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CHAPTER T GENERAL TINTRODUCTION

1.1 LYSOSOMAL STCORAGE DISEASES - RELATION BETWEEN
CLINICAL AND BIOCHEMICAL FINDINGS

The dynamic state of the living cell rests on a
balance between biosynthesis and breakdown of numerous
substances. These processes are carried out at normal
body temperature, low icnic strength, and narrow range of
pH, by enzymes specifically located in the different
cellular compartments. Knowledge of the localization,
grouping and function of enzymes within the cell is
therefore essential for the understanding of the total
cellular machinery.

The major site of digesticon of intra- and extra-
cellular macromolecules is the lysoscomal apparatus, a
morphologically heterogeneous population of cytoplasmic
organelles present in all animal cells with the exception
of erythrocytes (De Duve et al. 1955; De Duve 1964).
Lysosomes are characterized by their content of hydro-
lytic enzymes with an acidic pH optimum, and by their
single-unit limiting membrane {(De Duve & Wattiaux 1966;
Novikoff 1973-1976; Holtzman 1976; Schellens et al.
1977). The latter protects the cellular milieu from
random degradation and favours the generaticon of the
somewhat acid conditions needed for the maximal function
of the lysosomal hydrolases. Activation of the lysosomal
system occurs under certain physiologic and pathologic
stimuli. The result is multiform and displays the role of
lyscsomes in such fundamental mechanisms as metabolic
regulaticon, nutrition, differentiation and cell defence
(De Duve & Wattiasux 1966; Holtzman 1976).

Farly studies of Novikoff et al. (1%64) and De Duve
and Wattiaux {1966) suggested that lysosomes form as

vesicles which bud off the Golgi apparatus or GERL, a



smooth tubular membrane system closely associated with
the Golgi apparatus and the endoplasmic reticulum
(Novikoff 1976). More recently, this idea was expanded to
include receptor-mediated transport of lysosomal enzymes
in these budding vesicles or "primary" lyscscmes (Sly &
Stahl 1978; Fischer et al. 1980a). The newly formed
"primary" lysosomes may fuse with pinocytotic, phago-
cytotic or autophagic vacuoles containing diverse intra-
cellular and extracellular materials which have been
sequestered for digestion. Hence "seccndary" lysosomes
are those vesicles which are or have been sites of
digestive activity. After the catabolism of endogenous
and exogenous material in the secondary lysosomes, the
diffusible low molecular weight hydrolysis products can
return to the cytoplasm and undigested residues are
either discarded by the process of exocytosis or are
retained in the cells as residual bodies.

At least 100 different hydrolases have been demon-—
strated and their heterogeneity allows the degradation of
a wide range of cellular constituents. Proteins, glyco-
proteins, polysaccharides, nucleic acids and glyco-,
phospho- and neutral lipids are their natural substrates
(for reviews, see Vaes 1973; Barrett and Heath 1977). The
majority of these hydrolases have been characterized as
glycoproteins (Barrett 1972; Touster 1973, 1978; for
review, see Strawser & Touster 1980). They express maximal
activity at acid pHs, ranging from about 3.5 to 3.5
(Barrett & Dean 1976) and they are specific with respect
te the chemical linkage and structure of the monomeric
unit that can be hydrolyzed. This specificity is reflected
in the wide range of glycosidases that have been demon-
strated in lysosomes and which represent, together with
the proteases, the largest class of lysosomal enzymes
(Strawser & Touster 1980). While the proteases are primar-—

ily endohydrolases breaking down proteins into smaller



fragments, the glycosidases are, with few notable excep-
tions (Neufeld et al. 1975) exochydrclases, i.e. they
bring akout the catabolism of their specific macreomolecu-
lar substrates in a step~wise manner. Since these sub-
strates with the exception of glycogen, are mainly hetero-
pelymers consisting of a defined sequeﬁce of different
sugars, a number of glycosidases are required to act in
concert in order that efficient and complete degradation
can occur. Fach reaction is controlled by a specific
hydrolase and the product of one reacticn forms the sub-
strate for the next one in the pathway. If any one of
these enzymes is functiconally deficient, then the process
of degradation is arrested at the level of the missing
enzyme. This block leads first to the progressive intra-
lysosomal accumulation of partially degraded macromol-
ecules with a characteristic non-reducing terminal
residue and subsequently to the specific biochemical and
clinical symptoms associated with a lysosomal storage
disease (for reviews, see Hers & Van Hoof 1973; Stanbury
et al. (eds.) 1978; Galjsard 1980).

Following the discovery of Hers (1963) that the
accumulation of glycogen in Pompe's disease was due to a
deficiency of acid w-1,4 glucosidase, a large number of
different rare inherited metabolic disorders have been
identified, each due to the deficit of a single or several
lysoscomal hydrolases. Although a single or multiple
enzyme deficiency has been demonstrated in most of these
conditions, the underlying nature of the defect is under-
stood in very few.

Most lysosomal storage diseases are inherited as an
autosomal recessive trait and some are X-linked. At the
genetic level wvarious types of mutations might result in
a defective enzyme activity. These include mutations in
the structural gene, in genes controlling post-trans-—

laticonal modifications of the gene product and in regula-



tory genes controlling the synthesis of the active enzyme.
These different possibilities of genetic regulation of
lysosomal enzymes have been extensively studied in animal
models (for reviews, see Paigen 1979, 1981).

A single base substitution (point mutation) in the
structural region of a gene coding for a certain enzyme,
might alter its structure in such a way as to affect one
or more of its functional properties. Protein synthesis
might be terminated prematurely so that the resultant
polypeptide never realizes its catalytic activity and/or
its antigenic properties (cross-reactive material nega-
tive). When protein synthesis is occurring at normal
rates, then the mutation might have modified the kinetic
characteristics of the enzyme. These Kinetic mutants can
have partially cr totally altered catalytic activity and
be cross-reactive material positive or negative depending
on whether the antigenic site is also affected. Further-
more, even if the compconents of the active site are nor-
mal, the mutaticn might alter the enzyme's configuration
rendering it excessively susceptible to degradation by
endogenous proteases, or might influence the enzyme's
ability to interact and aggregate with stabilizing
"factors” and subunits respectively. Alternatively, a
mutation which alters the gene{s) responsible for post-
translational modifications of the enzyme might also lead
to dramatic loss of its catalytic activity. Such disturb-
ances might interfere with processes like glycosylation,
phosphorylation or peptide cleavage and conseguently
alter tissue or subcellular localization of the enzyme
even though a normal rate of synthesis of the enzyme
polypeptide is occurring (for reviews, see Paigen 1979,
1981; Neufeld 1981).

At the metabolic level, as was previously mentioned,
a single or multiple lysosomal enzyme deficiency results

in a progressive accumulation of undegraded metabolites



in the lysosomes. Since these organelles are present in
almost all cell types and they exhibit a nearly constant
enzyme spectrum, the enzyme deficiency is, as a rule,
observed in most tissues of the body, giving rise to a
generalized disorder. The clinical manifestations of the
disease are, however, a function of the guantity, nature
and localization of the storage products. The latter may
vary considerably from one tissue to another according to
the autophagic and hetercphagic potential of the cells,
to thelr capacity to extrude digested material via the
process of exocytosis and according to the distribution
and rates of synthesis and breakdown of the different
substrates in different cells. Hence, among the lysosomal
storage diseases there are conditions with primary neural
manifestations (e.g. gangliosidoses), visceral abnormal-
ities (e.g. Fabry's disease}, or systemic features
(mucopolysaccharidoses) (for reviews, see Neufeld et al.
1975; Stanbury et al. {eds.) 1978; Galjaard 1980).
Furthermore, the rate of accumulation depends on the
degree and character of the enzyme defect. Lysosomal
glyco-hydrolases are in general specific for a particular
type of linkage rather than for a particular substrate.
Since the same monosaccharide unit may be present in
glycolipids, glycoproteins and glycosaminoglycans, it
foliows that the storage material is likely to ke hetero-
geneous. Nevertheless the various storage diseases that
have been described, are primarily characterized by the
accumulation of one specific potential substrate which
predominates and causes specific c¢linical symptoms. In
the classical type of GMlmgangliosidosis (O'Brien 1972,
1978}, for instance, an isolated B~galactcosidase defic-
iency leads to a massive accumulation of GMl—ganglioside
resulting in the progressive neurological degeneration.
The enzyme is, however, also capable of degrading galac-

tose residues present in the aclid mucopolysaccharide,



keratan sulphate. Conseguently an associated storage of
this compound is found in cells of the reticuloendothelial
system (Suzuki 1968; Suzuki et al. 1969).

An opposite situation was recently observed in
Morquio disease type B (Groebe et al. 1980), clinically
regarded as a mucopolysaccharidosis, but biochemically
related to a GMl—gangliosidosis, since a severe B-galacto-
sidase deficiency is the only defect so far detected. In
this case the catabolism of the keratan sulphate is
primarily altered, while the gangliosides are apparently
normally degraded. It is apparent from these examples
that clinically different disorders due toc the preferen-
tial accumulation of one of the substrates normally
degraded by the same hydrolase, may result from a change
in the relative specificity or affinity of the mutant
enzyme for the substrates in different tissues.

In other cases, however, a deficiency of the "same"
enzyme and accumuzlation of the "same"” storage substance
or substances are found in association with clinically
distinct syndromes. For a number of lysosomal storage
disorders, patients with severe or mild clinical mani-
festations of the same disease, have besen described
(Galjaard 19880}. A particularly striking example of this
general phenomenon is found in Hurler's syndrome and
Scheie's syndrome. In both cases a gross deficiency of a-
iduronidase (Wiesmann and Neufeld 1970; Bach et al. 1972)
is the biochemical cause of the disease, but the corre-
sponding clinical features are so different that the two
discrders were originally regarded as totally distinct
mucopolysaccharidoses (McKusick 1972). An analcgous
situation is observed in Glycogenosis type II (Pompe's
disease), where the accumulation of glycogen as the
result of the deficlency of acid a-glucosidase is con-
sidered to cause the severe malfunction of muscles (Hers

& De Barsy 1973). Nevertheless in patients with the



infantile form of the disease, both skeletal and cardiac
muscles are pathologically and clinically involved,
whareas in adult patients the cardiac symptoms are vir-
tually absent (Engel et al. 1973; Reuser 1977; Loonen
1979). Similarly the infantile, Jjuvenile and adult forms
of GMl—gangliosidosis illustrate considerable differences
in the rate of development of clinical abnormalities
(0'Brien 1972, 1978; Galjaard & Reusser 1977; Reuser 1977;
Suzuki et al. 1977). In all conditions a marked deficlency
of f-galactosidase results in accumulation of Gle
ganglioside in the brain and of partially degraded keratan
sulfate in the viscera.

The occurrence of two or more clinically distinct
disorders asscociated with a deficiency of one and the
same enzyme, might be explained by differences in the
level and character of the residual enzyme activity. In
these cases, complementation studies may reveal under-
lying genetic heterogeneity.

Apother difficulty in elucidating the relationship
between clinical and biochemical heterogeneity is that
more than one locus may be invelved in determining the
molecular structure of a particular enzyme. In those
instances a mutation at one of the loci may result in a
deficiency cf some isozymes but not ¢f cthers. Further-
more if tissues or ovgans differ in their isozyme pattern,
this will be reflected in the biochemical and clinical
manifestations of a particular mutant. This point is well
illustrated by the extensive studies on the isozymes of
N-acetyl-B-D-hexosaminidase which have been carried out

in relation to the twe majer variants of G, .,-gangliosi-

dosis, Tay-Sachs disease and Sandhoff's diggase (for
reviews, see Q'Brien 1978; Hoeksema 1979; Sandhcff &
Christomanou 19%79). In human tissue, three lysocsomal
hexosaminidases can be distinguished: the main isoenzymes,

A and B {(Robinson and Stirling 1968; Sandhoff 1968) and



likeiy that a number of cther lysosomal storage diseases
will also be due to genetic defects involving post-trans-
lational processing. We will therefore describe the
current knowledge about the complex life history of lyso-

somal enzymes in more detail.

1.2 LIFE HISTORY OF LYSOSOMAL ENZIYMES

a. Translation and signal sequence

The lysoscmes can be regarded as specialized forms
of secretory wvacucles and the nature of lysosomal enzymes
has many common features with those of secretory proteins.
Nevertheless, lysosomal hydrolases are segregated from
the bulk of secretory products and routed to their final
intracellular location via a series of specific co- and
pest-translational events (Fig. 1) (for review, see
Neufeld 1981).

There is good evidence that some lysosomal enzymes,
if not all, are synthesized as high molecular weight
precursors (Skudlarek & Swank 1%79, 1980; Hasilik &
Neufeld 1980a,b) con membrane-bound riboscmes. They pre-
sumably gain access to the cisternal spaces of the endo-

plasmic reticulum by a conventional "signal sequence"

(signal-peptide} of some 15-30 aminoacids along which
hydrophobic residues, such as leucine, are predominant
(Palade 1975; Blobel & Dobberstein 1975; Blobel et al.
1979). The signal seguences on the initial protein pre-
cursors are designated "pre" to distinguish them from the
earlier discovered "pro" forms cof intermediate protein
precurscrs, such as proinsulin and proalbumin (for review,
see Leader 1979). The first example of a pre-proform for
& lysosomal enzyme has been recently described by Biobel
and coworkers (Erickson et al. 1%81). They demonstrated

10



that the primary translation preduct of cathepsin D, a
pre—-procathepsin D, synthesized in vitro from porcine
spleen mRNA, is not yet glycosylated and carries a "pre"
sequence of 20 aminoacid residues closely resembling the
signal seguence of some presecretory proteins.

Such sequences are likely to occur in all newly
synthesized lysosomal enzymes since they seem to be
essential feor translocation of nascent protein chains
across the membrane into the intracisternal space of the
endoplasmic reticulum. The signal peptide is thought to
be recognized by a specific integral membrane protein
that effects translocation of the polypeptide chain
(Blobel 1980; Walter & Blobel 1980). The mode is probably
co-translational, i.e. strictly ccupled to translation,
as earlier described for secretory proteins (Bleobel &
Dobberstein 1975; Campbell & Blcobel 1976). The signal
peptide has a transient existence and is detached from
the growing chain by a membrane-bound peptidase, referred
to as "signalase", before polypeptide synthesis is com-
plete (Blobel & Dobberstein 19%75; Campbell & Blobel 1976;
Jackson & Blobel 1977; Walter et al. 1979; Erickson et
al. 1981). Blobel and coworkers (Erickson et al. 1981}
showed that addition cf microsomal vesicles to the in
vitro translation system resulted in the cleavage of the
"pre" sequence from the pre-prcform of cathepsin D and

yielded segregated and glycosylated procathepsin D.

b. Glycosylation

The newly formed polypeptide is now subjected to
glycosylation under the influence of a number of glyco-

transferases present in the rough and smcoth endcplasmic
reticulum. This process probably begins as a co-trans-
lational event (Rothman & Lodish 1977; Rothman et al.

1978) and can occur either during or after cleavage of

11



the signal peptide (for reviews, see Hubbard & Ivatt
1981; Schachter 1981). The process invelves a complex
interaction between the acceptor protein, that is being
extruded through a membrane, a precursor lipid-linked
cligosaccharide and a memprane-bound oligosaccharide
transferring enzyme. The discovery of a gluccse con-
taining lipid oligosaccharide, the identification of
enzymes such as endo-E, which release some cligosaccha-
rides from glycoproteins, and the use ©f virus infected
cells contributed significantly to the understanding of
the varicus steps of the glycosvlation process (see for
review Hubbard & Ivatt 1981}.

It is now established that a prereguisite for glyco-
sylation is the occurrence on the nascent protein of
certalin susceptible asparagine (Asn) residues identified
by their particular neighbouring amincacids. The acceptor
peptide must be unfolded and must contain the sequence
-Asn—-X-Thr {(or Ser)-, where X can be almost any aminoacid
(for reviews, see Struck & Lennarz 1980; Hubbard & Ivatt
1981;: Schachter 1981). The Asn residue is subiected to
glycosylation via transfer of a large high manncse pre-
curscr coligosaccharide. The latter is not assembled on
the protein but is synthesized while linked to a lipid
carrier, dolichel (Dol) (for reviews, see Elbein 1979%;
Struck & Lennarz 1980). For a variety of viral, plasma
membrane and secretory glycoproteins the lipid linked
precursor cligosaccharide has the composition:
(Glc)3(Man)9(GlcNAc)z—P—P—Dol., and its molecular struc-
ture in chinese hamster ovary cells has been determined
(Li et al. 1978; Hubbard & Robbins 1979, 1%80; for
reviews, see Hubbard & Ivatt 1981). This high molecular
welght precursor cligosaccharide is transferred "en bloc"
from the lipid carrier to acceptor proteins (Czichi &
Lennarz 1977; Hart et al. 19%79%; Struck et al. 1978;
Struck & Lennarz 19%80), under the action of specific

12



membrane~bound transferases. Membrane fractions with
oligosaccharide transferring activity have been prepared
from a wide variety of eukaryotic sources (for reviews,
see Parodi & Leloir 1979; Struck & Lennarz 1980); and
recently Das & Heath (1980} succeeded in purifying an
cligosaccharide transferase from hen oviduct. These
enzymes seem tc have an absolute requirement for the
sugar structure carrving three glucoses (Turco & Robbins
1979) .

Good evidence that lipid-linked cligosaccharides are
the source of Asn-linked glycans has come from studies
with inhibitors and mutant cell lines. Drugs that inhibit
lipid-linked oligosaccharide assembly have invariably
been found to block glycosylation of Asn residues as well
(for reviews, see Elbein 1979; Struck & Lennarz 1980).
Tunicamycin, for instance, which blocks the formation of
N-acetylglucosaminylpyrophosphoryldolichol, prevents the
synthesis of any of the oligosaccharides normally trans-
ferred to asparagine residues {(Schwarz & Datema 1980).
The compound causes the production of unglycosylated
enzymes which are conseguently not targeted to lysosomes
{(von Figura et al. 197%). Its effect on the processing of
cathepsin D, leads to a non-glycosylated procathepsin D,
which is not proteolytically processed and whose secretion
is inhibited (Erickson et al. 1981}. These results suggest
that the oligosaccharide chains of glycoproteins may
contribute to stabilizing protein structure and are
necessary for the correct delivery of preoenzymes to their
subcellular compartment.

Immediately after transfer to acceptor proteins the
initially homogeneous population of precursor oligo-
saccharides begins to undergo a series of modifications
that will eventually produce the diverse N-linked glycans
of mature glycoproteins. While this is taking place, the
glyccprotein is being transported through different

13



subcellular compartments. In several systems recently
described (Hubbard & Robbins 1979; Keornfeld et al. 1978;
Hunt 19279, 18%80) the first phase of the trimming process
entalils the removal of glucose residues from the precursor
oligosaccharide (for review, see Hubbard & Ivatt 1981).
The reacticn is controlled by at least two specific
neutral glucosidases (Grinna & Rebbins 1979, 1980; Michael
& Kornfeld 1980; Elting et al. 1980). These enzymes
isolated from rat liver are integral membrane proteins
that appear to be localized on the cisternal surface of
the rough (and smooth) endoplasmic reticulum (Grinna &
Robbins 1979) and are thus ideally situated for the
processing of newly synthesized glycoproteins. After the
loss of its glucose residues, the protein-linked cligo-
saccharide contains only mannose and N-acetylglucosamine.
In a variety of cells this mannose rich intermediate has
9(GlcNAc)2
& Ivatt 1981). The next stage of the trimming seguence

the composition: (Man) {(for review, see Hubbard
entails the hydrolysis of some of the manncse residues, a
process that is likely to occur in the Golgi apparatus,
since specific mannose removing enzymes isolated from rat
liver and tested in in vitro systems were found to be
associated with Golgi fractions (Tulsiani et al. 1977;
Opheim & Touster 1978; Tabas & Kornfeld 1979).

The protein-linked glycans that result may at this
point undergo two subseguent fates:
a. - The cleavage ¢f Man residues leaves a core structure

consisting of (Man)B(GlcNAc) which is further

'
processed by stepwise additiin of "outer sugars",
GlcNAc, galactose, sialic acid and fucose, carried
out directly from nucleotide sugars by specific
glycosyl transferases (see for reviews, Schachter &
Roseman 1980; Schachter 1981). The mature glyco-
protein, which arises from this process, carries the

so-called "complex" type of branched oligosaccharide
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that usually indicates that a protein is destined
for expert in a secretory vacucle.

b. - The incomplete processing of the mannose-rich oligo-
saccharide precursor gives rise to smaller high
mannose glycans, with a variable number of residues.
These are susceptible to endo-N-acetylglucosamini-
dases (i.e. endo-H), a characteristic peculiar to
high mannose cligosaccharides (Tarentino & Maley
1974; Tarentino et al. 1978). Endo-H is widely used
to discriminate between "complex" and "high mannose"
carbohydrate moieties of glycoproteins (for reviews,
gee Schachter 1981; Hubbard & Ivatt 1981). Although
a clear distinction has been made so far between
"high-manncse” and "complex" types of oligosaccha-
rides, we must allow for the existence of hybrid
structures which combine in a single moiety features
usually assoclated exclusively with either of the
two types of oligosaccharides (Tai et al. 1977;
Yamashita et al. 1978; Harpaz & Schachter 1980}.

¢. Phosphorylation and recognition

These initial steps of the bicsynthetic pathway of
cellular glycoproteins are probably shared by both secre-
tory proteins and proteins, like the lyscsomal hydrolases
destined to a defined subcellular compartment. It is now
established that the carbohydrate moieties of lysosomal
enzymes consist of Asn-linked "complex" and "high mannose

oligosaccharides. This is indicated by sugar composition

{(Strawser & Touster 1980) binding to certain lectins (van

Elsen & Leroy 1979; Fiddler et al. 197%), partial sensi=-
tivity to endo-H {von TFigura & Klein 1979; Natowicz et
al, 1979) and inhibition of glycosylation by tunicamycin
(von Figura et al. 1979). Nevertheless very little is

known of the controlling factors that determine whether

r

1
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the "complex" or "high mannose" type structure should
predominate on any given protein. Cne factor may be the
tertiary structure of the protein which could limit the
extent to which an oligosaccharide is accessible to the
modifying enzymes.

In this respect Hasilik and von Figura (1981) have
recently made the important observation that in
cathepsin D and f-hexosaminidase both forms of post-
translational glycosylation can take place on the same
enzyme molecule, leading to heterogeneity with regard to
their carbohydrate content. The glycosylated enzyme
precursors must, however, be packaged at a specialized
region of the Golgi or Golgi related endoplasmic reti-
culum. This event can only occur if phosphorylation of
the carbechydrate chain of the enzyme has taken place, to
enable its segregaticn from the bulk of secretory proteins
and its correct delivery to the lyscosomes. This unique
form of post-translational processing of the lysosomal
enzymes has been extensively studied in cultured human
fibroblasts (for review, see Sly & Stahl 1978; Sly et al.
1981; Neufeld 1981). The process involves the acquisition
by the enzymes of a phosphorylated mannosvloligosaccharide,

which acts as recognition marker for highly specific
membrane receptors.

The basic work which led to the discovery and
characterization of a recognition marker on lysosomal
hydrolases came from Neufeld and coworkers in the course
of experiments with "corrective factors" taken up via
adsorptive pinocytosis by enzyme deficient fibroblasts
(Neufeld & Cantz 1271; see for review Neufeld et al.
1975) . These “"corrective factors" proved to be lyscsomal
enzymes secreted by normal cultured fibroblasts. The
uptake of these enzymes was found to be specific and
saturable (von Figura & Kresse 1973). Subsequent studies

with hydrolytic enzymes purified from various tissues and

16



body fluids (Brot et al. 1974; Nicol et al. 1974; for
reviews, see Neufeld et al. 1977; Halley 1980) ravealsd
the existence of "high" and "low uptake" forms. These
findings suggested the presence of a "recognition marker"
on the enzymes distinct from their catalytic site, which
was needed feor their uptake via specific receptors on the
cell surface of fibroblasts (Neufeld et al. 1977).

Hickman & Neufeld (1972) postulated that most lyso-
somal enzymes share a similar or common "recodgnition
marker" on the basis of the biochemical findings in "I-
cell” disease. The multiple enzyme deficiency in megsen-—
chymal cells of patients with this disease is accompanied
by high levels of extracellular activity of the deficient
enzymes. It was shown that these extracellular enzymes
could not be taken up by cultured fibroblasts and hence
were supposed to be "recognition defective" (Hickman &
Neufeld 1972; for review, see Halley 1980). The basic
molecular defect in "I~cell"” disease has recently been
elucidated {Hasilik et al. 1981; Reitman et al. 1981) and
will be discussed later.

The first chemical analysis of the recognition
markers of lysosomal enzymes had bheen performed with
indirect methods since adequate guantities of high uptake
enzymes for chemical analysis were ncot at that time
avallable. The observation that the high uptake form of
B-hexosaminidase was converted to a low uptake form by
oxidation with periodate, suggested that the recognition
marker might be a carbohydrate group (Hickman et al.
1974) . Subsequently Hieber et al. (1976} reported that
high concentrations of mannose inhibited pinccytesis of
bovine testis B-galactosidase by fibroblasts and that the
uptake marker on this enzyme was sensitive to a-mannosi-
dase. Although these findings proved to be misleading,
they helped tc focus attention on mannose residues.

Kaplan et al. (1977) demonstrated that polymeric mannans

17



inhibited the uptake of B-glucuronidase. Among these
compounds the most potent inhibitors were found to be
those carrying manncose residues phosphorylated in the

6 position. This observatlion led to the suggestion that
Man-6é-phosphate was a structural analogue of the recogni~-
tion marker. Further more, alkaline phosphatase treatment
of "high uptake" forms of f-glucuronidase and c-iduroni-
dase converted the enzymes to less acidic, low uptake
formz, {(Kaplan et al., 1977; Sando & Neufeld 1977). These
findings have been extended te a number of other acid
hydrclases (Kaplan et al. 1977; Ullrich et al. 1978; for
reviews, see Neufeld 1981; Sly et al. 1981}, and their
generality strongly implicated Man-6-P as the common
recognition marker.

Direct evidence came from results obtained in differ-
ent laboratories (Natowicz et al. 1979; Distler et al.
1979; von Figura and Klein 1979%9; Hasilik & Neufeld
1980a,b) . Man-6-P was shown to bhe present cn "high up-
take" forms of acid hydrolases, recovered from extra-
cellular sources whereas this marker is absent in mature
intracellular forms cf the same enzymes (for reviews, see
Neufeld & Ashwell 1980; Neufeld 1981; Sly et al. 1981).

How does the phosphorylation of the carbohydrate
side chain of the enzymes cccur and what is the key role
of the phosphorylated sugars in determining the fate of
newly synthesized lysosomal hydrolases? It has been
established that mannose~é-phosphate residues are located
on oligosaccharides that can be cleaved by endoglycosi-
dase H, i.¢. of the high manncse type (Natowicz et al.
1979%; von Figura & Klein 1979; Hasilik & Neufeld 1980L).
Those mannose residues that are phosphorylated on the
6 position are probably linked a-1,2 to the remainder of
the oligosaccharide (Distler et al. 1879). The surprising
findings of Tabas and Kornfeld (1980) that the phosphate
groups are not initially susceptible to alkaline phospha-
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tase unless the oligosaccharide is first treated with

mild acid, suggested the presence of a phosphodiester
linkage and inferred that the phosphate groups might be
transferred to the oligesaccharide in a "blocked" form.
The blocking sugar present in the oligosaccharide moieties
of several lysosomal enzymes (precurscrs) of human and
murine origin, proved to be a-N-acetylglucoszamine {Tabas

& Rornfeld 1980; Hasilik et al. 1980). The major phosphor-
ylated oligosaccharides contain one, two or possibly

three phosphate groups sach buried in a diester with N-
acetylglucosamine (Hasilik et al. 1980). These findings
implied that the synthesis of phosphorylated recogniticn
markers 0f lysosomal glycoproteins reguires the consecu-
tive acticn of two processing enzymes: first a phospho-
transferase capable of transferring N-acetylglucosamine-
phosrhate from a phosphate donor to the 6 position of
mannose, and secondly a diesterase which cleaves the
phosphodiester bond to expose Man-6-P groups on the
oligosaccharides.

The first processing step has recently been charac-
terized by Reitman and Kornfeld (198la). They demonstrated
the existence of a membrane-bound UDP-GlcNAc: glyco-
protein-N-acetylgluccsamine~]l-phosphotransferase capable
of the transfer "en bloc" of a-linked N-acetylgluco-
samine-l-phosphate to the 6 hydroxyl of mannose in high
mannose oligosaccharides of glycoproteins. The same
authors were also able to partially purify the trans-
ferase and examine its substrate specificity (Reitman &
Kornfeld 1981b). It exhibits a striking preference for
acid hydrolases over other potential glycoprotein ac-
ceptors. This high specificity suggests a possible influ-
ence of the polypeptide backbone of the lysosomal glyco-
proteins on the action of the processing enzyme. Although
no evidence to support this proposal is yet available,
the reported data strongly infer that this phosphotrans-
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ferase is the initial and determining enzyme for the
pathway which eventually results in the segregation of
acid hydrclases into lysosomes.

The next post—-translational modification step in-
volves the action cf a specific a«N-acetylglucosaminyl
phosphodiesterase capable of removing the outer "blocking”
a-N-acetylglucosamine residues. It has recently been
identified in microsomal fractions isclated from rat
livey (Varki & Kornfeld 1980) and subsequently purified
and characterized (varki & Kornfeld 198l). It is apparent
that both post-translational processes described above
are occurring in the Golgi or Golgi related regions since
subcellular localization studies showed that the trans-
ferase and diesterase activities fracticnate along with
Golgi marker enzymes (Varki & Kornfeld 198C; Waheed et
al. 1981). The precurscr lyvscsomal hydrolases are at this
stage fully equipped for their interaction with specific
membrane receptors, which will ensure their eventual
locaticn in the lysosomes. Their subseguent fate is thus
directly related to this step of the processing pathway.
The receptor protein has recently been partly character-
ized by Sahagian and coworkers (1981), who have also
demonstrated its ability to bind high uptake forms of B-
galactosidase.

There remains, however, the question concerning the
route the enzymes fcllow to reach their final subcellular
location. The fact that exogenous enzymes are taken up by
fibroblasts via Man-P receptor-mediated pinocytesis and
that endogencus enzymes are to a certain extent released
in the extracellular fluid, along with the observation
that a small pool of lysosomal hydrolases is always
present at the cell surface, raised various hypotheses
regarding the mechanism of delivery of newly synthesized
enzymes to the lyscsomes (for reviews, see Hasilik 1980;
Halley 1980; Weufeld 1981; Sly et al. 1981). The currently
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favoured opinion is that the receptor/manncse-6-phosphate
system that operates in the uptake of excgenous enzymes
primarily serves to deliver newly svynthesized endogencus
enzymes to the lysosomes by a direct intracellular route
(8ly et al., 198l). Studies of enzyme binding to membranes
from broken fibroblasts (Fischer et al. 1980b) revealed
that over 80% of the specific receptors are on intra-~
cellular membranes and only 20% are present on the cell
surface. The internal pool of receptors probably plays an
essential role in the intracellular traffic of newly made
lysosomal enzymes. Receptor bound hydrolases collect into
~vesgicles which bud off the Golgi or GERL tc become
primary lyscsomes. Before or when primary lysosomes
beccme secondary lysosomes, a decrease in pH allows a pH-
dependent release of enzyme molecules from the receptors
and recycling of the receptor to the Golgi apparatus by a
route that is not yet c¢lear. The assumptiocn of recycling
is mainly based on a calculation of the number of recep-
tors that is needed to explain the observed rate of
pinccytosis of exogenous enzymes by fibroblasts (Sly et
al. 1981).

Thus the recognition marker and the receptor can be
congidered as key components which allow lysosomal enzymes
to segregate from other glycoproteins in the Gelgi that
are destined for secretion. This is illustrated by the
fact that the lack of the recognition marker, as is the
case in "I-cell” disease, prevents lysosomal enzymes from
being segregated and results in their abnormal release in
the extracellular space. Further evidence comes from the
results obtained after treatment of cultured fibroblasts
with lysosomotropic agents like NH4+ and chloroguine
(Gonzalez-Noriega et al. 1980). These compounds interfere
with the normal intracellular pathway of lysosomal
enzymes which results in the secreticn of their precursor

forms into the extracellular medium (Hasilik & Neufeld
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1980a). The mechanism by which this occurs was reported
by Gonzalez~Noriega et al. (1980; for review, see Neufeld
1981). The amines are capable of diffusing through cell
membranes and become protonated within the lysoscome (De
Duve et al. 1274). The lysosomal membrane is impermeable
to the protonated amines which become entrapped, with
conseguent increase of the intralysosomal pH (Okhuma &
Poole 1978). The rise in pH is thought to inhibit the
release of receptor-bound enzyme so that eventually all
receptors are saturated. At that point no further enzyme
can be transported to lyscsomes, and newly synthesized
precursor forms of lysosomal enzymes are secreted and

rapidly accumulate extracellularly.

d. Intralysosomal processing

When the lysosomal hydrolases are eventually seques-—
tered within the lysesomes, a further modification of
their polypeptide chain occurs, which enables their
conversion into mature and fully active forms. The pro-
cess of limited proteolysis closely resembles the "zymogen
activation", involved in a great variety of biclogical
processes, such as blood coagulation, complement activ-
aticn, hormone production etc. (see for review Neurath &
Walsh 1976), in which an inactive precursor protein is
converted to an active form at the appropriate site of
action. The final maturation step of the lysosomal enzymes
thus requires the action of specific processing proteases
which carry out a selective cleavage of susceptible
peptide bonds. This limited proteclysis reduces the high
melecular weight precursor molecules, which may already
exhibit some enzymic activity, to the ultimate size and
conformation of their purified tissue counterparts (see
for reviews Hasilik 1980; Neufeld 1981).

This event has been shown to occur for a number of
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lyscsomal hydrolases recovered from different sources: f-
galactosidase of mouse peritoneal macrophages (Skudlarek
& Swank 1979, 1980); B-hexcsaminidase, a—-glucosidase,
cathepsin D and o-L-iduronidase of cultured human fibro-
klasts (Hasilik & Neufeld 1980a; Myerowitz & Neufeld
1981); cathepsin D of cultured porcine kidney cells
(Erickson & Blcbel 1979; Erickson et al. 1981); B-hexo-
saminidase and o-L-iduronidase of CHO cells {(Robbins &
Myerowitz 1981). In all but one case the enzymes are
found to be synthesized as larger precursor forms and
trimmed teo their eventual size over the course of several
hours or, in some cases, days (Hasilik & Neufeld 1980a,b).
This process probably occurs as a late event after the
hydrolases become packaged within the lysoscomes. Con-
sistent with this assumption is that the newly synthesized
lysogsomal enzymes of cultured fibroblasts, artifically
diverted extracellularly with lysoscomotropic agents
(NH4C1} are the high molecular weight precursor forms.
Nevertheless they show all the prerequisites for their
final subcellular localization and even exhibit in some
instances a hydrolytic activity (Sly et al. 1981; Neufeld
1981).

Further evidence is derived from the observation
that some precursor forms of lysosomal enzymes can under-
go sheortening of their polypeptide chain in a cell-free
system (Frisch & Neufeld 1981)., The nature of the pro-
teolytic processing varies from one enzyme to ancther. It
may consist of a simple removal of a short peptide,
presumably allowing a more efficient conformation of the
enzyme to be attained. It may also take several inter-
mediate steps and results in a multipeptide structure
being generated from a single polypeptide chain. Such a
reaction is seen in the p-hexosaminidases in which the §-
subunit is synthesized as a single chain but subsequently
appears in the mature enzyme as two forms with a differ-
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ent molecular weight (Hasilik & Neufeld 1%80a). Similarly
in cathepsin D both a single peptide and & form with two

peptide chains have been observed (Erickson et al.

1981). In the latter case the two products, generated by

c¢leavage of the precursor form of the enzyme, represent a
light and heavy chain that remain non-covalently bound.

Within the lysosomes the mature forms of the enzymes
appear to be relatively resistent toc proteolytic attack,
since they can exist in the presence of high concentra-
tions of cathepsins and other lysosomal hydrclases. The
turnover time is, on average, relatively long (see for
‘review Touster 1978). We do not yet know the molecular
mechanisms that play a role in the protection of enzymes
in the hostile enviromment within the lysosome. It may be
that a particular configuration of the enzyme or the
presence of carbohydrate side chains or other components
with a protective effect play a role in maintaining a
long half life of the lysosomal enzymes. Eventually the
enzymes are denatured and degraded presumably while they
exist within the lysoscmes, although cytosclic degradation
after the rupture of o0ld lysosomes or of residual bodies
may not be impossible.

From the descripticn of the life history of the
lysosomal enzymes it will be clear that the many events
that must occur with scme precision between the initial
translation of a lysosomal enzyme protein and its final
correct sequestering and full activation within the
lysosomes, offer numerous opportunities for a genetic
iesion that could result in faulty expression of the
enzyme activity.
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CHAPTER II THE EXPERIMENTAL WORK
INTRODUCTION - DESCRIPTION - DISCUSSION

2.1 INTRODUCTION

So far two inherited lysosomal storage diseases have
been reported, which are associated with a multiple lyso-
scmal enzyme deficiency. They are mucolipidosis IIX
("I-cell" disease} and combined fB-galactosidase and neura-
minidase deficiency and share the common feature ot
resulting from a post-translaticnal modification error.

This thesis presents a series of studies on these two
genetic disorders, carried out using a variety of experi-
mental approaches, with the purpecse of investigating the
molecular and genetic nature of these diseases.

Complementation studies after somatic cell hybridiz-
ation have been the most direct means for clarifving
whether clinical heterogeneity was based on different gene
mutations. After fusion of cultured fibroblasts from
patients with the same enzyme deficiency, the analysis of
multinuclear heterokaryens carrying the genetic informa-
tion of both mutant cell strains, may in some instances
reveal the restcoration of the metabolic defect (for
reviews, see Ringertz & Savage 1976; Bootsma & Galjaard
1979; Galjaard 1980). Since I-cell fibroblasts are defic-
ient for a number of lysosomal hydrolases, they are a
useful medel in complementation studies. Thus we have
performed a series of fusions between "I-cells" and cther
mutant fibroblasts with a single or multiple enzyme defic-
iency and followed the occurrence cof complementation
(Publications I-~-II-III).

An advance in this type of investigaticns has been
achieved using "cybridization" techniques. The term
"cybrid" was introduced (Bunn et al. 1974) to indicate a

fusion between a whole cell and an enucleated cell (cyto-

25



plast) . This approach could be applied in our complemen-
tation studies, in order to investigate the possible
influence of cytoplasmic factors, for which a de novoe
synthesis is apparently not mandatcry, for the restoration
of the hydrolytic activity of the lyscsomal enzyme defic-
ient in the two different mutant cell strains (Ringertz &
Savage 1976; Jongkind et al. 198l). In the course of our
experimental work cybridization analyses have been carried
out after fusion of I-cell fibroblasts with enucleated
cells with an isolated lysosomal enzyme deficilency due to
a structural mutation (Publication II).

In parallel with the series of experiments where
somatic cell hybridization was performed, the twoc mutant
cell strains involved were co-cultivated in mixed popula-
ticn. The latter method, extensively used in studies on
the uptake and release of lysosomal hydrolases by normal
and mutant fibroblasts (Halley 1980}, has usually been
included in cour experimental procedures to avoid any
misleading interpretation of the complementaticon data. In
some instances, however, the unexpected finding cf an
increased enzyme activity (neuraminidase) after co-
cultivation of two fibroblast strains both deficient for
the same enzyme (publicaticn III}, favoured a different
interpretation of the experimental results and required
other approaches for supporting a new theory.

Lysosomotropic agents such as NH4C1 or chlorogquine
have been used widely to enrich the population of lyso-
somal hydrolases secreted by cultured normal and mutant
fibroblasts. These enzymes recovered in the medium are
high uptake forms and, provided that they are stable in
that envirconment, they can be readily taken up by fibro-
blasts szince they c¢arry the Man~P recognition marker (Sly
et al. 198l; see alsc chapter I). In our uptake studies,
we have used NH4Cl—induced secretions, collected from

normal and mutant cell cultures, as the enzymic source,
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and B-galactosidase/neuraminidase deficient fibroblasts
as the recipient cells (Publication IV).

In view of the results so far cobtained, cur latest
work mainly concerned the characterization of the molecu-
lar and biochemical properties cf B-galactosidase using
immunological approaches (Publication V). Immuncprecipi-
tation of radiolabelled lysosomal glycoproteins by means
of specific antisera raised against their purified
placental couterparts, has contributed a great deal of
knowledge on the post-translational processing and fate
of these hydrolases (Neufeld 1981).

2.2 MUCOLIPIDOSIS II ("I-CELL" DISEASE)

a. Clinical-pathological-biochemical manifestations

This neurodegenerative lyscsomal storage disease
which is inherited as an autcsomal-recessive trait, was
first described by Leroy & De Mars (1967). Clinical and
radiologic features are present from birth on, such as
dislocation of the hips, thoracic deformities, hernia and
hypotonia. Patients show coarsening of facial features,
gingival hyperplasia, severe growth deceleration, recur-
rent respiratory infections and progressive psychomotor
retardation. The disease has a slowly progressing course
and patients usually die between 5 and & years of age
because of pneumonia or congestive heart failure (Leroy
et al. 1971; for reviews, see McKusick et al. 18978;
Galjaard 1980). Although patients with "I-cell” disease
may in some ways resemble those with Hurler's disease
{(Muccpolysaccharidosis I-H) they can be distinguished by
the absence of corneal opacity, absent or only slight
hepatosplencmegaly and normal level of glycosaminoglycans
in the urine.

The histopathological characterists of this disorder
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is the presence in cultured fibroblasts and a few other
cell types of numerous cytoplasmic inclusions visible by
phase microscopy, hence the name "I-cell"” disease (Leroy
& De Mars 1967). These inclusions have been identified as
very large lysoscmes filled with heterogenecous undegraded
material {(Tondeur et al. 1971; Leroy et al. 1972; for
review, see Martin et al. 1975). It is so far unclear why
the pathological and biochemical abnormalities in this
disease are limited to cells of mesenchymal origin.
Cultured fibroblasts derived from patients with
"I-cell" disease demonstrate a total or partial deficiency
of most lysosomal hydrolases which are recovered in
excess in the culture medium (Leroy et al. 1972; Wiesmann
& Herschkowitz 1974). In patients an increased extra-
cellular activity cf lysosomal hydrolases has been found
in plasma, cerebrospinal fluid, tears and urine (Wiesmann
et al. 1971lk; Den Tandt et al. 1974; Pittman et al. 1979;
for reviews, see McKusick et al. 1978; Galjaard 1980).
The intracellular multiple enzyme deficiency which
accounts for the intralysosomal storage of glycosamino-
glycans and glycelipids, seems to be confined to cells of
mesenchymal origin. Normal enzyme activities have been
found in liver, spleen and brain, with the exception of
B-galactosidase, neuraminidase and acid lipase (Miller et
al. 1979; Minami et al. 1979; Pittman et al. 1979). Even
in fibroblasts, p-gluccsidase and acid phosphatase have
enzymic activities within the range of contrel values
(Neufeld et al. 1977}, although their binding capacity to
lectins shows the same aberrant behavicur as the defic-
ient hydrolases {Rousscon et al. 1979).; rthermore the
intra~ and extracellular "I-cell” hydrolases show abnormal
electrophoretic mobility (Champicn & Shows 1977; Vladutiun
& Ratazzi 1979; Honey et al. 1981) as a result of their
high sialic acid content, which may in turn be due to a

severe deficiency of the lysosomal a-N-acetylneuraminidase
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(Thomas et al. 1976; Strecker et al. 1976). The enzymes
secreted by "I-cell" fibroblasts, in contrast to their
normal counterparts, fail to function as corrective
factors, as a result of being poorly taken up by fibro-
blasts of another genotype (Hickman & Neufeld 1972).
During the last decade a variety of hypotheses have
been put forward to explain the genetic defect responsible
for the numercus pleiotropic effects observed in "I-cell"
disease. The idea that the multiple lysosomal enzyme
deficiency was caused by "cellular leakage" (Wiesmann et
al. 1%971la) has been experimentally proven to be incorrect
(Hickman & Neufeld 1972). On the basis of theilr bio-
chemical findings, Hickman and Neufeld (1%72} proposed
that many lysosomal hydrolases share a common type of
recognition marker for their uptake which is missing or
masked on the enzymes secreted by "I-cells". The authors
also thought that acid hydrolases synthesized by normal
fibroblasts are first secreted into the medium and then
recaptured via receptor-mediated endocytosis, to be
packaged in the lysosomes (Hickman & Neufeld 1972; Neufeld
et al. 1977). The former proposal has subsequently been
suppcrted by various studies implicating Man-6-P as the
essential component of the recognition marker of the
lysosomal acid hydrclases (Kaplan et al. 1977; Sly &
Stahl 1978; Natowicz et al. 1979). Hasilik and Neufeld
{1980b) have recently demonstrated that "I-cells", in
contrast to normal fibroblasts, fail to incorporate
(32P

cathepsin D and a~glucosidase. These observations and

) phosphate intoc newly synthesized f-hexosaminidase,

thoge cof Bach et al. (1979) have supported the hypothesis
that the defect in "I-cell" disease is in the biosynthesis
of the phosphomannosyl-signal responsible for the correct
sequestering of newly synthesized acid hydrolases within
the lyscscomes (the various steps involved in this bhio-

synthetic pathway have been described in the first
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chapter) .

The basic defect in "I-cell" disease has now been
elucidated as a deficiency of a membrane bound UDP-
GlcNAc: glycoprotein-N-acetylglucosamine-l-phosphotrans-
ferase (Basilik et al. 1981; Reitman et al. 1981). This
gnzyme located in the Golgi apparatus normally transfers
u-linked N=-acetylglucosamine-l-phosphate to the 6-hydroxyl
of mannose in high manncse cligosaccharides of glyco-
proteins. Both in "I-cell" disease and in a c¢linically
milder variant of this disease, Mucolipidosis III, the
defective phosphorylation of lysosomal hydrolases results
in the abnormal secretion of incorrectly processed pre-
cursor glycoproteins. The report that "I-cell” secreted
enzymes not only lack the Man-6-P recognition marker but
alsc bear complex type oligosaccharide chains (Hasilik &
von Figura 1981) supports the hypothesis that the presence
of the manncse-6~phosphate residue may normally prevent
further processing to the complex type {(for review, see
Sly et al. 1981).

Sly lately reported (personal communication) about
two variants of ML III disease. In one type of this
disorder the mutaticn seems to affect the catalytic site
of the phosphotransferase, whereas in another type it
appears to be confined to the binding site of the trans=-

ferase to the glycoprotein.

b. Discussion of the experimental work

In Publication I fibroblasts from two patients with

"I-cell" disease were hybridized with fibroblasts from
patients with GMl—gangliosidosis (B-galactosidase defic-
ient), GMz—gangliosidosis type Sandhoff (B-N-acetylgluco-
saminidase A and B deficient) and a patient with a com=-
bined B-galactosidase and neuraminidase deficiency (8-

gal /neur }. In all instances the heterckaryon populations
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showed a marked increase (3 to 10 fold) of the enzyme
activity tested. The f-galactosidase deficiency in GMl_
gangliosidosis had been demonstrated to be due to a
structural defect of the 64,000-daltcon monomeric form of
the enzyme polypeptide because cf a mutaticn on chromo-
some 3 {Norden et al. 1974; Hoeksema et al. 1980), The
restoration of B-galactosidase after fusion of these
mutant fibroblasts with "I-cells" must thus be due toc a
correction of the post-translational modification defect
which is responsible for the multiple lyscsomal enzyme
deficiency in "I-cell" discase. The same is true for the
complementation cbserved for hexosaminidase A and B after
fusions of "I-cells" with Sandheoff fibroblasts since the
hexosaminidase deficiency in the latter cells are also

due to a structural mutation (Beutler & Xuhl 1975;
Hoeksema 1979). Normal levels of B-~hexosaminidase and o-
mannosidase activity could be detected in the culture
medium above "I-cells" fused with Sandhoff fibroblasts,
and "I-cells" fused with manncsidosis fibroblasts respect-
ively. This observation (publication I) specifically
points to a correction of the mclecular defect in "I-
cell” disease, since the abnormal release cf lysosomal
hydrolases into the extracellular space is one of the
characteristics of this disorder. Concomitantly a normal-
ization of the altered electrophoretic pattern of "I-cell"
hexcsaminidase isoenzymes was cbserved after fusion of
"I-cells" with Sandhoff fibroblasts. The abnormal electro-
phoretic mobilities of most of the "I-cell" lysosomal
hydrolases is due to the increased sialic acid content of
the enzymes, related to the gross deficiency of neuramini-
dase. Thus the correction after cell hybridization prob-
ably results from restoration of the neuraminidase activ
ity in the heterckaryons. Experiments carried out by us
and others (Spritz et al. 1979) failed, however, to

demonstrate that addition of exogenocus neuraminidase to
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"I-cell" fibroblasts could diminish the abnormal secretion
of the lysosomal hydrolases.

The results cf cell hybridization between "I-cells™
and cells with a combined f-galactosidase/neuraminidase
deficiency {~gal /neur ) are of particular interest. The
multiple lysosomal enzyme deficiency in "I-cell" disease
is known to involve an early step in the post-translat-
ional processing of lysosomal hydroclases and there were
several arguments to favour the hypothesis that B—gal_/
neur is alsc caused by a modification error. The oh-
served restoration of B-galactosidase activity (Publica-
tion I) in the heterokaryon populaticons implies that at
least two different genes are responsible for the defec-
tive p-galactosidase activity in the two diseases.

In Publication II we have further investigated the

nature of the correction of the "I-cell" defect. Whole
fibroblagts from patients with "I-cell" disease were
fused with enucleated fibroblasts with a single lyscosomal
enzyme deficiency (hexosaminidase A+B, f-galactosidase,
o-mannosidase). To produce a high percentage of such
"cybrids" we have applied fluorescence activated cell
sorting (FACS) in order to obtain a pure population of
cytoplasts (Schaap et al. 1979; for review, see Jongkind
et al. 1981). The fibroblasts with a single lysosomal
enzyme deficiency were labelled with green fluorescent
latex spheres before the enucleation was performed; this
enabled further identification of the fusion products
(cytoplasts x nucleated "I-cells"). In all instances
these "cybrids" showed partial restoration of lysosomal
enzyme activity, whereas no increase was seen when "I=-
cell" cytoplasts were fused with whole mutant fibro-
blasts. The results indicate that the "I-cell" defect can
be ceorrected by a longlasting "factor" present in enucle-
ated cells of other genotypes. This "factor" can appar-
ently act without the need of de novo synthesis although
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the absence of correction in in vitro experiments implies
that cellular integrity is required.

Publication III deals with co-cultivaticn and

hybridization of fibroblasts with a multiple lysosomal
enzyme deficiency and with cells from patients with a
single f-galactosidase deficiency (different clinical
GMl—gangliosidosis variants) or a single neuraminidase
deficiency (different variants of mucolipidosis I or
sialidosis). These studies became only possible after a
sensitive fluorescent assay for neuraminidase had been
developed (Warner & QO'Brien 1979). For the experiments
reported in Publication III Dr. J.S. C'Brien (Dept. of
Neurcsciences, La Jolla, Calif., U.5.A.) kindly provided
the 4-methylumbelliferyl-a-2-N-acetylneuraminic acid and
in later studies {Publications IV and V} a similar sub-
strate was synthesized for us by Preof. Dr. R. Brossmer
(Institut f£ir Biochemie, University of Heidelberyg).
Fusions of "I-cells" with single neur fibroblasts and
with B“gal—/neur— cells resulted in a clear increase of
neuraminidase activity in the heterokaryon populations.
The occurrence of complementation indicates that at least
three different gene mutaticns must be responsible for
the neuraminidase deficiency in "I-cell" disease, siali-
dosis and combined B-galactosidase/neuraminidase defic-
iency.

Since the basic mclecular defect cf "I-cell" disease
has now been discovered, it is apparent that the restora-
tion of lysosomal enzyme activities after fusion of
"I-cells" with a variety of other mutant fibroblasts
(described in Publications I-III) is the result of the
presence in the latter of the phosphotransferase missing
in "I-cells", and the presence in "I-cells" of the struc-
tural gene for a particular enzyme. Our studies on cybrids
{publication II) showed that the phosphotransferase also

acts after enucleation of the complementing cells and
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that it is stable in the cytoplasm for at least three
days. An interesting finding was that f-gal /neur cells
could be partially corrected when co-cultivated with
other mutant fibroblasts (publication III) whereas
"IT-cells" failed toc exhikit this corrective activity.
This suggested that the "corrective factor” for combined
k-gal /neur is probably a lyscscmal glycoprotein which
is affected in "I-cells" by the same phosphorylation
defect responsible for the multiple lvsosomal enzyme

deficiency.

2.3 CCMBINED DEFICIENCY OF R-GALACTOSIDASE AND NEURA-
MINIDASE

a. Clinical-pathclcocgical-biochemjical manifestations

Since the discovery by Okada and O'Brien (1968) that
B-galactosidase deficiency is the responsible molecular
defect in GMl—gangliosidosis a variety of patilents with
the infantile, progressive form (type 1), later onset
juvenile form (type 2) and milder adult forms (Suzuki et
al. 1877) have been described (for reviews, see Galjaard
& Reuser 1977; O'Brien 1978; Galjaard 1980). In addition,
a number of atypical patients have been reported who
showed clinical manifestations resembling these in mucco-
pclysaccharidosis, gangliosidosis and mucclipidosis
(Goldberg et al. 1971; Orii et al. 1972; Lconen et al.
1974; Fukunaga et al. 1976; Suzuki et al. 1977). Since
one cf these atypical patients was discovered by our own
group (Loonen et al. 1974; Koster et al. 1976) the genetic
and molecular background of the f-galactosidase deficiency
could be studied in more detail (for reviews, see Galjaard
& Reuser 1977; Reuser 1977; O'Brien 1378; Hoeksema 1979;
Galjaard et al. 1981).

The patient described by Loonen et al. {1974) had a
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relatively normal development until yvoung adulthood and
then developed myocleonus, cerebellar ataxia, mental
retardation, angickeratoma corporis diffusum, macular
cherry-red spot and mild hone deformities. Cultured skin
fibroblasts from this patient were hybridized with B-
galactosidase deficient fibroblasts from patients with

infantile and juvenile forms of G, —-gangliosidosis and a

restoration of p-galactosidase acfivity was found in
single heterokaryons (Galjazard et al. 1974). This comple-
mentation demonstrated that two different gene mutations
were involved. Norden et al. (1974) had, however, purifie
normal human liver B~galactosidase and found that this
enzyme consisted of a single polypeptide with a molecular
weight of about 70,000 and a multimeric form of the same
pclypeptide of 700,000 daltons. Since intragenic comple-
mentation had never been demconstrated in human cells, the
results of the complementation studies suggested that the
f-galactosidase deficiency in the atypical patient de-
scribed by Loonen et al. {(1974) was due to a defect other
than a structural abnormality of the B-galactcsidase
polypeptide. Nevertheless the patient was clasgified as a
type 4 GMl—gangliOSidosis since another, younger atypical
patient with B-galactosidase deficiency had been desig-
nated as type 3 GMl—gangliosidosis by Pinsky et al.
(1974) . Fusion of fibroblasts from these two atypical
patients did not result in complementation {Galjaard et
al. 1975), which would be consistent with the assumption
that they are due to a similar %fype of gene mutation.
Biochemical analysis of the residual 8-galactosidase
activity in the atypical patients revealed normal kinetic
properties (Galjaard & Reuser 1977} and immunological
studies (0'Brien & Norden 1977} indicated the presence of
normal amounts of cross-reactive material, as is the case
in the infantile and juvenile forms of GMl—gangliosidosis
(Meisier & Ratazzi 1%74; O'Brien 1975, 1978). Gel filtra-

d
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tion analysis subseguently showed that in cells from
atypical patients the residual B-galactosidase activity
was due to the 70,000-dalton monomeric form, whereas the
high molecular weight form was totally absent (Hoeksema
et al. 1979). This pointed to a mutation affecting the
aggregation of f-galactosidase polypeptides.

Gene localization studies using Chinese hamster x
human hybrids showed that in normal cells two genes, on
chromosome 3 and 22, are involved in the expression of B-
galactosidase activity and that the infantile and juvenile
forms of GMl—gangliosidosis are due to a mutation on
chrcocmosome 3 leading to an abnormal 8-galactesidase poly-
peptide (for review, see Hoeksema 1979).

In cybridization studies (de Wit~Verbeek et al.
1978) cytoplasts of infantile type GMl—gangliosidosis
cells were found to be able to restore the f-galactcosidase
activity in fibroblasts from atypical patients described
by Pinsky et al. (1974) and Loonen et al. (1974). Cyto-
plasts cof the latter fibroblasts could not, however,
complement c¢lassical GMl—gangliosidosis cells. These
results suggested that a relatively stable cytoplasmic
factor present even in f-galactosidase deficient fibro-
blasts was able to correct the defect in the atypical
patients.

In 1978 Wenger et al. made an important contribution
by their observation that B-galactcosidase deficient
fibroblasts from cone of their atypical patients showed a
coexistent deficiency of neuraminidase using neuramin-
lactose, N-acetyl-neuraminic acid and fetuin as sub-
strates. This finding has led toc a reexamination of
several patients that previously had been classified as
atypical forms of GMlugangliosidosis. So far the combined
p-galactosidase/neuraminidase deficiency has heen con-
firmed in cells from patients described by Loonen et al.
(1974); Pinsky et al. (1974); Justice et al. (19%77);
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Suzuki et al, (1977):; Andria et al. (1978, 1981). O'Brien
{1981); Lowden et al. (1981)). Also our group has made
the first prenatal diagncsis of this disease in a preg-—
nancy at risk, where two previcus babies had died with
fetal hydrops {(Kleijer et al. 187%).

The onset of clinical manifestations and their
nature vary among different patients with combined p-
galactosidase/neuraminidase deficiency (for reviews, see
Lowden & C'Brien 1979; Galjaard 1980). Most patients have
been normal at birth and subsegquent development has been
undisturbed for a period varying from a few years up to
nearly two decades. The most common manifestations are
skeletal abnormalities, coarse facial features, mycclonus
psychomotor degenerative changes and macular cherry-red
spot at around ten years of age. Seizures, ataxia, loss
of hearing and vision, hepatosplenomegaly and corneal
clouding may also occur. Mental retardation has become
apparent at different ages among various patients but
seems toc be a common feature in the disease.

Thus far very few pathological investigations have
been reported (Suzuki et al. 1977; Kleijer et al. 1979;
Lowden et al. 1981). Cytoplasmic inclusions with positive
histochemical staining for glycogen, glycosaminoglycans
and lipids have been found in connective tissue, macro-
phages, in spleen, liver and bone marrow, glomerular
epithelium, hepatocytes, and some endocrine organs. In
addition, vacuolization was seen in ganglion cells of
dorsal root ganglia, the living cells of the choroid
plexus, and moderate lysosomal storage was present in the
neurons in the basal ganglia, spinal cord and cortex.
Electron microscopy shows membrane bound inclusions,
filling most of the cytoplasm. In the neurons in addition
to many empty vacucles or lysosomes filled with granular
material there is accumulation cof membranous and vesicu-

lar structures similar toc those seen in ganglicsidoses.

r
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Biochemical analyses of stored products at autopsy
(Suzuki et al. 1977; Kleijer et al. 1979; Svennerholm
(personal communication), Lowden et al. 1981) revealed an
increased content of sialylcligosaccharides in visceral
organs and in some instances also in brain tissue though
less marked. There is no change in the guantity and types
of gangliosides. Xleijer et al. (1979) did not find any
residual neuraminidase activity in the organs ¢f an
affected fetus and like other investigators (Suzuki et
al, 1977; Lowden et al. 1981) they found a residual B~
galactosidase activity of 10-15%. Previous studies
(Galjaard et al. 1975) had shown that this residual B~
galactosidase activity is similar for different natural
and artificial substrates (for reviews, see also O'Brien
1978; Galjaard 1980).

The patients with combined B-galactosidase/neuramini-
dase deficiency excrete high amcunts of sialyloligosaccha-
rides in their urine and in their leucocytes or cultured
fibroblasts hardly any residual neuraminidase activity
can be demonstrated with either natural substrates or
4-methylumbelliferyl-o-2-N-acetylneuraminic acid. Studies
on fibroblasts from heterozygous parents of B-gal /neur
patients revealed f-galactosidase activities in the low
control range whereas neuraminidase activities were about
half the contrcl values (Wenger et al. 1978; Hoogeveen et
al. 1980; Q'Brien 1981; Lowden et al. 1981).

These observations led some investigators to believe
that in these patients neuraminidase deficiency is the
primary defect and that the deficiency of B-galactosidase
is a secondary effect caused by inhibition by intra-
cellular storage of sialylated products (O'Brien 1979} .
Unfortunately this assumption has led to a premature
classification of the patients with combined f-galacto-
sidase/neuraminidase among the sialidoses (Lowden &
O'Brien 1979; O'Brien 1981; Lowden et al. 19%81). This is
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especially confusing since the sialidoses have keen
subdivided in two groups based on the clinical manifesta-
tions without taking into account the precise nature of
the genetic and molecular defect underlying the disease.

The name sialidosis was first used by Durand et al.
(1877) to designate the syndrome of two siblings of 22
and 13 years of age who developed visual impairment and
mild neurological manifestations in late childhood.
Cultured fibroblasts and leucocytes from these patients
showed a neuraminidase deficiency. Up to that period a
single neuraminidase deficiency had been found in patients
with classical mucolipidosis I (Spranger 1975). This
disease, which is inherited as an autosomal~-recessive
trait, has a progressive course and patients show from
early after birth on, skeletal dysplasia, myoclonus,
mental deterioration, ccarse facial features, ataxia and
macular cherry-red spot (for reviews, see Lowden & O'Brien
1979; Galjaard 1980). Cantz et al. (1977} were first to
find that a neuraminidase deficiency is the primary
defect in mucolipidosis T.

During the last few years a number of patients with
a single neuraminidase deficiency but milder clinijical
manifestations have been reported (Durand et al. 1977;
O'Brien 1977; Rapin et al. 1978; Thcmas et al. 1978; for
reviews, see Lowden & Q'Brien 1979; O'Brien 1981l; Galjaard
et al. 1981). The main features in these patients have
been macular cherry-red spot, myoclonus, visual impair-
ment and sialylocligosaccharides in the urine. Differences
with the classical form of mucclipidosis I are the normal
intelligence, absence of skeletal and wvisceral abnormal-
ities and a longer survival. In all these patients with a
single neuraminidase deficiency the B-galactosidase
activity in varicus cell types is normal, which implies
that a neuraminidase deficiency per s& does not result in

a f-galactosgidase deficiency. The term "sialidosis"
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should be reserved for patients with a single neuramini-
dase deficiency, irrespective of their clinical manifesta-

tions. The designation G, ,=-ganglicsideosis must be re-

stricted to patients witﬁla single B-galactosidase defic-
iency and accumulation of GMl—gangliosides, again irre-
spective of the time of onset and severity of the clini-
cal manifestations. Patients with a combined B-galactosi-
dase/neuraminidase deficiency can only be properly classi-
fied when the responsible molecular defect has been
elucidated. Within this syndrome there is also a wide
spectrum of clinical features, ranging from fetal hydrops
resulting in intrauterine death (Xleijer et al. 1979) to
patients who had a nearly normal development up to late
childhood or young adulthood (Goldberg et al. 1971; Orii
et al. 1972; Yamamcto et al. 19%974; Loonen et al. 1974;
Suzuki et al. 1977; Wenger et al., 1978; for reviews,

see Galjaard & Reuser 1977; Lowden & O'Brien 1979).

b. Discussion of the experimental work

The experimental work described in publications III,
IV and V was aimed at the elucidation of the genetic and
molecular background of combined B-galactosidase/neura-
minidase deficiency in man.

In publication III the results are reported of cell

hybridization and co-cultivation studies using different
human cell strains with a neuraminidase deficiency.
Fusion of neur cells from patients with classical muco-
lipidosis I (sialidecsis} and from one of the patients
with a mild form cf sialidosis described by Durand et al.
(1977) did not result in a restoration of neuraminidase
activity. This may indicate that these two clincial
variants are due to allelic mutations, each of which
leads to a structural abnormality of neuraminidase. Using

methylumbelliferyl substrate we could barely demonstrate
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any neuraminidase activity in fibroblasts from the
patient with the severe infantile form of sialidosis,
whereas the cells from the patient with a mild clinical
manifestation showed 5% residual activity and a somewhat
lower neuraminic acid content. No relationship between
the residual neuraminidase activity and the course and
geverity of the clinical manifestations in sialidosis was
ever reported.

An interesting observation in the experiments de-
scribed in publication ITT was the restoration of neura-
minidase activity after hybridization of different types
of 8-gal /neur fibroblasts with cells with a single
neuraminidase deficiency. The occurrence of complemen-—

tation implies that at least two different gene mutations

are invelved in sialidosis and combined B-galactosidase/

neuraminidase deficiency. There is not vyet sufficient

knowledge about the structure of neuraminidase to inter-
pret the complementation in mclecular terms. It is well
documented that N-acetylneuraminic acid is a common
component of glycoproteins, certain glyccsaminoglycans
and gangliosides (Rosenberg & Schengrund 1976; Ledeen
1978; for review, see Svennerholm 1980). In sialidcosis
and combined B-galactosidase/neuraminidase deficiency the
neuraminidase activity appears to be deficient towards
glycoprotaein ¢ligosaccharides and artificial methyl-
umbelliferyl-neuramic acid substrates, but normal towards
gangliosides {(Wenger et al. 1978; Hoogeveen & Verheijen,
personal communicatiocn).

An important observation, also reported in publica-
tion I1I, was the partial restcoration of neuraminidase
activity after co-cultivation of B-gal  /neur fibroblasts
with cells from infantile and mild forms of sialidosis
(neur ). The particular contributicon of the two cell
types in this correction was clarified by co-cultivating

sialidosis fibroblasts and B-gal /neur cells in close
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contact. Prior to co-cultivation, one of the two cell
strains was labelled with green fluorescent latex par-
ticles to allow their subseguent separation with a cell
sorter (FACS). It was shown that the partial restoration
of neuraminidase activity only occurred in B-gal /neur
fibroblasts and not in sialidosis cells. It thus seemed
that sialidosis fibroblasts secrete an as yet unidentified
"corrective factor". In the previous section it has
already been mentioned that co-cultivation with "I-cells’
did not correct the B-gal /neur fibroblasts. This sug-
gested that the "corrective factor" is a glycoprotein
that normally is localized in lysosomes, but can be
secreted into the medium.

Further studies on the correction of combined B-
galactosidase/neuraminidase deficiency in human fibro-

blasts are described in publication IV. To achieve a more

efficient secretion of the "corrective factor", ammonium
chlioride was added to the culture medium of normal and
mutant human fibroblasts. The conditioned medium, concen-—
trated and dialyzed, was administered to various types cf
neuraminidase and/or fB~galactosidase deficient cell cul-
tures. It appeared that the addition of NH4Cl—induced
se¢retions from B~gal fibroblasts or neur fibroblasts,
resulted in a marked increase of the B-galactosidase
activity (5-7 fc¢ld) and cf the neuraminidase activity
(15-20 fold) in B—gal_/neur' cells. When the same con-
diticoned medium was given to mutant fibroblasts with a
single f-galactosidase deficiency or neuraminidase defic-
iency, no change in their residual enzyme activity
occurred. These results ruled out an early proposal
(O'Brien 1979; Lowden et al. 1981) that the combined
deficiency was due to a primary defect of neuraminidase
and they implied the existence of a third gene product
underlying the deficiencies of f-galactosidase and neura-

minidase in this disease. Further studies, described in
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publications III and IV indicated that the "corrective
factor" is a macromolecular glycoprotein, labile above
60°C and the uptake of which is competitively inhibited
by mannose-6-phosphate. We also found that the "factor”
once taken up by B-gal /neur fibroblasts, continues to
exert its corrective effect over a period of at least
three days. It probably exhibits its activity within the
lysosomes, since endocytosed exogenous macromolecules
become eventually entrapped in the lysosomes (Willingham
& Pastan 1980).

At the same time that the experiments described
above were carried out, van Diggelen et al. (1980, 1981,
1982) used a specific irreversible inhibitor of B-galac-
tosidase, developed by Sinnott and Smith (1976, 1978) to
determine the half life of B-galactosidase in normal and
mutant human fibroblasts. They found that in normal
fibroblasts and in GMl—gangliosidosis cells the turnover
time of the enzyme is about 10 days whereas in B-gal /
neur fibroblasts it is reduced to less than 24 hours.
Subsequent studies (van Diggelen et al. 1981) showed that
the rate of synthesis of B-galactosidase in B—gal—/neur—
cells is normal (0.4-0.5 pmol/day per mg of cellular pro-
tein} and the reduced level of protein is due to an in-
creased rate of degradation of the enzyme. When purified
bovine testicular B-galactosidase was added to the culture
medium above B-gal /neur fibroblasts, it was readily
taken up by the mutant cells but, once ingested, it was
degraded within hours. In contrast, the same enzyme
remained stable for a long period when internalized by
GMl—gangliosidosis fibroblasts (Galjaard et al. 1981; wvan
Diggelen et al. 1982). These observations suggested that
B—gal_/neur_ fibroblasts lack a factor that normally is
required to protect both endogenous and exogenous "high-
uptake" forms of B-galactosidase against excessive degra-
dation. -
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The experiments described in publication V were

carried out to identify the exact nature of this "cor-
rective" (and "protective") factor. The hypothesis that
the B-galactosidase deficiency in B—gal—/neur— fibroblasts
is due to an abnormally high rate of degradation was
proven by experiments with leupeptin, an inhibitor of
thiol proteases (Seglen et al. 1979). Addition of this
compound to B—gal-/neur— fibroblast cultures resulted in
a 7-8 fold increase in B-galactosidase activity whereas
no effect was seen in GMl—gangliosidosis cells. The
effect on neuraminidase was less clear since only one of
the B—gal—/neur_ cell strains showed a slight increase in
activity.

To investigate whether precursor forms of B-galacto-
sidase were normally synthesized in B-gal /neur fibro-
blasts, the cells were cultured in the presence of NH4C1.
The result was that two different B-gal /neur cell
strains secreted as much B-galactosidase activity as
controls. Ammonium chloride treatment of different types
of GMl—gangliosidosis did not lead to a measurable amount
of extracellular B-galactosidase activity. These results
indicated that the ability to synthesize B-galactosidase
precursor is not impaired in B-gal /neur cells. Further
studies on the properties of precursor B-galactosidase in
normal and B-gal /neur fibroblasts showed no differences
in kinetic and molecular properties. The precursor form
in both cell strains has an apparent molecular weight of
about 85,000 dalton, and a Km of 1.4 mM towards methyl-
umbelliferyl substrate. The Km is thereby about 6 times
higher than that of the intracellular mature enzyme,
which has a molecular weight of 64,000 dalton and a Km of
0.25 mM.

When precursor f-galactosidase was purified from the
medium of B-gal /neur «cells it was readily taken up by

GMl—gangliosidOSis fibroblasts and the ingested enzyme
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remained stable for at least two days, as did precursor

enzyme prepared from control cells. This implies that the

enhanced degradation of B-galactosidase in B-gal /neur

fibroblasts is not caused by any obvious mutant properties

of the B-galactosidase precursor.

The ultimate elucidation of the molecular defect in
combined B-galactosidase/neuraminidase deficiency came
from immunoprecipitation studies of radiolabelled 8-
galactosidase (also described in publication V). In
normal human fibroblasts 4 radioclabelled immunoprecipi-
table components were found to be present: 85,000-dalton
precursor of B-galactosidase, 64,000 mature f-galactosi-
dase, both with hydrolytic activity, and two components
with molecular weights of about 50,000 and 32,000 daltons.
In NH4Cl—induced secretions from control fibroblasts only
the 85,000~ and 54,000~dalton components were evident; the
former being the precursor of B-galactosidase and the
latter probably the precursor of the intracellular 32,000-
dalton component. Pulse-chase experiments confirmed this
assumption.

In B-gal /neur fibroblasts the main components had
molecular weights of 85,000 and 51,000. Mature 64,000-
dalton B-galactosidase was hardly demonstrable and the
32,000 dalton component was always absent. Extracellularly
the only detectable constituent was 85,000-dalton pre-
cursor B-galactosidase. Pulse-chase experiments with the
mutant fibroblasts indicated that the newly synthesized
85, 000-dalton precursor f-galactosidase was normally
processed to a 66,000-dalton form which appeared after
about 5 hours chase. The mature 64,000-dalton B-galacto-
sidase never accumulated to any significant extent.

Inhibition of thiol proteases by leupeptin resulted
in an accumulation of 85,000-dalton precursor B-galacto-
sidase and of a partially processed 66,000-dalton form

both in control fibroblasts and B-gal /neur cells. This
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indicated that these precursor forms are normally degraded
to some extent by intralysosomal proteases.

When "“corrective factor", purified from medium after
NH4Cl stimulation of GMl—gangliosidosis fibroblasts was
added to B-gal /neur fibroblasts a complete normalization
of the B~galactosidase labelling pattern occurred. There
was no longer accumulation of precursor B-galactosidase
but instead, like in control cells, the precursor was
rapidly converted to mature 64,000-dalton B-galactosidase
which apparently was resistent to excessive intralysosomal
proteclysis.

In principle it would be possible that the molecular
defect responsible for the combined f-galactosidase/neura-
minidase deficiency is a block in the final maturation
step, converting 66,000-dalton B-galactosidase to the
64,000-dalton mature form. The accumulation of the
66,000-dalton form after leupeptin treatment both in
control and in B-gal” /neur fibroblasts is most likely
due to inhibition of this proteolytic step by leupeptin.

A similar observation has been made in in vitro experi-
ments on the processing of hexosaminidase (Frisch &
Neufeld 1981). We have, however, observed that leupeptin
does not inhibit the "corrective factor" and it is there-
fore unlikely that the molecular defect responsible for
the combined B-galactosidase/neuraminidase deficiency is
a block in the last maturation step. Instead, it seems
that the "corrective factor" provides protection of
mature 64,000-dalton B-galactosidase against excessive
intralysosomal proteolytic degradation.

On the basis of all these findings we propose that
the defect in combined B~galactosidase/neuraminidase
deficiency is a mutation leading to loss of function of
32,000~-dalton lysosomal glycoprotein that may be the
protective factor for f-galactosidase.

Although we have not yet performed similar pulse-
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chase studies on neuraminidase, the results described in
publication V show that addition of the "corrective
factor" leads also to a restoration of neuraminidase and
therefore is common to both enzymes.

In contrast to B-galactosidase, precursor forms of
neuraminidase have not been demonstrated nor was there
any residual neuraminidase activity in g-gal” /neur
fibroblasts. It may well be that the missing factor is
normally required to activate neuraminidase, and to unite
B-galactosidase monomers and neuraminidase in a complex,
at the same time protecting them towards excessive proteo-
lytic degradation. The absence of high molecular weight
aggregates of B-galactosidase monomers, previously
observed in B-gal /neur fibroblasts (Hoeksema et al.
1979) could be explained in this way.

Previous gene localization studies on Chinese hamster
x human hybrids have shown that two gene loci on chromo-
somes 3 and 22 are involved in the expression of B-
galactosidase activity (Shows et al. 1979; de Wit et al.
1979; Hoeksema et al. 1980). A gene on chromoscme 3 was
found to code for the B-galactosidase polypeptide but the
role of a gene on chromosome 22 was not understood
(Hoeksema 1979; Hoeksema et al. 1980). It may well be
that this latter gene ccdes for the (precursor of) 32,000-
dalton glycoprotein that is defective in combined B-
galactosidase/neuraminidase deficiency. Recently we have
shown with radiolabelled immunoprecipitation studies that
the 54,000-dalton component, which is present in control
fibroblasts and in the medium after NH4C1 stimulation, is
indeed the precursor of the 32,000-dalton glycoprotein.
This explains its absence in the medium of B-gal /neur
fibroblasts after NH4C1 stimulation. Further studies- on
Chinese hamster x human hybrids will provide the definite
answer whether or not a gene on chromosome 22 codes for

the 54,000-dalton component.
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The experiments described in this section have not
only led to the identification of the molecular species
that is defective in the combined B-galactosidase/neura-
minidase deficiency, they may alsc provide a start for a
better understanding of the cell bioclogy of lysosomes and
of the way lysosomal enzymes are protected against the

aggression of neighbouring lysosomal enzymes.
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SUMMARY

The many events that must occur with some precision
between translation of a lysosomal enzyme protein and its
final correct sequestering and full activation within the
lysosomes, offer numerous opportunities for a genetic
lesion that could result in a faulty expression of the
enzyme activity.

So far two inherited lysosomal storage diseases have
been reported which are associated with a multiple lyso-
somal enzyme deficiency: mucolipidosis II ("I-cell®™ dis-
ease) and combined B-galactosidase/neuraminidase defic-
iency. They both result from a post-translational modifi-
cation error.

The purpose of the experiments described in this
thesis was to gain more insight into the molecular and
genetic nature of these diseases.

Different approaches were used:

- Somatic cell hybridization and co-cultivation studies
were performed, to clarify whether different gene
mutations were responsible for the deficiency of a
given enzyme in various related diseases.

- "Cybridization" studies were carried out after fusion
of whole fibroblasts and enucleated cells (cyto-
plasts), to further investigate whether the presence
of the nucleus of one of the cell types hybridized
was mandatory for complementation or cytoplasmic
factors were sufficient for this event to occur.

- Immunoprecipitation of radiolabelled lysosomal glyco-
proteins, followed by SDS gel electrophoresis, was
applied as a method to verify the possible molecular
and biochemical changes of a deficient enzyme (B-
galactosidase) in comparison with its normal counter-
part.

Cultured fibroblasts from "I-cell" patients are character-
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ized by the intracellular loss of many lysosomal hydro-
lases which are recovered in excess in the extracellular
space. "I-cells" are therefore a suitable model for com-
plementation studies.

In the first series of experiments, "I-cells" were
hybridized with cells with a single lysosomal enzyme
deficiency (i.e. Sandhoff's disease: hexosaminidase A+B;
GMl—gangliosidosis: B-galactosidase; mannosidosis; acid
o-mannosidase) and with combined g-galactosidase /neura-
minidase fibroblasts. Restoration of the intracellular
enzyme activity was achieved in the various heterokaryon
populations tested and in some instances (B-hexosamini-
dase, a-mannosidase) a normalization of the enzymic level
was detected in the medium above fused cells. These
findings implied the occurrence of different gene muta-
tions and clearly inferred the correction of the "I-cell”
post-translational defect.

Complementation also occurred when I-cells were
fused with enucleated fibroblasts (cytoplasts) with an
isolated hydrolase deficiency, due to a structural muta-
tion. Since no increase was seen after fusion of "I-cell”
cytoplasts with whole mutant fibroblasts, it was apparent
that a long lasting "factor" present in enucleated cells
of other genotypes enabled the correct processing of the
normally synthesized lysosomal hydrolases of I-cells.

The molecular defect underlying this disease, has
recently been discovered as being a deficiency of the
phosphotransferase responsible for the proper biosynthesis
of the mannose-6-phosphate recognition marker common to
lysosomal enzymes. The restoration of the enzyme activ-
ities after somatic cell hybridization can now be inter-
preted as the result of the presence in other mutant
fibroblasts of the phosphotransferase missing in I-cells
and of the occurrence in the latter of the structural

gene for a particular enzyme.
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Our attention was subsequently focused on the com-
bined B-galactosidase and neuraminidase deficiency.

A specific neuraminidase deficiency alone is well
documented as mucolipidosis I (sialidosis) and similarly
an isolated B-galactosidase deficiency due to a mutation
at the structural gene, has been well described as classi-
cal GMl—gangliosidosis. A third manifestation combines
deficiencies of neuraminidase and Bf-galactosidase. In
view of the fact that a significant residual B-galactosi-
dase activity remains in these patients, it was first
thought that neuraminidase was the primary defect in this
disease.

There is now gecod evidence that a defect in a third
gene product is likely to be the cause of the coexistent
deficiency of these two enzymes. The occurrence of comple-
mentation after fusion of B-gal /neur cells with "I-
cells" and with fibroblasts with a single neuraminidase
deficiency (sialidosis) pointed to three different gene
mutations being responsible for these individual dis-
orders.

It was observed that co-cultivation of B—gal_/neur_
fibroblasts with sialidosis cells resulted in a partial
restoration of neuraminidase activity, selectively in the
former cell type only. Thus sialidosis fibroblasts
appeared to secrete an unidentified "corrective factor"
for the combined deficiency. An enriched source of such a
factor was obtained after NH4C1 stimulation of different
types of human fibroblasts including those with an iso-
lated B-galactosidase or neuraminidase deficiency. The
corrective factor was subsequently shown to be a glyco-
protein, labile above 6OOC, whose uptake by B-gal /neur
cells was competitively inhibited by mannose-6-phosphate.
Its corrective activity appeared to continue within the
cells for at least 72 hrs after its removal from the

medium. The absence of this factor in combined deficient
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cells seemed to result in an excessively rapid degradation
of an otherwise normally synthesized B-galactosidase. A
pseudo-correction was accomplished by suppressing this
degradation using the thiol protease inhibitor leupeptin.

Immunoprecipitation studies carried out on radio-
labelled cells and media demonstrated that in normal
fibroblasts an enzymically active 85,000-dalton precursor
B-galactosidase is processed into a mature 64,000-dalton
form. In addition two other related components are present,
a non-enzymically active 32,000-dalton form and its
54,000~dalton precursor. In B-gal /neur fibroblasts
hardly any mature B-galactosidase is detectable and there
is a complete lack of the 32,000-dalton component and of
its precursor in the medium. When the mutant cells were
grown in the presence of the "corrective factor" the 8-
galactosidase and neuraminidase activities were restored
and after immunoprecipitation the mature 64,000-dalton @8-
galactosidase accumulated.

We propose that the combined deficiency is caused by
a defective 32,000-dalton glycoprotein which is normally
required to protect B-galactosidase against rapid intra-
lysosomal degradation and to allow neuraminidase its
catalytic activity.

The existence of such protective factors for various
lysosomal enzymes may well be a common feature in the

control of their half life within the lysosomes.
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SAMENVATTING

De talrijke gebeurtenissen die een lysosomaal enzym
met enige precisie moet ondergaan voordat het uiteindelijk
in het lysosoom tot volledige activiteit komt, bieden vele
mogelijkheden voor het optreden van een genetische muta-
tie, die kan uitmonden in een foutieve expressie van de
enzymatische activiteit.

Tot nu toe zijn er slechts twee erfelijke lysosomale
stapelingsziekten beschreven die als een meervoudige lyso-
somale enzymdeficiéntie gekarakteriseerd zijn, te weten:
Mucolipidosis II (I-cell disease) en de gecombineerde
neuraminidase/R-galactosidase deficiéntie. Beide aandoe-
ningen zijn het gevolg van een post-translationele
modificatiefout.

Het doel van de experimenten, beschreven in dit
proefschrift, was het verkrijgen van een breder inzicht in
de moleculaire en genetische achtergronden van deze
ziekten.

De navolgende benaderingswijzen werden toegepast:

- Somatische celhybridisatie en samenkweken dienden
ter verduidelijking of verschillende genmutaties
verantwoordelijk waren voor de deficiéntie van een
bepaald enzym in verschillende aangedane pati&nten.

- Fusies van intacte fibroblasten met ontkernde cellen
(cytoplasten) werden uitgevoerd om te bepalen of de
aanwezigheid van &&n van de kernen van de bij de
"cybridisatie" betrokken celtypen voor complementatie
noodzakelijk was, of dat alleen cytoplasmatische
factoren hiervoor al voldoende waren.

- Immuunprecipitatie van radioactief gelabelde lysoso-
male glycoproteinen, gevolgd door SDS-electroforese,
werd toegepast als methode om de mogelijke molecu-
laire en biochemische veranderingen in een deficién;

enzym te vergelijken met een normaal enzym.
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Gekweekte fibroblasten van "I-cel" patiénten worden
gekenmerkt door afwezigheid van vele lysosomale hydrolases
in de cellen en door overmatige afscheiding van deze en-
zymen aan het medium. I-cellen zijn daarom bij uitstek ge-
schikt voor complementatieonderzoek.

In de eerste reeks experimenten werden I-cellen ge-
hybridiseerd met cellen met een enkelvoudige lysosomale
enzymdeficiéntie (bijv.: ziekte van Sandhoff: hexosamini-
dase A + B; GMl—gangliosidose: B-galactosidase; mannosi-
dose: zure a-mannosidase), en met gecombineerde B-galacto-
sidase_/neuraminidase_ fibroblasten. Herstel van de intra-
cellulaire enzymactiviteit werd aangetoond in de verschil-
lende heterokaryonpopulaties en in enkele gevallen (f-
hexosaminidase, a-mannosidase) werd een normalisatie van
het enzymatische niveau in het medium van de gefuseerde
cellen vastgesteld. De resultaten duiden op het bestaan
van verschillende genmutaties en bevestigen duidelijk de
correctie van het post-translationale defect in I-cellen.

Complementatie trad ook op na fusie van I-cellen met
ontkernde fibroblasten (cytoplasten) met een enkelvoudige
hydrolase-deficiéntie, veroorzaakt door een structurele
mutatie. Daar geen toename waargenomen werd na fusie van
I-cel cytoplasten met intacte mutant-fibroblasten, was het
duidelijk dat een stabiele "factor", aanwezig in ontkernde
cellen van een ander genotype, de correcte processing van
normaal gesynthetiseerde lysosomale hydrolases in I-cellen
kon bewerkstelligen.

Het moleculaire defect dat ten grondslag ligt aan
deze aandoening, is kort geleden opgehelderd als zijnde
een deficiénte van het fosfotransferase, dat zorg draagt
voor de biosynthese van de mannose-6-fosfaat-herkennings-
marker, welke alle lysosomale enzymen bezitten. Het her-
stel van enzymactiviteit na somatische celhybridisatie kan
nu gezien worden als het resultaat van de aanwezigheid van

het fosfotransferase, dat ontbreekt in I-cellen, in de
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andere mutante fibroblasten, en als de expressie in de
laatstgencemde van het structureel gen afkomstig van I-
cellen.

Vervolgens richtte onze aandacht zich op de gecombi-
neerde B-galactosidase/neuraminidase deficiéntie.

Een enkelvoudige neuraminidase-deficiéntie staat be-
kend als mucolipidose I (sialidose) en de enkelvoudige B-
galactosidase-deficiéntie, veroorzaakt door een mutatie in
het structurele gen, is uitvoerig beschreven als de klas-—
sieke GMl—gangliosidose. In een derde aandoening worden
deficiénties van zowel neuraminidase als f-galactosidase
gecombineerd. Gezien het feit dat patiénten met deze aan-
doening een relatief hoge restactiviteit van B-galactosi-
dase bezaten, was men in eerste instantie van mening dat
neuraminidase het primaire defect bij deze ziekte was.

Nu zijn er echter sterke aanwijzingen dat een defect
in een derde genproduct waarschijnlijk de oorzaak is van
een gelijktijdig optredende deficiéntie van deze twee
enzymen. Het optreden van complementatie na fusie van B-
galactosidase /neuraminidase cellen met I-cellen en met
fibroblasten met een enkelvoudige neuraminidase-defi-
ciéntie (sialidose), wees op drie verschillende genmuta-
ties welke verantwoordelijk zijn voor deze afzonderlijke
aandoeningen.

Co-cultivatie van B-gal /neur fibroblasten met
sialidose-cellen leidde tot een gedeeltelijk herstel van
de neuraminidase-activiteit in de eerstgenoemde cellen.
Sialidose-cellen leken dus een onbekende corrigerende
factor voor de gecombineerde deficiéntie uit te scheiden.
Een verrijking van een dergelijke factor werd verkregen
na NH4Cl-stimulatie in het medium wvan verschillende typen
menselijke fibroblasten, inclusief die met een enkelvou-
dige B-galactosidase—- of neuraminidase-deficiéntie. De
corrigerende factor bleek vervolgens een hittelabiel

glycoproteine te zijn, waarvan de opname door B-gal /neur
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cellen competitief geremd werd door mannose-6-fosfaat. De
corrigerende werking binnen in de cel bleek tenminste nog
72 uur na verwijdering van de factor uit het medium, voort
te duren. De afwezigheid van deze factor in de tweevoudige
deficiénte cellen leek te leiden tot een uitermate snelle
afbraak van het overigens op normale wijze gesyntheti-
seerde B-galactosidase. Een schijnbare correctie werd ver-
kregen door deze afbraak te onderdrukken met de thiol-
protease-remmer leupeptine.

Immuunprecipitatie, uitgevoerd met radioactief ge-
labelde cellen en media, toonde aan dat in normale fibro-
blasten een enzymatisch actieve B-galactosidase-precursor
van 85.000 dalton wordt omgezet in een mature vorm van
64.000 dalton. Bovendien zijn er twee andere componenten
bij betrokken, een niet-enzymatische component van 32.000
dalton en zijn precursor van 54.000 dalton. In B-gal /
neur fibroblasten is nauwelijks enig matuur B-galactosi-
dase aantoonbaar, en-de 32.000-dalton component en zijn
precursor in het medium zijn volstrekt afwezig. Indien de
mutante cellen werden gekweekt in aanwezigheid van de
corrigerende factor, werd de activiteit van B-galactosi-
dase en neuraminidase hersteld en werd het mature B-galac-
tosidase van 64.000 dalton na immuunprecipitatie opge-
hoopt.

Wij stellen dat de gecombineerde deficiéntie verocor-
zaakt wordt door een defect glycoproteine van 32.000
dalton, dat onder normale omstandigheden noodzakelijk is
om B-galactosidase tegen snelle afbraak te beschermen en
om neuraminidase zijn katalytische werking te laten uit-
oefenen. Het bestaan van dergelijke factoren voor meer-
dere lysosomale enzymen is wellicht een algemeen ver-—
schijnsel bij de regulering van de biologische halfwaarde-

tijd van deze enzymen in de lysosomen.
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Publication 1

Correction of I-Cell Defect by Hybridization with Lysosomal
Enzyme Deficient Human Fibroblasts

A . D'Azz0,'D. J. J. HALLEY, A. HOOGEVEEN, AND H. GALIAARD

SUMMARY

I-cell fibroblasts with a multiple intracellular lysosomal enzyme deficiency
were hybridized with cells from patients with different types of single
lysosomal enzyme defects. Fusion with Gy, gangliosidosis, type 2, (Sand-
hoff disease) fibroblasts resulted in a restoration of the hexosaminidase
activity, in a normalization of the electrophoretic mobility of the isoenzymes,
and in a decreased activity in the medium. Fusion of I-cells with fibroblasts
from Gy, gangliosidosis, type 1, led to enhancement of §-galactosidase
(B-gal) activity. This complementation must be the result of the presence of
normal polypeptide chains in I-cells, whereas the other cell types provide a
factor that causes the intracellular retention of the enzymes. Restoration of
B-gal was also observed in heterokaryons after fusion of I-cells with
B-galactosidase/neuraminidase-deficient (8-gal™/neur™) variants, indicating
that the neuraminidase(s) and the posttranslational modification of 8-gal are
affected in a different way in I-cell disease and in B-gal™/neur™ variants.
Fusion of I-cells with mannosidosis fibroblasts resulted in a restoration of the
acidic form of a-mannosidase and in a decrease of the extracellular activity
of both this enzyme and the hexosaminidase enzyme, indicating that fusion
of I-cells with different types of fibroblasts with a single lysosomal enzyme
deficiency not only leads to complementation for one particular enzyme but
also to a correction of the basic defect in I-cells.

81



INTRODUCTION

I-cell disease, or mucolipidosis II, is an autosomal recessive disease characterized by
psychomotor retardation, severe growth failure, frequent upper respiratory infections,
and death, usually before age 5 [1] (see for review [2]). The pathological manifesta-
tions seem to be restricted to mesenchymal tissues where the cells show numerous
enlarged lysosomes filled with storage material, as is the case in cultured skin fibro-
blasts [3]. Biochemical assays of these cells show a marked decrease of the intra-
cellular activity of more than 10 lysosomal hydrolases, whereas the activity of these
same enzymes is increased two- to 10-fold in the culture medium above the mutant
cells [4].

The existence of a multiple-enzyme deficiency in I-cell fibroblasts has been an
intriguing and as yet unsolved problem, and the I-cell fibroblasts have been a useful
model for studies on the secretion, recognition, uptake, and packaging of lysosomal
hydrolases. Hickman and Neufeld [5] provided evidence that I-cells can take up
lysosomal enzymes normally, but that hydrolases which are secreted by I-cells are not
taken up by other fibroblasts. This led to the hypothesis that lysosomal enzymes in
I-cell disease are defective in a common component which normally is involved in their
proper intracellular compartmentalization. Subsequent studies suggest a role of
phosphorylated carbohydrate residues in the recognition and binding to the membrane
of lysosomal hydrolases [6—8]. Sly et al. [9] found that Sindbis virus obtained after
passage on I-cell fibroblasts acquired certain abnormalities of their glycoprotein
envelope. Lloyd [10] tried to combine the various experimental observations by
hypothesizing that in I-cell disease lysosomal enzymes fail to bind to the membrane
during membrane recycling, and as a result, they are being lost to the extracellular
environment. It is unclear whether the neuraminidase deficiency in I-cells [11—13] and
the hypersialylation of various lysosomal enzymes are related to their defective
intracellular retention [14—16].

This study investigates whether the unknown metabolic defect in I-cell fibroblasts
could be corrected by hybridization with fibroblasts from patients with different types
of single lysosomal enzyme deficiencies. For these complementation studies, we used
fibroblasts from patients with Gy, gangliosidosis, type 2 (Sandhoff disease), and Gu;
gangliosidosis, type 1, in which a structural mutation affects the properties of the
polypeptide chain in B8-N-acetylhexosaminidase and (-gal, respectively. In addition,
we hybridized I-cells with fibroblasts from B-gal™ variants [17, 18] in which a
neuraminidase deficiency [19, 20] is probably responsible for a defective posttransla-
tional modification of B-gal [21, 22]. Finally, we studied the results of fusion with
mannosidosis fibroblasts because the relatively high a-mannosidase activity in the
medium above these deficient cells has been explained as *‘a localized recognition
defect’” [23].

MATERIALS AND METHODS

Human skin fibroblast strains were derived from four normal adults, from patients with
mucolipidosis 11, Gy, gangliosidosis, type 2, different variants of Gy, gangliosidosis (infantile
type 1, adult-type Rotterdam, and Andria variant), and mannosidosis. The cells were grown in
Ham’s F10 culture medium supplemented with 15% fetal calf serum (FCS). Cell hybridizations
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were performed with 10° cells from each parental strain with inactivated Sendai virus 250
HAU/ml under such conditions that 60% —90% of the nuclei were present in multinuclear
heterokaryons. The fusion index was determined in each experiment by counting the number of
cells and nuclei in stained preparations. After fusion, the cells were seeded in 25 cm?® Falcon
flasks and grown overnight in Ham’s F10 medium with 15% FCS; during the following 1-3
days, cultivation was carried out in medium with 7% FCS to decrease the proliferation of
nonfused mononuclear fibroblasts. After trypsinization and rinsing in saline, the cells were
suspended in 100 u1 distilled water and disrupted by sonication (5 seconds). If electrophoretic
studies were to-be performed, the cells were suspended in 50—75 ul and homogenized by
repeated freezing and thawing, and aliquots of the supernatant after centrifugation (1,400 g
during 10 min) were applied.

In parallel experiments, 10° cells of the same pairs of cell strains were mixed and cocultivated
under the same conditions as in the cell fusions. In all enzymatic analyses, the protein content
was determined according to Lowry et al. [24].

For quantitative enzyme assays, 5 ul of cell homogenate was incubated with 10 ul of
4-methylumbelliferyl substrate during 1 hr at 37°C. Subsequently, 500 ul 0.5 M carbonate
buffer, pH 10.7, was added, and the fluorescence was read at 448 nm using a Perkin-Elmer
fluorometer. The assay conditions have been described previously for B-gal [17], B-N-
acetylhexosaminidase [25], and a-mannosidase [26].

The activity of hexosaminidase and a-mannosidase was also measured in the culture medium
above control, I-cell, mannosidosis, and Sandhoff fibroblasts after 4 days cultivation, and at 4
days after fusion of I-cells with each of the other mutant strains. For these experiments, 25 ul of
the medium was incubated with 50 ul of the appropriate substrate for enzyme assays. The
lysosomal enzyme activity in the FCS had previously been inactivated by incubating the serum at
pH 10, 37°C for 3 hrs.

Electrophoresis of 3-N-acetylhexosaminidase isoenzymes was carried out by applying 10— 50
g cellular protein to cellulose acetate gel (Cellogel from Chemetron, Milano, Italy) in 50 mM
potassium-phosphate buffer, pH 6.6, for 1 hr at 4°C, and incubation, with methylumbelliferyl
substrate according to Okada and O’Brien [27]. For electrophoresis of a-mannosidase forms,
25— 60 ug cellular protein was applied, and separation was performed for 2 hrs at 4°C in 0.05 M
disodium-B-glycerophosphate buffer, pH 6.2. The gels were incubated with 15 mM
4-methylumbelliferyl-a-b-mannopyranoside in 0.1 M citrate-phosphate buffer, pH 4.5.

RESULTS

In the first set of experiments, three different types of S-gal™ cell strains were
hybridized with I-cell fibroblasts. The results, summarized in table 1, show that the
B-gal activity in I-cell fibroblasts and in cells from a patient with the early onset,
progressive form of Gy, gangliosidosis, type 1, is less than 1% of control values.
Cocultivation of these two cell strains during 4 days yields enzyme activities which are
the mean of both parental strains. Cell hybridization, however, results in a five-to-16-
fold increase of $-gal activity. The variation among the four experiments is due to a
different proportion of heterokaryons.

The two other B-gal™ cell types are derived from an adult patient with mental
deficiency, angiokeratomata, myoclonus, and cerebellar ataxia [17] and from a
two-year-old boy with coarse facial features, hepatosplenomegaly, and skeletal
abnormalities [18, 28]. The 3-gal activity in these fibroblasts is decreased to about 10%
of control values, and the cells from these variants also have a neuraminidase
deficiency. Again, cocultivation of these B-gal™ cells with I-cell fibroblasts gives
enzyme activities which are the mean of both parental cell strains, whereas hybridiza-
tion results in a sixfold increase of B-gal activity.
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TABLE 1

B-GAL ACTIVITY IN MULTINUCLEAR HETEROKARYONS AFTER FUSION OF I-CELL FIBROBLASTS WITH
DIFFERENT TYPES OF 3-GAL-DEFICIENT FIBROBLASTS

B-GAL ACTIVITY* (X 107° MOL/MG PROTEIN/HR)

EXPERIMENT
CELL TYPE I I It v
Controls (0. = 4) ... ... e X = 630%
Tcell oo 4 7 5 2
Type 1 Gy, Gangliosidosis .. ..................... 3 6 4 3
Adult type SGal™ Rotterdam ..................... 43 25 47
BGal~ Andriavariant ............. ... ...l 35 22 38
Cocultivation:
Tcell + Type 1 ... .. 4 6 4 4
T-cell + Rotterdam ...............ooviuunn.... 30 17 19
Leell +Andna ....... ... ... ... ... 17 15 18
Cell hybridization:
Icell X Type 1 ... ... i, 52 87 27 52
I-cell X Rotterdam ........................... 162 138 83
T-cell X Andria ..., 117 97 94

* B-Gal assays were carried out with 1 mM 4-methylumbelliferyl-8-p-galactopyranoside in 0.1 M acetate buffer, pH 4.2,
containing 0.1 M NaCl. Variation of restored enzyme activity in the different experiments is mainly due to varying
percentage of multinuclear heterokaryons (60% —90%).

+ Experiment III was carried out 2 d after cell fusion, whereas other assays were performed after 4 d.

} Control value, X = 630, is the mean of assays of four control fibroblast strains.

The reduced activity of the acidic forms of 8-N-acetylhexosaminidase in Sandhoff
fibroblasts and in I-cells (table 2) is not changed by cocultivation of both cell strains.
Fusion of I-cells with Sandhoff fibroblasts results in a restoration of hexosaminidase
activity; in one of the experiments, the activity in the mixed population of multinuclear
heterokaryons and nonfused mononuclear cells increased to half the control value
(table 2).

Cellulose acetate gel electrophoresis of the various cell homogenates indicates that
the genetic complementation also results in a change of the electrophoretic pattern of

TABLE 2

ToTAL HEXOSAMINIDASE ACTIVITY IN MULTINUCLEAR HETEROKARYONS AFTER FUSION OF I-CELLS WITH
Gz GANGLIOSIDOSIS, TYPE 2, (SANDHOFF) FIBROBLASTS

HEXOSAMINIDASE ACTIVITY* (X 1079 MOL/MG

PROTEIN/HR)
CELL TYPE Experiment I Experiment 11
Control . ... ... 4204 4255
T-cell ... 489 295
Sandhoff ........ ... ... ... 199 100
I-cell + Sandhoff ......... ... ... ... ... ...... 335 365
I-cell X Sandhoff .............. ... . ... ... ..... 1285 2090

* Hexosaminidase assays were carried out with 5 mM 4-methylumbelliferyl-2-acetamido-2-deoxy-S8-D-glucopyranoside
in buffer: 20 mM phosphate, 10 mM ciwate, pH 4.5.
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the hexosaminidase isoenzymes (fig. 1). In Sandhoff fibroblasts, a strong band of
activity is present at the HEX S/C position and a faint band at the HEX B position (lane
a). I-cells have a residual activity at the HEX S/C and HEX B positions and show two
additional bands anodal and cathodal of the HEX A position (lane e). Cocultivation of
the two cell strains does not alter the electrophoretic pattern (lane b). Fusion of I-cell
fibroblasts with Sandhoff cells results in an increased activity of bands near the HEX A
and HEX B positions and a disappearance of the abnormally migrating bands anodal
and cathodal of HEX A (lane ¢). Fusion of I-cell fibroblasts with themselves, which is
a test of the hybridization process with Sendai virus, results in a slower migration of the
most cathodal band near the HEX A position (lane f). Although genetic complementa-
tion in I-cell X Sandhoff fusions results in a normalization of the hexosaminidase
isoenzyme pattern, the migration of HEX A and HEX B is somewhat slower than in
control fibroblasts (compare lanes ¢ and d).

Both in I-cell disease and in mannosidosis, we found an a-mannosidase activity of
about 10% of control values (table 3). Cocultivation of both mutant cell strains did not
alter the intracellular enzyme activity, but cell fusion resulted in a four- to sixfold
increase of the a-mannosidase activity. This experiment was also performed with
fibroblasts from another patient with I-cell disease (I-cell,), and similar results were
obtained (table 3). Cellulose acetate gel electrophoresis shows that the -mannosidase
deficiency involves the acidic form; by applying relatively much cellular protein, the
residual acidic @-mannosidase activity in I-cells could be visualized, although it was
difficult to demonstrate it photographically (fig. 2, lane f). It can also be seen that the
genetic complementation results in a restoration of the activity of acidic a-mannosidase
(fig. 2, lane d).

Both B-N-acetylhexosaminidase and a-mannosidase are relatively stable enzymes,
and we have, therefore, measured their activity in the culture medium above fibroblasts
from controls and from patients with I-cell disease, mannosidosis, and Sandhoff
disease. The mean hexosaminidase activity expressed in nmol/methylumbelliferyl
substrate hydrolyzed in 1 hr/mg of cultured cells was: 2,043 in medium above I-cells,

F16. 1. —Cellulose acetate ge: ciccwopnoresis of 3-N-acetylhexosaminidases after cell hybridization and
cocultivation of human mutant fibroblasts. lane a = Sandhoff fibroblasts (37 ug protein), lane b = I-cell +
Sandhoff (37 wg), lane ¢ = I-cell x Sandhoff (31 ug), lane d = control fibroblasts (13 pg), lane e = I-cell
fibroblasts (58 ug), and lane f = I-cell X I-cell (23 ug). Origin and normal positions of the different forms
are indicated.
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TABLE 3

a-MANNOSIDASE ACTIVITY IN MULTINUCLEAR HETEROKARYONS AFTER FUSION OF I-CELLS WITH
MANNOSIDOSIS FIBROBLASTS

a-MANNOSIDASE ACTIVITY* (X 107° MOL/MG PROTEIN/HR)

EXPERIMENT
CELL TYPE I 1T 11
Controls (MO. = 3) ..o X = 537
Tcell ... 5 6
Tcello .o oo 13
Mannosidosis. .. ... ... il i 8 7 3
I-cell + Mannosidosis .. ...................... 7 5
I-cell, + Mannosidosis ....................... 11
I-cell X Mannosidosis........................ 30 29
I-cell, X Mannosidosis ....................... 32

* a-Mannosidase assays have been carried out with 4-methylumbelliferyl-c-D-mannopyranoside, 1 mM final concentra-
tion, in 0.07 M acetate buffer, pH 4.0.
1 Control value, X = 53, is the mean of assays of three control fibroblast strains.

414 above control fibroblasts, and only 13 above Sandhoff cells. The increased ex-
tracellular hexosaminidase activity of I-cells was apparently corrected by hybridiza-
tion of I-cells X Sandhoff cells since the activity in the medium was 390 nmol/hr per
mg cellular protein at 4 days after fusion. For a-mannosidase, similar observations
were made. The mean activity in nmol/hr per mg was 63 in medium above I-cells, and
4 nmol/hr per mg at 4 days after fusion of [-cells X mannosidosis fibroblasts. Also, the
extracellular activity of hexosaminidase was decreased from 2,043 above I-cells to 875
after fusion of I-cells X mannosidosis fibroblasts.

DISCUSSION

Both in Gy, gangliosidosis, type 1, and in I-cell disease, cultured fibroblasts show a
very low (less than 1%) residual activity of 8-gal (see table 1). In Gy, gangliosidosis,
type 1, this enzyme deficiency is based on a structural mutation affecting the only
polypeptide so far shown in 8-gal [20, 29, 30]. In I-cells, the residual 8-gal activity is
lower than that of other lysosomal hydrolases [31], an observation which has also been
made in a variant of mucolipidosis III [32]. An exceptional behavior of B-gal is also
apparent from its low activity in some visceral organs in I-cell disease [31, 33]. Recent
analysis of the properties of the residual 8-gal activity in liver from a patient with I-cell
disease suggests changes in the carbohydrate composition of the enzyme [34].

The intralysosomal packaging of 8-gal may well proceed in a different way from that
of other hydrolases. In this connection, it is interesting that some clinical variants of
B-gal deficiency which were found to complement the classical types of Gy,
gangliosidosis [17, 28] are also deficient in neuraminidase activity {19, 20]. Somatic
cell hybridization studies with enucleated cells [21] and gel filtration analyses of the
restored 3-gal activity after complementation [22] indicate that the mutation in these
B-gal~/neur™ variants affects a posttranslational process resulting in abnormal aggrega-
tion of the low molecular weight form. It is unclear how the neuraminidase deficiency
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Fi1G. 2. —Cellulose acetate gel electrophoresis of a-mannosidases after cell hybridization and cocultiva-
tion of human mutant fibroblasts. lane a = I-cell X I-cell (34 ug protein), lane b = mannosidosis fibroblasts
(31 ug), lane ¢ = I-cell + mannosidosis (32 ug), lane d = I-cell X mannosidosis (24 ug), lane e = control
fibroblasts (26 pg), and lane f = I-cell fibroblasts (58 ug). Origin and normal positions of the different forms
are indicated.

is related to this process of aggregation and, may be, to the intralysosomal packaging
of B-gal as well. Both in the adult type 8-gal™/neur™ patient and in the two-year-old
patient described by Andria et al. [18], the B-gal polypeptide is normal, as seems the
case in I-cell disease.

The complementation observed after fusion of Gy gangliosidosis, type 1, cells with
I-cells (table 1) must be due to the presence of a normal 3-gal polypeptide in I-cells and
of a normal posttranslational factor in the Gy, gangliosidosis, type 1, fibroblasts. The
restoration of B-gal activity in heterokaryons after fusion of I-cells with each of the
B-gal~/neur” variants indicates that the posttranslational modification of B-gal is
affected in a different way in both types of diseases. Preliminary experiments also show
a restoration of neuraminidase activity in I-cell X B-gal™ variant heterokaryons [35],
which suggests that neuraminidase(s) are affected in a different way in I-cell disease
and B-gal™/neur” variants. The same is true for mucolipidosis I where a neuraminidase
deficiency is associated with a normal B-gal activity [36].

As far as the neuraminidase deficiency in I-cell disease is concerned [11—13], no
conclusive evidence has yet been presented that this is the primary defect. Elec-
trophoretic studies showed differences between intracellular and extracellular hy-
drolases, and in I-cell disease, excreted lysosomal enzymes have a higher electronega-
tive charge than in controls [14]. Although desialylation of excreted I-cell hexo-
saminidase by neuraminidase treatment did not alter its uptake [15], this does not
exclude a possible role of neuraminidase in the intralysosomal packaging. There are,
however, several indications that intracellular desialylation by exogenous _neura-
minidase does not correct the I-cell defect either. In our own experiments, the a2
—> 3 neuraminidase of the Sendai virus used in the cell hybridization experiments does
affect the electrophoretic mobility of the fast-migrating, A-like form of hexosaminidase
(fig. 1, lanes e and f), but it does not result in a correction of the I-cell defect. This obser-
vation is in agreement with studies done by Spritz et al. [16] which did not find any
effect of abundant intracellular o2 — 3 neuraminidase activity after infection of
I-cells by influenza virus. In our own laboratory, uptake of Clostridium perfringens
neuraminidase was not found to correct the metabolic abnormalities of I-cells.
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“Fusion of Sandhoff fibroblasts with I-cells results in a four- to sixfold increase of the
total hexosaminidase activity (table 2). Since the hexosaminidase deficiency in
Sandhoff disease is due to a structural mutation affecting the 8-chain, which is present
in both the HEX A and HEX B forms [20, 37], the complementation must be due to the
presence of normal SB-chains in I-cells, whereas the Sandhoff cells provide a factor
which causes the intracellular retention of the HEX isoenzymes. The reduced activity
of hexosaminidase and other hydrolases in the medium above the fused cell population
also indicates that the basic defect in I-cells is corrected. Comparison of lanes ¢ and d
in figure 1 shows that both HEX A and HEX B after complementation in I-cell X
Sandhoff heterokaryons have a slower electrophoretic mobility than in control
fibroblasts. This might be due to extra desialylation by Sendai virus neuraminidase, in
addition to the action of the cellular neuraminidase, in which activity is restored by
complementation.

Immunological and kinetic studies of the 10% residual acidic a-mannosidase activity
in fibroblasts from patients with mannosidosis are indicative of an altered enzyme
molecule as a result of a structural mutation [38—-41]. A remarkable feature is the
relatively high acidic a-mannosidase activity in medium above the deficient cells,
which has led to the suggestion of a ‘‘localized recognition defect’” [23]. Our finding of
restoration of acidic a-mannosidase in I-cell X mannosidosis heterokaryons (fig. 2 and
table 2) shows that the molecular defects leading to a high extracellular «-mannosidase
activity must be different in both diseases. The decreased extracellular activity of both
a-mannosidase and of hexosaminidase after fusion of I-cells X mannosidosis is most
probably due to a correction of the basic defect in the I-cells. A possible effect of
Sendai virus was excluded by the unchanged activity in the medium after parental
fusion of I-cells.

Little is known about the mechanism of genetic complementation. Studies on
interspecies hybrids [42] suggest that the I-cell defect can be corrected by the mouse
genome. The model of proliferating interspecies hybrids has, however, the disadvan-
tage that human chromosomes are lost. Recent experiments by Hasilik et al. [43]
indicate a defective phosphorylation and impairment of chain shortening of lysosomal
enzymes in I-cell disease. We are now investigating the molecular properties of
lysosomal enzymes after complementation, and by performing fusions with enucleated
mutant fibroblasts, we hope to find whether de novo synthesis is required for correction
of the I-cell defect.
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Publication 2

Fusion with enucleated fibroblasts
corrects ‘“I-cell’’ defect

A. D'AZZ0O, A. KONINGS, A. VERKERK. J. F.
JONGKIND and H. GALJAARD. Department of
Cell Biology and Genetics, Erasmus University, Rot-
terdam, The Netherlands

Summary. Fusions have been carried out between
fibroblasts from patients with “I-cell” disease and
enucleated human fibroblasts with a single lysosomal
enzyme deficiency derived from patients with Gy-
gangliosidosis, Sandhoff disease and mannosidosis.
Pure cytoplasts were obtained using cytochalasin B
treatment followed by fluorescence activated cell sort-
ing. After fusion with whole “I-cells”, the cybrid
populations showed a restoration of deficient lyso-
somal enzyme activity and also the abnormal electro-
phoretic pattern characteristic for the residual hexos-
aminidase activity in “I-cells” was found to be cor-
rected. The results described in this paper indicate
that the defective post-translational modification,
which is responsible for the multiple lysosomal en-
zyme deficiency, can be corrected by a factor that is
stable for at least three days in enucleated cells.
During this period the cytoplasmic factor can act
without the need of de novo synthesis but the ab-
sence of correction in in vitro experiments shows that
cellular integrity is required.

I-cell disease or mucolipidosis IT is an auto-
somal recessive disease characterized by
severe physical and mental handicaps and a
fatal outcome at early childhood [1]. Cul-
tured skin fibroblasts show a marked intra-
cellular deficiency of more than ten lyso-
somal hydrolases but the activity of these
same enzymes is increased in the culture
medium above the mutant cells (for review
see [2]). The responsible molecular defect
in this disease has not yet been resolved
but Neufeld's group recently provided evi-

dence that a phosphorylation step common
in the post-translational processing of sev-
eral hydrolases is defective [3].

Correction of the “I-cell” defect was
found in proliferating humanxmouse hy-
brids [4] and in heterokaryons after fusion
of “I-cells” with fibroblasts from patients
with a single lysosomal enzyme deficiency
[5]. The present communication deals with
fusions between “I-cells” and enucleated
human fibroblasts (cytoplasts) to investi-
gate whether the presence of the cell nu-
cleus is a prerequisite for complementation
to occur.

Materials and Methods

Subcultures of normal skin fibroblasts and of cells
from two patients with I-cell disease (kindly provided
by Professor A. Boué, Paris) and from patients with
Gue-gangliosidosis type 2 (Sandhoff disease), G-
gangliosidosis type 1 and mannosidosis (all provided
by Dr M. F. Niermeijer, Rotterdam) were grown in
Ham's F 10 medium supplemented with 15 % fetal calf
serum (FCS) and antibiotics. Cells to be enucleated
were labelled with green fluorescent latex spheres and
enucleation was carried out using a gradient solution
of 40 % (v/v) (density 1.058 g/cm®) Percoll (Pharmacia)
in Ham's F10 containing 5 ug/ml cytochalasin B
(Serva). After ultracentrifugation, washing and stain-
ing with Hoechst 33342 (10 uM/ml for. 30 min at
37°C) cytoplasts were isolated with a FACSII cell
sorter [6, 7]. Samples containing 10¢ of pure cyto-
plasts. collected on agar-coated Petri dishes, were
mixed with the same number of whole fibroblasts,
centrifuged (5 min, 1500 rpm, 20°C) and washed with
Hanks" solution. Fusion was carried out with inac-
tivated Sendai virus (250 HAU/ml)} and after subse-
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quent cultivation during 1-3 days the mixed cybrid
-population was harvested by trypsinization. .
The activity of B-N-acetylhexosaminidase [8], 8-
galactosidase [9] and a-mannosidase [10] was deter-
mined by incubating 5 ul samples of cell homogenate,
prepared by 2x. 5 sec sonication. with 10 wl of the
proper methylumbelliferyl substrate. The protein
content was measured according to Lowry [11]. Cel-
lulose acetate gel electrophoresis of hexosaminidase
isoenzymes was performed as reported earlier [5].

Results and Discussion

All fusion experiments were repeated 2-3
times and reproducible results were ob-
tained within the same cell strain and with
the two different strains of “I-cells”. The
enzyme analyses were performed on a
mixed cell population containing 40-60 %
of cytoplasmic hybrids (cybrids) (fig. 1).
The results in table 1 show that the fusion
process does not affect the lysosomal en-
zyme activities since parental fusions be-
tween cytoplasts and whole cells give val-
ues comparable to those in the whole cells.
Fusion of Sandhoff cytoplasts with whole
“I-cells” leads to a 4-fold increase in hexos-
aminidase activity and a similar rate of
complementation was observed for a-man-
nosidase after fusion of mannosidosis cyto-

®
!

Fig. 1. Phase contrast microscopy of (a) cytoplasts
containing green fluorescent spheres (1 day after enu-
cleation): () cybrids obtained by fusing whole fibro-
blasts and cytoplasts labeled with fluorescent spheres
(3 days after fusion). (a) x100; (6) x60.
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plasts with “I-cells™ (table I, last column).
In the latter case we also measured the
a-mannosidase activity 24 h after fusion but
no difference with the values after 3 days
was found. Fusion of Gy;-gangliosidosis
cytoplasts with “[-cells” leads to a 10-15-
fold increase in the B-galactosidase activity.
These results indicate that cytoplasts from
fibroblasts with a single lysosomal enzyme
deficiency are capable of correcting the
defect in “I-cells™.

The enzyme deficiencies in Sandhoff dis-
ease [12], Gy, -gangliosidosis [13] and in
mannosidosis [14] are all due to a mutation
in the structural gene coding for one of the
enzyme polypeptides. The multiple hy-
drolase deficiency in mucolipidosis IT fibro-
blasts is assumed to result from an altered
post-translational modification of normally
synthesized polypeptide chains [2, 3].

In our experiments we did not find com-
plementation after fusions of I-cell cyto-
plasts and whole cells with a single lyso-
somal enzyme deficiency (table 1). This im-
plies that mRNA for the lysosomal hy-
drolases tested must have a short half-life
since otherwise mRNA would be translated
and the enzyme proteins could be pro-
cessed in a normal way.

In cybrids where complementation does
occur (table 1) the presence of the I-cell
nucleus will guarantee a continuous pro-
duction of normal enzyme polypeptides,
whereas the cytoplasm of the other fusion
partner will enable their correct process-
ing and intracellular compartmentalization.
Since we observed complementation up to
3 days after fusion the post-translational
processing factor, which is defective in “I-
cells™, must be stable in the cytoplasm for
at least 3 days. Although it can act in the
cybrids without the necessity of de novo
synthesis, the modification apparently



Table 1. B-N-acerylhexosaminidase, B-galactosidase and a-mannosidase activities® after

fusions of cytoplasts with whole fibroblasts

B-Hex B-Gal a-Man
Controls (n=4) =6 000 Controls (r=4) x=630 Controls (n=3) =53
I-cells (n=2) x= 400 I-cells (n=2) i= 4.2 l-cells (n=2) = 58
Sandhoff 272 Gy-gangliosidosis type | 2.0 Mannosidosis 5.2
Sandhoff cytopl. xSandhoff 246 Gy, cytopl. X Gy, 1.7 Mann. cytopl. X Mann. 5.4
I-cells cytopl. xI-cells 257  I-cells cytopl.XI-cells 3.2 I-cells cytopl. xI-cells 6.0
Sandhoff cytopl. xI-cells 977 Gy, cytopl. xI-cells 38 Mann. cytopl. xI-cells 19
I-cells cytopl. x Sandhoff 270 I-cells cytopl. XGyy, 4.8 I-cells cytopl. XxMann. 6.9

@ Activities were measured 3 days after fusion with 4-methylumbelliferyl substrate and expressed as 107°
moles - h™' - mg proteins™'. Each value is the average of 3—-10 separate experiments: when more than one cell

strain is used this is indicated.

needs the “cellular machinery” because we
did not find any correction after mixing cell
homogenates in vitro. In heterokaryons de-
rived from whole “I-cells” and whole fi-
broblasts with a single enzyme defect [5]
the acid hydrolase activities are about twice
as high as in the cybrids mentioned in
table 1. This is probably due to a continu-
ous production of the factors involved in
the processing of the lysosomal enzymes in
the former. The time needed for the post-
translational modification is not exactly
known but is likely to vary for different
lysosomal enzymes [15]. This may explain
why the complementation observed in the
present studies and in those with whole
cells always yields higher activities for a-
mannosidase and B-hexosaminidase than
for B-galactosidase, at least as a propor-
tion of control values.

Several investigators have shown an ab-
normal electrophoretic pattern for a number
of lysosomal enzymes in I-cell fibroblasts,
which has mainly been attributed to an ab-
normal sialylation[16, 17]. To study wheth-
er this phenomenon could be corrected we
have analysed the electrophoretic pattern of
B-hexosaminidases at 3 days after fusion of
“I-cells™ with Sandhoff cytoplasts. The re-

sults illustrated in fig. 2 show that in the
cybrids there is not only a clear increase
in hexosaminidase A and B activities but
also a normalization of the abnormal mobil-
ity of hexosaminidase isoenzymes. In one
of the fusion experiments (lane 5) a nearly
normal pattern has been attained whereas
in the other fusion (lane 3) one of the bands
characteristic for “I-cells” is still visible in
addition to the normalized A-band.

These electrophoretic studies provide
additional evidence for the correction of the
basic defect in “I-cells” by fusion with
enucleated fibroblasts.

Fig. 2.

Cellulose acetate gel electrophoresis of 8-
N-acetylhexosaminidase isoenzymes after fusions of
cytoplasts with whole fibroblasts. /, Sandhoff fibro-
blasts: 2, I-cell; fibroblasts: 3, Sandhoff cytoplastsx
I-cell, fibroblasts; 4, I-cell, fibroblasts: 5, Sandhoff
cytoplasts X I-cell, fibroblasts: 6, control fibroblasts.
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Publication 3

Genetic heterogeneity in
human neuraminidase deficiency

A.T. Hoogeveen, F. W. Verheijen, A. d’Azzo &
H. Galjaard

Department of Cell Biology and Genetics, Erasmus University,
Rotterdam, The Netherlands

There is a deficiency of human «-N-acetylneuraminidase in
several inherited diseases. In patients with mucolipidosis I (refs
1,2) and in adults with a variant form without bony
abnormalities and mental retardation®*, both also classified as
sialidoses®, it is the only deficient enzyme. In mucolipidosis II
(‘I-cell’ disease) neuraminidase is omne of many deficient
lysosomal hydrolases®™ and a third manifestation combines
deficiency of neuraminidase and p-galactosidase®’. We have
investigated the genetic background of these various
neuraminidase deficiencies by somatic cell hybridization and co-
cultivation. The principal conclusions from work on mutant
fibroblasts, reported here, are that at least three gene mutations
are involved and that the combined p-galactosidase/
neuraminidase deficiency is likely to be due to defective post-
translational modification of these enzymes.
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Table 1 summarizes the neuraminic acid content and the
activities of f-galactosidase and neuraminidase in the different
mutant fibroblasts and 4 days after fusion of each cell type
with itself (parental fusion). The activity of neuraminidase was
measured with N-acetylneuraminosyl-D-lactose and with 4-
methylumbelliferyl-o-2-N-acetylneuraminic acid (provided by
Dr J. S. O’Brien), and similar results were obtained with both
substrates. Because of its simplicity and high sensitivity, we
have used principally the fluorometric assay, the results of
which are reported here. As Table 1 shows, the neuraminidase
activity in fibroblasts from a severely mentally retarded 11-yr-
old girl with the classical form of mucolipidosis I (ML 1), also
classified as sialidosis 2 (ref. 4), was 19 of control values. Cells
from a patient with a variant form described by Durand et
al?, and sometimes classified as sialidosis 1 (ref. 4), had a
residual activity of 4-59,. This higher residual activity is
probably responsible for the lower neuraminic acid content in
these fibroblasts.

Fibroblasts from a mentally retarded adult male with
myoclonus and ataxia'® and from a 2-yr-old boy with Hurler-
like features but no neurological abnormalities’! had a
profound neuraminidase deficiency in addition to a 109
residual activity of f-galactosidase (Table 1). These two
patients had previously been classified as variant forms of
Gy,-gangliosidosis'? or p-galactosidase deficiency'® on the
basis of complementation after fusion with fibroblasts from
patients with a primary defect of f-galactosidase. Fibroblasts
from both parents of the patient with infantile g-
galactosidase/neuraminidase deficiency (f-gal™ /neur™) had
normal activity of f-galactosidase but neuraminidase activity
was about half the mean control value (Table 1). This makes it
unlikely that g-galactosidase deficiency is the primary defect in
this condition. One of our patients with f-gal™ /neur” has
recently been classified as sialidosis II (ref. 4). Because the
primary defect in this condition has not yet been resolved and
the syndromes included in the category sialidosis 2 are so
different clinically, biochemically and even genetically, such
classification seems somewhat premature.
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Table 1 Activities of f-galactosidase and neuraminidase, and neuraminic acid content in mutant human fibroblasts and effect of cell fusion

Neuraminidase
Total neuraminic acid B-Galactosidase Unfused After parental
Cell type (107? mol per mg) fusion

I-Cell* 117 4 03 0.2

Classical ML T* 71 730 1.3 0.7

Variant ML I* 40 850 3.8 39

Adult f-gal™/neur™ 60 45 1.3 1.5

Infantile f-gal~/neur™ 59 48 0.6 0.7

Heterozygous mother 16 574 3 —

Heterozygous father 17 627 34 —
Control fibroblasts

Mean 22 630 82 —

Range 15-31 350-1,050 43-129 -—

(n=17) (n=36) (n=17) —

Activities are expressed as nmol per h per mg protein and the values given are the means of three to six independent experiments on each
mutant strain and on a large number of control fibroblasts. In all instances fibroblasts were cultured in Ham’s F10 medium with 109 fetal calf
serum and they were collected by trypsinization, rinsed in saline and centrifuged. Cells were disrupted by addition of bidistilled water to the pellet,
and after shaking, the homogenate was used directly for biochemical analysis. Neuraminidase activity was determined with methylumbelliferyl
substrate (provided by Drs T. Warner and J, S. O’Brien, see ref, 20 for synthesis). Cell homogenate (1 pul) was incubated with 2 ul 2mM substrate
in 0.25 M Na-acetate buffer, pH 4.3, for 1-2h at 37 °C; the fluorescence of the liberated methylumbelliferone was measured after addition of 500 pl
0.5M sodium carbonate buffer, pH 10.7, at 448 nm, The activity of f-galactosidase was also measured with methylumbelliferyl substrate as before®
Total neuraminic acid content was measured after hydrolysis of the cells for 1h at 80°C in 0.1 NH,SO, according to Warren?!,

*Cultured fibroblasts from a patient with mucolipidosis I were provided by Dr H. D. Bakker; those from a patient with a variant form (De PF
in ref. 3) by Dr P. Durand, and those from a patient with I-cell disease by Dr A. Boué.



Table 2 Cell hybridization and co-cultivation of neuraminidase-
deficient human fibroblasts

Neuraminidase activity
(x 10~ % mol per h per mg protein)

Combination of cell strains Hybridization Co-cultivation
I-cell and class. ML 1 6.2 0.5
I-celland variant ML 1 9.6 1.2
I-cell and adult $-gal™ /neur™ 3.5 0.6
I-cell and infantile

f-gal™ /neur” 5.8 0.2
Class. ML1 and variant ML1 1.6 1.2
Adult f-gal™ /neur” and

infant. f-gal™ /neur” 0.8 10
Class. ML1T and adult

B-gal™ /neur™ 94 37
Class. ML and infant.

B-gal™ /neur” 5.0 3.0
Variant MLT and adult

B-gal™ /neur” 7.0 40
Variant ML 1 and infant.

B-gal™ /neur” 6.8 49

Values are the means of three to six independent experiments.
Hybridization was carried out with polyethylene glycol as before!®
adapted for human fibroblasts in monolayer. 10¢ cells of both cell
strains were mixed 4 days before fusion and cultivated in Ham’s F10
medium with 109 fetal calf serum. The medium was changed after 3
days and 1 day later cells were rinsed twice with medium without
serum, and after removal of the medium, hybridization was carried out
as follows: 1ml of 429 polyethylene glycol (PEG) molecular weight
1,000 (Koch-Light) in Ham’s F10 with 15% DMSO was added. The
mixture was rocked for 2min, 1ml 259% PEG in Ham’s F10 was
added, the mixture was rocked again and 8 ml Ham’s F10 was added
twice. After rocking, the medium was removed, the cells rinsed with
Ham’s F10 and then Ham’s F10 with 109} fetal calf serum was added.
After 4 days of cultivation in the same medium, the heterokaryon
population was collected and analysed for neuraminidase activity
using 4-methylumbelliferyl as substrate. Microscopy of stained
preparations after cell fusion revealed that 70-909, of the cells
contained more than one nucleus, and autoradiography after
incorporation of *H-thymidine showed that nearly all multinucleate
cells were heterokaryons.



We have studied the genetic background of the various
neuraminidase deficiencies by complementation analysis after
somatic cell hybridization. The results of enzyme assays 4 days
after fusion of each cell strain with itself (parental fusion in
Table 1) indicate that the polyethylene glycol (PEG) method
of hybridization'* does not affect neuraminidase activity. The
results of fusions of different mutant cell strains are
summarized in the second column of Table 2. Compared with
parental fusions, there was 4-15 times as much neuraminidase
activity after fusion of I-cells with each of the other mutant
fibroblasts. The activities after co-cultivation (third column of
Table 2) were not higher than the average values for each pair
of parental cells. The complementation observed after fusion of
I-cells with each of the other mutant fibroblasts is most
probably due to a correction of the post-translational defect in
I-cell disease’. The rapid generation of neuraminidase activity
and of other lysosomal hydrolases after fusion of I-cells with
various other mutant fibroblasts’®> would agree with a
normalization of the processing and/or activation of preformed
glycosidases.

The fusions of classical ML 1 x variant ML1 did not result
in complementation and these conditions probably represent
different mutations within one gene. The same is true for the
adult type and infantile type of p-gal™/neur” deficiency.
Fusions of each of the MLI strains with each of the
B-gal™ /neur” deficient fibroblasts, however, resulted in a clear
increase in neuraminidase activity (3-9 times the values after
parental fusion). This indicates that two different gene
mutations are involved in the neuraminidase deficiency of
sialidosis 1 and the combined fS-gal™ /neur™. The restoration of
neuraminidase activity after fusion of MLIT cells with
B-gal ™ /neur” fibroblasts might result because one cell type,
most probably ML, is deficient in the structural part of the
enzyme and the other is defective in a modifying enzyme or a
regulatory factor. Another explanation could be that
neuraminidase is made up of different subunits which must be
normal for the expression of its activity.
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Neuraminidase activity also increased after co-cultivation of
the different types of ML cells with each of the f-gal™ /neur™
fibroblasts (compare last column Table 2 with average values
of both parental strains in Table 1). This partial restoration of
neuraminidase activity was investigated further by labelling the
mutant fibroblasts with fluorescent polystyrene beads, followed
by co-cultivation for 3 days, separation of the two cell
populations by two-colour flow sorting (FACS II) according
to Jongkind er al'® and assay of neuraminidase. Table 3
shows a marked increase in neuraminidase activity in the
combined f-gal”/neur” fibroblasts whereas the MLI cells .
remain deficient. We could find no neuraminidase activity in
the culture medium above the mutant cells and the labelling
did not affect the enzyme activity. These experiments suggest
the transfer of an unknown factor from MLI cells to
fibroblasts with a combined f-gal™ /meur” deficiency, a factor

‘which can increase the neuraminidase activity in the latter cells.
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four- to sevenfold. Normal human fibroblasts also secrete this
‘correction factor'. We found no evidence of an activator that
could act in vitro, for mixing of homogenates of the two kinds
of cells did not affect enzyme activity. The correction observed
after hybridization (Table 2) and after co-cultivation (Table 3)
may represent a normalization of the post-translational

processing of neuraminidase and f-galactosidase. It remains to
be seen how neuraminidase is related to these processes, for
neuraminidase deficiency can also occur without fS-
galactosidase deficiency. N-acetylneuraminic acid is, however,
a common component of  glycoproteins, certain
glycosaminoglycans and gangliosides’’ '8 and different
neuraminidases have a role in the degradation of these
compounds® !°. A better understanding of the nature of the
neuraminidase deficiency in the various mutant cells might
resolve the interrelationship with f-galactosidase deficiency.
Further characterization of the correction factor is in progress;
its heat lability, affinity for concanavalin A and the fact that I-
cells cannot provide it (co-cultivation studies in Table 2)
suggest that it is a glycoprotein.



Table 3 Co-cultivation of different neuraminidase-deficient celi
strains and enzyme assays after two-colour flow sorting (FACS II)

Neuraminidase activity
( x 10~ ° mol per h per mg protein)

Before After 3d
Cell type co-cultivation co-cultivation
Classical ML 1 0.7 0.7
Infantile f-gal™ /neur™ 0.8 5.3
Mixed cell population 0.7 2.9

Red polystyrene beads were added to the culture medium above
classical MLT cells, left for 2 days, and cells were collected by
trypsinization, rinsed and centrifuged (1,000r.p.m. for 5-10min). The
same was done with green beads for f-gal™ /neur” fibroblasts. About 2
x 10% cells of each labelled type were seeded and co-cultivated in
confluency for 3 days. The two labelled cell populations were then
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CORRECTION OF COMBINED B-GALACTOSIDASE/NEURAMINIDASE DEFICIENCY
IN HUMAN FIBROBLASTS
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Hans Galjaard

Dept. of Cell Biology and Genetics, Medical Faculty, Erasmus

University Rotterdam, the Netherlands

xInstitut fiir Biochemie II, Universitdt Heidelberg, W. Germany

SUMMARY

The combined deficiency of Bf-galactosidase and neuramini-
dase in human fibroblasts can be corrected to nearly normal
values. This can be accomplished by addition of concentrated
culture medium obtained after NH,Cl stimulation of different
types of human fibroblasts, including those with an isolated B-
galactosidase or neuraminidase deficiency. The correctige factor
is a macromolecular glycoprotein, which is labile at 60°C. Its
uptake by human fibroblasts is competitively inhibited by mannose-
6-phosphate and its corrective action within B-gal /neur fibro-
blasts continues during a "chase" of 72 hours.
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To stimulate the secretion of "high-uptake" forms of glyco—
proteins, fibroblasts were grown to confluency in a 200 cm
flask, whereafter the growth medium was replaced by 40 ml of
serum free medium to which NH Cl was added in a final concen-
tration of 10 mM. After 2 or § days the medium was collected,
dialyzed against Dulbecco’s phosphate buffered saline and con-
centrated on an Amicon PM 10 filter to a final volume of 1 ml
(concentrate). In case cells with normal f-galactosidase activ-
ity were used, the B~galactosidase secreted into the medium
after NH,Cl treatment was removed by affinity column chromato-
graphy using a p-aminophenylthiogalactoside-CH-sepharose affinity
matrix (10).

Correction

To study the corrective effect an aliquot of 40 pl concen-
trated medium after NH,Cl treatment was added to 1 ml of Ham's
F10 medium supplemented with fetal calf serum and left for a few
hours up to three days on different types of mutant fibroblasts.

Correction was also studied by addition of a Concanavalin A
preparations of human placenta and liver. Concanavalin A - sepha-
rose 4B (Pharmacia, Uppsala) was used according to a procedure
described earlier (11). After elution at 20°C with 0.75 M a-
methylglucoside and dialysis against 10 mM Na-phosphate buffer
pH.7 the preparation was concentrated on an Amicon PM 10 filter
till a final protein concentration of 15 mg/ml. An aliquot of
50 ul of this preparation was added to 1 ml medium.

Inhibition of B-galactosidase activity

Irreversible inhibition of B-galactosidase activity in cul-
tured human fibroblasts was performed by growing cells for
2 hours in medium containing 0.2 mM B-D-galactopyranosylmethyl-
p-nitrophenyltriazene (B-galMNT) kindly provided by Dr. M.
Sinnott (School of Chemistry, University of Bristol) according
to procedures described earlier (12, 13). After refreshing the
medium, the reappearance of B-galactosidase activity was studied
during a period of 3 days.

RESULTS

Concanavalin A - sepharose 4B (Con.A) preparations of human
placenta and human liver were added for two days to the medium
above B-gal /neur fibroblasts and to cells with an isolated
neuraminidase deficiency (neur ). The results in Table 1 show a

3 to 5 times.increase of the neuraminidase activity in B-gal /
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INTRODUCTION

Various patients with skeletal abnormalities, skin lesions,
retinal cherry-red spot, myoclonus and dementia have been found
to have a combined deficiency of B-galactosidase and neuramini-
dase (1-4). The nature of this combined lysosomal enzyme defic-
iency has not yet been resolved but complementation studies
after fusion of different types of human mutant fibroblasts
indicate that the responsible gene mutation is different from
that involved in the isolated B-galactosidase deficiency in
GMl—gangliosidosis (5, 6) and that causing isolated neuramini-
dase deficiency in mucolipidosis I (4, 7).

When fibroblasts with a combined deficiency of B-galacto-
sidase and neuraminidase (B-gal /neur ) were co-cultivated with
other human fibroblasts, including those with an isolated
neuraminidase deficiency (neur ), a slight increase of neura-
minidase activity in the B—gal_/neur- cells was observed (4).
Preliminary experiments suggested that this partial correction
was due to the uptake of a glycoprotein that is secreted by
other cells into the culture medium.

The present studies were carried out to obtain more infor-
mation about the nature of the correction of this combined

lysosomal enzyme deficiency.

MATERIALS AND METHODS

Cell cultivation and analysis

Human skin fibroblasts were cultivated in Ham's F10 medium
supplemented with 10% fetal calf serum and antibjiotics. Fibro-
blasts from patients with infantile and adult G, ,-gangliosidosis
were kindly provided by Dr. H. Goldman (Montrea%} and Dr. Y.
Suzuki (Tokyo) respectively. Cells with an isolated neuraminidase
deficiency were derived from a patient with mucolipidosis I
(Dr. Bakker, Amsterdam) and two cell strains with a combined
deficiency of B-galactosidase and neuraminidase were derived
from a 2-year-old boy described by Andria et al. (8) and from an
affected 21-week-old fetus described by Kleijer et al. (3). The
cells were free of mycoplasm as judged by the method of Chen (9).
Enzyme analyses were performed after trypsinization, rinsing in
saline, centrifugation (10 min. 100 g) and lysis in double dis-
tilled water. The activities of B-galactosidase and neuraminidase
were assayed with 4-methylumbelliferyl-B-D-galactopyranoside
(Koch-Light) and 4-methylumbelliferyl-a-D-N-acetylneuraminic acid
(prepared in Institut fiir Biochemie II (Med. Fak.), Universitadt
Heidelberg) .
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Table I

EFFECT OF CONCANAVALIN A PREPARATIONS FROM HUMAN PLACENTA AND
LIVER ON THE B-GALACTOSIDASE AND NEURAMINIDASE ACTIVITY IN
NEURAMINIDASE DEFICIENT FIBROBLASTSz

ENDOGENOUS ACTIVITY AFTER ADDITION OF

CON.A PREPARATIONS

B-gal. neur. g-gal. neur.

B-GAL /NEUR (8) 59.3 1.3 (1) ©58.7 3.6
(2) 67.7 5.9

MUCOLIPIDOSIS I 640 0.4 (2) 650 0.3

xActivities have been measured with 4-methylumbelliferyl substrate

and are expressed as 10_9.moles.mg_l.hr_1. (1) represents Con.A

preparation from human liver and (2) from placenta.

neur fibroblasts. This increase cannot be due to uptake of
neuraminidase, because the activity of neur fibroblasts did not
increase. Heat inactivation (15' at lOOOC) of the Con.A fraction
abolishes the partial restoration of the neuraminidase activity
of B-gal /neur fibroblasts. These observations suggest that the
correction factor 'is a glycoprotein.

To achieve a more efficient uptake of the correction factor
another source of glycoproteins was found in media of various
types of human fibroblasts that were treated with NH4C1 to
stimulate the secretion of precursor forms of glycoproteins (14).
The medium containing these "high-uptake" forms of glycoproteins
was then concentrated and dialyzed on an Amicon pM 10 filter,
to remove most of the molecules with a molecular weight lower
than 20 x 103. The concentrated medium obtained in this way was
added to the culture medium above various types of human mutant
fibroblasts and left for 2-3 days. Table II summarizes the effect
of concentrate on the B-galactosidase and neuraminidase activity
in the different cell types. There was no effect on fibroblasts

with an isolated B-galactosidase deficiency (B-gal—) nor on neur
cells. In two different strains of 8-gal /neur fibroblasts,

however, the activity of both f-galactosidase and neuraminidase

increases markedly and approaches low control values. In the
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Table II

EFFECT OF CONCENTRATED "CORRECTIVE FACTOR" ON THE ACTIVITIES OF
A—GALACTOSIDASE AND NEURAMINIDASE IN DIFFERENT TYPES OF HUMAN
MUTANT FIBROBLASTS®

MUTANT CELL STRAIN B-GALACTOSIDASE NEURAMINIDASE
endo- after addition endo- after
genous "corrective genous addition
factor” "corrective
factor”

8-GAL /NEUR  (8) 64 474 2.2 32
8-GAL /NEUR™ (3) 80 380 1.0 21
INFANTILE
Gy, ~GANGLIOSIDOSIS 5.5 4.5 90 82
ADULT VARIANT
Gyyy “GANGLIOSIDOSIS (15) 65 55 170 172
MUCOLIPIDOSIS I 610 540 0.5 1.0
CONTROL FIBROBLASTS 350-1050 43-172

X = 630 X = 82

=

Activities are measured with 4-methylumbelliferyl substrate and

1

are expressed as 10_9moles.mg—1.hr_ . The concentrate of

"corrective factor" in these experiments is prepared from medium

above GMl—gangliosidosis fibroblasts (infantile type) after

NH,Cl stimulation (see Materials and methods).

4

experiment illustrated in Table II concentrated medium containing

"corrective factor"

was prepared from NH4C1 stimulated medium of

GMl—gangliosidosis fibroblasts (B-gal ), but similar results were

obtained with concentrates from normal and mucolipidosis I media.

Addition of mannose-6-phosphate (1 mM) interferes with the

reappearance of B-galactosidase and neuraminidase activities in

g~gal /neur cells
treatment (15 min.
a complete loss of
retained (data not

after addition of "corrective factor". Heat
at GOOC) of the corrective factor results in
its effect, but at 50°C correction is still
shown) .

The reappearance of newly synthesized B-galactosidase mole-—

cules after correction of B-gal /neur cells could be studied

with the use of an irreversible inhibitor of B-galactosidase (10,
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12, 13). Addition of this inhibitor to the medium above B-gal /
neur fibroblasts results in a 94% inhibition of the residual
B-galactosidase activity. Fig. 1 shows the reappearance of B-

galactosidase activity during 65 hours after removal of the
inhibitor. In B-gal /neur cells the B-galactosidase activity

reaches its original value within 24 hours and subsequently

levels off. When a concentrate of “corrective factor® was added,
however, the activity of B-galactosidase continues to progress as
in contrcl fibroblasts. The reappearance of B-galactosidase activ-
ity in control fibroblasts is not affected by addition of "cor-

rective factor".

- GALACTOSIDASE
ACTIVITY
(10~9 motes. mg~! . heh)

; A-GAL™ /NEUR™ (+)
CONTROL
200 4 M
///
/) CONTROL (-)
/
/s
150 4 4 & [B-GAL™ /NEUR™ (+)
4 S
e
A
7]
100 ///
’
, /
E /
r_2 - GAL™/NEUR™ (=)
so4 0
147 - GAL” /NEUR™ (-)
4
0 T T T T
0 20 40 60 80
HOURS AFTER f3-GAL INHIBITION
Fig. 1 CORRECTION FOR B-GALACTOSIDASE ACTIVITY IN B—GAL—/NEUR-
FIBROBLASTS. )

After irreversible inhibition of B-galactosidase with
a triazene analogue the reappearance of_f-galactosi-
dase was studied in two different f-gal /neur cell
strains with and without addition of "corrective
factor" prepared from medium above G, -gangliosidosis
fibroblasts after NH4C1 stimulation.

O = 8-gal /neur fibroblasts (8)
(o]

A = normal fibroblasts.

B—gal_/neur_ fibroblasts (3)

Closed symbols represent the activity of B-galactosi-
dase in the same cell strains but after addition of
"corrective factor".
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In subsequent experiments "corrective factor™ was added to
the medium above B-gal /neur cells during 16 hours followed by
a chase of 72 hours (Fig. 2). The intracellular increase of both

neuraminidase and B-galactosidase activity was found to continue

during 3 days after removal of the "corrective factor” from the-
medium. In contrast, medium from B-gal /neur fibroblasts, pre-

pared in the same way, had no effect on the intracellular activ-

ities of B-galactosidase or neuraminidase in the mutant cells.

Fig.

2

ENZYME ACTIVITIES
(x10-9moles. mg=1.hr )

N- GALACTOSIDASE | NEURAMINIDASE

400 - 40
300 + 30

200 J— 20

100 -

0 4= R

T
chaseyq 40 60 80
HOURS AFTER REMOVAL OF CORRECTIVE
FACTOR FROM THE MEDIUM

ACTIVITIES QF B-GALACTOSIDASE AND NEURAMINIDASE IN
B-GAL /NEUR FIBROBLASTS AFTER ADDITION AND "CHASE" OF
CORRECTIVE FACTOR.

During a period of 16 hours corrective factor was
added to the medium above B-gal /neur fibroblasts.
Subsequently a "chase" was carried out during 72 hours
and the intracellular activities of B-galactosidase

(full line) and neuraminidase (dotted line) were
measured.

O anda A represent activities after addition of
corrective factor prepared from medium
above G l—gangliosidosis cells after NH4C1
stimula%lon.

@ and A represent activities after addition of

medium above B-gal /neur cells, treated
in the same way.
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DISCUSSION

The complementation for B-galactosidase after fusion of
different types of human. B-galactosidase deficient cell strains
(5) was surprising in view of the fact that normal human B-galac-
tosidase consists of one polypeptide of about 70,000 m.w. which
also occurs in an aggregate of molecular weight 700,000 (16).
Later, Wenger et al. (1) found a coexistent deficiency of neura-
minidase in one of their atypical patients with B-galactosidase
deficiency. Fibroblasts from several other patients were sub-
sequently found to have this combined B-galactosidase/neuramini-
dase deficiency (2, 4). Analysis of interspecies and intraspecies
hybrids, Hoeksema et al. (17, 18) showed that the isolated B-
galactosidase deficiency in classical forms of GMl—gangliosidosis
is due to a structural mutation in the gene on chromosome 3
coding for the B-galactosidase polypeptide chain. In variants,
later identified as B-gal /neur , the residual B-galactosidase
activity consists of the monomeric form of B-galactosidase and
aggregation to higher molecular weight forms seems to be impaired.

Using an irreversible inhibitor of B—galactoéidase, van
Diggelen et al. (10) observed that the turnover time of B-galac-
tosidase in normal human fibroblasts and in GMl—gangliosidosis
cells is about 10 days whereas that in B-gal /neur fibroblasts
is reduced to less than 1 day. This was found to be due to
enhanced degradation of B-galactosidase in these mutant cells
(10) .

In co-cultivation studies the neuraminidase activity of
B-gal /neur cells increased 5-7 fold as a result of transfer of
a "corrective factor" secreted by other fibroblasts including
those with an isolated neuraminidase deficiency (4). In the
present study a similar effect was found after addition of a
Con.A preparation of human liver or human placenta to medium above
B-gal /neur cells. In both instances only a partial restoration
of neuraminidase activity (up to 10-15% of control values) and
none of B-galactosidase occurs. When concentrates of culture media
from NH4C1 stimulated fibroblasts are used, however, a complete
restoration of the activity of both neuraminidase and B-galacto-
sidase in B-gal /neur cells is achieved. The rate of reappearance

of B-galactosidase in B-gal /neur fibroblasts in the presence of
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corrective factor (Fig. 1) is similar to that in control fibro-
blasts.

The corrective factor or its precursor form is secreted by
various types of human fibroblasts including those from GMl—
gangliosidosis (f-gal ) and mucolipidosis I (neur ). NoO correc-
tion is obtained with concentrate prepared from medium after
NH4C1 stimulation of B-gal /neur fibroblasts. This points to the
specific nature of the corrective factor. The experimental
results presented indicate that the corrective factor is a macro-
molecular glycoprotein, excluded by an Amicon PM 10 filter, which
is stable at 50°C but loses its activity at 60°C. I-cell secreted
glycoproteins which are not phosphorylated, are not taken up by
other fibroblasts (19). Our observation that I-cell medium cannot
correct B-gal /neur fibroblasts (4) is in agreement with the
phosphoglycoprotein nature of the "corrective factor" described
in the present paper. This is also supported by the fact that
mannose-6-phosphate inhibits the uptake of the "corrective factor”
(14, 20, 21, 22).

The finding that the B-galactosidase and neuraminidase
activities in B—gal—/neur— cells continue to0 increase after
removal of the corrective factor from the medium (Fig. 2) might

point to a (lysosomal) enzymic nature of the corrective factor.
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Publication 5

MOLECULAR DEFECT IN COMBINED B~-GALACTOSIDASE AND
NEURAMINIDASE DEFICIENCY IN MAN

(precursor B-galactosidase/leupeptin/corrective factor)
D'Azzo, A., Hoogeveen, A., Robinson, D. & Galjaard, H.

SUMMARY

The nature of the combined neuraminidase/f-galactosi-
dase deficiency in human fibroblasts was investigated.
Addition of the thiol protease inhibitor leupeptin re-
sulted in a restoration of B-galactosidase activity in the
4C1 to B-gal” /neur

fibroblasts showed similar amounts of precursor B-galacto-

mutant cells. Administration of NH
sidase in the medium as in control cells. The kinetic

properties of the precursor and its uptake and retention

by GMl—gangliosidosis fibroblasts were identical in
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mutant and control cells. The excessive degradation of B-
galactosidase in B-gal /neur cells is therefore not due
to abnormal properties of the precursor. Immunoprecipita-
tion studies using antiserum raised against purified
placental B-galactosidase on 3H—leucine labelled cells
showed that in normal fibroblasts an enzymically active
85,000-dalton precursor form is processed via a number of
intermediates into mature 64,000-dalton B-galactosidase.
In addition there is a non-enzymically active 32,000~
dalton component and its 54,000-dalton precursor. In B-
gal” /neur fibroblasts hardly any mature B-galactosidase
was present and there was a complete lack of the 32,000-
dalton component and of its precursor in the medium.
Leupeptin caused accumulation of 85,000 precursor and of
a partially processed 66,000-dalton form. When mutant
cells were grown in the presence of a "corrective factor"
purified from NH4C1 stimulated cultures B-galactosidase
and neuraminidase activities were restored to low control
levels and after immunoprecipitation mature 64,000-dalton
B-galactosidase accumulated. We propose that the combined
B-galactosidase/neuraminidase deficiency is caused by a
defective 32,000-dalton glycoprotein which is normally
required to protect B—galactoéidase and neuraminidase
against excessive intralysosomal degradation and to give

these enzymes their full hydrolytic activity.

INTRODUCTION

Studies on acid B-galactosidase in human liver (1)
and cultured fibroblasts (2) showed it to consist of a
70,000-dalton monomeric form and a high molecular weight
aggregate of the same polypeptide (600,000 to 800,000
dalton). Since the observation by Okada and O'Brien (3)
that the autosomal recessive disease GMl—gangliosidosis

is due to a B-galactosidase deficiency, a variety of
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patients with infantile, juvenile and adult forms of this
disease have been reported (4-7). Analyses of interspecies
hybrids indicated that the B-galactosidase deficiency in
the various forms of GMl—gangliosidosis is based on a
mutation of a structural gene on chromosome 3 coding for
the enzyme polypeptide (8).

A number of patients have been described with a co-
existent deficiency of B-galactosidase and neuraminidase
(6, 7, 9, 10). Previous studies on these types of human
fibroblasts had shown that the 10-15% residual B-galacto-
sidase had normal kinetic properties (11) and that the
aggregation of monomeric B-galactosidase was impaired (2).
No evidence for a mutation of the structural locus coding
for B-galactosidase was found (8).

A lack of neuraminidase activity can, however, also
occur without any abnormality of B-galactosidase as in
various types of patients with Sialidosis (formerly
classified as Mucolipidosis I) (12-15). Complementation
studies after somatic cell hybridization (10) indicated
that three different gene mutations are responsible for
the enzyme deficiencies in GMl—gangliosidosis (B-gal),
Sialidosis (neur ) and combined B-galactosidase and
neuraminidase deficiency (8-gal /neur ).

The turnover time of B-galactosidase has been
measured in different cell strains (16, 17). In normal
fibroblasts and in GMl—gangliosidosis cells the enzyme
has a half-life of approximately 10 days, whereas in 8-
gal / neur fibroblasts it is less than 24 hours. Sub-
sequent studies revealed that this reduction is due to
enhanced degradation of B-galactosidase that is syn-
thesised at a normal rate (18). It was also shown that
both the B-galactosidase and neuraminidase activities in
B—gal—/neur_ fibroblasts could be restored by a "correct-
jve factor" of a glycoprotein nature that is produced by
normal fibroblasts and other mutant cells, including
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GMl—gangliosidosis fibroblasts (19). Since the latter do
not contain any measurable amount of B-galactosidase, a
convenient source of this "factor"” is the medium obtained
when these mutant cells are cultured in the presence of
ammonium chloride. It is well documented (20-22) that
NH4C1 diverts newly synthesized precursor forms of glyco
proteins into the medium thus enhancing their secretion.
In this paper we examine the molecular nature of the
genetic defect responsible for the combined B-galactosi-
dase and neuraminidase deficiency. Using immunoprecipita-
tion studies on radiolabelled B-galactosidase and related
components we demonstrate the sequence of events involved
in the processing of mature B-galactosidase frdm its
precursor forms in control and mutant fibroblasts. We
also show the molecular background of leupeptin inhibition
of the excessive degradation of B-galactosidase in B-
gal_/neur— cells and that of full correction by addition

of the putative "factor".

MATERIALS AND METHODS

Cell culture

Human skin fibroblasts were maintained in Ham's F10
medium (Flow Laboratories), supplemented with 10% fetal
calf serum and antibiotics. Fibroblasts from patients
with the infantile and adult form of GMl—gangliosidosis
were kindly provided by Dr. H. Goldman (Montreal) and Dr.
Y. Suzuki (Tokyo) respectively. Cells with an isolated
neuraminidase deficiency were derived from a patient with
classical mucolipidosis I (sialidosis) (Dr. H.D. Bakker,
Amsterdam) . Two cell strains with a combined deficiency
of g-galactosidase and neuraminidase were obtained from

patients described earlier (23, 24).
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Preparation and assay of NH Cl-induced secretions

4
Normal culture medium above confluent cultures was re-—

placed by serum-free medium supplemented with NH4C1 at a
final concentration of 10 mM. Two days later the medium
was collected, centrifuged (90 g, 5 min) and enzymic
activities measured in aliquots of 20 ul. The cells were
harvested by trypsinization, rinsed in saline and dis-
rupted in distilled water. Enzymic analyses were carried
out using the appropriate 4-methylumbelliferyl substrates
(Koch~Light) as described by Galjaard (25).

Enzyme purification

Fibroblasts were grown to confluency in 200 cm2 flasks
and subcultured for two days in 40 ml serum-free medium
containing 10 mM NH4C1. The medium was collected, ultra-
filtered to approximately 5 ml on an Amicon PM10 filter
and its pH was adjusted to 5.2 with 20 mM sodium acetate
buffer 0.1 M NaCl. The concentrate was applied on a
2.5 ml p-aminophenylthiogalactoside-CH-sepharose affinity
matrix (17). The column was washed with 20 mM sodium
acetate pH 5.2/1 M NaCl and eluted with 20 mM sodium
acetate pH 5.2/0.5 M NaCl and 0.1 M j-galactonolactone.
The eluate was dialysed against Dulbecco's phosphate
buffered saline and concentrated on an Amicon PM10 filter
to a final volume of about 1 ml. The whole procedure was
performed at 4%c.

Gel filtration studies of B-galactosidase were
carried out on sephracryl S 200 as described by Hoeksema
et al. (2).

Uptake studies

Cells were seeded at near confluency in 24 well plates
(Costar) and cultured for 3-4 days. The above purified B-
galactosidase (2.5 x 10_5 units) was added to the medium

(one unit hydrolyzes 1 umol of 4-methylumbelliferyl-g-D-



galactopyranoside per min). After 16 hours incubation in
the presence of exogenous enzyme, the cells were cultured
in fresh medium for two days prior to analysis. Where
appropriate mannose-6-phosphate was used at a final con-

centration of 1 mM.

Immunoprecipitation of labelled B-galactosidase

Immunoprecipitation of labelled R~galactosidase from
normal and mutant fibroblasts was carried out using pu-
rified specific immunoglobulins immobilized to sepharose-
4B beads. The rabbit antiserum used for their production
was raised against a highly purified human placental -
galactosidase prepared by affinity chromatography. It was
virtually homogenous and showed one band of 64,000 dalton
on polyacrylamide gel electrophoresis corresponding to

the known size of mature human B-galactosidase with traces
of a smaller molecular weight band of 30,000 dalton. The
amount of coupled IgG that precipitated 95% of the B-
galactosidase in the cells was judged from a previously
determined enzyme activity/IgG ratio.

Normal and mutant fibroblasts were grown in 75 cm2
flasks for two weeks, to a cell density equivalent to
1.5 mg protein/flask. Ham's F10 medium was replaced 3-4
days before labelling by Dulbecco's modification of
Eagle's medium (DMEM, Flow Laboratories), supplemented
with 10% fetal calf serum and antibiotics. Prior to
labelling the cultures were rinsed and incubated for

1 hour with 6 ml of DMEM free of leucine to induce the
depletion of the intracellular leucine pool. The labelling
medium (6 ml) was this same medium supplemented with

0.2 ml of dialyzed fetal calf serum and 0.2 ml (0.2 mCi)
of L(4,5—3H) leucine, 135 Ci/mmol (Amersham Radiochemical
Center). After incubating in the presence of the label,
the cells were harvested and processed according to the
method of Hasilik and Neufeld (20).
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Polyacrylamide gel electrophoresis - Fluorography

Electrophoresis in the presence of sodium dodecyl sulfate
(SDS) was performed on 12% slab gels according to Laemmli
(26), except that the ratio of acrylamide to methylene-
bisacrylamide was changed to 30: 0.312. The gels were
prepared for fluorography as previously described (27).
(14C)Methylated protein molecular weight standards were:
phosphorylase B, 92,000 dalton; bovine serum albumin,
69,000 dalton; ovalbumin, 46,000 dalton; carbonic an-

hydrase, 30,000 dalton (Amersham Radiochemical Center).

Protease inhibition

In these experiments leupeptin (Sigma) was included in the
medium above normal and mutant fibroblasts at a final con-
centration of 0.02 mM. The incubation period varied

between 2 and 5 days.

Correction studies

The "corrective factor" from GMl—gangliosidosis fibro-
blasts was prepared as previously described (19). B-Gal /
neur fibroblasts were incubated with concentrated "cor-
rective factor" for two days in the presence of 3H—leucine
and the radiolabelled products were then examined by SDS

electrophoresis.
RESULTS

Since the B-galactosidase deficiency in B-gal /neur
cells is known to be due to enhanced degradation the
effect of leupeptin, a thiol protease inhibitor, was
studied. Table 1 shows that it is able to prevent an
otherwise excessive rate of decomposition of B-galactosi-
dase in cells of the B-gal /neur strains. When these were
grown for 5 days in the presence of leupeptin the intra-

cellular B-galactosidase activity rose to low control
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Table 1. EFFECT OF LEUPEPTIN ON THE ACTIVITY OF B-GALACTOSIDASE

AND NEURAMINIDASE IN HUMAN MUTANT FIBROBLASTS

Type of

cell strain

CONTROL

COMBINED

g8-gal /neur (1)

COMBINED

B-gal” /neur (2)

ADULT

GM1~GANGLIOSIDOSIS

SIALIDOSIS

Enzyme activityx (nmoles/hr/mg protein)

8~GALACTOSIDASE

endogenous

565

(530-600)

40

(25-54)

47

(26-68)

49

(45-53)

1037

(854-1340)

+leupeptin

595

(550-640)

305

(210-400)

315

(260-370)

53

(50-57)

1234

(998-1470)

NEURAMINIDASE
endogenous +leupeptin
90 110
(80-100) (90-130)

1.7 8.4
(0.4-3) (4.8-12)
0.9 1.2
(0.4-1.5) (0.8-1.7)
118 142
(100~137) (120-165)
0.9 1.3
(0.6-1.2) (0.6-2.0)

x
= Activity expressed as the mean of 5 separate experiments, range in

parentheses.

The effect of leupeptin (0,02 mM) for 5 days on control fibroblasts

was measured by comparisons in the same cell strain.

(1) and (2) refer to two different cell strains
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values. No such effect could be demonstrated with GMl_
gangliosidosis fibroblasts. The neuraminidase activity was
only slightly increased in one of the B—gal_/neur_ strains
tested.

Addition of NH,Cl to the medium above normal fibro-
blasts and B-gal /neur cells resulted in a significant
increase in the extracellular B-~galactosidase which was
otherwise barely measurable (Table 2). Neuraminidase
activity could not be detected in medium above any of the
cells tested. The amount of B-galactosidase activity
produced was similar to that found in the corresponding
secretions from control cells, or sialidosis fibroblasts.
The ability of B-gal /neur cells to synthesise f-galacto-
sidase precursor is therefore not impaired.

This extracellular B-galactosidase was purified from
both normal and B-gal /neur culture medium by affinity
chromatography. A comparison of the two preparations
showed them to be identical with regard to a number of
criteria.

Gel filtration studies indicated an apparent molecu-
lar weight of 80-90,000 , consistent with this being the
precursor form of the enzyme. Both samples had a pH opti-
mum of 3.9 , and a Km of 1.4 mM as compared to values of
4.3 and 0.25 mM for the mature intracellular enzyme.

Both preparations were taken up when administered to
medium above GMl—gangliosidosis fibroblasts, and this
uptake could be strongly inhibited by the presence of 1 mM
mannose-6-phosphate in the medium (Table 3). A similar
amount of B-galactosidase was ingested after a 16 hr
incubation period when either preparation was used, and
the levels in the recipient cells remained unchanged when
cultured for a further 48 hours in fresh medium. When,
however, purified B-galactosidase precursor from control
fibroblasts was administered to B-gal /neur fibroblasts

no increase in enzyme activity could be detected after a
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Table 2. INTRACELLULAR AND EXTRACELLULAR ACTIVITIES OF B~GALACTOSIDASE MEASURED BEFORE AND

AFTER NH4Cl TREATMENT

Type of Extracellular activityx Intracellular activity
cell strain (nmoles/hr/ml medium) (nmoles/hr/mg protein)
no addition + NH4C1 no addition + NH4C1
CONTROL 0.4 11.6 762 639
COMBINED B-gal /neur (1) 0.3 10.0 50 53
COMBINED f-gal /neur (2) 0.3 14,7 46 62
INFANTILE GMl—GANGLIOSIDOSIS N.D. 0.2 2 1
ADULT GMl—GANGLIOSIDOSIS N.D. 1.1 36 20
SIALIDOSIS 0.4 11.9 706 520
*

The values are the average of 5 separate experiments. The activity measured in 1 ml medium is

derived from approximately lO6 fibroblasts corresponding to about 0.3 mg of cellular protein.

N.D. = not detectable.



Table 3. UPTAKE OF B-GALACTOSIDASE PRECURSOR PURIFIEDX FROM CONTROL MEDIUM AND B—GAL—/NEUR_

Type of

cell strain

GMl-GANGLIOSIDOSIS

(B-gal’)

COMBINED B-gal /neur

x

NH4

831

MEDIUM BY HUMAN MUTANT FIBROBLASTS

Incubation period B-galactosidase activity (mnmoles/hr/mg protein)
no addition addition of addition of
B-gal. from B-gal. from

control medium g~gal” /neur medium

16 hrs 3.7 13.0 15.1

16 hrs followed by

48 hrs "chase" 3.3 12.6 14.5

16 hrs in the presence

of 1 mM M-6-P 3.0 3.9 3.8

16 hrs 40.5 42,0 39.5

The purification of B-galactosidase secreted by control fibroblasts and B-gal /neur cells after

Cl treatment is described under "Materials and Methods”.

Each value is the average of 2-3 separate experiments.



16-hour incubation period (Table 3). The excessive degra-
dation of B-galactosidase in B—gal—/neur_ cells can there-
fore not be due to obvious mutant properties of the B-
galactosidase precursor.

In order to study possible molecular differences in
the enzyme components, immunoprecipitation was carried out
on radiolabelled normal and mutant cells and of media
collected from the different cultures after NH4Cl treat-
ment. The constituent polypeptides were then examined by
gel electrophoresis under reducing and denaturing condi-

tions.

Control fibroblasts

After incubation for 24 hours in the presence of 3H—
leucine, control fibroblasts showed four radiolabelled
immunoprecipitable components (Fig. 1, lane C). Two of
these corresponded to the components of the placental
preparations that showed a prominent 64,000-dalton form
and traces of a 32,000-dalton form in Coomassie blue
stained gels (Fig. 1, lane A). The 85,000-dalton precursor
form that was also seen and the 64,000-dalton mature B-
galactosidase are enzymically active. The 51,000 and
32,000 dalton components are inactive, as can also be
deduced from their presence in GMl—gangliosidosis fibro-
blasts which have less than 1% enzyme activity (to be
published elsewhere). After NH4C1 stimulation the immuno-
precipitable forms in the medium had apparent molecular
weights of 88,000 and 54,000 (Fig. 1, lanes D and E),
while the cells under this treatment lacked the 64,000 and
32,000~-dalton components. This suggests that the medium
forms represent precursors of the mature 64,000 dalton B-
galactosidase and of the non enzymically active 32,000-
dalton component.

The sequence of events and relationship between these

different constituents was clarified in pulse-chase
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Fig. 1. Polyacrylamide gel electrophoresis in SDS of B-
galactosidase from normal fibroblasts and culture medium
immunoprecipitated with antiserum after 3H leucine
labelling.

Lane A, placental B-galactosidase (40 ug) stained with
Coomassie blue; lane B, radiolabelled marker proteins;
lane C, control fibroblasts labelled for 24 hrs; lane D,
control fibroblasts labelled for 24 hrs in the presence of
NH4C1; lane E, medium from control cells labelled for

24 hrs in the presence of NH4Cl.

Lane F - lane I, pulse-labelling of B-galactosidase from
control fibroblasts: lane F, 3 hrs labelling; lane G,

3 hrs labelling followed by 5 hrs chase in the presence of
cold leucine; lane H, 3 hrs labelling and 20 hrs chase;
lane I, 3 hrs labelling and 70 hrs chase. The experimental

conditions are described under "Materials and Methods".
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experiments. After a 3-hour pulse almost all immunopreci-
pitable radicactivity was present in the 85,000-dalton
form of B-galactosidase; in addition a series of bands
down to 50,000 daltons were visible (Fig. 1, lane F).
After a 5-hour chase the 85,000-dalton band disappeared
and transient lower molecular weight intermediates gave
rise to the 64,000-dalton mature form that was fully
established over a period of 3 days (Fig. 1, lanes G-I).
The 32,000~-dalton component which was not seen after the
3-hour pulse became evident after the shortest period of
chase with a concomitant disappearance of a 54,000-dalton
component. A 51,000-dalton component was visible during
the whole period of the pulse-chase experiment (Fig. 1,
lanes F-I).

p-Gal /neur fibroblasts

Corresponding immunoprecipitation experiments with
radiolabelled B-gal /neur fibroblasts showed clear
differences from control cells. Intracellularly the mature
64,000-dalton B-galactosidase was barely visible and the
32,000-dalton component was absent (Fig. 2, lane B). Like
the controls 85,000 and 51,000~dalton bands were visible.
After NH4C1 stimulation the intracellular pattern remained
unchanged. Extracellularly, unlike the control, the
54,000~-dalton band was absent and the only detectable
constituent had a Mr of 88,000 (Fig. 2, lanes C and D).

In pulse-chase experiments on f-gal /neur cells the
labelling pattern after a short pulse of 3 hours was
similar to that in control cells. After a 5-hour chase,
when 85,000~-dalton precursor B-galactosidase was still
present, a 66,000-dalton form appeared (Fig. 2, lanes E
and F). During the subsequent period of chase both these
bands disappeared but, unlike the controls, mature 64,000~
dalton B-galactosidase did not accumulate in significant

quantity (Fig. 2, lanes F-H). Another feature was the
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Fig. 2. Polyacrylamide gel electrophoresis in SDS of g-
galactosidase from B-gal /neur fibroblasts and culture
medium immunoprecipitated with antiserum after 3H leucine
labelling.

Lane A, radiolabelled marker proteins; lane B, B-gal /
neur «cells labelled for 24 hrs; lane C, B-gal /neur
cells labelled for 24 hrs in the presence of NH4C1;

lane D, medium from B-gal /neur cells labelled for 24 hrs
in the presence of NH4C1.

Lane E - lane H, pulse-labelling of B-galactosidase from
B~gal—/neur— fibroblasts: lIane E, 3 hrs labelling; lane F, -
3 hrs labelling followed by 5 hrs chase; lane G, 3 hrs

labelling and 20 hrs chase; lane H, 3 hrs labelling and
70 hrs chase.
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absence of the 32,000-dalton component in B-gal /neur
cells during the whole period of chase, whereas the

51, 000~dalton band was visible, as in controls (Fig. 2,
lanes E-H).

Treatment with leupeptin led to an accumulation of
both 85,000-dalton precursor B-galactosidase and of a
partially processed 66,000-dalton form in both B-gal /
neur cells (Fig. 3 lanes D and E) and in control fibro-
blasts (Fig. 3 lanes B and C).

Addition of the "corrective factor" (19) (see also
Materials and Methods) had an effect quite different from
that of leupeptin. As is shown in Fig. 3 (lane F), a
complete normalization of the B-galactosidase labelling
pattern occurred. There was no accumulation of precursor
form but instead, like in control cells, this was rapidly
converted to the mature 64,000-dalton B-galactosidase
which seemed to be resistent to excessive intralysosomal

degradation.
DISCUSSION

Previous studies (2, 7, 17) indicate that the 10~15%
residual B-galactosidase activity in B-gal  /neur fibro-
blasts has the normal properties of mature 64,000-dalton
B-galactosidase but that there is an excessive intralyso-
somal degradation of B-galactosidase shortening its half-
life about tenfold (17, 18). The experiments described in
the present paper show that in normal human fibroblasts
mature 64,000-dalton B~galactosidase is produced via an
85,000~dalton precursor form. Similar observations have
been made for B-galactosidase in mouse macrophages (28).
We have shown that in g-gal /neur fibroblasts the 85,000-
dalton form is synthesized normally and that all prop-
erties tested are similar to those of precursor f-galacto-

sidase in control cells. The excessive degradation of B-
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A B C€C D E F

Fig. 3. Effect of leupeptin and of "corrective. factor"” on
the SDS polyacrylamide pattern of immunoprecipitated
radiolabelled B-galactosidase from control fibroblasts and
B—gal_/neur_ cells.

Lane A, radiolabelled marker proteins; lane B, control
fibroblasts; lane C, control fibroblasts plus leupeptin;
lane D, B-gal /neur cells; lane E, B-gal /neur cells
plus leupeptin; lane F, B-gal /neur fibroblasts plus
"corrective factor". The cells were grown in the presence

of leupeptin or "factor" for two days.

129



galactosidase in B—gal_/neur_ fibroblasts can therefore
not be due to an abnormality of the precursor form.

In immunoprecipitation studies the main mutant char-
acteristics of B—gal—/neur— cells are a decreased amount
of mature f-galactosidase and the absence of a non enzymic
component of 32,000 dalton. Pulse-chase experiments demon-
strated that in the mutant cells there is conversion of
the 85,000-dalton precursor to a 66,000-dalton form. Both
these forms disappear within 20 hours without the appear-
ance of the mature 64,000-dalton B-galactosidase, which
became apparent in control cells.

Addition of leupeptin to both normal and B-gal /neur
fibroblasts results in an increase of the 85,000-dalton
precursor and of the 66,000-dalton form. The same is true
for control cells. This suggests that during the normal
processing of B-galactosidase the 85,000~dalton precursor
may be to some extent degraded by intralysosomal pro-
teases. The accumulation of the 66,000-dalton form is
possibly due to leupeptin inhibition of the last matura-
tion step to the 64,000-dalton form (c.f. B-hexosaminidase
(29)) . In experiments not reported in this paper it was
found that the effect of the "corrective factor" is not
inhibited by leupeptin. It is therefore unlikely that this
factor is involved in the final maturation step from
66,000 to 64,000~dalton f~galactosidase. Instead the
"corrective factor" seems to protect B-galactosidase
monomer against excessive degradation and at the same time
enables its aggregation into the high molecular weight
forms that were found to be absent in B-gal /neur fibro-
blasts (2).

Our immunoprecipitation studies demonstrate a com-
plete lack of a component with a molecular weight of
32,000 which is present in control cells (Figs. 1 and 2)
and in other mutant cells (to be published). Similarly in

the culture medium above B—gal_/neur_ cells there is an
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absence of a 54,000-dalton component. Together with the
results of pulse-chase experiments, this indicates that
the latter larger molecular weight form is a precursor of
the 32,000-dalton component. The exact relationship
between intracellular 51,000 and 54,000-dalton forms is
not yet understood. Neither of the components mentioned
above have B-galactosidase activity but apparently they
are co-purified with the precursor and mature forms of B-
galactosidase.

We propose that the 32,000-dalton component is the
genetically defective factor causing the combined g-galac-
tosidase/neuraminidase deficiency and is identical to the
"corrective factor" described by Hoogeveen et al. (19).
This "corrective factor" could be precipitated with high
concentration of the antiserum used in the present immuno-
precipitation studies. Addition of the factor (Fig. 3)
results in a complete normalization of the B-galactosidase
labelling pattern. Unlike the effect of leupeptin, it
allows complete processing of the precursor form to a
64,000-dalton mature B-galactosidase which can accumulate
normally.

We are now studying the exact nature of the 32,000-
dalton component, which we already know is a glycoprotein
that is lacking in cells from patients with "I-cell™
disease. It apparently plays a role in a final intralyso-
somal step leading to protection of B-galactosidase
against excessive proteolytic degradation. It also stabil-
izes neuraminidase but, unlike B-galactosidase, which can
be stabilised by protease inhibition, the presence of the
32,000~dalton glycoprotein seems to be essential to allow
neuraminidase its catalytic activity.

It may well be that the 32,000-dalton glycoprotein
normally is required to unite B-galactosidase monomers and
neuraminidase in a complex attaching it to the lysosomal

membrane. Further studies on the nature of this mutation
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which affects the protection of lysosomal enzymes against

the aggression of neighbouring "colleague enzymes" are

likely to give more insight in the normal cell biclogy of

lysosomal enzymes.
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