipid bilayer. This is a new example of an ion channel regulated by nucleotide binding 
(Stanfield, 1987) and provides the physiological basis for a compensation mechanism of the 

membrane potential generated during lysosomal acidification. Synergically, ATP is useful to 
activate H+ pumping and c1· flux. 

These are to our lmowledge 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 chloride channel (Rich eta!., 1991; 
Anderson et a!., 1991) and that the endosomal acidification is defective in cystic fibrosis cells 
(mutated in CFTR) (Barasch eta!., 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 related 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 
organelles. 

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 

hydrophobic molecules are more permeable than large hydrophilic ones (Bird eta!., 1987; 

lveson et a!., 1989). The presence of specific carriers for the efflux of intralysosomal 
degradation products was hypothesized by Hales (1978) and Docherty eta! (1979). Even if 

nowadays many specific carriers for solutes have been described, the role of passive diffusion 
of hydrophobic compounds is still actively investigated (lveson eta!., 1989). 

The different lysosomal carriers will be discussed according to their substrate 

specificity for amino acids, sugars or miscellaneous compounds. 

33 



Amino acids 
The role of amino acid 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; Ohkuma, 1987). 

The first kinetic demonstration of a lysosomal carrier carne 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 lysosomal countertransport, 
using leucocyte granular (lysosome-rich) subcellular fractions. This work both discovered 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 neutral amino 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 diiodotyrosine is apparently carried 
out by the same transporter (Andersson et al., 1990). In human fibroblasts, instead, two 

separate transport systems for aromatic (system t) and bulk-y dipolar (system l) 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 cells, the authors could not come to a definitive conclusion about the 

identity of them. 
These properties were exploited studying countertransport of radiolabeled amino acids 

in lysosomes 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 

arginine, lysine, ornithine, histidine, diaminobutyrate was found in fibroblast lysosornes 
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(Pisani eta!., 1985). This carrier, called system c, performed maximal countertransport at 
extralysosomal alkaline pH. It accomodated also the mixed cysteine-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 eta!., 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 eta!., 1987a) which, bound to cysteine, 

transits via the cationic amino acid carrier, and mercaptoethylgluconamide (MEG) (Pisani 

eta!., 1989a) which might enter the lysosomal system by the acid sugar carrier (Christensen, 
1990). 

The substrate specificity and the lack of Na + dependence of the cationic amino acid 
carrier resembles that of the system y+ of the plasma membrane (Pisoni et a!., 1987a). 
However, uptake studies ofradiolabeled arginine revealed that the lysosomal carrier is highly 
pH sensitive, with maximum uptake at extralysosornal 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 (Pisani eta!., !987a). 

Interestingly, while the physiological transmembrane pH should support arginine 
influx in vivo, 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 vacuoles, phylogenetically related to lysosomes, 
contain a very similar H+ /arginine anti porter 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 a continuous gradient of silica (Percell). They are 
respectively called system e,J and 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. Proline uptake is maximal at extralysosornal acidic pH. System e 
recognizes the small amino acids alanine, serine and threonine, but does not accomodate N­
methylated forms (Pisoni eta!., 1987b). The methods used here allowed for the first time 
calculation and comparison of affinity constants. In a similar way, Collarini eta! (1989) 

characterized a carrier specific for anionic amino acids (system d), less restrictive and with 
a higher affinity than the corresponding x-Ao (for aspartate and glutamate) plasma membrane 

carrier. 
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Movements of taurine, a unique Sulfur amino acid derivative, across the lysosomal 

membrane seem also 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 amino acids. Recently, the 
hypothesis has been forewarded that a carrier-mediated transport mechanism 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, 1990; 

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, 1979), is inhibitable by cytochalasin B and other 
candidate substrates (Maguire et al., 1983) and is saturable (K,: 48±18 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 terrns 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 (lveson et al., 1989). 

We decided to address the question about the existence of an hexose carrier, 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. 
Unequivocal 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 pH changes, Mg++ 
ions, ATP, but inhibition by 50 ,uM cytochalasin B. Bidirectional transport was demonstrated 

by trans-stimulation. In lysosome membrane vesicles the glucose carrier did not support 

transport of acety lated 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 III). Its existence 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 genetic'Uly determined dysfunction of this 
transport system is the apparent cause of sialic acid storage diseases, a heterogeneous group 

of disorders spanning from mental and physical handicaps up to adult age, to early neonatal 

death. The biochemical details 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 substrat:es 
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 associated 

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 dearninated to inosine, which is recognized and 

transported by the same carrier. Purine and pyrimidine nucleosides are substrates with similar 

affinity (9 and 11 mM). Trans-stimulation of nucleoside transport could not be elicited 
(Pisoni and Thoene, !989b). 

Phosphate is taken up by fibroblast lysosomes with an affinity constant of 5 I'M 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 [32P]KH2PO,. 
However, also the efflux of phosphate can occur, since time-dependent uptake curves reach 
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TABLE II 

Characteristics of lysosomal sugar carriers 

Source K, 
(mM) 

pH optimum Countertransport/ 
Tratts-stimulation 

Substrate Regulation! Rer. 
specificity Inhibitors 

Acidic sugars 

rat liver vesicles 0.2 acidic yes sialic acid ATP public. HI 
(H-t cotransport) glucuronic acid NEM 

gluconic acid 

human fibroblast 0.2 acidic yes sialic acid 1 public. V 
vesicle-s (H-t cotransport) glucuronic acid 

proteoliposomes 0.38 acidic yes sialic acid NEM public. VI 
(rat liver) (H + cotransport) glucuronic acid DEP 

PO 

Neutral sugars 

rat liver 48 neutral ? D-,L-glucose cytochai.B Maguire, 1983 
"tritosomes" D-mannose 

D-rib-ose 
2-deoxy-D-glucose 

rat liver vesicles 75 acidic yes D-glucose 
D-galactose 
0-,L-fucose 

phloretin 
cytochai.B 

public. IV 

D-mannose 

rat liver lysosomes 22 neutral no D-glucose 
D-fucose 

cytochai,B Jonas,l990 

2-deoxyglucose 
methyl-a-glucoside 

N-Acet~lated sugars 

rat liver lysosomes 4.4 neutral yes N-acetylglucosamine 
N-acetylgalactosamine 

cytochal.B Jonas,l989 

rat liver vesicles 1.3 neutral yes N-acetylglucosamine 
N-acetylgalactosamine 

cytochai.B 
FITC 

Jonas,1990 



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 pyridoxal 

phosphate seem to interact with phosphate transport in a non competitive way. 

Though phosphate is largely produced by intralysosomal 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 inorganic phosphate in a process coupled to the function of the H+ 
pump/ATPase, as earlier 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 ~of 160 ~-tM, 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 eta!., 1986). Vitamin B12 is endocytosed as a complex bound to 

transcobalamin II (Rosenblatt and Cooper, 1990). The complex is degraded in the lysosome 
where the vitamin, as cobalamin, is released from the lysosome via a carrier mediated route, 
recently described (Jonas and ldriss, l99l).ln the latter study, the uptake of cyanocobalamin 

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 trans-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 

ethylendiarninotetracetate. The detection of this transport system will allow studies in material 

from patients with the cobalamin F mutation, where cobalamin is trapped in the lysosome 
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(Rosenblatt eta!., 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 eta!., 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 cholesterol 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 K+ ions, 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 glucosantine 
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 cationic amino acids (Pisani 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 to 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 potential unaltered. Considering 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 organelles 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 transport were not 

drawn. The f1rst 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 Ill). It is possible that similar 

type of investigations will clarify to which extent pH regulates 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 monoiodothyrosine and 

diiodothyrosine (MIT and DIT), liberated during lysosomal degradation of thyreoglobulin 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 

T3 and T4 compete for the transport of MIT and DIT will be confirmed by the demonstration 

that T3 and T4 are real substrates, the hypothesis that an aspecific transport system serves 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 LYSOSOMAL TRANSPORT 

Extensive reviews about the lysosomal transport defects are available (Gabl, 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 F 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 II 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 to 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 derived 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 a 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 B12 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 babies showed feeding difficulties, growth and 

developmental delay, persistent cutaneous 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 
["'Co]cyanocobalamin preincubated with human serum (which contains transcobalamin ll), 
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 ll-cobalamin complex. This leads to 

cellular deficiency of the active coenzymes methylcobalamin and acenocobalamin (Rosenblatt 
et al., 1985). It was therefore deduced that the patient cells fail to transfer cobalamin from 

the lysosome to the cytosol, in the absence of a putative cobalamin membrane transporter. 
Microscopically, biopsy material and cultured cells do not show typical signs of lysosomal 
storage. A significant increase of lysosomal cobalamin has been shown only by sophisticated 
autoractiographic 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 membrane 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 kidney, 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 !976, it was observed that cystine storage in cystinotic lysosomes decreases upon 
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administration of thiols like cysteamine (Thoene et a!., 1976). Only six years later the 

metabolic defect was identified in a specific transporter of the lysosome membrane (Gahl et 

a!., !982). Subsequent studies on the permeability of the lysosome membrane to different 

sorts of amino acids led to to the discovery of another transporter for 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 of the patients (Gahl eta!., 1987). Renal 

damage, once established, seems to be irreversible but cysteamine therapy has been able to 

prevent development of renal Fanconi syndrome (DaSilva eta!., 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 glycogenesis type ll 

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 situ 
(Ullrich et a!., 1989). In the latter disease, accumulation of the 3.5-kDa intrarnembrane 

subunit of the mitochondrial ATP synthetase, highly homologous to the 17-kDa subunit of 

the lysosomal proton pump, accumulates in the lysosome (Hallet a!., 1991). 
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Chapter 4 

SIALIC ACID STORAGE DISORDERS 

Sialic acid metabolism 
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 (NeuGc). These monocarboxylic N-substituted monosaccharides are 
essential components of oligosaccharides (OGS) either present in glycoproteins or 
gangliosides. OGS-bound sialic acids are involved in main metabolic functions like 

immunological processes, hormonal responses, signal transmission in neurons, tumor 
progression, cell adhesion and protection from premature degradation (for a review: Schauer, 
1982). 

The essential steps of intracellular 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 eta!., !985), the key enzyme of NeuAc synthesis, a-neuraminidase 
(Verheijen eta!., !985) and the lysosomal cartier for acidic monosaccharides (publication 
ill). 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 I by CMP-NeuAc, leading 

to hyperproduction of free NeuAc, has been found in patients with a syndrome characterized 
by massive sialuria and cytosolic accumulation of free sialic acid (Thomas et al., 1985; 
Weiss eta!., 1989; Seppala eta!., 1991). Three unrelated patients with this disorder have 
been identified to date (Fontaine eta!., 1968; Wilken eta!., 1987). Another patient excreting 
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Figure3. Metabolism of sialic acid. CMP: cytidine-monophosphate; CTP: cytidine-triphosphate; UDP-GlcNAc: 

uridine-diphosphate-N-acetylglucosam.ine: ManNAc: N-acetylmannosarnine; PEP: phospho-enol-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 observed 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 a­

neuraminidase (step 2, fig.3) is the defect in patients with sialidosis, where sialyl-OGS and 
a little free sialic acid, accumulate in the lysosomes (Cantz et al., 1977; Durand and O'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 metabolism 

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! ysosomal 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 (JSSD). 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 central nervous 
system involvement, can precede the ataxia. Very often permanent exothropia persists. The 
facies is not specifically malformed, but often hypertelorism, long philtrum and a slightly 
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 patients. 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, corrical and basal brain atrophy. Visceromegaly and skeletal 

abnormalities do not belong to the usual presentation of SD (Renlund et al., 1983; Ren!und, 
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 northern 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). 

!SSD is a severe neurovisceral disease, described so far in 15 patients. The major 
clinical findings are listed in table Ill. 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 (table 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 eta!. (1986) showed a striking difference between the almost norma! level 
of mentation and the severe motor impairment. In Salla disease, the opposite situation is 
more often encountered (Renlund et al., 1983). The skeletal changes observed in the patients 
by Wolburg-Buchholz and Fois, though not radiologically representative for dysostosis 
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TABLE III 

ISSD: Clinical Manirestations 

Author Hepatospleno- Skeletal Gr0\\1h N"eouatal Hypo- Fades Signs of Psychomotor <kular Outcome 
mpgaJy/asdtt>S changes retardation Hypotonia pigmentatim:a CardiorespiraiOI)' development fmdings 

failure 

"'Horowitz, 1981 y., No t5 mo. 

•cooper, 1988 
-case I y., No No D)'smorphic y., Dday~d 

-case 2 y., y., D)·smorphic y., Dday~d 

•Tondeur, 1982 
-case 1 Yo. No y" Y.:s y" Gargoylk y" Delayed Nonnal t 5 yr. 
-case 2 Yes No v .. y" Y« Coarse y" Delayed Normal alive 2 yr. 

•Stevenson, 1983 
-case 1 y,. Yo. y,. No Y« Coarse; y" Delayed Squint + t 3111 yr. 

th)·pertonus) prominent filtrum Epicanthus 
-->:ase 2 y,. y., Yo. No y" D)·smorphic Yo. Delayed Retinal pallor; Alive, 15 mo. 

(hypertonus) sah & pepper 
appearance 

•Paschke, 1986 y" No y,. y" y., Long philtrum Yo. Ddayed Nonnal t 10 mo. 
(2 cases, one (fruncal) 
published 

•camnon, 1990 y., No y,. y,. y., Dysmorphic, coarse y., Dday~d Strabismus t 13 mo. 
pale retina 

•Lake, !989,(ase I y" y,. y,. Mildly dysmorphic Sewrely t 17 mo. 
(+prenatal) dday~d 

•sped, 1990 
-case I Yes No y,. y" y,. Dysmorphic y" Severely Strabismus t I yr. 

prominent filtrum &layed 
-case 2 y,. y" y,. Dysmorphic v .. t 3 mo. 

•clements, 1988 Coarse 
-case I Y« Coarse t 18 mo. 
-case 2 y., t I mo. 



TABLE IV 

Non-Finnish (Sporadic) Salla Disease and Intennediate Cases 

Author HE'patospleuo- Skel€'tnl GrO\Ith Muscular Hypo- Fades Cardiorespiratory Psychomotor Ocular Outcome 
mega1y changes retardation tone pigntrntation failure de-nJopment findings 

+Wolburg-Buchholz, +I- Hypotonia+ Dysmorphk: Severely Alive 9 yr. 
1985 Tetrapkgia delayed 
-case 1 (3 in total) 

+YJitalo, 1986 
4:8Si: J Hypotonia Near to nom1al Normal Alive 6 yr. 
.._,ase 2 mentation 

Delayed motor 
functions 

H)'potonia -The same Nystagmus Alive 8 yr. 

+&benne, 1986 Nonnal Not dysmorphk Delayed NolllUII Alive 5 yr. 
Hoarmess of the voiN 
Macr;xephaly 

+fois, 1987 +I- + Trunk hypotonia + Dysmorphic Scwrdy Retinal pallor Alive \3 yr. 
limbs hypertonia delayed 

+Mandni, (submitt~d) + -(?) Limbs hypertonia Dysmorphic Mildly dl!iay~d R~tinal pallor Alivo: lOyc 
Corneal opaciti~s 
Strabismlls 

•BallmkOtt~r, 1985 + + + Hypotonia Coarse Y~s Mildly delayed Mortal Alive 5 yr. 



multiplex, are rare in Salla disease. The disease of Baumk6tter's patient resembles ISSD in 
terms of visceral and skeletal involvement, but not in the clinical course which is slowly 

progressive (Baumk6tter eta!., 1985). The first Dutch patient with SASD has recently been 
described (Mancini eta!., submitted). He combines the neurological features ofSalla disease 
with skeletal abnorntalities observed in ISSD. The slowly progressive course of the 
neurological disease, instead, reminds Salla patients. The corneal opacities, among the ocular 
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 eta!., 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 

II 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 moment 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 eta!., 1980; Mendla eta!., 1988). In general, 

in SASD the levels of storage and excretion correlate with the clinical severity (Gab! et a!., 

l989a; Mancini eta!., 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 eta!., 1988). In SD, storage material has been found 
also in other organs than the nervous system, without leading to clinical dysfunction (Renlund 

eta!., 1983). 
In ISSD instead, the visceral rutd 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, spleen, lymph nodes, neurons, axons and glial 

cells (Hancock eta!., 1982; Stevenson eta!., 1983). 
The biochemical diagnosis of SD and ISSD is based on 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 sensitive analysis and a possible tool for 
heterozygote detection, 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 (Baumkotter eta!., 1985; Mancini eta!., submitted). 

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

We have recently described a lysosomal membrane carrier, specific for the transport 
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 (Blom 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 Sperl et a!. (1990), it is curious that !SSD, sialidoses and Hurler 
disease (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 is 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 !SSD (Sperl eta!., 1990). To 
support the second hypothesis, it has been suggested that the function of lysosomal 
neuraminidase is inhibited in SASD, by the accumulation in situ of its reaction product 

(Baumk6tter et al., 1985). This however, should not produce cellular deficiency of sialic 
acid, because, independently of the lysosomal recycling, sialic acid can be synthesized de 

novo 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 a!. (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 sialurias (Tondeur eta!., 1982; Stevenson eta!., 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 

SD 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 ISSD, 

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 disease, ISSD and the intermediate form available, we wanted to test the 

hypothesis of Renlund about a possible defective lysosomal 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. Karnerling (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 efflux of amino 
acids from the lysosomal compartment (Goldman and Kaplan, 1973). The experimental data 
in publication II 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 controllysosomes 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 model 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: GlcNH2 N-Acetyl transferase (Bame and Rome, 1985; 

Ohsurni 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 Ill, we 
could for the frrst 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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NeuAc- H+ H+ ATP 
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NeuAc- ~--............ ·· 

lysosome 

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 

B12 , sulfate and perhaps cystine (see table l 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 trans-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 C6) were of special interest because they occur physiologically 

in the lysosome as degradation products of glycosaminoglycan metabolism. In fact, 

~travesicular glucuronic acid could trans-stimulate the uptake of sialic acid, demonstrating 
unequivocally 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 carrier 
(Maguire et al., 1983) had recently been debated (Bird et al., 1987; Bird et al., 1988; Iveson 
et al., 1989), it seemed opportune to compare the kinetics of glucose transport with those of 

sialic 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 monosaccharides besides that for 
monocarboxylic sugars (see also 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 inhibited 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 lysosomal 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 a 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 distinct 
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 to 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 carne from the observation of intermediate transport rates in 
obligate heterozygotes for this autosomal recessive disease. 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 metabolic 
disorder, but the clinical heterogeneity of these diseases still needs to be explained. Also, it 
will be interesting to investigate whether glucuronic acid, besides sialic acid, is accumulated 

in patient lysosomes in vivo. 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 is 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 is 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 recently been successful for the identification of two different sialidases (van der 
Horst et al., 1990a and !990b). 

A successful functional reconstitution of the lysosomal 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 actlvtty 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. !his would make reconstitution after 
a few purification steps, which are inevitably associated with the loss of protein, 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 little as l p.g of 

incorporated protein, independently of the amount of lipid (publication VI). The 

proteoliposomes used are of much smaller size (about 3 p.llmg protein compared with the 10 

p.l of the other reconstitution system) and are better sealed, showing low aspecific diffusion. 

Saturabi!ity 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 also 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 justify 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. 

REFERENCES 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

* 

68 

Bame, K.J. and Rome. L.H. (1985) Acetyl coenzyme A:a-glucosaminide N-Acetyltransferase. 

Evidence for a transmembrane acetylation mechanism. J. Bioi. Chem.260:11293-11299 

Bird. S.J., Forster. S. and Llouyd. J.B. (1987) Translocation of sugars into rat liver lysosomes. 

Evidence against a common carrier forD-glucose and D-ribose. Biochem. J. 245:929-931 

Bird. S.J ., Forster, S. and Lloyd, J.B. (1988) Lysosomal sugar transport: facilitated or free diffusion? 

Biochem. J. 252:623 

Blom, H.J., Andersson, H. C., Seppala. R., Tietze F. and Gahl, W.A. (1990) Defective glucuronic 

acid transport from lysosomes of infantile free sialic acid storage disease fibroblasts. Biochem. J. 

268,621-625 

Cuppoletti, J., Aures-Fisher, D. and Sachs, G. (1987) The lysosomal H+ pump: 8-azido-ATP 

inhibition and the role of chloride in H''" transport. Biochim. Biophys. Acta 899:276-284 

Fox. C.F. and Kennedy, E.P. (1965) Specific labeling and partial purification of theM protein, a 

component of the B-galactoside transport system of Escherichia Coli. Proc. NaJL Acad. Sci. USA 

54,89!-898. 

Goldman. R. and Kaplan. A. (1973) Rupture of rat liver lysosomes mediated by L-amino acid esters. 

Biochim. Biophys. Acta 318:205-216 

Gould, G.W. and Bell, G.I. (1990) Facilitative glucose transporters: an expanding family. Trends in 

Biochem. Sci. 15:18-23. 

Hales, C.N., Docherty. K. and Maguire. G.A. (1984) Sugar transport in lysosomes. In •Lysosomes 

in biology and pathology" (J.T. Dingle. R.T. Dean, W. Sly eds.) pp.165-174. Elsevier Science 

Publisher. 

van der Horst. G.T.J .. Mancini. G.M.S., Brossmer, R .• Rose. U. and Verheijen, F.W. (1990a) 

Photoaffinity labeling of a bacterial sialidase with an aryl azide derivative of sialic acid. J. Biol. Chern. 

265:10801-10804. 

van der Horst, G.T.J., Rose. U .. Brossmer, R. and Verheijen, F.W. (1990b) Photoaffinity labeling 

of the lysosomal neuraminidase from bovine testis. FEBS Lett. 277:42-44. 



* Iveson, G .P., Bird, S.J., Lloyd. J .B. (1989) Passive diffusion of non-electrolytes across the lysosome 

membrane. Biochem. J. 261:451-456 

* 

* 

• 

* 

* 

• 
* 

Jadot, M., Wattiaux-De Coninck, S. and Wattiaux, R. (1989) The permeability oflysosomes to sugars. 

Effect of diethylstilbestrol on the osmotic activation of lysosomes induced by glucose. Biochem. J. 

262:981-984. 

Jonas, A.J. (1986) Studies of lysosomal sialic acid metabolism: retention of sialic acid by Salla disease 

lysosomes. Biochem.Biophys.Res.Commun. 137: 175-181 

Lloyd, J.B. (1969) Studies on the permeability of rat liver lysosomes to carbohydrates. Biochem. J . 

115:703-707 

Maguire, G.A., Docherty, K. and Hales, C.N. (1983) Sugar transport in rat liver lysosomes. Direct 

demonstration by using labeled sugars. Biochem. J. 212:211-218 

Maloney, P.C. and Ambudkar, S.V. (1989) Functional reconstitution of prokaryote and eukaryote 

membrane proteins. Archiv. Biochem. Biophys. 269:1-10 

Maloney, P.C. (1990) Microbes and membrane biology. FEMS Microbial. Rev. 87:91-102 

Mancini, G.M.S., Hu, P., Verheijen, F.W., van Diggelen, O.P., Janse, H. C .. Kleijer, W.J., Beemer, 

F.A. and Jennekens, F.G.I. Salla disease variant in a Dutch patient. Potential value of 

polymorphonuclear leucocytes for heterozygote detection. (submitted) 

* Mendla, K., Baumk:Otter, J., Rosenau, C .. UUrich-Bott, B. and Cantz. M. (1988) Defective lysosomal 

release of glycoprotein-derived sialic acid in fibroblasts from patients with sialic acid storage disease. 

Biochem. J. 250:261-267 

* 

* 

* 

• 

* 

* 

• 

* 

Ohsumi, Y., Ishikawa, T., and Kato, K. (1983) A rapid and simplified method for the preparation of 

lysosomal membranes from rat liver. J. Biochem. 93:547-556 

Paschke, E .. Hofler, G. and Roscher, A. (1986) Infantile sialic acid storage disease: the fate of 

biosynthetically labeled N-acetyWHJneuraminic acid in cultured human fibroblasts. Pediat. Res. 
20:773-777 

Peerce, B. E. (1989) Identification of the intestinal Na+ -phosphate cotransporter. Am. J. Physiol. 

256:G645.Q52. 

Renlund, M., Chester, M.A., Lundblad, A., Parkkinen, J. and Krusius, T. (1983) Free N­

acetylneuraminic acid in tissues in Salla disease and the enzymes involved in its metabolism. Eur. J. 

Biochem. 130:39-45. 

Renlund, M. (1984) Clinical and laboratory diagnosis of Salla disease in infancy and childhood. J. 

Pediat. 104:232-236. 

Renlund, M., Tietze, F. and Gahl, W.A. (1986). Defective sialic acid egress from isolated fibroblast 

lysosomes of patients with Salla disease. Science 232:759-762. 

Riordan. J .F .. McElvany, K.D. and Borders, C.L. Jr. (1977) Arginyl residues: anion recognition sites 

in enzymes. Science 195:884-886. 

Stevenson, R.E., M. Lubinsky, H. A. Taylor, D.A. Wenger, R.J. Schroer, and P.M. Olmstead (1983) 

Sialic acid storage disease with sialuria: clinical and biochemical features in the severe infantile type. 

Pediatrics 72:441-449. 

* Tietze, F., Seppala. R., Renlund. M., Hopwood, J.J .• Harper, G.S., Thomas, G.H. and Gahl, W.A. 

(1989) Defective lysosomal egress of free sialic acid (N-acetylneuraminic acid) in fibroblasts of patients 

with infantile free sialic acid storage disease. 1. Bioi. Chem. 264:15316-15322. 

* 

* 

Tondeur, M., Libert. J .. Vamos, E .. van Hoof, F., Thomas, G.H. and Strecker, G. (1982). Infantile 

form of sialic acid storage disorder: clinical, ultrastructural and biochemical studies in two siblings. 

Eur. J. Pediat. 139:142-147. 

Turner. R.J. (1983) Quantitative studies of cotransport systems: models and vesicles. J. Membr. Bioi. 

76:1-!5 

69 



* 

70 

Wright, E.M. and Peerce, B.E. (1984) Identification and conformational changes of the intestinal 

proline carrier. J. Bioi. Chern. 259:14993-14996 



Publication I 

Free sialic acid storage disease. A new Italian case 

Eur. J. Pediatr. 146:195-198 (1987) 

71 





Case re orts 

Eur J Ped.iatr (1987) 146:195-198 
© Springer-Verlag 1987 

Free sialic acid storage disease 
A new Italian case 
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Abstract. Increased amounts of free 
sialic acid were found in cultured fibro.. 
bl:lStS and urine of a 4-year-7-month-old 
Imlian boy with mental retardation, 
hypotonia, failure tO thrive, coarse facial 
features, convergent strabismus, pale 
skin and fait hair. Ultramicroscopic 
examination of conjunctival and skin 
tissues showed a number of membrane­
!)Qil)ld v:>.cuolcs containing low-Qensiry 
granular material in the cytoplasm of the 
fibroblasts. The clinical. biochemical 
and ultrastructural findings are similar 
to those described in Salla disease. 
Neuraminidase activity is normal. 

The molecular basis of the sialic acid 
storage disease is not known. 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. 

Key words: Free sialic acid storage dis­
ease - Salla disease 

Offprinr requests to: A.Fois. Oinica Pediat· 
rica. Universitil. deg!i Studi. Vm P.A.Mat· 
tioli. 10, I-53100 Siena, Italy 

Introduction 

Two groups of hereditary disorders of 
sialic acid metabolism have been iden­
tified. In the first there is a storage of 
sialic acid bound to oligos:::tccharides and 
glycoproteins. These p:::ttients have a de­
fect of the lysosomal enzyme neuramini­
dase (sialidase) and for this reason the 
name of ~sialidosesH has been suggested 
[7]. In the second group there is a mark­
edly increased . excretion of free sialic 
acid (N-acetyl·neuraminic acid) in the 
urine. These subjects have different 
clinical symptoms. The most consistent 
number of patients hns been observed in 
Fml:::tnd [1. 11, 12. 14}. The disease is 
characterized by autosomal recessive 
transmission. early onset. severe psycho­
motor retardation. ataxia, athetosis, 
spasticity and impaired speech. Thick 
calvaria, exotropia and growth retarda­
tion are also present in about half of the 
patients. Ultramicroscopic examination 
of skin biopsies shows membrane-bound 
vacuoles containing fibrillo-granular 
material in different cell types. The daily 
excretion of free sialic acid ::unounts to 

about ten times the normal values. The 
activities of the lysosomal enzymes in 
serum, fibroblasts a.nd lymphocytes are 
normal. This condition has been named 
HSalla diseaseH from the region where 
the first cases were born. 

Other sporadic patients with sialuria 
but a clinical picture different from that 
of the Fmnish patients have also been 
described [2-4, 10. 15. 19. 21]. We pre· 
sent a case of sialic :::tcid storage disease 
with sialuria. The clinical. ultrastructural 
and biochemical findings are similar to 
those described in Salla ·disease. 

CliDicaJ dllta 

Patient P.E., a 4-year-7-month-old boy, 
was born from non-const~nguineous par· 
ents in Temi (Central Italy). Pregnancy 
J.nd delivery were uneventful. An S­
year-old brother and 5-year-old sister arc 
in good health. Neuromotor retardation 
was noted in the patient from the first 
months of life. At S months head control 
was not yet acquired, he could not sit un­
supponed and was not able to reach for 
objects. At 26 months. with high fever. 
he developed a generalized convulsion 
which lasted about 20 min. For this 
reason he was hospitalized in the Pediat· 
ric Institute. University of Siena. Physi* 
cal examination showed a boy whose 
weight was 9.800kg (<3rd centile) and 
height 75cm (<3rd centilc). Head cit· 
cumferencc was 47.5cm (25th ccntile). 
He showed mild coarse facial features 
with flared nostrils. long philtrum. flat 
nasal bridge. large mouth, bilatenl exo-

73 



tropia. short neck. The skin was pale 
with fair hair. There was a moderate 
thoracic kyphosis with increased antercr 
posterior diameter. Liver and spleen 
were not enlarged. Neurological exami­
nation showed marked hypotonia: he 
could sit unsupported only for a few sec­
onds. He could reach for objects and 
bring them to his mouth. He could not 
speak. 

Laboratory findings 

At the age of 26 months results of the 
following laboratory examinations were 
normal: blood glucose, urea nitrogen, 
bilirubin. Na·, K+ and a-. serum pro­
teins. triglycerides and lipoproteins, uric 
acid. plasma and urine amino acids, 
CSF, T3, T4, and TSH. oral xylose load­
ing test. karyogram. chest and bone X­

rnys. Urinary glycosaminoglycan and Fig.l. Two conjunctival fibroblasts containing eytoplasmatic vacuoles of different dimensions 
oligosaccharide excretion was also nor-
mill. 

Fundoscopic ex:unination 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., 

cr 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 ozurcr 
philic cytoplasmic granulations; there 
was no evidence of vacuolated cells in 
pcriphernl blood and bone marrow. 

Special studies 

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

Electron microscopy 

Small tissue -specimens of conjunctiva 
and skin were fixed in 2.5% glutaralde­
hyde in O.lM cacodilate buffer. pH 7.2 
for2h at4"C, washed in the same buffer. 
postfixed in 1% osmium-tetroxide for 
2h. dehydrated in ethanol and included 
in epon-araldite. Semi-thin and ultra­
thin sections were cut with an LKB 
NOVA ultramicrotome. The ultra-thin 
sections were stained with uranyl acetate 
and lead citrate and examined under a 
Philips 400 electron microscope. Con­
junctival fibroblasts (Fig. 1). endothelial 
and Schwann cells revealed numerous 
cytoplasmic vacuoles of different size 
containing granular, electron-dense 
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Fig.2. Skin biopsy: the cytoplasm of a Schwann cell is filled with vacuoles containing granular 
electron-dense material 

material surrounded by membrane. Fibroblast culture 
Some fused vacuoles formed vacuoles of 
larger dimension. Mast cells and epi­
thelial cells had an apparently normal 
ultrastructure. The cytoplasmic organ· 
eUes were normal. Ultrastructural find­
ings similar to those described in con­
junctival biopsy were also observed in 
the skin (Fig.2). 

Skin fibroblasts were grown in Ham's 
FlO medium supplemented with 10% 
fetal calf serum and antibiotics. Cells 
were harvested by trypsinization, exten­
sively washed with phosphate buffered 
saline and the pellet kept frozen until 
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Table 1. Lysosomal hydrolase activities 

L::ucocytes S=m Fibroblasts 
(ru:nollh permg protein) (nmollh per ml) (nmollh!mg protein) 

Patient n.v.• Patient n.v.' Patient n.v.• 

a-Neuraminidase 1.04 1-5 89 40-100 

~Exosaminidase 653 650-""' 800 300-1700 
Isoenzyme A 68.4% 60-74% 
IsoenzymeB 31.4% 25-40% 

«·Galactosidase 9.24 8-50 3 2-IS 
~Galactosidase 38.7 25-190 23-' 3-00 
~Glucuronidase 187.5 57-350 100 IS-385 
a-Mannosidase 70A 50-233 28.7 3-100 
tt·Fuo:osidase 21.8 20-110 346.7 30-1500 
Arylsulphatase A 

pHS 14S.8 100-260 
pH6 ''-' "'-1"' 
pH5/pH6 1.64 1.5-2.4 

Arylsu!phataSe B 83.4 70-160 
~Gluo:osidase 19.4 1-29 

• n. v. = nonnal values 

Table 2. Sialic acid content in cultured fibroblasts. urine and serum 

PaticntP.E. Normal controls (") 

Cultured fibroblasts 
(nmoVmg protein) Freo 21.19 

ToU>l 24.74 

Urine (mg/24 h) F= 58.8 
ToU>J 59.9 

Serum (ru:noVml) Free 0.066 
ToU>J 1.78 

Lysosomal hydrolase activities 

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

Leucocytes and cultured fibroblasts 
were analysed for neuraminidase activity 
on a substrate of sodium 4--metbylumbel­
liferyl-a-rrN-acetylneura.minate. 

%en re-examined at the age of 
4 years 7 months, the patient still could 
nor walk and could pronounce only a few 
syllables. The legs were hypertonic. 
Chest X-rnys gave normal results. Fun­
d"USCopic examination confirmed the pre­
viously reported pallor of the optic disc. 
EEG showed a diffuse 18-20c/s activity 
during wakefulness and spontaneous 
sleep. There was no evidence of vacuol­
ated cells in peripheral blood. 

Sialic acid det.erminalion 

Qualitative determination of si<ilic acid 
in urine was performed by thin layer 
chromatography according to the meth­
od of Michalski et al. [9] directly sponing 

1.$4 ±0.52 (3) 
13 ±0.83 (3) 

4.21 ± 1.9 (19) 
5.59 ±2.35 (19) 

0.027::!:: 0.009 (7) 
0.63 ::!:: 0.11 (7) 

20 ).!.1 urine samples on a precoated silica. 
gel 60 thin layer chromatographic plate. 
Quantitative assays of sialic acid in 
urine, serum and cultured fibroblasts 
were done essentially as described by 
Warren's procedure (20]. An increase 
of free sialic acid to about 15 times the 
normal control values was present in the 
patient's fibroblasts (Table 2). The 24h 
excretion of total sialic acid varied be­
tween 50.2 and 69.7mg (mean value= 
59.9mg). The amount of free slalic acid 
varied between 48.9 and 67.5mg (mean 
v1llue = 58.8mg) or about 14 times the 
nonnal control values (!'able 2). The 
free sialic acid in the serum was only 2.4 
times the normal (Table 2). 

Discussion 

The clinical. ultrastructural and bio­
chemical picture of Salla disease, as de­
scribed above, has been now reponed in 
49 Fmnish subjectS [1. 11-14]. Besides 
this consistent group. other patients with 

similar biochemical findings but a differ~ 
ent clinical picture have been observed. 
Fontaine et a!. in 1968 [3] described a 
boy with massive sialuria. low weight 
and height, hepatomegaly, convulsions 
and retarded psychomotor development. 
Hancock eta!. (4] published data on a 5-
month-old boy of German-Swedish an­
cesoy who died after rapid progression 
with massive ascites, hepatomegaly. 
probable mental retardation and no signs 
of skeletal involvement. At autopsy the 
brain was enlarged and firm. Electron 
microscopy showed granular and floccu­
lar material in liver, brain and cultured 
skin fibroblasts. The group of Strecker 
[19] has published two more cases bom 
from unrelated Yugoslavian parents. 
They showed coarse facies. hepato· 
splenomegaly, markeO 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 stornge 
of polysaccharide~like material. Urine 
and cultured fibroblasts contained in­
creased (18-25 fold) amounts of free 
sialic acid. Biochemical analysis of crude 
sonicates of the cultured fibroblasts re­
vealed increased levels of sialic acid (16]. 
Two more unrelated infants with sparse 
white hair. coarse facies. hepatospleno­
megaly •. neuromotor retardation, mild 
slgns of dysostosis multiplex and clear 
vacuoles in fibroblasts. visceral, central 
nervous system cells and lymphocytes 
have been described (15]. Urine. liver, 
leucocytes and sonicated cultured skin 
fibroblasts contained increased :l.mounts 
of free sialic acid. Lysosomal bydrolases 
were normal. A 9-year--old patient without 
visceromegaly, with severe neuromotor 
retardation, epileptic fits and biochemi­
cal and ultrastructural findings similar 
to Salla disease, bas recently been re­
ported by Wolburg-BucbbOltz et al. (21]. 
Two sisters exb.J.bited similar symptoms 
and died at the ages of 8 and 17 years. 
Recently another Italian c:J.se. bom of 
consanguineous Sicilian parents, has 
been reponed by BaumkOtter et al. [2]. 
This patient however also bad hepato­
splenomegaly and mild signs of dys-­
ostosis multiplex. The clinical picture 
better resembled a generalized storage 
disorder. Free sialic acid was increased 
13, 28 and 46 rimes more than normal 
control values in urine, cultured fibro­
blasts and liver tissues. respectively. 
Variants of Salla disease have also been 
described in two patients (22]. The 
neurological picture in the early period 
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of life was considered compatible with a 
non-progressive cerebral palsy. There 
was no oven intellectual deterioration 
but severe hypotonia and ataxia or dys­
kinesia. Later however the picture of a 
progressive encephalopathy became evi­
dent. These patients also had five to ten 
times increased amounts of free sialic 
acid in the urine with normal v:l.lues of 
neuraminidase and several other lyso­
somal enzymes in cultured skin fibro­
blasts. An increase of neuraminidase 
activity in lymphocytes was present. 
Another patient with sialuria and epi­
leptic fits (10} had. at the age of 26. no 
other clinical findings. Microscopic or 
ultraStructural 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 variants" charac­
terized by a slow progression of symp­
toms and the severe infantile form. a 
rapidly progressive neurodegenerative 
disorder with visceral and/or skeletal in­
volvement. leading to a vegetative state 
or death in the first years of life. 

In our case the severe neuromotor re­
tardation. the moderately dysmorphic 
facial features and the ultramicroscopic 
findings are similar to 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 cul­
tured skin fibroblasts are in agreement 
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 Renluod et al. [13] have 
hypothesized the possibility of a trans­
pan defea of free sialic acid across the 
lysosomal membrane. An over-produc­
tion of free N-acetyl-neuram.inic acid in 
fibroblasts from the original sialuria 
patient reponed by Foo.taine et a!. [3]. 
has also been considered to be at least in 
pan responsible for the increased 
sialuria. Indirect evidence that this may 
result from either hyperactivity or in­
creased levels of the enzyme uridine di­
phosphate N-acetylglucosam..ine-2-epi­
meras.e has been presented (17}. 

In our patient a defective efflux of N­
cetylneuraminic acid has been demon­
strated from lysosome-enriched fractions 
prepared from fibroblasts treated with 
labelled methylester of N-acerylneur­
a.minic acid [8}. In the same study. a 
similar defect was also found in cultured 
fibroblasts obtained from one of the pa­
tients studied by Tondeur et al. [19} and 
in another cultured fibroblast cell line 
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belonging to a patient with classic Salla 
disease [12]. 

This observation. together with the 
recent studies of Tietze et al. (18] and 
Jonas and Huls [6]. ma.y indicate the 
existence of a specific transpon system 
for free N-acetyl-neuraminic acid across 
the lysosomal membrane. An abnormal­
ity of this transpon mechanism could 
explain the basis and perhaps the differ­
ent clinical expression of tbe 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 abnormalities causing 
storage and increased excretion of free 
sialic acid. 
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Free N-acetylneu.raminic acid (NANA) storage disorders: 
evidence for defective NANA transport across the lysosomal membrau.e 
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Summary. To study the biochemical defect underlying N­
a.cetylneuraminic acid (NANA) storage disorders (NSD). a 
tritium-labeled NANA-methylester was prepared and its me­
tabolism was studied in normal and mutant human fibroblasts. 
The uptake of methylester. its conversion into free NANA. 
and the relea..<>e of free NANA was studied in lysosome-en­
riched fractions. In three clinico.!ly different types of NSD ac­
cumulation of free NANA was observed and the half-life of 
this compound was significantly increased. Our observations 
indicate the existence of a transport system for NANA o.cross 
the lysosomal membr::me, which is deficient in all variants of 
NSD. 

lntrOOuction 

N-Acetylneuraminlc acid (NANA) storage disorders (NSD) 
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
toms. However. striking differences are found in the progres­
sion of the symptoms and in the lifespan. Patients with so cal­
led "Salla~ disease present severe symptoms and early onset, 
but a slow progression of the diseuse (Aula eta!. 1979: Reo­
lund et al. 1983a; Baumk6ner et al. 1985). In contrast, pa­
tients with the severe infantile form, die in early childhood 
(Honvitz et al. 1981; Tondeur et al. 1982; Stevenson et al. 
!9S3). 

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 eta!. 
1980), and by excessive urinary excretion of free NANA. The 
biochemical defect underlying these diseases is so far un· 
known. All the enzymes known to be involved in NANA me· 
tabolism were proven to be normally active in liver and cul­
tured fibroblasts from patients with ~sana H disease (Renlund 
et al. 1983b). It has been hypothesized that NSD results from 
a defective transfer ofNANA acrOss the lysosomal membrane 
towards the cytosol (Hancock et al. 1983; Renlund et o.L 
1983b). 

In order to obtain experimental evidence for such a defec­
tive NANA transport system. we have loaded living fibro-

• Working as a fellow from the Department of Pediatrics. University 
of Siena. Italy 
Offprint requests to: F. W. Verheijen. Department of Cell Biology and 
Genetics. Erasmus Univer.>ity. P.O. Box 1738. NL-3000 DR Rotter­
dam. The Netller!ands 

blasts with tritium-labeled NANA (eH)-NANA) using its 
mcthylester. which as an uncharged molecule diffuses into the 
lysosome. Here it is converted into free NANA and methanol. 
similarly to what is described for other methylesters (Reeves 
1979). The release of radiolabeled-frce NANA could then be 
followed after isolation of lysosome-enriched fractions from 
the fibroblasts. Under these conditions, we have studied cul­
tured fibroblasts derived from a patient with "Sana" disease 
(Renlund et al. 19S3a). an infant affected by a severe form of 
NSD (Tondcur eta!. 1982). :md from a 5-year-old child of Ita­
lian ancestry with a milder infantile form (A.Fois, personal 
communication). 

Materials and methods 

NANA -merhylesrer synthesis 

Tritium labeling of NANA was performed at our request by 
Amersham (England) giving a specific activity of SOmCif 
mmole. The NANA-methylester was prepared as described 
earlier (Yu and Ledeen 1969). by incubating 100mgofNANA 
with 500mg of Dowex 50 x S (H+ form) in the presence of 
15 ml of methanol for two hours at room temperature. After 
incubation. the methanolic solution of the methylester was 
dried under vacuum rotation. resuspended in the appropriate 
volume of water, 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 HSalla ~ disease 
were kindly provided by Dr.P.Aula. (Children's Hospit::tl. 
University of Helsinki. Finland). Fibroblasts from the severe 
infantile form of NANA storage disease were a gift from 
Dr. E. Y:l..mos (Laboratory of Cytogenetics and Cell Culture, 
Hospital St.-Pierre. Brussels, Belgium) and from the Italian 
patient from Professor A. Fois (Department of Pediatrics. 
University of Siena. Italy). All cell lines were grown in Ham's 
FlO medium supplemented with 10°/o fetal calf serum and 
antibiotics. 

Loading of living fibroblasts with tHJ-NANA-merhylester 

In experiments perlormed in cell suspension. fibroblasts from 
two 75 em: Falcon flasks were harvested under controlled 
trypsiniz:ltion. washed twice with RPMI 1640 medium, and in-
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cubated 1 hour at 37"C in 1 ml of RPMI medium containing 
lOmM unlabeled NANA-methylester and 5011Ci of eH)­
NANA-methylester. At the end of the incubation, the cells 
were washed extensively with RPMI. and in =e of -chase~ 
experiments, cell pellets were resuspended in fresh RPMI and 
divided into fractions which were incubated at 37•c for differ­
ent times (0, 15. 30, and 60min). The content of unbbeled 
sialic acid re::~.chcd after loading was measured in the cell 
homogenate by the thiobarbituric acid assay (Warren 1959). 

For long-term accumulation e:xperimcnts fibroblast mono­
layers were used; 75 ern: flasks were incubated at 37"C for 20h 
in Ham's FlO medium containing lmM NANA-mcthylcster 
and 50].1Ci of(~·NANA-mcthylestcr. After incubation lyso­
some-enriched fractions were prepared as follows. The cells 
were homogenized with 17 strokes of a Teflon-glass homo­
genizer at ooc in 0.25 M sucrose containing lOmM HEPES 
buffer and 1 mM EDTA. pH 7. After centrifugation at lOOxg 
for 10min, to remove nuclei and unbroken cells. the supernat­
ant was spun down at 2000xg for 10 min and the new super­
natant was centrifuged at 12 OOOxg for 15 min. The final pellet. 
representing the lysosome-enriched preparation, was resus­
pended in water. The specific activity of j?.-hexosaminidase in 
this fraction was six-fold higher then that in the totn.l cell 
homogenate. The radiolabeled compounds in the lysosome­
enriched fraction were separated by TLC on a 0.2mm silica 
gel covered glass plate (Merck) in butanol-acetic acid-water 
(100:50:50, v/v/v). Silica fractions of O.Scm were then 
scraped off. the samples were eluted with 500 ).1.1 of 1 N NaOH, 
and the radioactivity was counted with 10m! oflnstagel (Pac­
kard) in; liquid scintillation counter. 

The radioactivity of the fractions identified by the corre­
sponding marker as free NANA was expre..;;sed as a percent­
age of the initial eH)-NANA dpm per unit of ~-hexosaminid­
ase activity. The logarithm of this percentage was plotted 
against time of clearance. Half-lives of NANA release were 
calculated by linear regression. 

Lysosomal latency 

The integrity of the lysosomal preparations at each time point 
was determined by measuring the j?.-hexosaminidase activity 
as described previously (Galjaard 1980). in 0.3 M sucrose in 
the presence or absence of 0.1% Triton X-100. Latency was 
defined as a 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 SO to 
90"/., of ~-hexosaminidase was latent in the lysosomal prepara· 
nons. 

Re.o.'lllts 

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 solutions over a pH range from 4 to 7. and no spontaneous 
conversion into free NANA was observed in the culture 
medium under our experimental conditions (data not shown). 

Pilot experiments with unlabeled NP..NA-methylester 
showed that living iibroblasts in suspension. exposed to this 
compound for two hours, accumul::tted intracellular levels of 
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Methyi-NANA NANA 
Fig.l. Thin luyer chromatography of (H)-NAN A and its metbyh:ster 
obt:J.ined after incubation with Dowex SOxS, in the pr=ce of me­
thanol 

thiobarbiturate assay positive m::tterial of up to 22 nmoVmg 
protein; without loading this amount is 0.5-1 nmoVmg protein. 

To investigate whether NANA-methylester could reach 
the lysosomal companment, and whether it was converted to 
free NANA, normal fibroblasts in suspension were incubated 
in RPMI medium containing 10 mM of cold NANA·methyl­
ester and 50)J.Ci of the tritium-labeled NANA-methylcster. 
After periods of 15. 30. 60. and 120 min lysosome-enriched 
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 NP..NA-mcthylester were scraped off and the 
radioactivity was counted. As shown in Fig. 2. lysosome-en­
riched fractions accumulate an increasing content of NAi\lA­
methylcster, and meanwhile part of it is converted into free 
NANA, presumably by a lysosomn.l esterase. Between one 
and two hours of incubation the uptake of mcthylcster and 
conversion into free NANA seems to reach a plateau. There­
fore, and to prevent cell dam:;~.ge in the following studies on 
the relea..;e of NP..NA a limited period (1 h) of loading was 
chosen as a starting point for the -chascH experiments. 

To compare the long-term accumulation of free NANA in 
normal and mutant cells. the following experiment W:J.s carried 
out. Fibroblast cultures in monolayer were exposed to the 
tritium-labeled NANA-methylester for 20h. Nter prepara­
tion of the respective lysosom-e-enriched fractions, the radio­
labeled compounds were separated by TLC, and the radioac­
tivity was determined. In the three different patients a peak at 
the position corresponding to free NANA is present, which is 
not the =e in controls (Fig.3). The radiolabeled products 
close to the origin in control cells probably reflect incorpo­
rated NANA in other products because of the long incubation 
period. 

To study the background of the accumulation in the mu­
tant cells HchaseH experiments were performed. Cell suspen­
sions were incubated for one hour with (H)-NAN A-methyl­
ester, followed by a "chase- for up to one hour. The release of 
NP..NA from lysosome-enriched fractions was measured by 
counting the radioactivity of NANA after separation from 
other radio\abcled compounds on TLC. This radioactivity was 
expressed as a percentage of the initial dpm per unit of 1?>­
hexosaminidase activity in each lysosomal preparation. With· 
in the short period of experimentation the latter activity var· 
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Fig.!.. Loading of control fibroblasts in 
suspensioo. Uptake of ("H).NANA·methyl· 
ester and conversion into ("H)·NANA in 
lysooome..enricbed fractions ob~ned by 
dilfero:ntial centrifugation at different time 
points. NANA and NANA·metbylestcr were 
separated by TI.C. The corresponding !ructions 
were scraped off and counted. flll, NANA, 
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Fig.3. Accumulation of free NANA in 
lysosome-enriched fractions from normal and 
mut:mt fibroblasts. The TI.C panem of 
radiolabeled compounds from each cell line Js 
shown in every graph. Patieni 1: Italian 
5-year-old child with milder l<~.te infantile fonn. 
Pati.enr 2: ·$a.J.1a· d.J:;ease. Patient 3: infantile 
form ofNSD. The black dots indicate the 
position of the corresponding markers NANA 
and methyl-NANA 
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Table 1. Oearance of (~)-NANA after loading o( fibrob\usts in sus­
pension. Different lysosome-enriched fractions prepared :liter 
~chnse- periods of 0. 15. 30. and 60m.T~t, were applied on TLC p~tes. 
Radioactivity in the area corresponding to NA..'<A was determined 
and expressed as percentage of the initi::U eH)-NANA dpm per unit 
~hexosruninidase activity. The log;nithm of this percenmge was plot­
ted against time of clearance. Half lives were calculated by linea. re­
gression 

Cell strain Tlf2(min) 

Controll 67 

Control2 37 

Control3 62 

Mean 55 

Infantile NANA stor.~ge disease 107 

Late infantile NANA storage disease 146 

-saua- disease 

ied not more than 20%. The logarithm of this percentage was 
then plotted against time and. in order to quantify the release 
ofNANA, the haJf.Jife of intra.lysosomal free NANA was cal­
culated by linear regression (Table 1). These results of three 

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

Discussion 

Previous studies (Hancock et al. 1983) showed that NANA is 
not taken up by cultured fibroblasts most likely because of its 
charge. Therefore we prepared the mcthylester of NANA. 
which is uncharged and which was expected to reach the lyse­
somes as demonstrated for other monosaccharides (Hales et 
a!. 1984). 

The results of our experiments showed rhat the NANA­
methylestcr is taken up by human fibroblasts and is subse· 
quently convened into free NANA in the Iysosome·enriched 
fractions. Since the methylestcr is chemically stable over a pH 
range between 4 and 7, this conversion is probably the result 
of an enzymatic reaction. A similar mechanism has been de­
scribed for amino acid methylestcrs (Reeves 1979). These 
methylesters have been successfullv used to studv amino acid 
transpon across the lysosomal me~branc. which. clarified the 
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basic defect in cystinosis; a lysosomal storage disease due to a 
defective transport of cystine across the lysosomal membrane 
(Gahl et al. 1982). 

Since the conversion ofNANA~methylesterto free NANA 
was found to occur rather rapidly, it was possible to study the 
transport of NANA across the lysosomal membrane in normal 
and mut:lnt 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 neuraminidase activ­
ity, exclude the possibility that increased neuraminidase activ~ 
ity or other mechanisms of NA.J.~A hyperproduction are re­
sponsible for NANA storage and sialuria, as has been de~ 
scribed for one case with massive sialuria (Thomas et al. 
1985). 

The dau from our "chase" experiments show a markedly 
increased half-life of free NANA in lysosome-enriched frac­
tions of cells from all three types of patients tested. This im­
plies a defective transport of free NANA across the lysosomal 
membrane. This would be the third example of a genetically 
determined transport defect across the lysosomal membrane. 
after cystinosis and vitamin Bl2 storage disease (Gahl et al. 
1982; Rosenblatt et a!. 1985). Our studies indicate a similar 
biochemical defect in different dinical variants of NSD. In 
order to relate the severity of the clinical features and the bio­
chemical defeo;:t, somatic cell hybridization studies and charac­
terization of the responsible transport protein(s) are required 
to obtain definite answers. 
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(Reeeived for publiention, January 17, 1989) 
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Erasi7W$ University, 3000 DR Rotterdam, Tlu: Netherlands 

Highly purified lysosomal membrane vesicles, ob­
tained from rat liver lysosomcs, were used to study 
characteristics of NeuAc transport across the lysoso­
mal membrane. Uptake of [HC]NeuAc was found to be 
strongly influenced by a pH gradient across the mem­
brane. When a proton gradient (pHin > pHout) was 
generated by impermeable buffers, NeuAc uptake 
above equilibrium level (overshoot) was observed. The 
influence of membrane diffusion potentials was ruled 
out by e:q>eriments where K"'" and valinomycin were 
present. The overshoot appeared to be specifically pro­
duced by protons, since gradients of other cations (N a"'" 
and K•) did not give stimulation. Proton-driven uptake 
was saturable (K,= 0.24 mM) and mediated by a single 
system, as shown 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
trifluoromethoxyphenyl hydrazone. Monocarboxylic 
sugars like glycuronic acids were competitive inhibi­
tors of sialic acid transport. Transstimulation of [l4C) 
NeuAc uptake was observed when vesicles were pre­
loaded either with ulllabeled N euAc or with glucuronic 
acid. The data demonstrate that lysosomal membrane 
vesicles from rat liver are a suitable system for kinetic 
studies of solute transport events. The presence of a 
proton-driven carrier in the lysosomal membrane spe­
cific for sialic acid and other acidic sugars, including 
glucuronic acid. is shown. The possible physiological 
significance of these findings for thlil human lysosomal 
carrier and the patients w-ith a sialic acid transport 
defect is discussed. 

In cukaryotic cells digestion of products derived from intra· 
and extracellular metabolism essentially occurs in lysosomes, 
acidic organelles rich in hydrolytic enzymes. The intrnlyso· 
somal acidic pH is maintained by a membrane ATP!UU! acting 
as an electrogenic proton pump (1-5). The acidic environment 
provides optimal conditions for enzymatic catalysis. The ly­
sosomal membrane 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 abstract form 
(Mancini, G. M. S .. nnd Verheijen, F. W. (1988) J. Cell BioL 107. 
571 (abstr.)). The costs of publication of this nrtiele were defrayed in 
part by the payment of page charges. This article must therefore be 
hereby marked '"advertiscnu:!nt" in accordance with 18 U.S.C. Se<:tion 
1734 solely to indicate this fact. 

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

molecular weight monomeric metabolites ean leave the lyso­
somes led in the past to the assumption that the lysosomal 
membrane works as an aspecific sieve (6). 

The selective permeability of the membrane and its role in 
the regulation of catabolite flux became evident when a futnl 
human disorder. nepbropathic cystinosis, was ascribed to a 
genetic defect in a specific lysosomal carrier for the disulfide 
amino acid cystine (7). Since then. the presence and function 
of other lysosomal transport systems for amino ncids have 
been investigated, and differences between lysosomal and 
other cellular amino acid transport mechanisms ho.ve been 
found (8-14). 

Recently, Salla disease and other forms of NeuAc storage 
disorders have been imputed to o. 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 radiolabcled sialic acid 
into highly purified lysosomal membrane vesicles prepared by 
hypotonic shock of rat liver lysosomes (18.19). This approach 
offers the advantage that transport events can be followed 
independently of the intralysosomal content. As previously 
demonstrated. carrier-mediated solute movements across a 
biomembrane can be studied. in both directions, under the 
proper thermodynamic conditions (10, 11). Thus, although 
the physiological net flux of sialic acid is directed most likely 
from the lysosome toward the cytosol. the characterization of 
the ("C]NeuAc uptake process into lysosomal vesicles does 
not require muintena.nce of the in. situ membrane orientation 
upon resealing. By this npproach, we succeeded in demon­
strating and characterizing a proton-driven lysosomal trans­
port system for sialic acid Moreover. the technique of meas· 
uring transport in vesiculated lysosomal membranes. devel­
oped in this study. may fmd a more general application in the 
exploration of other solute transport mechanisms across the 
lysosomal membrane. 

EXPERIMENTAL PROCEDURES 

LyaoiiOmal Membron.e Vesicles-For the preparotion of lysosomal 
membranes, the procedure of Ohsumi et cd. (18) was followed, with 
the modifications introduced by Same nnd Rome (19). Shonly,lyso­
somes were isolated from livers of adult Wistar rots after homogeni­
zation in isotonic sucrose (0.25 M), followed by severn! differential 
centrifugation steps. Lysosornn.l membrnnes, obtained after selective 
hypotonic shock, were centrifuged at 50000 Xg for 30 min and washed 
with 0.5 l.t NaCl or KCL The finn! pellet was resuspended in 20 mM 
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Na- or K-Hepes,' pH 7.4, containing0.1 mM EDTA to give a protein 
concentration of 8-10 mr:/ml. Small aliquots were then frozen i.JJ 
liquid nitrogen and stored at -70 ·c. Full transport activity was 
preserved for at least 1 month. The yield of purified membrane protein 
was about 150 JJ.g/g liver (wet weight). Activities of ,8-giucOC<'rebros.i­
d.o.&e and tartrate-inhibitable acid phosphatase were measured as 
lysosomal membrane markers during the isolation ~duro (18-20). 
Both enzvme-specific activities were 80-100-foldenriched in the final 
membrMe preparation compared with the total homogenate, which 
is in agreement with previous results (18). In the lysosomal vesicles 
described by Ohsumi ct aL, the presence of plasma membranes as 
contaminant was originally reported. Therefore, the activities of 
alkuline phosphodiesterase (21) and ouabain-sensitive Na•JK• 
ATPaoo (22) were assayed as plasma membrane markers during the 
purification procedure. The relative enrichment m the final prepa­
ration compared with the total homogenate wne, respectively, 9-10-
fold, with an average recovery of 0.3% of these enzymes. compared 
with the 8% of the lysosomal membrane-associated =kers. During 
purification, 75% of the original ,8-glucoeerebrosidase wne present in 
the pellet of the lysosomal/mitochondrial fraction whereas only 5% 
of the total alkaline phosphodiesterase was recovered in the wme 
pellet. This conf=<ld to us that plasma membrane is eventually 
present as a minor contaminant.. 

In order to rule out the possibility that the observed t:ransport 
activity is due to the presence of contaminating membranes, lysoso­
mal membranes were also isolated by a different procedure, according 
to the method of W attiaux et aL (23). The relative enrichment of ncid 
phosphatase and ,8-glucocerebrosidase in the vesicles prepared by the 
kltter procedure was respectively 25- and 30-fold. whereas alkalint> 
phosphodiesterase and Na"'JK• ATPaoo were both 3·fold enriched. 
Also these lysosomal membrane vesicles showed proton-dependent 
sialic acid transport, but the method of Ohsumi ct aL {18) was 
preferred because it was more suitable for large scale isolations. 

The ultrastrocture of the membrane preparation was e:tnmined by 
transmission electronmicroscopy, using negative staining ne described 
{19). 

SiaLic Acid Uptake-For a typical uptake experiment, aliquots of 
["C]NeuAc wer<l freeze-dried. When uptake was measured in the 
absence of a H• gradient, the material was redissolved in 5 JJ.i of 20 
mM Na- or K·Hepes. pH 7.4. When uptake was assayed in the 
presence of a W gradient, the substrate was redissolved in 5 JJ.i of240 
mM MES-free acid, which titrated the extraveskular pH during 
incubation to 5.5. Membrane vesicles were rapidly thawed at 37 ·c 
and prcequilibrated briefly at 20 ·c. Uptake was initiated by adding 
25 JJ.l of membrane suspension to the substrate tube at 20 "(:. After 
the required incubation period. uptake was stopped by adding 70 JJ.i 
of ice-cold incubation buffer. as indicated in the legends of the fJ.gUres. 
The sample (100 JJ.l) was i=ediately applied to a 2-ml Sephadex G-
50 (Fine) column (0.5 x 5 em), equiliOrated with incubation buffer 
and run at 0.3 ml/min at 4 ·c. Subsequently, the vesicles were eluted 
quantitatively from the column by additidh of 1 :ml of ice-cold incu­
bation buffer. Radioactivity of [,.C]NeuAc trapped in the vesicles 
was counted by liquid scintillation in 10 ml of Insta-Gel {Packard 
Instruments). In the experiments where the cxtrnvesicular pH wns 
manipulated by addition of impcnneable buffers, a diserepancy be­
tween internal and external osmolarity was present. However, these 
differences did not significantly affect initial uptake rates, but only 
equilibrium levels. This technique enabled us to perfonn 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 JJ.l of membrane suspension was added to a tube containing 
["C]NeuAc in 75 JJ.i of ice-cold buffer and directly run on a column 
as described. The radioactivity recovered in the eluate did not differ 
from that obtained ronning ["C]NeuAc only, suggesting that at 4 "C 
vesicular binding/uptake of the substrate was negligible. The blank 
was subtmcted 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 oftbe figures. The 

1 The abbreviations used are: Hepes, 4-(2-hydroxyethylJ-l·pipem­
zineethanesulfonic acid; DIDS, 4.4' -diisothiocyanostilbene-2,2' -di­
sulfonic acid; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhy­
drm:one; ManNAc. N-acetylmannosamine; MES, 2·(N-morpholinol­
ethanesulfonic acid: MOPS. 3-(N-morpholino)propanesulfonic acid; 
4MU-NeuAc. 4·methylwnbol'lliferyl-o:·O-N-acetylneuraminic acid; 
NEM, N-ethylmaleimide: NeuAc2en, 2-deoxy-2.3-dehydro-N-acetyl­
neuraminic acid; NeuAclMe, N-acctylneuraminic acid methylesrer; 
Nl!uGc, N-glycolylncuraminic acid. 
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gel filtration procedure was compared with other separation teeh· 
niques. like filtration through ni~llulose (MF-GS type, 0.22-,«m 
pore size, Millipore) or glass fiber filters (GF/C, Whatman). In the 
first case aspecific binding of labeled sialic acid to the filter (approx­
imately 1% of the applied counts) was observed. and the oocond 
method led to an uncontrolled ]QSS of vesicles through the filter. 
Therefore, the gel filtration technique was preferred. Expe~nts 
were performed in duplicate and the intra-assay variation was always 
less than 10% of the mean value. The variation in maximum uptake 
rate observed between different vesicle preparations was at most 30%. 
The figures &how representative experiments obtained with two to 
six separate batches of vesicles. Quantitative results are indicated as 
mean value :t standard errors for different determ.inations performed 
with the same vesicle preparation. The Student's t test was used to 
estimate the significance of differences be~en mean valuea 

Miscellanea-N-Acetyl-[ 4,5,6, 7,8,9-"C)neuraminie ncid (specific 
activity 280 mCif=ol). ['"C]glucosamine HCl (270 mCi/m.mol) and 
(U-"C]sucrose (540 mCi/=ol) were purchased as aqueous solutions 
containing 2% ethanol (Amersham Corp.). NEM was from Met'Ck 
(Darmstadt). Valinomycin was provided by Boehringer (Mannheiln). 
Sephadex G.SO (Fine) was from Pharmacia LKB Bioteehnology Inc. 
MgATP, NaGTP, DIDS, monensin, FCCP and all the compounds 
used for inhibition studies were obtained from Sigma, e=pt for 
NeuAclMe which was synthesized from NeuAc as previously de­
scribed (16). Purity of sialic acid analogs. \ISCd for inhibition studies. 
was checked by thin layer chromatography on precoated silicn gel 
plates (Merek, Darmstadt), developed in butanol/acetic acid/water 
(2:1:1) and stained with orcinol (2-4). Osmolarity was measured with. 
an Advanced ln!<tru:nents free:cing point depression osmometer. ,8-
Glucocerebrosidase activity in the presence of0.3% TritonX-100 and 
0.6% sodium tnlll:ocholate was measured as describOO (2Q). Acid 
phosphatase activity was assayed .in the presence and absence of 80 
mM Nn·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 Lyscsomal Membrane Vesicles-Pre­
vious studies have shown that lysosomal membranes prepared 
under the reported conditions reseal spontaneously to form 
vesicles (18, 19). Studies with transmission electron micros­
copy revealed a vesicle diameter between 50-200 run, confirm­
ing previous observations. The intravesicular volume was 
estimated by comparing the uptake of [aC]NeuAc at equilib­
rium (60 min of incubation) with uptake of the impermeable 
[aC]sucrose. When we studied uptake of0.03 mM [~-<C]NeuAc 
at pH 7.4, as calculated from the radioactivity of [ 1~C]NeuAc 
associated with the vesicles at equilibrium, the intrnvesicular 
volume was 1.12 ± 0.05 ,ul/mg protein, whereas the uptake of 
p•C]sucrose in parallel experiments accounted for 0.2 :t 0.005 
.ul/mg protein. In order to know whether uptake of NeuAc is 
taking place into lysosomal membranes or other contaminat­
ing compartments, we compared the vesicle-associated volume 
oiter uptake of [14C}NeuAc with that observed after uptake 
of ('4 C]glucosamine. at equilibrium. 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 contaminant and distinct from the 
lysosomal vesicles. Moreover, these results show that the 
sucrose-impermeable volume 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 compartment of the 
vesicles, we studied the uptake of 0.03 mM p~C]NeuAc at 
equilibrium at increasing medium osmolarity, promoting ves­
icle shrinkage by addition of sucrose or Hepes buffer. Indeed, 
equilibrium uptake of ['4 C]NeuAc decreased progressively 
with increasing medium osmolarity and in both cases the 
relationship between the uptake and the reciprocal of osmo-
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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 [14C]NeuAc bound to the vesicles 
but not internalized is negligible. 

Effect of a H"" Gradient on Sialic Acid Uptake-The influ· 
ence of extravesicular pH on [10C]NeuAc uptake was investi­
gated by adjusting the external pH with ME$ and MOPS 
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 a transport protein at acidic 
pH, 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 prepared in 20 mM Na-Hepes, 
pH 7.4, with 40 mM MES.free acid, in the presence ofmonen­
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 {pH,n = 7.4 > pRo.,, = 5.5), in the 
absence of moneosin, 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 
rates at pH 5.5 (in = out) are dose to those observed at pH 
7.4 (in = out), indicating that. in the absence of a proton 
gradient. the~ transporter does not display a sharp pH opti­
mum. 

The effect of a diffusion potential, possibly generated by 
proton movements across the membrane, was evalun'Wd 
studying sialic acid transport in vesicles voltage--clamped with 
K .. and valinomycin. When vesicles were prepared in 20 mM 
K-Hepes and preequilibrated with 0.01 mM valinomycin for 
10 min at 20 ·c, the initial rate of uptake for 0.15 mM [ 1~C] 
NeuAc, measured afterwards in the presence of a proton 
gradient, was 95.3 ± 2.4 pmol/mgprotein/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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FIC. 1. Effect of ext~vesic:ular pH on NeuA<: uptake in 
lysosomal membrane vesicles;. Vesicles (190 JJ.g of protein). pre­
pared in 20 rnM Na-Hepes. pH 7 .0. were incubated for 30 sat 20 ·c 
in medium containing 0.1 rnM ["C]NeuAc and 80 mM :MES 
(...___) or MOPS (0----0}, titrated to the indicated pH with 
NaOH. 
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Fie. 2. Uptake of NeuAc in the presence and absence of a 
proton gradient. Lysoaomol membrane vesicles (190 l'g of protein), 
prepared in 20 mM Na-Hepes. pH 7.4, were preincubated for 10 min 
at 20 ·c. in 20 mM Na-Hepes, pH 7.4 {.........._... t..-.0.). or 20 m~ 
Na-Hepes. 40 mM MES, pH 5.5 plus 0.01 mM monensin (0----0). 
Subsequently, transportofO.l mM ["C]New\c was measured at 20 ·c 
in 20 mM Na·Hepes. pH 7.4 {CI-.6.; pH.,= pH.,.,= 7.4}, or in 20 
m.\f Na-Hepes. 40 rnM MES. pH 5.5, plus 0.01 rnM monensin 
(0--0; pH.,= pH_= 5.5), or in 20 mM Na-Hepea. 40 mM MES, 
pH 5.5 {0-----e:pH,~= 7.4>pH.,.,,= 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 sio.lic 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 valinomycin, 
on the uptake of 0.1 mM {uC]NeuAc at pH 7.4 (in= out). In 
all cases, no significant increase of initial uptake rates of [14C) 
NeuAc 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 tlw.t sialic acid transport is not coupled to Na"'" 
or K .... Instead, these data altogether indicate that nn inwardly 
directed proton gradient provides the driving force for sialic 
acid transport in lysosomal membrane vesicles. 

In the experiments :;hown in Table lA. p~eincubation of the 
vesicles at pH 7.4 (in= out) with 2 mM MgATP was able to 
produce 2-fold increase of [ 1~C]NeuAc uptake. Thi$ effect 
might be explained by generation of a proton gradient by the 
lysosomal proton pump in inside-out vesicles. However, thi$ 
would require membrane permeability for ATP, since the 
ATP-binding site is present on the external surface of the 
lysosomes. To investigate this hypothesis, we have studied 
the effect 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 
lA. both DIDS and NEM prevent ATP stimulation, however, 
the latter only at concentrations higher {1 mM) than those 
known to inhibit the proton pump (50 JJ.M). The experiments 
in Table m indicate that the effects of DID$ cannot be 
ll.Scribed 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 FCCP did not affect 
the ATP stimulation (Table lA), excluding an effect of proton 
pumping in the inside-out vesicle population. Control exper­
iments in the presence of MgS04 excluded that Mg was 
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TABLE I 

Effect of nu.c/coticks and lysosomal F pump inhibitors 
on sialic: acid transport 

Part A. Vesicles in 20 mM Nn-Hepes, pH 7.4 were preincubatcd 
for 10 min in the presence of2 mM MgATP, or Mr;ATP plus NEM, 
or plus DIDS. or plus FCCP, or MgSO, only, or NaGTP only. Uptake 
of0.1 mM [''C]NeuAc was studied for 30 s nt 20 'C in the same buffer 
at pH 7.4. Part B. Vesicles in 20 mM Na-Hepcs, pH 7.4. were 
prcincubated for 10 min with NEM or DIDS at the indicated final 
concentration. In all these eX')Xlriments. uptake was studied in tne 
presence of a H• gradient generated by the addition of 40 :r:nM MES 
free acid. Values nre expressed as means+ S.E. .. Uptake 

prrwl/mg protcitt 

A 
No addition 10 12.1::1.7 
MgATP 12 24.0 ± 2.o• 
MgATP + 0.5 mM DIDS ' 14.3 ± 0.9 
MgATP +50 ,uM NEM ' 18.2 ± 1.5. 
MgATP + 1 mM NEM 2 12.8 ± 0.1 
MgATP + 10 ,uM FCCP 6 24.3 ± 2.1• 
MgSO, 2 12.9 ± 1.9 
NnGTP 29.3 ± 1.2" 

B 
No addition 3 73.1 ;t 5.0 
0.5 rnM DIDS 3 64.7 ;t 0.6 
50 ,uM NEM ' 34.3 ± 4.0 
lmMNEM 3 11.4 ± 1.~ 

• n, number of determinations. 
•p<O.OS 

responsible for the increased uptake. Moreover, stimulation 
was also observed after uddition 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 ascribed to a yet 
unknown regulation mechanism 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. 3A), show the 
characteristic features of the Michaelis Men ten kinetics typ­
ical of carrier-mediated transport. In the presence of a proton 
gradient, the apparent affinity constD.nt K,, as calculated 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 figure. the V ,_also differed 
in the presence and absence of a proton gradient (respectively, 
450 and 250 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 = 0.98), indicating the 
operation of u single carrier and excluding the contribution 
of different transpon mechanisms within the concentration 
range studied. 

Cooperativity of Protons in Activating Sialic Acid Trans­
port-The previous experiments demonstrate that the carrier 
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 cooperativity of the protons in activating 
sialic acid transport should be possible. The exp<?rimental 
data of the pH-dependent uptake of ["C]NeuAc shown in Fig. 
1 were fitted to the Hill equation. Uptake wD.S expressed as a 
function of the external proton concentration. after subtrac-
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FIG. 3. ConC('ntration-dependcnt uptake of NcuAc into ly­
sosomal membrane vesicles in the presenC(' and absence of a 
proton gx-adicnt. A, uptake in the presence of a proton gradient 
(pH," "'" 7.4 >pRo.._ = 5.5; 0----e) and in the ab&ence of proton 
grndient (monensinndded; pH,.= pH.,.,,= 5.5; Q---0) was performed 
in 20 rnM Nn-Hepes, 40 mM MES. pH 5.5, as indic~ted in Fig. 2, 
during 30 sat 20 'C, using different Neu.Ac concentrations. B. Scat­
chard plot of the uptake cu.rve in the presence of a proton gradient 
(pH,.> pH,..,), and C. the same in the presence of monensin {pH,."' 
pH.,.,). 

'" 
r '" ~ 
0 '" 

I " 
0 " 
< " ~ 

( > :l/ ~ 

s 
< 

" 
_, 

0 ' ' ' ~n [H•] 

" 
Ftc. 4. Proton gradient-dependent NeuAc uptake in lyso­

sonml membrane vesicles, as a function of the extravcsicul.ax­
W concentration. The experimental data from Fig. 1 were fitted to 
the Hill equation after subtraction of a proton gradient· independent 
component of 15 pmol/30 s/mg protein.ln:;ct, plot expte:'lsing the log 
form of the Hill equation. The slope ofthiacurve was used to calculate 
the Hill coefficient n. 

tion of the uptake component observed in the nbsence of a 
proton grndient at 0.1 mM NeuAc concentration (average 15 
pmol/30 s/mg protein) (Fig. 4). The Hill coefficient n, indi­
cating the degree of cooperativity. wD.S determined using the 
log form of the Hill equation (inset, Fig. 4) and was found to 
be O.S. This value suggests that probably there is no positive 
or negative cooperativity and that the sialic acid carrier in­
teracts with one proton (26). 

Trcnsstimulation Effect by Unlabeled. Sialic 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 D.bsence of a proton gradient 
(monensin added; pH,., = pH,, = 5.5), the presence of an 
outwardly directed gradient of unlabeled NeuAc strongly 
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FIG. S. Tl:"ansstimulation of [HC]NeuAc uptake in lysosomal 

membrane vesiclell pl:"cloaded with unlabeled NeuAc. Vesicles 
(160 t<f: of protein) in 10 mM Na~. 10 mM K•, 20 mM Hepes. 40 mM 
MES, pH 5.5. plus 0.01 mM monensin, and 0.01 mM valinomycin 
wero preincubated for 60 min at 20 ·c in the presenee (+)or absence 
(-) of 1 mM unlabeled NeuAc (finn! volume 25 ,ul). Transport was 
initiated by 4-fold dilution of the samples in the snmc prewormed 
incubation buffer at pH 5.5 containing 0.027 mM ["C]NeuAc and 
followed for 30 sat 20 "C. In the samples that were preincubated in 
the absence of unlabded NeuAc, unlabelf'd NeuAc was added to the 
dilution buffer-to r:ivc the same final eoneentration of 0.25 mM 
unlubl'led sialic acid and 0.027 mM ['•C]NeuAc outside the vesicleS, 
under both conditions. Results are indicated us average values± S.E. 

stimulated uptake of extra vesicular ['"C]NeuAc. Since K.,. and 
valinomycin were present throughout the experiment, 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 appropriute biochemical 
conditions, siolic acid can be transported in both directions 
by the same carrier. 

Substrate Specificity Studies-In order to investigate the 
substrate specificity of the transporter, we studied the cis­
inhibitory effect of selected analogs on the proton-driven 
uptake of [14C]NeuAc. As shown in Table II, analogs which 
were modified in the carboxyl group at carbon 1 (like Neu­
AclMe) or at carbon 2 (4MU-NeuAc and NeuAc2en) of the 
native N-acetylneuraminic acid backbone led only to a weak 
inhibition. On the contrary,_ an analog like NeuGc, which is 
modified at the side chain on carbon 5, is a strong NeuAc 
transport inhibitor. This suggests that both the ct1rboxyl 
group at carbon 1 and the alcoholic group at carbon 2 are 
important recognition sites for the transport protein. 

Besides structural analogs, also other ncutrnl and carbox­
ylic monosaccharides and acidic aminoacids were tested for 
their cis-inhibition effect (Table II). Mam"l"Ac, a sialic acid 
precursor. GlcNAc, glucose, and anionic o.minoacids, like as­
partic and glutamic 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 than galactOSe 
ones. The strongest inhibitors were monocarbo,;:ylic 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 aldonic acids at carbon 1) and 
the formation of an hemiacetale ring (aldonic acids do not 
spontaneously form rings) arc not crucial for recognition. 

TABLE II 
CL$-in.hibitiO/l of NeuAc uptake into /yso$0mal mcmbraJIC IJCsicles by 
sialic acid analogs, other morumuxha.rides, and acidic amino acids 
Uptake of 0.15 mM ["C]Neu.Ac WflS studied in the presence of an 

inwardly directed proton gradient under conditions similar to those 
of Fig. 2, except that vesicles were preequilibrated with 4 mM K• and 
0.01 mM valinomycin. Inhibitors (7 mM finol concentration) were 
titro.ted at pH 5.5 with No.OH, if necessary. Control uptake was 92.4 
~ 5.7 pmol/30 s/mg protein. Uptake in presence of inhibitor is 
expressed as percentage of uninhibited ro.te for duplicate determina­
tions. 

SW.!ic acid analogs 
No addition 
NeuAo 
NcuGe 
Ncu.AclMc 
4MU-NcuAc 
Neu.Ac2en 

Otht>r monosaccharides, acidic amino acids 
Glucuronate 
Gluconate 
Gnlacturono.te 
Galnctonnte 
Pyruvate 
Glucose 
N-Acetylg.\ucosaminc 
N -Acetylrnnnnosa.mlnc 
Gulonolactonc 
Mannuronolactone 
Aspanatc 
Glutamate 

~4-Z 466 
1/[N~uAc], (mM"1) 

%of 
uninhibited -

100 
10 
12 

" 5S 
so 

10 
14 
34 
36 
so 
80 

100 
100 
88 
86 

"' 86 

FIC. 6. Double reeip.roeal plot of NeuAc uptake in the pres­
ence of different inhibitors. Lysosomal mcmbrune vesicles (200 
p.g of protein) in 20 mM Na-Hcpes, pH 7.4, were preincubatcd 10 min 
at 20 ·c in 16 mM Na·Hcpes, 4 m.'d K-Hepes, and 0.01 mM valino­
mycin. Transport of increasing nmounts of ["C]NcuAc was mensured 
for 30 Bat 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. to pH 5.5 with NaOH. 0----e, no inhib­
itor adde<t 0--0. Neu.Ae2cn; liB---Ill, gluconic acid; 0---0, 
NeuGc; .11.--.6., glucuronic acid. 

Inhibition Kinetics-The inhibition kinetics of representa· 
tive compounds of each class of inhibitors were studied in 
detaiL Since some of these inhibitors !ll-ight be potential 
substrates for the sialic acid currier, we tested their effect at 
o. concentration rather close to the]{, for sialic acid. Proton· 
dependent transport was measured in voltage-clamped mem-
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Ftc. 7. Transstimulntion of NeuAc uptake in lysowmal membrane vesicles preloaded with glucu. 
ronicacid. A, vesicles (160 ,..gofprotein) in 20 mM Na-Hepes, 40 mM MES,pH 5.5, plus 0.01 mM monensiu were 
preincubated for 60 min at 20 ·c in the presence(........_.) or absence (0---0) ofl mM glucuronic acid. Transport 
was initiated by 4-fold dilution of the sample in the same prewnrmed incubation buffer at pH 5.5 eontnining ['"C] 
NeuAc at a final concentration of 0.027 mM. In the ease where no preloading was performed (0---0). 0.25 mM 
glucuronic acid was added at the start of the transpon assay. B. assay conditions were similar to those presented 
in the experiment of Fig. 5 except that vesicles were preincubated with 1 mM glucuronic acid (+). When no 
prcloading was performed (-), 0.25 mM glucuronic acid was added at the start of the t.rn.nBpon assay. 

branes with K'/valinomycin. The results were fitted to a 
double reciprocal plot and the approximate K. for the different 
i.n.hibitors were calculated from the following relationship K. 
"" K, [I)!! (l/;r) - K,l, where [IJ is the inhibitor concentration, 
;r is the intercept of the line on the abscissa found by linear 
regression analysis, and K, is the apparent affinity constant 
for sialic acid. The latter value did not change in the presence 
of K'/valinomycin. As illustrated in Fig. 6, all compounds 
displayed a competitive mode of inhibition of sialic· acid 
transport. The calculated X, for glucuronic, gluconic acid. and 
NeuGc were, respectively, 0.11, 0.26, and 0.22 lllM. For 
NeuAc2en we found a K. of 1.6 lllM, indicating that this last 
compound has a much lower affl.nity for the carrier. 

Tran.sstimulation of Sialic Acid Uptake by Glucuronic Acid­
Among the competitive inhibitors, glucuronic acid seemed of 
particular interest. since this compound naturally occurs in 
the lysosome, together with its stereoisomer iduronic ncid. as 
breakdown product of glycosam.inoglycans. Although the ex­
periments mentioned above showed that glucuronic acid is 
competing nt the binding site for sialic acid transport with 
high affmity, they do not prove that this compound is actually 
transported by the sialic acid carrier. In this latter case, 
glucoronic acid should be able to activate the carrier function 
and provoke transstimulation of [l'C]NeuAc uptake, similarly 
to unlabeled NeuAc. To test this assumption, vesicles were 
preloaded with unlabeled glucuronic acid and the uptake of 
trace amounts of [HC]NeuAc, 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~ /valinomycin 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 
h (Fig. 7A). Apparently, in this case, the magnitude of the 
outward directed glucuronic acid gradient drives transport of 
NeuAc in the opposite direction. thus moving it against its 
own concentration gradient (overshoot). The stimulation of 
NeuAc transport is not due to the generation of membrane 
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potentials, since it is also observed in voltage-clamped mem­
branes (Fig. 1B). This demonstrates that the lysosomal sialic 
acid carrier not only recognizes but also transports glucuronic 
acid. 

DISCUSSION 

Investigations on lysosomal sugar transport mechanisms 
have been limited so 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 fibro· 
blnsts 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. lysosomal membrane vesicles 
from rat liver exhibit appreciable rates of uptake of radiola· 
beled sialic acid. providing a convenient system to study 
transport kinetics in a system where both the extra- and the 
intravesicular medium can be easily adapted to the assay 
conditions. 

The contribution of contaminating membranes, and partic­
ularly plasma membranes, in the observed sialic acid transport 
activity is excluded by the following considerations. First, the 
intravesicular volume was found to be identical either after 
uptake of [14C]NeuAc or of ["C]glucosamine, which is known 
to freely cross the lysosomal membrane (19). This suggests 
that the two compounds enter the same vesicle population 
and essentially that sialic acid is not only entering a com­
partment distinct from the lysosomal one. Second, the kinet­
ics of sialic acid transport.. represented in the Scatchnrd plots, 
demonstrate that, under our assay conditions, only 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, lysosomal membrane vesicles obtained from 
highly purified lysosomes prepared by a different procedure 
(23) did show similar proton grudient-mediated sialic acid 
uptake. Also. partially purified lysosomal membrane prepa­
rations (lysc~omal/mitochond:rial fraction, during the proce­
dure of Ohs~.: :!li et aL), containing the same amount of plasma 
membrane markers, but lower specific activities of lysosomal 
membrane markers, compared with the fmal preparation, did 
not show any proton driven sialic acid uptake (data not 
shown). 

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

Our experiments demonstrate 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 observed when, a pH gradient 
(pH.,.,.,_< pH,nl is generated with impermeable buffers. This 
overshoot persisted following the short-circuiting 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 observed when 
other inwardly directed cation gradients were generated (Na* 
nnd K'"), nor when the proton gradient was shunted by mo­
nensin. showing the specificity of the proton effect. The 
presence of a proton gradient not only increased the ma-cimum 
rate of uptake (Vm.J but also increased the affmity of sialic 
acid for the carrier (K,). Since in uivo an outwardly directed 
proton gradient is present. due to the action of the lysosomal 
proton ptllllp, 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 
for several bacterial systems, but also for some plasma-mem­
brane carriers of eukaryotic cells, transporting either anionic 
or cationic compounds (34-39). Studies performed with intact 
lysosomes, showed that the lysosomal carrier for cystine and 
that for cationic amino acids (system c) are influenced by 
changes in the extralysosomal pH, but the underlying mech­
anism has not been elucidated yet (9, 10, 40, 41). 

Our observations on proton gradient-dependent sialic acid 
transport suggest no cooperativity of the protons (or OH­
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 DillS­
sensitive anion exchangers (42). 

The role of ATP in stimulating sialic acid transport is 
intriguing. Even if it is reasorulble 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 ptllllp, which is inhibited by DIDS, the 
experiments with the ionophore FCCP and with NEM do not 
support the hypothesis of proton ptllllping. The fact that the 
same stimulation is found b-oth 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 
displnyed a preference for sialic acid analogs in which the 

·carboxyl group at C1 and the native hydroxyl group at Cz nre 
unaltered. In contrast, the viral, bacterial, and mammalian 
neuraminidase is only capable of recognizing the ~-2-glyco-

sidic linkage of sialic acid residues (43), whereas the fj-2-
glycosidic bond of CMP-sialic acid is specifically recognized 
by the Golgi membrane currier nnd 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 
recognition by the lysosomal carrier are different from those 
of other proteins involved in sialic acid metabolism, with the 
possible exception of the enzyme N-acetylneuraminate-pyru­
vate lyase, which is localized in the cytosoL 

Among other monocarboxylic sugars, uronic acids were 
found to be strong competitive inhibitors of lysosomal sialic 
acid transport. Glucuronic acid and its isomer iduronic acid 
oceur in most mammalian tissues as acidic sugars of glycosa­
m.inoglycuns. Because of their low pK, probably these acids 
are, like sialic acid (pK < 2), present as charged anions at 
intralysosomal pH and, similarly might require a carrier to 
exit the lysosome. Our evidence that glucuronic acid is a 
substrnte for the sialic acid carrier is not only based on cis­
inhibition studies (sharing a K, in the same range as the K. 
for sialic acid), but also on transstimulation of (uC]NeuAc 
uptake by intravesicular glucuronic acid, and this phenome­
non is not generated by changes in membrane potentials. 
Therefore, the substrate specificity of the sialic acid carrier 
in rat lysosomal membranes apparently also includes other 
carboxylic sugars. Group specificity has already been demon­
strated for several lysosomal aminoacid carriers (9, 11-13). 

It is now interesting to study the relevance of our studies 
to the human lysosomal system, which might help in under­
standing the biochemical defect in patients with NeuAc stor­
age disorders. Reinvestiga.tion of storage products in biological 
material 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 carboxylic monosaccharides. 
Research in this direction is in progress in our lnboratory. 
Positive results would imply that the htllllan lysosomal sialic 
acid transport system has not only a substrate specificity 
similar to the rat liver system described here, but also that 
such a carrier displays an essential role in lysosomal disposal 
of both sialic acid and uronic acids. However, the full char­
acterization of this and perhaps other transport mechan.isms 
for uronic acids in the lysosomal membrane must await the 
availability of radiolabeled glycuronic acids of sufficiently 
high specific radioactivity. 
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Lysosomal membrane vesicles isolated from rat liver 
were exploited to analyze the mechanism of glucose 
transport across the lysosomal membrane. Uptake ki­
netics of [UC]:o-glucose showed a concentration-de­
pendent saturable process, typical of carrier-mediated 
facilitated transport, with aK, of about 75 mM. Uptake 
was unaffected by Na .. and K"'" ions, membrane poten­
tials, and proton gradients but showed an acidic pH 
optimum. Lowering the pH from 7.4 to 5.5 had no 
effect on the aflmity 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 single transport mechanism could account for the 
uptake of glucose under all conditions tested. As indi­
cated by the transstimulation properties of the carrier, 
other neutral monohexoses, including o-galactose, D­
mannose, :o- and L-fucose were transported by this 
carrier. The transport rates and aff'mities of these 
sugars, measured by the use of their radio labeled coun­
terparts, were in the same range as those forD-glucose. 

Pentoses, sialic acid, and other acidic monosaccha­
rides including their lactones, aminosugars, N-acetyl­
hexosamines, and most L•stereoisomers, particularly 
those not present in mammalian tissues, were not 
transported by this carrier. Glucose uptake and trans­
stimulation were inhibited by cytochalasin 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 known glucose carrier and is consistent with 
its lysosomal origin. 

Since the discovery of the lysosome, much insight has been 
obtained into the role of this organelle in the catabolism of a 
wide variety of macromolecules. Instead. less is known about 
the fate of the products of catabolism and the role of the 
lysosome 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 elucidating the normal mechanisms 
oflysosomal membrane transport for metabolites like cystine 
(2), vitamin Bt2 {3), and sialic acid (4-6). 

The biochemistry 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 
m8Iked ''advertisement" in accordance with 1$ U.S.C. Se<:tion 1734 
solely to indicate this fact. 

:j: To whom correspondence should be addressed: Dept. Cell Biology 
and Genetics. P. 0. 1738,3000 DR. Rotterdam, The Netherlands. 

like sialic acid, uronic, and aldonic acids and for N-acetylhex­
osamines has been recently investigated (7, 8). Although 
previous investigations suggested the existence of a specific 
carrier for glucose transport in the lysosomal 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). Also, it has been questioned whether 
hexoses and pentoses share the same lysosomal transport 
system (11. 12, 14). In this respect, most studies hnve 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 resecling 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 have 
proved to be equivalent for the demonstration of lysosomal 
carriers, although these systems are physiologically needed 
mainly for the efflux of catnbolites (17-19). In the present 
study, we haw followed the same approach to unequivocally 
establish the mechanism by which glucose and other neutral 
monosaccharides are transported across the lysosomal mem­
brane. The data provide fum evidence for the existence of a 
lysosomal carrier-mediated transport system, distinct from 
the sialic acid and the N-acetylhexosamine transport systems, 
which specifically mediates the facilitated diffusion of neutral 
hexoses like n-glucose, n-galactose, o-mannose, and D· and 
L-fucose, with the exclusion of other L·stereoisomers, pen­
toses, aminohexoses. acidic monosaccharides, and their lac­
tones. 

MATERIALS AND METHODS 

Rat liver lysoaomes were isolated by differential centrifugation. 
and highly purified membrn.ne vesicles were prepared according to 
the procedure described by Ohsumi ct aL (20) and Bame and Rome 
(21). The membrn.ne preparation was suspended at a protein concen· 
tro.tion of S-10 mg/ml in 20 mM NaHepes1, pH 7.4, contnining 0.1 
mM EDTA, unless otherwise specifled 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 enzymes P-gluco· 
cerebrosidase and acid phosphato..-.e were about lOO·fo!d enriched in 

'The abbreviations uaed are: Hepes. 4-(2-hydroxyethyl}·l·pipero­
l:i.ne<Jthanesulfonic acid; MOPS. 3-(N-morpholino)propanesulfonic 
acid; MES, 2-(N-morpholino)ethanesulfonic acid. 
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the final preparation, with a fmul r<><:ovcry of 8% of the marker 
em:yme11 present in the total homof,enate. 

The rndiolnbeled sugo.rs of the hi,:he~t specific activity available 
D(U-"C]glucose, o[U-"C]glucosamine. o[U-"C]mnnnose, o[U-"C] 
galactose, L(6-"H]fucose were purchnsed from Amersham. All the 
sugars used in the trnnsstimuLation experiments, cytochalasin B, 
phloretin. valinomycin, and monensin were purchaaed from Sigma. 

For a typical ~zero-trans" uptake nssny, 10 .W. of vesicles were 
incubated at 20 "C with 20 1-<l of substrate solution usually containing 
2 1-<Ci of radiola.beled sugar, 20 mM NaHcpes, pH 7.4 (or MES and 
MOPS buffers, for experiments at different pH) and the I"~quired 
amount of unlnbeled monosaccharide to roach the appropriate finn! 
concentration. In order to compensate for the osmotic effect of the 
extravesicular sugars at the higher concentrntions, the vesicles were 
permeabilized by previous freezing in liquid nitrogen and slow thaw­
ing at 0 ·c. in the presence of an appropriate =ount of buffer 
(NaHepes or Nal'.:fESJ, or KCI. This treatment allowed equilibrntion 
of the buffer across the membrane and npparently did not alter tbe 
transport eapncity nor the vesicular structure. After incubation, the 
reaction was stopped by adding 70 ~tl of isoosmotic ice-cold incubation 
buffer and th<J sample (100 .W.l was pour(!(! over a small Sephadex G-
50 (Fine) column, run at 0.3 ml/min at 4 ·c. and elution of the 
vesicles was further nccomplished as described (7). As blnnlm, 10 ~tl 
of vesicles were added to 90 .W. ofice-cold incubation buffercontnining 
2 ~tCi of radiola.beled sugar and directly eluted on the column. This 
blank averaged between 200 and 300 dpm. 

For tranastimuLation experiment&, the same nmount of membranes 
(10 ~tl) was pre-equilibrated for 4S min at 20 ·c with 5 ~ of 20 mM 

NaHepes or Mes buffer containing 300 mM unlabeled sugar (100 mM 
fmal concentration}, and tho assny was started by adding 85 ,.1 of 
N aHepes or Na...\1ES buffer at 20 • C, containing 2 ,.Ci of radio labeled 
substrute, and 50 mM KCl to compensate for osmolarity. Control 
experiments were performed by pre-equilibration of the membranes 
with 50 mM KCI instead of the sugar and, at the start of the assay, 
15 mM unlabeled sugar was added together with 2~tCi of lube! and 35 
mM KCl (fmal concentrations), in order to maintain in both ewes 
tho sum..,~ final extra vesicular concentration of unlabeled sugar and 
the same osmolarity. Measurements of the sensitivity of [l'C]D­
glucose uptake to medium osmolnrity were performed as described 
(7), All the experiments were repeated with two to four different 
vesicle preparations and were routinely performed as duplicate or 
triplicate determinations. The intra-ns&~y variation never exceeded 
20% of the mean value. Statistical determinations were performed 
using the Student's t test. Calculation of the kinetic purameters wm~ 
carried out using the computer progznm Enzfitter from E!sevier­
BIOSOFT, Cambridge United Kingdom. No corre<:tions were neces­
sary to compensate for nonsaturable components of sug!U" uptake. 

RESULTS 

Appreciable uptake of ["C]o-glucose was observed in rat 
liver lysosomal membrane vesicles. In order to verify whether 
the vesicular uptake of glucose reflects transport into an 
osmotically active intravesicular space, rather than binding 
to the lysoso:mnl membrane, we studied the sensitivity of the 
uptake at equilibrium (60 min of incubation) to increasing 
medium osmolarity, achieved by increasing the extravesicular 
concentration of an impermeant buffer (Hepes). As n 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 to 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 [1'C]o-glucose uptake 
{[Na~ or K"lo~' = 40 mM, [Na"" or K""]in = 20 mM) nnd also 
variations of the membrane potential in the presence of a 20 
mM K.,. gradient plus valinomycin did not affect transport 
{Table 1). The use of larger gradients did not change the 
results (not shown). 

Initi·al uptake rntes of ["C]o-glucose were found to be linear 
up to 30 s of incubation, ensuring reliable zero-trans condi­
tions for kinetic determinations {Fig. 1). It is noteWorthy to 
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TABLE I 
Ef[cc! of inward din:e!cd Na~ o.rui J<:< gradjt:nts or membrane 
potentials on D-glucosc uptah in lysosomal membrane ~Jesides 

10 ,ul of vesicles in 20 mM NaHepes. pH 7.4, were incubated with 
0.12 m.'\1 ["C]D-glucose for 30 s at 20 ·c in 20 J.<l of the so.mc buffer 
{no uddition) ot of buffer containing at final concentrations 40 mM 

NaHepes (Na"" gradient), or 40 mM KHepcs (K"" I';I'adient) ot 40 mM 
KHepes plus 10 jiM valinomycin, or without addition. Reactions were 
stopped with 70 .W. of the concsponding ice-ct-ld buffer and vesicles 
were collected as described under ~Materials and Methods." Results 
arc from a. rcprc~ntativc experiment UD.d show average values of 
triplicate determinations plus standard devi.a.tions.. 

No addition 
20m.."' Na~ gradient 
20 m..\l K• gradient 
20 m.'\1 K• grndient plus valinomycin 

0.25 

'- 0.20 

~ 

"' 0.15 

i • 
0.10 

0 

~ 
0.05 

, 
• 0.00 

0 

tlmo (m!n) 

["'C]J>.Glw:oae uptnke 

l'lhiiJi/mepNJo~in 

0.052 :t 0.002 
O.QS3 :t 0.003 
0.051 :t 0.002 
0.046 + 0.003 

so 

F1c. 1. Time course of o--glucose uptake into rat liver lyso­
oom.al membrane vesicles. Lysosomal membrane vesicles (78 lig of 
protein) in 20 mM NuHepes, pH 7.4, were incubuted with 0.18 mM 
["C)D-glucose at 20 ·c. At the end of incubation. the reuction wns 
stopped by addition of ice-cold NnHcpes buffer. The sample (100 ~) 
was poured over a Seph.ndcx G-50 column, and the vesicles were 
eluted by nddition of 1 ml of buffer. The :radioactivity nssocia.ted with 
the membranes was determined by liquid scintillation counting. 

mention that the intravesicular volume, as calculated from 
the equilibrium uptake levels, is about 1 >L~/mg protein, simi­
larly to what we previously observed for sialic acid uptake (7), 
suggesting that the same lysosomal compartlllent is permeable 
to both sugars.. 

Subsequently, we studied the concentration-dependent up­
take of [1.C]o-glucose at the e:xtravesicular pH of 7.4. The 
results are shown in Fig. 2. Kinetics of initial uptake show a 
saturable process typical of carrier mediated transport. The 
K, of this process averaged about 75 mM (n = 4) and the Ymu 
about 11 nmol/15 s/mg protein. The Lineweaver·Burk trans­
formation of the data (Fig. 2B), and the Scatchard plot (Fig. 
2C), demonstrate linearization of the process, suggesting that, 
within the concentration range studied (90 ,u.M to 200 m.M), 
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 extravesicular pH, keeping the internal pH at 7.4, 
we observed that uptake rates were significantly higher at 
o.cidicpH, with an optimum between pH 5.5 and 6.0 (Fig. 3). 
We had previously observed that the lysosomal carrier for 
sialic acid is also extremely sensitive to extravesicular acidi-
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Ftc. 2. Kinetics of initinl o-glucose uptake into lysosom.o.l 
mcmbrone vesicles at pH 7.4. 10 ,r.J of vesicles (90 ~g of protein) 
in 170 mM NnHepes, pH 7.4. we~ incubated for 15 sat 20 ·c with 
20 ,r.J ofHepes buffer containing 2 p;Ci of ['"C]D-glucose and increasing 
amounts of unlabeled D-glucose. In order to compensate for the 
increasing medium osmolarity, the concentration of NnHepe:s was 
proportionally decreased. At the highest glucose eoncentrotion {200 
mM).10 mM NnHepes WllB present (i.soosmoticwith 170 mM NnHepes 
inside the vesicles). At the end of each incubation, the reaction was 
stopped with 70 ,r.J of 170 mM NaHepes, and the membranes were 
eluted as described under ~Materials nnd Methods." A, Midw.dis­
Menten analysis. B, Lincweaver-Burk traneformation. C, Seateh.ard 
analysis plot. 
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FIC. 3. Effect ot medium pH on the initial uptake rotes of 
o-g!ucose in lysosomal membrnne vesicles. Lysosomal mem­
brane vesicles, prepared in 20 mM NnHepes, pH 7.4, were 5--fold 
diluted in medium containing 25 mM MES or MOPS {final concen­
trations), titrated to the desixed pH with NaOH, and 100 mM o­
glucoae plus 2 "Ci of [14C]D-glucose. Although no compensation was 
introduced for tho higher extenw..l osmolarity, this was maintained at 
comparable levels in all the experiments. Incubations were performed 
for 15 sat 20 ·c andafterwatd. the vesicles were filtered and collected 
llB described..__.= MES; 1111----11 = 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 fmd 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,n 7.4 > 
pH.,.,, 5.5, or pH,, = pH.,.., = 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 Fig. 4, glucose initial uptake rates are about 2-fold 
stimulated at acidic pH. both in the absence and in the 
presence of an inward-directed proton gradient across the 
membrane, compared with conditions where pH1n = p:a..,. = 

? 
<0 

' l 
r " ,. 
l 

.. 
' • 

'·' ,., '·' time (min) 

Ftc. 4. Timo course of lyoosom.o.l vesiculm:- uptake of 100 
mM glucose at different pH values. either in the preoonce Ol:" 

absence o( a proton gradient across the me!XIbrane. Uptake at 
pH 7.4 in = out (A.-A): vesicles were pre-equilibrated 30 min at 
20 ·c in 20 mM NaHepes. pH 7.4, and 50 mM NaCL The assay was 
started by addition oflO ~ of membranes to 20 14! of 20 mM NnHepes 
pH 7.4, 150 mM o-glucooo, and 2 14Ci of [,.C]D-glucose. Uptake at 
pH.,. 7.4 >pH.,., 5.5 (..___.):vesicles were equilibrated fot 30 min 
at 20 ·c like above. Transport was measured by adding 10 ,r.J of 
membranes to 20 ,r.J of 30 mM MES-free acid, 150 mM D-glucoae, and 
2 14Ci of ['"C]o-glueose. This addition titrated the e:rtmvesiculat pH 
to 5.5. Uptake at pH 5.5 in = out ~: vesicles were pre­
equilibrated in 10 mM NnHepes, 20 mM MES-free acid. pH 5.5, plus 
0.01 111M monensin and 50 mM NaCL At the start of the assay, 10 ,r.J 
of membranes were added to 20 ,<J of 10 mM NaHepes. 20 mM MES­
free acid, pH 5.5. plus 0.01 mM monensin, 150 mM o-glucooe, and 2 
~Ci of ['"C]o-glucoae. Monensin was diluted from a concentrated 
stock in ethanoL In the absence of monensi.n, an equal amount of 
ethanol was added. 

TABLE II 
Effect of inward- or oUCDard-di.r-ected pH gradients across the 

lysosomal mcmbrone on the uptake of 100 mM D-glucose 
Lysosomal membrane vesiclC3 were washed and centrifuged at 

50,000 x g with 8 mM NaMES, pH 5.5 (A and B) or NaHepes. pH 
7.4 (C and Dl plus 90 mM NaCL Uptake was started by adding 10 ,r.J 
of membranes to 40 14! of 75 mM NaHepes, pH 7.4 (A and DJ or 75 
mM NaMES, pH 5.5 (Band C) plus 125 mM D-glueose and 3 ~Ci of 
r•CJo-glucose. Incubations were performed fot 30 sat 20 ·c. Results 
are from quadruplicnte determinations. plus standard deviations. 

A. pH,. 5.5 < pH_, 7.4 
B. pH ... 5.5 =pH.... 5.5 
C. pH,. 7.4 >pH_ 5.5 
D. pH,. 7.4 =pH.... 7.4 

o-Glucooe uptakn 

n.mt)ijmgprotein 

18.8= 0.2 
24.0:!: 0.2 
24.1!: 0.1 
15.1-+- 0.05 

7.4. Next we investigated whether the direction of the proton 
gradient (inward or outward directed) would differently influ­
ence glucose uptake. As shown in Table II. again highest 
uptake rates are 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 glucose 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 a 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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Flc. 5. Kinetics of llritial glucose transport at acidic pH. 

Lysosomal membrane vesicles were pre.equilibrated in 20 mM Na­
Hepes. pH 7 .4, and 200 mM KCl by freeze-thawing, as described under 
QMnterials and Methods.~ The as&ay was started by diluting 10 j<]. of 
membrnnes with 20 .ul of75 tnM NaMES. pH 5.5 (final concentration 
50 mM), 2 JLCi of ["C]o-glucoa.e, and increasing: concentrations of 
unlabeled D-gluoosc up to 200 mM. The inc:rease of extravesieular 
osmolnrity was compensated by decreasing the external KCl concen­
tration. Incubations were performed for 15 s at 20 ·c. Right panels 
respectively show Lineweaver·Bw:k (abow) and Seatehard (b€/ow) 
transformations. 

so 
tlme (min) 

FIG. 6. TransstimuLation of [14C]o-glueose uptake after 
preloading lysosomn.l membrane vesicles with unlabeled. o­
glueose. 10 .ul of vesicles in 20 mM NaHepes, pH 7.4, were prelooded 
with 100 mM I>-glucose and the uptake of2 "Ci of [14C]o-glucose was 
followed after diluting the sample 6. 7 timlls llxactly as described under 
QMaterials and Methods~ {...__...)_ Control experiments without 
preloading were performed in the presen~ of 15 mM unlabeled o­
glucose and 2 .uCi of ["C]D-glucose, as similarly described (11----11). 
Uptake is expressed as {14C]o-glucose radioactivity associated with 
the vesicles minus the blank. 

is also saturable with an affinity constant of about 90 mM. 
very close to that observed at pH 7.4, Instead. the V"'"" raises 
to circa 35 nmol/15 s/mgprotein, which is significantly higher 
than that observed at pH 7 .4. Separate experiments performed 
in the presence of monensin (at pH1n = pH,...,= 5.5) produced 
very similar results, including the increase of V,. .. (data not 
shown). These results reveal that the carrier increases the 
trnnsport capacity at the optimal pH, without changes in the 
afftnity 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 conditions the phenomenon of transstimu­
lation. \Vhen lysosomal vesicles were preloaded at glucose 
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concentrations close to half saturation levels (100 mM), up­
take of trace amounts of radiolabeled glucose (73 J,LM) was 
transstimulated by the outward-directed glucose gradient (to· 
tal external glucose concentration 15 mM, Fig. 6). In these 
experiments wl:! performed incubations at pH 7.4 to ensure 
linear uptake for longer incubation times. However, compa­
rable levels of trnnsstimulation 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 glucose uptake and transstimulation to known 
inhibitors of plasma membrane glucose carriers. As presented 
in Table III, cytochalasin B is a good cis-inh.J."bitor and reduces 
glucose trnnsstim.ulation, but this effect is only evident at 
concentrations much higher than those known to inhibit the 
hepatocyte plasma membrane carrier (1.3 ~<M) (22). Phloretin 
was found to be a stronger inhibitor when used at the S3lii.e 
concentrations as cytochalasin B, in either cis-inhibition or 
transstimulation experiments. In the latter case the addition 
of 100 10M phloretin resulted in total abolition of the trans­
stimulation effect (Table III). This inhibition effect seems to 
be more pronounced than that reported for the hepatocyte 
plasma membrane glucose carrier (22). 

The transstir.nulation pro})ertil:!s of the lyaosomal 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 afflnity 
should be able to produce an equivalent stimulation. In Fig. 7 

TABLE III 

Effect of cytochalo.sin Band phloretin on /ySO$Omc/, glucose uptake 
and trcmsstim.ulation 

A, uptake studies. 10 .ul of vesicles in 20 mM No.Hepe!:. pH 7.4, 
were preincubated 5 min at 20 ·c with cyt.Oehalasin B or phloretin. 
Uptake of 0.1 mM o-glucose (2 .,.Ci of ['.C]D-glucose) was later 
followed in the presence of the same concentration of inhibitor fat 
15 sat 2o·c. Phloretin and cyt.Oehahl.ain B were added from concen­
trated ethnnol solutions. The same amount of ethanol was added in 
the control eX]X'riments. Results are average of triplicate determina­
tions. Control uptake (100%): 0.049 ± 0.001 nmol/mg protein. B. 
trnnsstimulation. Lysosomal membrane vesicles {10 .ull were pro­
loaded with 100 mM unlabeled o-glucose similarly to the eX)X'riment 
of Fig. 6 except that in the last 5 min cytoebalasin B or phloretin 
were added. Uptake was studied after diluting the sample 6.7 times 
in buffer containing 20 mM NaHepes, pH 7.4, plus 2 .,.Ci of [14C)D­
glucose and cytochalasin B or phloretin. and was followed for 2 min 
at 20 ·c. Resultsoftriplicate or quadruplicate experiments performed 
with two different hau::hes of vesicles are reported. Control uptake 
without pre loading (100%): 10.8 ± 0.3 mnoljmg protein. 

A. Cis-Inh.ibition 
No addition 
Cytoehalasin B 

301'M 
200JLM 

Phloretin 

""" "'"" 
B. Transstimulation 

Without preloading 
After preloading 
Prelooding + cyt.Oehulasin B 

10 j<M 
100 JL.'>I 

Preloading +phloretin 
10"" 
100.>LM 

% o! uninhibited rate 

100 

62 
37 

79 
21 

100 
280 

'"' 154 

230 

" 
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F1c. 7. Transstim.ulntion of ['•c]n~glucose uptake in lyso­
somal membrane vesicles after preloo.ding with 100 mM of 
the unlabeled monosaec:hat'ides o-galaetose and sialic acid. 
Experimental conditions were similar to those indicated in Fig. 6. 
Filled symbols. e-xperiments after prelonding with 100 m.'.f unlabeled 
sialic acid (1111---a) or n-ga.lactose (---..). ()pen symbols, experi­
ments without preloa.ding but where 15 m.'.f unlabeled sialic acid 
(0-----0) or D-galactose (0----0) was added outside the vesicles to 
reach equal concentrations of e:cte:m.nl subst:tate. 

it is shown that, for example, D-galactose produces a pattern 
of transstimulation similllr 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 
significant increase of ["C]o-glucose uptake when they are 
accumulated at the trans-side of the membrane. In agreement 
with this assumption, we observed no transstimulation of 
[ 1•C]D-glucose transport when we preloaded the lysosomal 
membrane vesicles with high concentrations of N-acetylneu­
raminic acid (sialic acid) (Fig. 7). This demonstrates that 
sialic acid, a strongly acidic monosaccharide. is not trans· 
poned by the glucose carrier and also that this latter carrier 
is distinct from the one specific for sialic acid and other acidic 
monosaccharides. Reciprocally, previous experiments showed 
that glucose is not a substrate for the sialic acid carrier (7). 

The experiments illustrated in Figs. 6 and 7 show a peak of 
transstim.ulation at 2 min of incubation, under the conditions 
used. For screening of a wider group of sugars. we therefore 
studied the ability to produce transstimulation at this time 
point. As presented in Table N, other neutral hexoses, namely 
o-mannose, D-galactose, and D- and L-fucose produced levels 
of transstimulation very close to those found for o-glucose 
uptake, and are therefore likely to be transported by the 
carrier with a similar affinity. Comparable levels of counter­
transport were achieved when, reciprocally, the uptake of 72 
p.M labeled D-galuctose, D-mannose, or L-fucose was followed 
after preloading with 100 mM unlabeled o-glucose (data not 
shown). Interestingly, all these sugars (including o-fucose) 
are produced in the lysosome by the activity of specific acid 
hydrolases and are supposed to leave the lysosome without 
further catabolism (23). A number of other sugars were not 
recognized by the carrier under these conditions (Table N). 
Among these, it is i:mportant to note that N-acetylglucosa­
mine, which possesses a specific lysosomal carrier, is not 
recognized by the glucose transporter, even though it is a 
neutral monosaccharide. Other sugars not recognized by the 
glucose carrier include the L- stereoisomers L-glucose. L· 
galactose, and L-rhamnose (not represented in animal tis­
sues), the acidic monosaccharides sialic acid, glucuronic acid, 
and gluconic acid and lactones of acidic monosaccharides (o­
roannuronolactone. 0-galactono--y-lactone and L·ascorbic 
acid). Among the aminosugars, 6-amino-6-deoxy-o-glucose 
also gave a negative result. but a modest increase of uptake 

TABLE IV 
Transstimulaticn of f•C] O:.glw:ose uptake by different 

ml)rt()StP;C/u;.rU;kS 

L~osomal membrane vesicles {10 ,ul) were prelonded with 100 mM 
of the indicated suga.r and afterward the sample was 6. 7 times diluted 
and incubated for 2 min at 20 "C in the presence of 2 .uCi of ["C)o­
glueose. In the ca.ses where no preloading was performed, 15 mM 
unlabeled sugar was added at the stnrt. of the transport assay, as 
already described. Solutions of the acidic sugars and the am.inosugars 
were titrated to pH 7.4 by addition of an appropriate amoUDt of 
NaOH or HCL Uptake rates ru:e represented as percentage of control 
e•c]o-glucose uptake obtained without preloading with unlabeled 
sugru: (average value 12 :!: 2..6 nmolfmg protein, n = 7}. Result, are 
from duplicate experiments performed with at least tw<:l different 
vesicle preparations.. 

D-Glucose 
o-Galactose 
o-Mannose 
o-Fucooe 
L·Fucooe 
o-F:ructose 
L-Glucooe 
L-Gall:letose 
L·Rhamnose 
o-Riboso 
D-A:rabinose 
o-Glucuronic acid 
o-Gluconie acid 
N-Acetylneuraminic acid 
N·Acetylglucosamine 
o-Glucosamine 
S..Amino-6-deo::cyglucose 
o-Ma.nnuronolactone 
o-Galactonolaetone 
L-Aseorbic acid 

[""C]D·gluce..e uptaku 

After proloading Without proloading 

290 
302 
255 
231 
190 
173 
ns 
n• 
ll6 
132 
100 

75 
81 
6l 
70 

"' 109 
105 
101 
73 

100 
lH 
84 

101 
so 

100 
90 
79 
98 
95 
84 

109 
107 
86 

101 
96 

102 
100 
101 
100 

was observed with o-glucosamine. 
We further investigated this aspect by studying-under iden· 

tical conditions the uptake of [14C]D-glucosamine after pre· 
loading the vesicles with either o-glucose or o-glucosamine. 
The Iutter compound is known to be taken up by lysosomal 
membrane vesicles (7. 21). While preloading with 100 mM. D­
glucosamine did not produce any countertransport, a 50% 
increase over the basal [l4 C]o-glucosamine uptake was seen 
after preloading with 100 mM o-glucose. This suggests that, 
although the glucose carrier is able to recognize glucosami.ne, 
its affinity for this compound must be much lower than that 
for D-glucose, since 100 mM unlabeled glucosamine could not 
tronssti:mulate [!•C]o-glucosami.ne transport. A similar ex­
planation may apply foro-ribose which showed a low level of 
transstimulation. although this effect does not seem to be 
shared by other pentoses (compare o-arabinose). Evidently, 
the affinity of the glucose carrier for o-ribose must be even 
lower than for D•glucosamine, which makes a possible phys­
iological significance of such recognition rather questionable. 

As reported in Table IV, the keto-hexose D-fructose showed 
intermediate levels of transstim.ulation, 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 [aC]o-galac­
tose, p•C]o-mannose, and [~H]L-fucose. In all cases the proc­
esses were saturable and the K, averaged about 50-75 mM, i.e. 
very dose to the values observed for [1•C]o-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 co=on 
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Ftc. 8. Klnetics of lysosomal vesicle trrulSport of D-gnlac­
tose, D·mruLnose, and r,.fueose. Experimental conditions were 
similar to those of the experimenta in Fig:. S at pH 5.5. A, uptake of 
["C]o-galactooo in the presence of increasing amounta of unlabeled 
o-galactose. B. uptake of ['•C]D-mannose plus increasing amounta of 
unlabeled o-man.nose. C. uptake of ["H]L·fucooo plus incroas.ing 
amounta of unlabeled L·fucose. Right panels respectively $how Lin~ 
weaver·Burk tmnsfon:o.ntions (above) and Scatch3rd plota (below). 

carrier with o-glucOs.e in the lysosomal membrane and that 
in our system there are no other major mechanisms respon· 
sible for their transfer across the membrane. 

DISCUSSION 

Early studies performed by Uoyd sustained that the major­
ity of neutral monosaccharides, including glucose, could cross 
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the lysosomal membrane by simple diffusion through the lipid 
bilayer (15). In contrast. using the osmotic protection method, 
but also studying uptake of radiolabeled glucose and ribose 
into rat liver tritosomes. Docherty et aL (9) and Maguire et 
a1. (10) suggested the existence of a common lysosomal carrier 
for he:xoses and pentoses. But in both cases, due to technical 
problems inherent to the methodologies. the contribution of 
diffusion components to the measured uptake could not be 
excluded (16). 

Recently, by use of the same techniques, evidence has been 
provided against the existence of a common carrier for D· 
glucose and D-ribose (11), and again the posru.Oility 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 membrane vesicles have been increasingly used in 
the last decade as the most appropriate method for accurate 
and direct investigations of solute trunsport kinetics in bio­
logical membranes. We have recently developed an assay to 
study the transport properties of resealed lysosomal mem­
brane vesicles (7). 

In the study presented here, we have demonstrated the 
existence of a carrier in the lysosomal membrane, which 
facilitates the diffusion of neutral monosaccharides, in agree­
ment with the previous suggestions by Maguire et al. (10) nnd 
by Jadot et aL (24). We found that transport is inhibited by 
cytochalasin B, similarly to what was observed by Maguire et 
a1. {10), but phloretin is found to be a more powerful inhibitor. 

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

The lysosomal glucose transporter showed an acidic pH 
optimum which accounted for an increase of the maximum 
transport capacity, without changes in the affinity for the 
substrate. Our data argue agninst the possibility that the 
carrier is involved in a mechanism of cotransport 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 unique to the lysosomal 
system, since it has never been observed for other types of 
mammaE an glucose cnrriers. Particularly, this carrier is dis· 
tinct from the more widely represented Na"'"-independent 
glucose carriers in the erythrocyte, hepatocyte, adipocyte, 
fibroblast,. and skeletal muscle 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-clw.racter­
ized lysosomal sugar carriers (7. 8). In the case of the carrier 
for sialic acid, an e:xtravesicular ncidic pH provides the driving 
force for W /sialic acid cotransport, implying that the pH 
effect is strictly coupled to the presence of a proton gradient 
across the membrane (7). Here we show that such a model is 
not applicable to the lysosomal glucose carrier. Furthermore, 
the lysosomal ca. "'Tier for N-Acetylhexosa.mines, recently char­
acterized by Jonas et al. (8), was apparently insensitive to 
changes of the extralysosomal pH, and in this respect differs 
clearly from the glucose carrier. 

The transport kinetics appea.red to adapt well to the Mi­
chaelis-Menten equation and to the Lineweaver-Burk and 
Scatchard analysis and did not demonstrate any contribution 
of a nonsatuxable 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 wi"th the transport rate supported 
by the glucose carrier. 

This system also demonstrates transstimulation properties., 
which have provided n direct and sensitive method to inves­
tigate substrate specificity. Using this apProach. the main 
substrates were found to be D-glucose, n-galactose, o-man­
nose, n- and L-fucose. All these sugars are products of intra­
lysosomal catabolism, including n-fucose which, though xe­
nobiotic, can be recognized by a lysosomal hydrolase biochem­
ically similar to .B-galactosidase (23). These sugars produce 
reciprocal transstimulation and display a similar affinity for 
the carrier, as judged from their Ko-

This carrier exhibits clear stereospecificity and in general 
L-hexoses are not transported L-Fucose represents an excep­
tion, but this sugar is a component of oligosaccharide chains 
of mammalian glycoproteins, and it is normally present in the 
lysosome, due to the hydrolytic activity of acid a-L-fucosidase. 
Its structural similarity to n-galactose probably makes rec­
ognition possible (23). 

The substrate specificity studies also permitted us to gain 
additional information about other structural properties that 
pllly a role in substrate recognition by the carrier. For exam­
ple, the presence of charges in the hexose molecule (a.mino­
sugars, carboxylic monosaccharides, and their lactones) de­
crease substrate recognition, whereas the presence of an hem­
iacetal bond (absent in fructose, gluconic acid. ascorbic acid, 
and other lactones of acidic monosaccharides) facilitates rec­
ognition. Similarly, the glucose carrier in placental brush 
border membrane shows some preference for hemiacetal­
forming sugars and has a lower affinity for the keto hexose 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 a:re 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 
across the lysosomal membrane unassisted by any carrier (1, 
12). Clearly, studies with radiolabeled pentoses should be 
carried out to demonstrate the presence or absence of a 
separate pentose carrier. 

The lysosomal glucose carrier e:clullits a low substrate af­
finity, compared with the other known lysosomal carriers (1, 
7, 8, 19, 30) and with the physiological intra- and extrocellular 
glucose concentration, which is about 4-10 mM. These 
properties apparently do not support a model in which the 
lysosomal transport of monosaccharides is a rate-limiting step 
in the metabolism of lysos-ome-derived sugars, preventing 
under physiological conditions glucose accumulation in the 
lysosome. Nevertheless, a hypothetical genetic defect of this 
transport system might produce accumulation of neutral 
monosaccharides in the lysosome. It has been recently hy­
pothesized that in some human forms of lysosomal glycogen 
storage disease without acid maltase deficiency (31-33), glu­
cose release from the lysosome might be abnormal (33). In 
these cases, therefore, intralysosomal glycogen accumulation 
could be due to secondary inhibition of acid maltase by 
hexoses, accumulated because of a 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 tissues 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 
distinct glucose carriers (either insulin-sensitive or not) can 
coexist in different intracellular compartments of insulin­
responsive cell types (39). The characterization of a biochem­
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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Sialic Acid Storage Diseases 
A Multiple lysosomal Transport Defect for Acidic Monosaccharides 
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tDepartmem of Medical Genetics. University o[Turku. Turku. Finland 

Abstract 

A defective efflux of free siali-c acid from the lysosomal com~ 
partmcnt has been found in the clinically heterogeneous group 
of sialic acid storage disorders. Using radiolabcled sialic acid 
(NeuAc) as a substrate. we ha"Ve recently detected and charac· 
terizcd a proton-driven carrier for sialic acid in the lysosomal 
membrane from rat liver. This carrier also rerogn.izes and trans­
ports other acidic monosaccharides., an~ong which are uronic 
acids. If no alternative routes of glucuronic acid transpon exist. 
the disposaJ of uronic acids can be affected in the sialic acid 
storage disorders. In this study we excluded the existence of 
more than one acidic monosaccharide carrier by me:t:Suring up­
take kinetics of labeled glucuronic acid (13H)GicAc) in rat lyso­
somal membrane vesicles. fHJGicAc uptake was carrier-me­
diated with an affinity constant of transport (KJ of0.3 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 propenies as the rat liver system (K, ofeHJGicAc upt:lke 
0.28 mM). Uptake studies with [3H]NeuAc and [3H]GicAc in 
resealed lysosome membrane vesicles from cultured fibroblasts 
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 dise:t:Ses was provided by the observation of reduced. half­
normal transport rates in lymphoblast-derived lysosomal mem­
brane vesicles from five unrelated obligate heterozygotes. This 
study reports the first observation of a human lysosomal trans­
port defect for multiple physiological compounds. (J. Clln. ln­
~est. 1991. 87:1329-1335.) Key words: glucuronicaeid ·curler 
-proton cotransport • heterozygotes • Sal1a disease 

Introduction 

Sialic acid storage diseases represent a clinically heterogeneous 
group of inherited disorders. characterized by abnormal accu­
mulation of free (unbound) sialic acid in urine and in lyso-
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somes of different tissues. They must be distinguished from 
other forms of sialuria without lysosomal storage (I). The two 
main phenotypeS of lysosomal sialic acid storage are the "Fin­
nish'" Salla disease. presenting with mental retardation of early 
onset. ataxia. and near-normal life span (2. 3). and an infantile 
form without any ethnical prevalence, presenting severe vis-­
ceral involvement. dysostosis multiplex. psychomotor retarda­
tion. and early death (4-10). In addition. some patients have 
been described with intermediate phenotypes between these 
two extremes ( 11-15). Impaired efflux of sialic acid (N-acetyl~ 
neuraminic acid. NeuAc)1 from lysosome-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 (2 I). Glucuronic 
acid is normally present in the lysosomesasadegrodation prod­
uct of glycosaminoglycans. Sialic acid storage diseases there­
fore may represent a genetic transport defect of a carrier with 
wide substrate specificity. Consequently. storage of different 
compounds may be involved in the pathogenesis of the dis-­
order. unless it is demonstr:l.ted that more than one carrier 
exists for the lysosomal disposal of different acidic sugars. Bio­
chemically distinct lysosomal carriers with partially overlap­
ping substrate specificity have been described for amino acids 
(22. 23). Evaluation of the number and properties of the hu­
man lysosomal acidic monosaccharide transport mechanisms 
is mandatory for undemanding the metabolic defect in sialic 
acid storage diseases.. In this study. we have further investigated 
the transport kinetics ofo-glucuronic acid (GlcAc) and NeuAc 
in rat liver lysosomal membranes and extended the studies to 
resealed lysosomal vesicles from cultured human fibroblasts 
and lymphoblasts. Transport activity was also determined in 
cell lines from patients and obligate h.eterozygotes of various 
types of sialic acid storage disorders. The results provide strong 
evidence that the impaired tr:msport mechanism for different 
acidic monosaccharides is the primary genetic defect of these 
diseases. 

Methods 

Cell cultures. Fibwblasts were grown in Ham's FlO medium supple­
mented with 10% FCS and antibiotics. Fibroblast:md lymphobl::tSt cell 
lines from patients with Salla disease and their relatives were provided 
by one of the authors (P. Aula). Fibroblast cell line 90 JS is from a fet:ll 
skin biopsy of an interrupted pregn::mcy after a positive prenatal diag­
nosis for S.alla disease (Rcnh,md. Dr. M .. pet'50nal communication). 

1. AbbrevJOlions used in this paper: GlcAc. o-glucuronic acid: K,. affin­
ity constant of tnlnspon: MES. 2-(N-morpholino}ethanesulfonic :lcid: 
NeuAc. sialic acid (N-acetylneuraminic acid). 
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Cells from patient A. Z. (5} are from Dr. E. Vamos. Dept. of Medical 
Genetics. University of Brussels; cells ofp:ltient E. P. (14) are from 
Prof. A. Fois., Dept. of PediatriC'>. University of Siena.; cell line D. R. is 
from a patient observed by Prof. F. van Hoof, I. C. P. University of 
Lou vain; and cell line E. B. is from a patient observed by Dr. F. G. I. 
Jenm:kens. Dept. of Neurology, University ofUtreeht (manuscript in 
preparation). Lymphoblast strains were established by EBV infection 
of pc:riphc:rn\ blood lymphocytes and grown in co~ atmosphere with 
RPMI medium supplemented with 20% FCS and glutamine. The 
transformation procedure: does. not seem to interfere with later isola­
tion oflysosomes and integrity of the lysosomal membrane (24}. 

Lysosomal membrane vesicles. Rat liver was used as a source of 
lysosomal membr::me vesicles as described earlier (21). Proton-driven 
sialic acid uptake was only observed in fractions highly enriched for 
lysosomal membrane markers and not in less. pure fractions obtained 
during the purification procedure. For fibroblast lysosomal membrane 
vesicles. cells from 12 to 15 850<m2 roller bottles were harvested by 
trypSinization and homogenized with 30 strokes of a Potter Elvejem 
g!as$-Teflon type of homogenizer in 0.25 M sucrose. 0.2 M KCl, 10 
mM NaHepes pH 7.4 plus a coc:ktail of protease inhibitors as used for 
rat liver isolations. Differential centrifugation steps (650 g and l 1.000 
g) produced a lysosomal/mitochondrial pellet representing about 20% 
of the lysosome:; in the total homogenate. 80% of which were intact, as 
judged by the distribution and \.atency ofthesoluble lysosomal marker 
enzyme P.,hexosaminid.ase. No difference in lysosome rec;ovcry was 
observed between preparations from controls and p:ltientS. Afterwards. 
lysosomal membrane vesicles were prepared by selective hypotonic 
shock of this pellet according to the procedure of Ohsumi et a!. {25) 
applied to human fibrobl:IStS (26}. Because of the hypotonic shock (2 
X 30 min at O"C in 0.02 M sucrose) and the following e;.;tensive wash­
ings. I)."SOSOmes lost their c;ontent and patient membranes obviously 
lost their storage products. In the final preparation, the specific activity 
of the lysosomal membr::me marker eru:yme P'-gl.ucocercbrosi<lase was 
compamble to the mt liver lysosomal membrane vesicles {about 2 
.«mol{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 diffCl"ence being caused by the high speciftcenxyme activ. 
ity in the original fibroblast homogenate comp:lrc:d with the total liver 
tissue homogenate. The final recovery of membrane markers in fibro­
blast preparations was comparable to mt liver {4-8%). No difference in 
purity and recovery w<Gobscrved between patient and oontrol prepara­
tions, but usually better yidds were obtained from fetll. fibroblasts {cell 
Jines 9015. 53. 698). Lysosomal membranes were: also prepared from 
1-2 g (wet wt) transformed lymphob!= following the =c procedure 
used for fibroblasts. Although the specific activity of P'-gl.ucoeerebrosi­
dase in lymphobla.sts is much lower than in fibrob\.asts. (- 5%), the 
enrichment of this marker in the final preparation wassimi\.arto fibro­
blasts. The membrane vesicles were: suspended in 20 mM NaHepes pH 
7.4 plus 0.0 l mM EDTA at a protein concentration of3-S mg/ml for 
both fibroblast and lymphoblast preparations and were kept frol:Cn at 
-7ooc before use.. Frozen lysosomal membranes from any source re­
tained normal tranSpOrt activity for at least 4 mo. Each preparation was 
sufficient to perform duplicate determinations of marker enzymes. of 
GlcAc(NeuAc transpOrt and glucose trans--stimulation. For each cell 
line transpOrt parameters were assayed in at least two separate mem­
brane preparations. 

Transport studies. Uptake of the acidic monosacchmides GlcAc 
and NeuAc was assayed in the presence and absence of an invr.u-d 
directed proton gradient (pH.,.., 5.5 < pH1• 7.4. orpHin ~ pt4.,"" 7.4) 
generated with impennea.nt buffers as described {21), e:~:cept that for 
fibroblast and lymphoblast lysosomal membranes about20-40 ~o~g pro­
tein was used per each assay and incubations were: performed at 37~c. 
Briefly, 20.!<1 vesicles.. prepared in 20 mM Na- or K-Hepes. buffer pH 
7.4plus0.0l mMvalinomycin, were: incubated with lO~rad.iolabelcd 
sugar plus 100 mM 2-(N-morpholino)c:thanesulfonic acid (MES} free 
acid, to give a final concentration of33 mM MES. 13 mM Hepes. and 
an extravesicular pH of 5.5. Re:tetions were: stopped by diluting the 
sample with 70 ~o~l ice-cold incubation buffer.and vesicles were filtered 

and eluted with I ml buffCl" on a smaU Sephadex G50 (fine} column 
(Pharmacia LKB Biotechnology Inc., Uppsala. Sweden) run at 0.3 ml/ 
min at 4 "C as we descn"bed c::u-lier. V esie!~-l:ISS0ciatcd radioactivity was 
counted by liquid scintillation. Uptake at pH.., = pH..., = 7,4 (no pro­
ton gradient) was assayed in 20 mM Na- or K-Hepes pH 7.4 present 
inside and outside the vesicles. Trans-stimulation of[lHJGlcAc uptake 
was studied at pH..,= pH,..,= 5.5 in the presence of the ionophore 
monensin, as previously described (2l). Trans-stimulation of['H]J> 
glucose uptake was followed at pH 5.5 after prc:loadi.ng the vesicles with 
100 mM unlabeled 0-glucose, essentially as described for the rat liver 
system (27), except that the assay was performed at 37"C using about 
30 J.<g membrane protein. Details for different assay conditions are 
indicated in the figure legends. Experiments were performed under 
controlled osmotic conditions and uptake of NeuAc and GlcAc was 
usually done in the presence of equi molar intra- and cxtravesicular K• 
and 0.01 mM valinomycin, to eliminate membrane potentials that 
could ;trtificially affect movements of the charged sugars. As blanks. 
vesicles exposed to ice-cold buffer containing radiolabeled substrate 
were: filtered. without incubation. through a Sephade;.; c;olumn. This 
bl:mk was subtracted from all the dc:tenninations (about 200 dpm). 
Each assay was performed as duplicate or triplicate determination and 
the acc~pted var:iation from the mean was 10%. Kinetic parameters. 
obtained from the experimental <lata. were calculated using the com· 
puter progm.m Enzfitter, from Elsevier·Biosoft. Cambridge. UK. 

Miscellaneous. Activitic:sofP.,hexos:uninid.aseand latency measure­
ments were performed as dcscn"bed ( 16). P-g!ucocerebrosid.ase activity 
in the presence ofTriton X-100 and taurocholate was assayed with a 
synthetic substrate at pH 5.3 as described (28). Radiolabc:!ed 
D[l·'H]GlcAc (sp act 1.8 Ci/mmol) and D[2-3H]glucose (sp act 23 Ci{ 
mmol) were prepared by Amersham International, Amersharn. UK. 
and [9-3H]NeuAc (sp act 10 Ci{mmol) was purchased from American 
Radiolabeled Chemicals. St. Louis. MO. Osmolarity measurements 
were done with a freezing point-depression osmometer (Advanced In­
Struments, Inc., Needham HeightS. MA). The unlabeled sugars NeuAc, 
GlcAc, and J>gluc;ose, the ionophore moncnsin, the buffers Hc:pcsand 
MES were: obtained from Sigma Chemical Co., St. Louis. MO. Valino­
mycin w:~S from Boehringer Mannheim GmbH. Mannheim, Ger­
many. 

Results 

Glucuronic acid uansport in raJ liver lysosomal membranes. In 
previous studies we demonstr.lted 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 Jci. 
netics of [3H]GlcAc trunsport in rat liver membranes in the 
presence and absence of an inward-directed proton gradient. 
by manipulating the intra- and extravesicular pH with imper~ 
meant buffers. As shown in Fig. 1. similarly to what we ob­
served for sialic acid. initial uptake rates for glucuronic acid 
were strongly stimulated above equilibrium level (overshoot) 
in the presence of the proton gradient (p~, 5.5 < pHitl 7.4), 
which is the driving force of this cotran.sport mecha.nlsm. Sa.~ 
tumbility of the process at increosing substrate concentrations.. 
typical of carrier~mediated transport. was observed. The affin­
ity constant oftmnsport (KJ of this process.. calculated by a 
Michae!is-Menten equation, WllS 0.3 mM (n "" 2), close to tha.t 
previously me:JSUred for sialic acid (0.24 mM). \Vhen the data. 
from a representative experiment were applied to the Line· 
weaver-Burk and Seatchard analysis.. the process line:uized 
(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 demonstrnte that the cis-in~ 
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Figure 1. Time curve of 
glucuronic llcid uptake 
in mt liver lysosomal 
membrane vesicles. 20-
;<l membrane vesicles 
in 7 mM Na .. , 13 mM 
K\ 20 mM Hepes, pH 
7.4 plus 0.0 l mM valin­
omycin were incubated 
at 20.,C with I 0 ~ con­
taining 2 ,.a [3H)GlcAc 
(0.1 mM final total con­
centration) in IOOmM 
MES free :~cid, when 
uptake was ioUowed in 
the presence of an in­

ward-directed proton gradient (pH"", 55< pH., 7.4) (•-•)~ when 
assays were performed without the pH gradient (pH .. ,= pH.,.= 7.4), 
vesicles were incubated with 10 !<1 radiolabekd substrate in 20 mM 
NaHepes pH 7.4 (o-o). Reactions were stopped with 70 ;dice-cold 
buffer and vesicles were filtered at 4°C as described in Methods. 

hlbition ofeHJG!cAc uptake achieved in the presenceof7 mM 
unlabeled GlcAc was identical to that obtained with unlabeled 
NeuAc. In contraSt. other anionic compounds not recognized 
by the sialic acid carrier, like ~c acid, did not produce 
significant inhibition (Fig. 3 A). Moreover. the S:l.me extent of 
trans-stimulation ofeHJGlcAc transport was achieved by pre­
loading the vesicles either with 1 mM NeuAc or GlcAc (Fig. 3 
B). Trans-stimulation commonly proves the symmetrical func­
tion of the carrier. and that the compounds are actually trans­
ported across the membr:tne. Our present data in the rat liver 
Jysosom:l.l. membr:~.nes therefore prove there is only one lyso­
somal carrier for the investigated acidic monosaccharides. 

Glucuronic acid and sialic acid transport across rhe human 

150 Figure 2. Kineti~ of 
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port in rat liver lyso. 
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CHJGlcAc and increas-

500 ing concentrations of 
8 unlabeled sodium glue-

•oo "' uronate.. Duplicate in-

v .. cubations wen: per-

~ 300 formed for 30 sat zo~c. 

" • The resultS wen: fmC([ 

" 200 to a Michaelis-Menten 
> • equation for calculation 

100 of the kinetic par:~.me-
ters. Lineweaver-Burk 

0 (A) and Scatch:l.rd (B) 

0 50 100 150 transformations of the 
experimental <.i::na are 

v 'h~ 

c .. 20 
~ 

75 
A 8 

~ 

~ 15 E 

' 50 
0 
E 10 
~ 

.! 25 
0 5 a_ , • v 
~ 0 0 

" 
. N~uAe (;leAe '" +GI<:A~ . -

N•YAc 

Figure 3. SubstQ.te specificity of the acidic monosaccharide carrier in 
rat liver lysosomal membranes. (A) Cis-inhibition. Uptake of0.02 
mM [lHJGlcAc was assayed for 30 sat zooc in the presence of an 
inward-directed proton gradient (pH..., 5.5 <pH,. 7.4) plus K• and 
valinomycin as d=ribed in Fig. 1 without further addition (+). or 
upOn addition of 7 mM unlabeled sialic acid (NeuAc), or glucuronic 
acid (G!cAc). or aspartic acid (Asp). All the acidic compounds were 
titrated. with NaOH. Results are c;t;,pres:;ed as picomoles ofradiola­
beled G!cAc/30 5 per milligram protein. (B) Trans-stimulation. IS ,.U 
lysosomal membrane vesicles in 7 mM Na•, 13 mM K·. 20 mM 
Hepes, 33 mM MES pH 5.5 plus 0.01 mM monensin. andO.Oi mM 
valinomycin were prcincubate4 60 min at zooc in the presence(+) 
or absence(-) of I mM unlabe!C([ sialic acid (NeuAc) or glucuronic 
acid (G/cAc). The samples were then dilute(! 6.7-fold in the same 
prewarmed buffer containing 2 I'Ci ['H]Gl<:Ac. In the samples that 
were preincubated without unlabelC([ SUg::u' (-). 0.15 mM ualabeled 
NeuAc or GlcAc was added together with radio labeled substrate at 
the stan of the assay to give the same extra vesicular substrate con­
centration in both experimentS. 

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 eHJGlcAc in 
resealed lysosomal membrane vesicles obtained from human 
cultured fibroblasts. When the uptake of eH]GlcAc was stud­
ied in the presence and absence of a proton gradient we found 
that the human lysosomal membrane indeed possesses a pro­
ton-dependent transport mechanism for [3H]GlcAc. The trans­
port could be inhibited to the same extent by the addition of 
either unlabeled GicAc or NeuAc. but not by neutral sugars 
like gluco~e (Fig.. 4). Similar e,;.;periments using eHJNeu.Ac 
showed comparable rates of proton-dependent transport and 
substrate inhibition pattern (data not shown). Therefore. we 
conclude that in human lysosomal membrnnesalso no residual 
routes of glucuronic acid transpOrt exist alternative to the sialic 
acid-inhibitable one. In another set of experimentS. we ob­
served that the proton-driven uptake disappears upon addition 
ofmonensin. This ionophore. in the presence ofNa+. shuntS 
the proton gradient across the membrane (21. 29). confinning 
that the pH effect is strictly linked to the presence of a cross­
membrane gr:adient (data not shown). Since. similarly to rat 
liver membr:tnes. 30-s incubations showed clear proton-depen­
dentstimulation. we considered these conditions as representa­
tive for zero-trans uptake. Proton-driven [3H]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 [3H)GlcAc could be twofold 
trans-stimulated when fibroblast lysosomal vesicles were pre-
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Figure 4. Substrate specificity of glucuronic acid transpon in lyso­
somal membrane vesicles from buman fibroblasts. Uptake of 0.046 
mM ['H]GicAc (25 ¢:!) at37°C for30 swas.studied in lysosomal 
membrane vesicles from control fibrobklsts {20 .u& membrane protein) 
in the presence of a proton gradient (PH,., 5.5 <pHil> 7.4) (+)or at 
pH.,., = pH1• = 7.4 (-). as described in Fig. L Proton-driven uptake 
(pH.,.., 5.5 <pH,. 7.4) was also followed upon addition of7 mM 
unlabeled sialic acid (NeuAc), or glucuronic acid (GlcAc), or J>glucose 
(G/u) to the incubation medium. In all the assays K",. and valinomycin 
were Present. Results are presented as avernge of separate determina­
tions with the same vesicle preparation. plus standard deviations. 

loaded with either 2 mM unlabeled GlcAc or NeuAc at pH 5.5 
(in = out) (uptake without preloading 4.3 pmolj30 s per milli· 
gram protein; after preloading with GlcAc 10.5, and after pre­
loading with NeuAc 9.1). Altogether. these dat:l reveal that an 
acidic monosaccharide carrier, with identical properties to the 
rat liver system, is present in the human lysosomal membrane. 

Transport of acidic sugars in lysosomal membrane vesicles 
from cultured cells of pQliems. The standardized assay system 
that we developed for fibroblast lysosomal membrane vesicles 
was used to investigate the transport of acidic sugars in cell 
lines from various typeS of sialic acid storage disorders.. To 
check the integrity of the lysosomal membrane from fibroblasts 
of the patients. we measured carrier-mediated transport of 
['H]D-glucose. Glucose and other neutral monosaccharides are 
not recognized by the sialic acid carrier, but :u-e instead trans­
ported by a distinct lysosomal transporter for neutral monosac­
charides (27). We found conditions under which human lyso­
somal membrane vesicles show carrier-mediated trans-stimula­
tion of [JH]o-glucose uptake. upon preloading with unlabeled 
o-glucose (Fig. 6). As shown in Table I, lysosomal membranes 
from patients with sialic acid storage diseases demonstrate nor­
mal rates of[3H]o-glucose trans-stimulation. proving the integ­
rity of the lysosomal vesicles in patient preparations. The fol­
lowing :lSS:l.Y system was chosen to study essential parameters 
of acidic monosaccharide trnnsport in patient cell lines. The 
uptake offlHJNeuAc was measured after 30 s incubation in the 
presence of an inwa.rd-directed proton gradient (pHou< 5.5 
< pH!n 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""'= pH1• = 7.4) (Fig. 7.A 

and B). The cell line from the patient E. P. (14) was initially 
used in this experiment and showed clear deficiency of proton­
driven sialic acid trnnspon. In the control cell line, the proton­
mediated uptake could be inhibited by addition of7 mM sialic 
acid. Since the residual uptake upon inhibition paralleled the 
non-proton-driven uptake, we :assumed that this residual com­
ponent is 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 eHJGlcAc trans­
port. As shown in Fig. 7, CandD.lysosomal membranes from 
the same patient showed comparable deficient carrier-me­
dimed transport ofglucurooic acid. We extended our study to a 
larger number of patient cell lines. using the same experimental 
conditions. The results are shown in Table II. Carrier-mediated 
transport activity is here expressed by the difference between 
the uptake in the presence ;:md absence of the proton gradient. 
Each patient's cell line showed :a total deficiency oflysosomal 
transport for both NeuAc and GlcAc. As separately tested, in 
no C:lSe was the residual uptake further inhibit:lble by 7 mM 
GlcAc or NeuAc. nor did it dilfer significantly in patient and 
control preparations. 

Transport of acidic sugars in cdllin.esfrom obligate hetero­
=ygores. To confirm that the trnnsport defect directly reflectS 
the genetic mutation. we measured transport activity in cell 
lines from parents ofSalla 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 
transport in human I)'S050mal. membrane vesicles. Lysosomal mem­
brane vesicles from control fibroblasts (27 1<S protein per assay) were 
incubated with 2.5 .uCi [lH]GlcAc plus incr=ingconcentrations of 
unlabeled sodium glucuronate at 37""C for 30 sin the presence of an 
inward-directed proton gradient (pH.,., 5.5 < pH,~ 7.4). and in the 
absence of a proton gradient (pH""' "' pH., ~ 7.-l-). After subtr.letion 
of the residual uptake at pH 7.4. the data relative to the proton-driven 
uptake were fined to a Mich.:Je!is-Menten equation. (Inset) Line­
we::~.ver-Burk transformation of the data. 
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Figure 6. Trans-$timu­
lation of [3H]o-gluoose 
uptake- in librob\ast ly­
sosomal membranes. 
Vesicles from control 
librobl3sts (32 JJ& pro­
tein) in 20 mM NaMES 
pH 5.5 were preincu­
batcd with 100 mM o­
g!uoose for 45 min at 
20QC. and the uptake of 
6 JJCi [lH]D-gl.uoose was 
followed at 37QC after 
diluting the sample 6.7-
fold in 70 mM NaMES 
pH 5.5 {•-•). In 
control experiments 
(o-o). membr:mes 

w.:re prcincubated with 20 mM NaMES plus 50 mM NaO instead of 
glucose and the uptake of radiolnbeled glucose was studied after 
diluting the sample in MES buffer containing 15 mM o-glucose, to 
obuin the same final external substrate concentration in both experi-

phoblasts as a source of lysosomal membrane vesicles beC:J.use 
of the ease of growing the large quantities of material needed 
for the membrane isolations. Lysosomal membrane vesicles 
from lymphoblasts were obtained according to the same proce­
dure as for rat liver and human fibroblasts. In control material, 
proton-driven transport of glucuronic acid was present. compa­
rable to fibroblast membranes. and defective uptake was found 
in vesicles of Salla disease patients {Fig.. 8 A). When transport 
studies were performed on lysosomal vesicles from parents of 
Salla disease patients. we found that cells from five unrelated 
obligate heterozygotes exhibited reduced rates of [lH]GlcAc 
lysosomal transport, compared with controls {Fig. 8 A); mean 
of control cell lines 42 (n "" 4). heterozygotes 26 (n "" 5). and 

Table I. Trans-stimulmion ofe H]D-glucose Trai'ISport 
in Fibroblast Lysosomal Membrane Vesicles from Comrols 
and Palients with Sialic Acid Swrage Diseases 

l'=tageof 
Cell line oo.aJ uptake 

Control693 378 
Control 54() 288 
Control 53 231 
P<l.tient A.Z. 314 
Patient D.R. 265 
Patient S.P. 282 
Patient 9015 233 
Patient E.P. 271 
Patient E.B. 224 

Uptake of 6 JJCi eHJo-g!ueose -...vas followed for 30 sat 37°C after 
pretoading with tOO mM unlabeled. o-glucose, as described in the 
legend to Fig. 6. Results are reponed as percentage of increased up­
take after preloading. compared with the basal transpoft rates without 
glucose preloading {tClO%). Results are from duplicate determinations 
in two or three different membrane vesicle preparations per each cell 
line. 

Figur~ 7. Det=ina­
tion of sialic acid and 
glueuronic acid trans­
poft rates in patient and 
control lysosomal mem­
branes. Uptake of0J)46 
mM ['H]NcuAc or 
['H]GleAc (2.5 JJCi) was 
.assa~ in the presence 
of an inward-directed 
pH gradient ~nerated 
with impenneant 
buffers(+). or in the 
presence of a proton 
gradient plus 7 roM un­
labeled NcuAe or, re­
spectively. GleAe (/nh). 
or in the absence of a 
pH gradient (pH 7 .4. in 
~ out)(-).asspccified 
for the experiments of 

Fig. 4. Lysosomal membrane vesicles from the control and the patient 
conuined. respeetively, 20 JJS and 28 JJ& protein per assay: Results 
are averages of triplicate determinations plus standard deviations and 
are expressed as picomoles acidic sugar/30 s per milligr::un protein. 
(A) and (C): control; (B) and (D): pzttient E.P. 

patients8 pmol/30 s per milligram protein (n"" 2). The res1dual 
activity could Still be inhibited by unlabeled substrate, confirm­
ing that it represents carrier-mediated tranSpOrt (F'~g. 8 B). Simi· 
b.r results were obtained from two heterozygote cell lines when 
[3H]NeuAc upt:l.k.e rates were measured (control:21 pmol/30 s 
per milligram protein; Salla disease patient:2.0: heterozygote 
900015:7.8: heterozygote 891070:7.8; n = 2). 

Discussion 

Evidence for saturability. cotransport with iOIL$.. cis-inhibition 
and trans-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 
ease of performing uptake studies under close-to-normal physi­
ologic:ll conditions. Although many lysosomal transport de­
fects can be expected (33). only cystinosis has so far been 
proven to be caused by a·defective carrier-mediated transpOrt 

mechanism (34). The transport defect involves a single amino­
acid. cystine. SignifiC:J.nt biochemical and clinic:ll improve­
ment of the disease can be achieved upon treatment with cys­
teamine (35. 36). This compound specific:llly depletes Jyso­
somes of cystine {37. 38), making cystinosis the only 
pharmacologically treatable lysosomal storage disease. 

Various studies have previously suggested a trnnsport de­
fect 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 sarurability or other parameterS has not been pro­
vided tO support the involvement of a lysosomal carrier-me­
diated transport medunism. The detection of a transporter for 
different acidic monosaccharides in o.t liver lysosomal mem­
brane vesicles pointed out the possible physio1ogiC:J.l mecha­
nism of sialic acid transport in ma.mm.alian lysosomes (21 ). 
This carrier apparently performs .a secondary active transport 

Lywsomal Transpon of Acidic Sugars in Sialic Acid Storage Diseases 

109 



Table II. Proton-driven Transport of Sialic Acid and Glucuronic 
Acid in Fibroblast Lysosomal Membrane Vesicles/rom Pat.ients 
with Differene Clinical Forms of a Sialic Acid Storage Disease 

pmcf/JO S/mg prcu:i" 

Controi69S 
Control540 
Control 53 

[3H]NeuAc 

20.9 
12.6 
23.6 

Infantile sialic acid storage disease 

Patient A.Z. 1.1 
Patient D.R. 0.4 

Salla disease 

PatientS.P. 0 
Patient 90!5 0 

Intermediate non-Finnish phenotype 

PatientE.P. 
Patient E.B. 

0.5 
0.7 

fH}GlcAc 

24.6 
17.4 
35.0 

0 
0 

0 
0 

1.4 

0 

Uptake of0.046 mM [3H]GlcAc and [lH]NeuAc was =yed in the 
presence and absence oian inward-directed proton &mdient. as de­
scribed. in Fig. 7. The difference between the two rates was considered 
as repr=ntative for carrier-mediated tr::ulsport and is reported. In 
the control cell lines, the ratio between proton-stimulnted and pro­
ton-independent uptake was about 5:1 for NeuAc and 4:1 for GlcAc. 
The residual uptake rates :lt pH 7.4 {in ~ out) did not significantly 
differ between controls and p::..tients. 

with protons. linked to the physiological pH gradient present 
across the membrane (32). Here we have employed resealed 
lysosomal membrane preparations to the clarification of a pu­
utive human lysosomal transport defect. Experiments on 
GlcAc tr.msport kinetics enabled us to demonstrate that only 
one lysosomal c;:urier disposes polysa.ccharides.derived acidic 
sugars. Evidence is provided by the linear kinetics found at the 
Lineweaver-Burk and Scatchard analysis for [JH]GicAc trans­
port and also by the total interchangeable possibility to use 
either GlcAc or NeuAc to cis-inhibit or trans-stimulate 
[JH]GlcAc uptake. Since 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 protein would affect the recognition site for 
only one sugar (39). The data from patients' material demon­
strate that a lysosomal carrier function is impaired in sialic acid 
storage disorders.. The trnnsport 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 infantile 
form or with a milder intermediate fonn of the~-

Strong evidence for the idea that the transport defect is 
indeed the primary genetic muution is the finding that lympho­
blast lysosomal membrane vesicles from obligate heterozygotes 

revealed intermediate transport rates. In this respect, lympho­
blast lysosomal membrane vesicles proved to be a suiuble and 
sensitive system to discover the deficient function of a mem­
brane transport system. The us.e of other techniques did not 
allow earlier demonstration of half-maximal lysosomal sialic 
acid efflux in heterozygotes (19). Our findings suggest that the 
wide clinical heterogeneity of this disease 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. BJorn 
eta!. (40) have recently found accumulation of glucuronic acid 
in fibroblast homogenates from infantile sialic acid storage dis­
ease. which accounted for only 5% of the cellular .sialic acid 
storage. In the same study, glucuronic acid storage in Salla 
disease was even lower (sometimes undetectable) than in the 
infantile fonn. resembling the difference in sialic acid storage 
usually observed between these two fonns of the disease. The 
simibrity of the K, forGicAc 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 ofintralysosomal production ofthese sugar5 might 
play a role and should therefore be investigated. Urinary excre­
tion or accumulation in tissues of glucuronic acid in patients 
with lysosomal sialic acid storage has not been reported. This 
may reflect methodological difficulties in glucuronic acid deter. 
mination. The role of glucuronic acid (and perhaps of other 
acidic sugars as well) in the pathogenesisofthese diseases needs 
to be reanalyzed, not only for full understanding 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 only of sialic acid. 

0 .. 50 
~ A B 
~ • 40 ~ 
~ 

E 

" 0 30 
E . 

..':; 
20 • 

~ 

0 • 0. 10 -+- _I_ . 
0 .. 
0 

< 0 0 c H p c H p 0 
FigureS. Transport r.nes of glucuronic :J.cid in lysosomal membr.me 
vesicles from human lymphob!:ists. (A) Lysosomal membrane vesicles 
from controls. from patients. with Salla disease, and from five unre­
lated parents. ofSa!la disease patients were ass::ayed fortranspen ca­
pacity of0.055 mM ['H]GlcAc (3 i<CJ) for 30 sat 37''C ::tt pH .. , 5.5 
<pH,. 7.4 or ::..t pH.,., "' pH,. '"' 7.4, o.s already d=ribed for fibroblast 
lysosomal vesicles. Proton-driven =spon is reported after subtr:lc­
tion of the residual proton-independent upt:J.ke. (B) The same experi­
ment was performed in the presence of7 mM unlabeled sodium gluc· 
uronate and the difference between proton-driven and proton-inde­
pendent uptake is presented. C, controls: H. heterozygotes:P. patients. 
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FUNCTIONAL RECONSTITUTION OF THE LYSOSOMAL SIALIC ACID 
CARRIER INTO 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 lysosomal 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 Amber!ite XAD-2 beads, the solubilized 
proteins were incorporated in egg yolk phospholipids. The reconstituted proteoliposomes 
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 lysosomal membrane. Substrate affinity (K, for glucuronic acid = 0.4 mM) and 
specificity for acid monosaccharides are completely retained. The proteoliposomes 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 sulfhydtyl 
modifying agents para-chloromercuribenzoic acid, 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 important step towards its purification and its detailed molecular characterization. 

(Abbreviations: CMC: critical micelle concentration: DEP: diethylpyrocarbonate; DTI: dithiothreitol; EAI: 

etbylacetimidate; GlcAc: D-glucuronic acid; MES: 2-[N-morpholino]ethanesulfonic acid; NBS: N­

Bromosucci."liroide; NEM: N-ethylmaleinimide; NeuAc: N-acetylneuraminic acid, sialic acid; NeuGc: N­

glycolylneuram.inicacid; NH~OH: hydroxylamine; pCMB:para-chloromercuribenzoic 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 organelle to the cytosol, 

allowing their (re)utilization. So far none of these carriers has been identified and very little 

is !mown 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 lmowledge about 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 !'I of 

membrane vesicles (in 20 mM NaHepes pH 7.4) with 150 1'1 of 6% triton X-100 (w/v), 200 
mM KCI, 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 usually contained 50-60% of the original protein. Egg yolk 
phospholipids were freshly prepared as described, and stored under N2 at -2o•c (9, 10). To 
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prepare liposomes, 300 I'! phospholipids were dried under N2 and resuspended in 3 ml of 20 
mM NaHepes pH 7.4, 100 mM KC!, I mM EDTA. The tube was sonicated in an ice bath 
with a Branson Bl5 sonifier (pulsed mode 50% duty for 60 min). Reconstitution was done 

in a final volume of 680 I'! containing 200 f'l of the detergent extract, 60 1'1 10% triton X-
100 (w/v), 100 1'1 of the sonicated liposomes, 320 I'! of 24 mM NaHepes pH 7.4, 119 mM 

KC!, l mM DTT. Proteoliposomes were formed by removal of detergent on an Amberlite 

XAD-2 (Fluka Chemie, Buchs, Switzerland) column (0.5 x 3.6 em), at room temperature, 

passing the sample !5 times through the same column, which was equilibrated with 20 mM 

NaHepes pH 7.4 and !00 mM KCL Proteins were determined according to the procedure of 
Lowry eta!. (!I), 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[1-3H]GlcAc (Amersham, spec. act. 1.8 Ci/mmol). Uptake was initiated by adding 
25 1'1 of proteoliposomes to 5 1'1 240 mM MES acid containing 2 I'Ci of D[l-3H]GlcAc (37 
I'M final concentration) and 60 I'M valinomycin at 37•c. This titrated the extravesicular pH 
to 5.5. After the required incubation time, uptake was stopped by adding 70 1'1 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 em), run at 4°C at 0.3 ml/min, and eluted with 
l ml of the incubation buffer. The recovered radioactivity was counted by liquid scintillation. 
Experiments in the absence of a pH gradient were performed at pH 7.4 in 20 mM NaHepes, 

100 mM KCl and 10 I'M valinomycin. For trans-stimulation experiments a 60% 
proteoliposome solution (25 1'1) was pre-equilibrated for 60 min at 37°C with 40 mM MES 
acid, 1 mM Na-GlcAc or Na-NeuAc and I 0 I'M monensin (final concentrations) in an iso­
osmotic solution (pH 5.5). The assay was started by adding 75 1'1 of an equivalent buffer 

containing 2 I'Ci 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-NeuAc, 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 I'!) were incubated with (final concentrations in 250 1'1) I 
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 

8.0, or with 4 mM NBS or I mM DEP for 30 min at 200C 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 ml of 20 mM 
NaHepes 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,OH-HCl in Tris-Hepes pH 7.4 for I 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 
1'1 samples on small (2 ml) Sephadex G50 (medium) columns equilibrated in 20 mM 
NaHepes pH 7.4 plus 100 mM KCl and centrifuged at lOOxg for 2 min. The cycle was 
repeated twice. The resultant eluate was directly 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 

Initial 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-100 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 glucuronic acid are transported by one and 
the same lysosotual carrier for acidic monosaccharides (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 stimulated 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 
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Figure 1. Proton gradient dependent uptake of the acidic monosaccharide GlcAc into reconstituted 
proteoliposomes. Lysosomal membrane proteins were solubilized from rat liver lysosomal membranes in the 

presence of3% triton X-100 and centrifuged at 150000 g for 20 min. The solubilized proteins were incorp:>ntted 

in liposomes and the transport of eHJGlcAc was determined at 37 ¢C. Proteoliposomes prepared in 20 mM 
NaHepes, 100 mM KCl pH 7.4 were incubated with 37 _u.M F~H]GlcAc and 10 ,aM valinomycin (no proton 

gradient, pHln=PHow=7.4, 0--o). or in the same buffer titrated to pH 5.5 with 40 mM MES free acid 

(with proton gradient, pH~n=7.4 > pH"",=S.S. GD--0). 

affinity constant K, of 0.4 mM, which is similar to the affinity constant of the native carrier. 
No significant leakage (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 ,u.l/mg protein, slightly larger compared to the native 

membrane vesicles (3). 

The carrier in its native membrane displays rra.ns-stirnulation properties. To 

investigate if the reconstituted carrier shows this same characteristic, the experiment of figure 
3 was performed. Proteoliposomes were preloaded with concentrations above ~ of either 

sialic acid or glucuronic acid. After four-fold dilution, uptake of trace amounts of [3H]GlcAc 
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 

retaines its typical trans-stimulation properties, with both substrates. 
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Figure 2. Saturable uptake of GlcAc into prot~liposomes. Proteoliposomes were incubated in the presence 
of a proton gradient as described in the legend of fig.l. Initial uptake rates were measured for 45 s, using 

different GlcAc concentrations. (InseT) Scatchard transformation of the t:Xperimental data. 

The substrate specificity was further investigated by cis-inhibition experiments. 

Uptake of radiolabeled GlcAc was measured in proteoliposomes in 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 !acton 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 anionic substrates 

(13). The results in Table 2 indicate that significant inactivation of transport in native 

lysosomal membrane vesicles was achieved by cystine covalent modifiers pCMB, NEM and 

PITC. The last two, however, can, under the employed conditions, also 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. I mM PG and DEP 

produced significant inactivation of glucuronic acid transport with an apparent~ 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 ·rHJGlcAc uptake after preloading proteoliposomes with the unlabeled acidic 

monosaccharides NeuAc or GlcAc. Proteoliposomes were preincubated 60 min at 37 oc, in the presence or 

absence of either 1 nlM unlabeled NeuAc or GicAc, in 20 mM NaHepes, 100 mM KCl, 40 mM MES, 10 p:M 

monensin. The transport assay was started by a four-fold dilution in pH 5.5 incubation buffer supplemented with 

37 ,uM fH]GlcAc. With preloading NeuAc (8--8) or GlcAc (•--•); withoutpreloading NeuAc 

(0--0) or GlcAc (l>.--A). 

incubation with 30mM GlcAc (Table 2) or NeuAc (not shown) with identical results. 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 NH20H, but control membranes, treated with NH,OH 

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 

Our 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 proteoliposomes 

Inhibitor (7mM) 

None 

GlcAc 

NeuAc 

NeuGc 

Glucose 

N-Acetylglucosamine 

Aspartic Acid 

Cyano-3-hydroxycinnamic Acid 

Cyano-4-hydroxycinnamic Acid 

D-Saccharic Acid-1,4-lacton 

No proton gradient 

Transport activity (as % of uninhib.rate) 

100 
!6 

17 

18 

88 

95 

!05 
9 

10 
11 

3! 

Proteoliposomes were incubated 45 sec. at 37<'C with 37 ~M ['H}GicAc as described in the legend of fig.l, 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 extl<>Cted 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 proteoliposomes was compared in a number 

of characteristics with the carrier in its native membrane, Uptake of GlcAc in 

proteoliposomes is 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 could be considered for 

further affmity chromatography purification steps, The first was saccharic acid 1,4 !acton, 

as a strong competitive inhibitor of B-glucuronidases (16) which has been used in its 

immobilized state for the purification of these glucuronic acid recognizing proteins. The 

second are cinnamic acid 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 lysosomal 
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 
EAI 100 ND 
PG 30 100 
DEP 20 95 
NH,OH + DEP 9 ND 
NH,OH 19 ND 
TNBS 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. 50p.l vesicles wert: assayed for PHJGlcAc 

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 chosen 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 amino 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 vitro 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 in the consequent conformational changes, certainly also other cystines must be 
kept in their native state 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 0.0 2.3 

PG 15.0 101 

Proteoliposomes were preincubated at ,..the appropriate condition for each modifier, in absence or presence of 

30 roM GlcAc. AfteiWards extravesichlar modifier and excess substrate were removed by gelfiltration. 50 ,u:l 

vesicles were incubated with rH]GlcAc as described in materials and methods, in presence of a proton gradient. 

The transport 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,OH 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 hlstidines 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 future 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 a monogenetic disease. In fact, a mutation in the gene 

encoding for the intestinal Na+Jglucose cotransporter has been recently diagnosed in patients 
with the rare form of glucose/galactose malabsorption (Turk et al., 1991). 

To date twentytwo different transport 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 lysosomal 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 

Lysosomal transport defects 

Cystinosis 

Sialic acid storage 
di= 

Cbl F mutation 

Niemaon-Pick type C 

Clinical presentations Lysosomal morphology 

Fa.nconi tubulopathy cystine crystals 

Glycoproteinoses empty, swollen vacuoles, 
fine granulation 

Organic acidemia, nonnal 
S!DS 

Sphingolipidosis lamellar inclusions, 
foamy cells 

Ref. 

Gahl,l989 

Gabl,l989 

Rosenblatt,l986 
Shih.1989 

Spence,1989 
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As shown, the clinical pictures of transport disorders are quite polymorphic and the 
microscopical alteration of the lysosomal morphology in patien) 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 lysosomal 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 strong 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 theoretically 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 distinct 
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 vivo, as it seems to be the 
case for glucose in intact lysosomes (lveson et a!., 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 
acid and glucuronic acid were deficient in the cells from different patients. As we said, the 
lysosomal sialic acid carrier shows trans-stimulation properties (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 trans­
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 trans-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 
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them, already mentioned before, seem particularly important and will be summarized here 

briefly. 

Multiple transpon 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 transpon defect: does this always lead ro a lysosomal 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 transpon systems: how can they supply far 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. 

Lysasames: only "end point" or also "sraning paint" far 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 (T3 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 a!., 1990 

and 1991). Integral lysosomal membrane proteins of unknown function can be expressed on 

the plasma membrane under special metabolic circumstances (LEPlOO, CD63 antigen, 
LIMP). 

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

formulated a 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 function 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 a 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. Salla 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 ofltalian 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 transport 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, 
since they both represent intralysosornal 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 physiological pH gradient existing across the lysosomal membrane. 

While studying the lysosomal mechanism of transpon 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. 

Intermediate (half-maximal) transport rates were found in lymphoblast preparations 
from five unrelated parents of SD patients, who are obligate heterozygotes of this autosomal 

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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Sam en vatting 

Lysosomen zijn intracellulaire zure organellen met een belangrijke rol in de afbraak 
van stofwisselingsproducten. Gedurende de Jaatste 10 jaar zijn in bet lysosomale membraan 

een groat aantal transport eiwitten gevonden die betrokken zijn bij bet transport van 

aminozuren, suikers, nucleosiden, inorganische ionen, vitaminen en allerlei andere chemische 
producten. Dit beeft aangetoond dat de afbraakproducten bet lysosoom verlaten via speciale 
membraan-transportsystemen. Deze eiwitten functi.oneren als kanalen, pompen of 
transporteurs. Hun functie kan gereguleerd worden door nucleotiden, zeals ATP, door 
hormonen of door iongradienten. De substraat specificiteit onwat vaak groepen van 
gelijksoortige chernische producten die getransporteerd kunnen worden. 

Een aantal erfelijke afwijkingen van de mens wordt veroorzaakt door bet niet goed 

functioneren van een lysosomaal transportsysteem. Ret klassieke voorbeeld is cystinose, 
waarbij het lysosomale transport eiwit voor het disulfide aminozuur cystine is aangedaan. 

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

SASD's zijn aangeboren metabole afwijkingen met als verscbijnselen een overmaat 

vrij siaalzuur in de urine en in de lysosomen van verschillende celtypen. 

In publicatie I wordt een patient met siaalzuur stapelingsziekte beschreven. Zijn 

kliniscbe beeld lijkt vee! op dat van de ziekte van Salla (SD). Deze ziekte komt vooral in 

noord-Finland voor met een dragersfrequentie van 1:40. De patient bescbreven in publicatie 
I is echter van Italiaanse afkomst en hij beeft ernstiger symptomen dan de meeste patienten. 

Dit laat zien dat er een grate fenotypiscbe variatie bestaat tussen SD en de infantiele ernstige 

vorm (ISSD). 
Eerder onderzoek beeft aangetoond dat aile enzymen, betrokken bij bet metabolisme 

van siaalzuur, normaal functioneren in SASD en daarom werd een mogelijk transport defect 
van siaalzuur uit het lysosoom als hypothese naar voren gebracbt. In publicatie II is 

gevonden, gebruik makend van lysosomale fracties gelsoleerd uit fibroblasten van patienten, 

dat bet transport van siaalzuur uit de Iysosomen niet goed functioneert in de verschillende 

kliniscbe vormen van SASD. 

We bebben bet biocbemische mecbanisme van het transport van siaalzuur in sterk 

gezuiverde lysosomale membraan vesicles uit rattelever beschreven in publicatie m. Het 

lysosomale membraan bevat een transport eiwit noodzakelijk voor bet transport van een groep 

van zure monosacchariden. Uit deze groep zijn siaalzuur en glucuronzuur van fysiologische 

betekenis, want zij venegenwoordigen producten die in het lysosoom ontstaan uit de atbraak 
van macromoleculen. Het transport eiwit werkt als een secundair geactiveerde zgn. 

cotransporteur, waarbij bet transport van zure monosacchariden uit het lysosoom gedreven 

wordt door de fysiologisch aanwezige pH gradient over bet lysosomale membraan. 

Verdere studies aan bet transport van suikers over bet lysosomale membraan bebben 
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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 enD- 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 verlcregen uit huidfibroblasten heeft aangetoond dat in aile patienten 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 bet verloop van bet zieh.'teproces mee zouden kunnen doen. 

In lymfoblasten van vijf verschillende ouders van SD patienten 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 

transport eiwitten gezuiverd en moleculair gekarakteriseerd. Als eerste stap om dit doel te 
bereiken, was bet nodig om de functie van het uit de membranen geextraheerde 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 

geextraheerd 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 bet natieve membraan. Dit reconstitutie systeem zal de zuivering 

en de verdere moleculaire karakterisering vergemakkelijken. 
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