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Scope of this thesis

Lysosomal neuraminidase initiates the hydrolysis of oligosaccharides, gangliosides,
glycolipids and glycoproteins by removing their terminal slalic acid residues. The
enzyme functions exclusively in a multi-enzyme complex, together with §-
galactosidase and protective protein/cathepsin A (PPCA) and is dependent for its
activity and stability on the latter protein. Mutations in the neuraminidase gene are
the basis for the lysosomal storage disorder sialidosis, while mutations in the PPCA
gene Indirectly results In the impairment of neuraminidase and fp-galactosidase
activity, causing the lysosomal storage disorder galactosialldosls. The experimental
work that is described in this thesis involves the Isolation and characterization of the
cDNA's encoding human and mouse lysosomal neuraminidase, Structural and
functional analysis of this enzyme has focused on the interaction with PPCA in
relation to its transport to the lysosomes and the mechanism of catalytic activation.
These studles, in combination with the Identificatlon and functional analysis of a
large number of novel mutations In slalidosis patlents, have given new insights Into
the bfochemical functions and properties of neuraminidase and provided rellable
phenotype-genotype correlations. The resulfs presented In this thesis may form the
basis for understanding the structural characteristics of this unusual lysosomal
protein and for the future development of strategies for therapy of both sialidosis

and galactoslalidosis patients.
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Introduction and history

Neuraminidases {neuraminidases EC 3.2.1.18} belong {0 a class of exoglycosyl hydrolases
that release o-glycosidically linked terminal N-acylneuraminate (sialic acid} from a variety of
glycoproteins, glycolipids and polysaccharides. The initial work in this field started with the
observation that influenza virus particles were able {o agglutinate chicken erylhrocytes and
that it was not possibie to reagglutinate the red blood cells after they had been agglutinated
by the virus once (1). Later it was shown that certain bacterial extracts could destroy
receptor sites for influenza virus on the surface of human erythrocyles {2). The responsible
anzyme was named receptor-destroying enzyme. The name 'sialidase’ was proposed in
1856 by Heimer (3), and the name 'neuraminidase’ by Gottschalk (4) after they showed that
tpon incubation of salivary mucin with bacterial or viral extracts, sialic acid was released.
Both names have been used interchangeably ever since. The enzyme was first purified
from the bacterium Vibrio cholerae and shown to be catalytically identical te the receptor-
destroying enzyme (5). Since then, the woridwide public health burden of influenza has
accounted for a wealth of research on viral neuraminidases, which extended to
neuraminidases from other species. It is now known that these enzymes are common in
viruses, bacteria, protozoa, mycoplasma, fungi, as well as in higher organisms, including all
mammalian species, but absent in plants (reviewed in: (6-9)).

In contrast to the viral neuraminidases, the function of these enzymes in bacteria is
less clear. Intersstingly, in bacteria neuraminidases are found beth in pathogenic and non-
pathogenic species. However, they are not expressed in all bacteria, and even different
strains of a single species may differ in neuraminidase expression (6,10). Morsover, many
neuraminidase-contalning bacteria are unable to synthesize sialic acid, whereas others,
that do synthesize sialic acid, lack sialidases. Homologies of neuraminidases at the
molecular level support the hypothesis of a common origin and hence of a neuraminidase

superfamily.

Biologlcal significance of sialic acid

The sialic acids are a group of 9-carbon carboxyiated sugars (Figure 1), usually positioned
at the termini of complex carbohydrates (Figure 2). They are structurally very diverse, with
over 25 identified forms (Figure 1; (11-15}}. In addition, they are targel molecuies in a variety
of important biclogical events, mainly as ligands in recognitive interactions (14). The release
of sialic acid from the olfgosaccharide chain by neuraminidase is required for the hydrolysis
of subsequent sugar reslduas by other glycosidases {Figure 2; (18). Siaiic acid derivatives
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have been found in higher organisms, from the echinoderms upwards and in some bacleria,

viruses and prolozoa (14).

The biosynthesis of sialic acids is a complex multiple-step process (14) starting from
D-glucose, which is first converled to N-acetylglucosamine (GlcNAc). The sialic acid
pathway reaches its first key step with the epimerisation of GleNAc to N-
acetylmannosamine {ManNAc). The biosynthetic route proceeds with the 6-phosphorylation
of the amino sugar, using ATP as the phosphate donor, ManNAc-8-phosphate {ManNAc-6-
P} is condensed with pyruvate to N-acelylneuraminic acid-8-phosphate (NeuSAc-9-P).
Dephosphorylation of the latier compound yields Neu5Ac, which needs o be activated to
CMP-NeuSAc for incorperation into complex carbohydrates. Sialyltransferases, which are
responsible for the formation of sialoglycoconjugates, can process various NeuSAc CMP-
glycosides, but are highly specific for the carbohydrate acceptor struclure and the type of
glycoslidic bond formed (17-19). Glycosidically bound NeuSAc can undergo modifications of
the OH groups, such as 8-O-methylation, 8-O-sulphation (20-22), 9-O-lactoylation, and 4, 7,
8 and 9 O-acetylation (Figure 1; Schauer, 1987; Diaz et al,, 1989; Varki, 1992; (12, 23-28).
Sometimes several of these substituents are present in one siafic acid molecule and no
other natural sugar shows such a great variety. Moreover, this variation is often tissue
andfor animal specific, some having only one form of slalic acid, while others have several
kinds (14). For instance, significant differences in slalic acid types have been describad
between adull and fetal bovine lissues, suggesting their involvement in development (27}.

In general, oligosaccharide chains of glycoconjugates are no longer believed to be
inert struclures, but rather structures that store biclogicai information (28-30). The wide
distribution of sialic acids in nature, their muitiplicity, adult and embryonal tissue specificity
and terminal position on carbohydrate chains, reflect their importance in a variety of cellular
funclions. Sialic acids can serve as recognition markers for several mammalian proteins,
such as members of the selectin family (31-33) and the I-type lectins or sialoadhesin
subgroup (12, 34-36). The enzymatic addition or removal of sialic acids can lead to
significant differences in the biological propertiss of carbohydrates, resulting in altered
recognilion by sialic acid binding proteins and ultimately influencing the function or fate of
cells. Numerous functions have been attributed to sialic acids (11, 14, 37-39). Because of
their negative charge they are involved in cell adhesion, but also in cell repulsion, for
instance between circulating blood cells {(40). Furthermore, their negative charge is
important for the maintenance of the viscoelastic properties of sialic acid rich compounds,
such as mucins (41). They Infiluence the properties of glycoproteins, including their
conformation, enzyme activity and resistance to proteolytic degradation (11). N- and O-
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Figuret. Natural sialic acid compounds. The §-carbon backbone common to all sialic acids is
shown in chair formation. Substiluents (R1,2,3) at different positions are indicated. Additional
diversily is generated by various types of glycosidic linkage at positions 2, by generation of
lactones at position 1, and by dehydro and anhydro forms. Adapted from (12},
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Figure 2. Corposite complex type N-glycosidic oligosaccharide and the hydrolytic steps
required for its degradation. Adapted from (16),

acetylated sialic acids are antigenic determinants. For instance, B-cells have O-acelylated
sialic acids, whereas T-cells do not {42). Interestingly, the T-cells of patients with various
malignancles have acquired O-acetylation (43). Sialic acids function in the suppression of



14

<4
anfigenic recognition and their loss has been implicated as one of the causss of

autoimmiine disease. In contrast, tumor cells appear to be protected from the immune
system by highly sialylated cell surfaces (11). Siallc acids are also often present on the
carbohydrate chains of receptors such as peptide hormones, toxins, viruses and
mycoplasma species, where they apparently serve as essential recognition markers, for
instance in the virus-receptor interaction. However, they can also function as biological
masks, preventing ligand recognilion of receptors (11).

In conclusion, sialic acids are involved in many important cellutar mechanisms and
pathways. Thus, neuraminidases, being responsible for the hydrolysis of sialic acid, are

equally important participants for such processes.

Mammalian neuraminidases
Mammalian neuraminidases are expressed in all tissues and cell types (reviewed in: (8))
and they have been implicated In several critical and diverse melabolic processes, including
the regulation of cell proliferation and cell differentiation (44-46), clearance of plasma
proteins (47), membrane fusion and membrane fluidily (48-52), cell adhesion (53-55),
catabolism of gangliosides and giycoproteins (56, 57), immunocyte function (58, 59),
modification of receptors (60, 61) and the developmental modelling of myelfin (57). The
pivotal invoivement of neuraminidases in these cellular mechanisms may account for the
existence of four neuraminidases, differentially localized in (i} the cytosol, {il) the plasma
membrane, (iii} the lysosome and ({iv} the lysosomal membrane, These enzymes have been
characterized by their subceliutar distribution, pH optimum, stability, kinetics, effect of ions,
and substrate specificity (reviewed in: (8, 62, 63)). Recently cDNA's have been cloned that
encode cytosolic, plasma membrane and lysosomal neuraminidases (64-69).

Cylosolic neuraminidase

The gene encoding ¢ytesolic neuraminidase was the first mammalian enzyme to be
cloned {64). The ¢DNA was isolated from a rat skeletal muscle ¢DNA library using
degenerated oligonucleotide primers, derived from the partial amino acid sequence cf the
purified enzyme and encoded a protein of 378 amino acids. The amino acid sequence
showed ~20% homology to the bacterial neuraminidases, A secreted form of
neuraminidase, with similar properties and molecular weight (43 kDa) as the rat skeletal
muscle enzyme, was purified from the medium of cultured chinese hamster ovary cells
{CHO) (70). Hs correspondiﬁg ¢DNA was isolated from a CHO cDNA library (65), encoding a
protein nearly identical to the rat skeletal muscle cytosolic neuraminidase, which most likely
represented the Chinese hamster homologue. This enzyme was secreted by an unknown
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mechanism, since it lacked an N-terminal signal peptide known to be associated with
compartmentalization in the secretory pathway. = -

The purified rat cytosolic neuraminidase was active in vitro towards sialo-
oligosaccharides, sialoglycoproteins and gangliosides {in the presence of bile salis}, except
for submaxillary mucins, and both GM; and GM; gangliosides. The enzyme hydrolyzed o2-
3 sialyl-linked substrates much faster than 02-6 and o2-8, with a pH optimum between 6
and 6.5 (71). Interestingly, this enzyme seemed to play a rofe in myotube differentiation,
since its mRNA and enzyme activity were not dstectable in cultured myoblasts, but became
induced upon in vitro myotube differentiation (72). Moreover, the myotube formation was
completely blocked by the addition of an antisense oligonucleotide primer comptementary
to the first 8 codons of the cytosolic neuraminidase. However, expression of cytosolic
neuraminidase was not restricted to skeletal muscle, but was present in many other tissues,
including kidney, brain, heart, stomach, intestine, testls, liver epithelium of cornea, biood
vessels, Schwann cells and axons (8, 73, 74). The corresponding human and mouse genes
encoding cytosolic neuraminidase have been cloned recently and shown to be ~80%
identical to the other cytosolic neuraminidases (68, 69).

The exact function(s) of cylosotic neuraminidase in tissues and cell types other then
muscle is unknown and no genetic disorders have as yst been associated with a deficlency
of cytosolic neuraminidase.

Plasma membrane neuraminidase

A neuraminidase iocalized in the pfasma membrane, specific for the hydrolysis of
hydrophoebic sialyl compounds, including gangliosides, has been characterized in various
tissues and cell types, Including liver, thyroid gland, skeletal muscle, myelin, lymphocytes,
neuroblastoma cells, fibroblasts, erythrocytes, and the brain (8, 57, 75-77). The {atter is cne
of the main sites for this enzyme, where it has been found in synaptisomal plasma
membranes and myelin (72, 78-81). Plasma membrane ganglioside-neuraminidase is
responsible for the growth control and differentiation of cultured human neuroblasioma cells
{81-83). Inhibitors of ganglioside-neuraminidase, added to the culture medium of these cells,
ied to a complete release of contact inhibition of growth, loss of neuron-specific enolase
differentiation marker and neurofilaments, and a decrease of cyclic AMP. A ganglioside
neuraminidase present in mouse synaplic plasma membranes displayed a decreased
activity with age (80}, which correlatad with age-related changes in ganglioside composition
in these mambranes (48), Thus far the functions of these age related changes are unknown.

Unlike catabolic reactions fnvalving soluble enzymes and hydrophilic substrates, the
Interaction of ganglioside-neuraminidase with membranes and lipid substrates shows
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unique kin_e_lig_feat_p_rgg. _Gangl_l_osides are mainly located on the outer surface of the plasma

“membrane and are assumed to be involved-in-diverse biological functions,-including
receplor activity for hormones, toxins, bacteria and viruses, as well as modulation of
membrane-bound enzyme activities, cell-growth, differentiation and celi-adhesion (84, 85).
Ganglioside substrates within membranes gain access to the enzyme through lateral
diffusion (86, 87). Hence, membrane-bound neuraminidase activity can be enhanced by
membrane-fluidizing reagents such as Triton X-100, which enhances enzyme-subsirate
access, resulling in enzyme activity {78, 81, 82, 88, 89).

Differences in size, pH optimum, substrate specificity, inhibitors and activators
between plasma membrane neuraminidases isolated from various tissues and cell types,
suggested the existence of more than one species of this enzyme (78, 81, 90, 81), Whereas
most plasma membrane neuraminidases were released by extraction with non-ionic
detergents, a plasma membrane neuraminidase from pig brain was released by treatment
with phosphatidylinositol phospholipase C (PIPL), indicating that this enzyme is anchored
by means of a glycosyl phospatidylinositot anchor (GPI} (79). However, only 28% of the
plasma membrane neuraminidase activily could be released by PIPL treatment, which alsc
indicated the possible existence of a second plasma membrane neuraminidases in pig
braln.

Recently a neuraminidase was purified from bovine brain to near homogeneity (89}.
The ¢DNA encoding this enzyme was cloned from a bovine brain ¢DNA library, using
oligonucleotide primers that were based on partial amino acld sequences derived from the
purified protein (66). The corresponding human gene was cloned from a human brain
cDNA library and 83% identical to the bovine gene {67). This neuraminidase was expressed
mainly in the brain and muscle, as indicated by Nerthern blot hybridization, which revealed
a mMRNA transcript of ~ 7.5 kb. The bovine protein of 428 amino acids had sequence
homology to the rat and Chinese hamster cyfosolic neuraminidase {(~38%]), the human and
mouse lysosomal neuraminidase {~19%) and the bacterial neuraminidases (~19%).
Curiously, the protein had no N-terminal signal sequence, but a pulative trans-membrane
domain, which was oddly located in the central part of the protein, dividing the catalytic
domain at two sites of the plasma membrane. Analysis of the membrane topology indicated
that this protein was an atypical type | membrane protein, with an extracellular N-terminus
and a cytoplasmic C-terminus. Ailthough the localization of the protein in the plasma
membrane was confirmed by Percoll density gradient centrifugation, as well as
immunofiuorescence staining of {ransfected COS-7 cells, it appears to be unlikely that this
enzyme Is active in a membrane anchored state. The authors speculated that the enzyme
binds gangliosides at the cell surface with its extracellular domain. The enzyme-substrate
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complex may then be inernalized in endosomal vesicles where it assumes the correct
conformation to -become ‘catalytically -active. The -authors showed that-the -overexpressed
enzyme was aclive at acidic pH, in the presence of Triton X-100, towards gangiiosides
other then GM; and GM;, bul was inactive with sialoglycoproteins, cligosaccharides and the
synthetic 4MU-Neu5Ac substrate. The restricted expression patterns of this neuraminidase
in brain and muscle and the presence of ATTTA motifs in the 3' untranslated region, which
are thought to be involved in the regulalion of gene expression during cell growth and
differentiation, indicate that this neuraminidase has a specialized function (66).

A deficiency of ganglioside neuraminidase was suggested to be the cause of the rare
autosomal metabolic storage dissase mucolipidosis IV (MLIV) {92, 93), This was supported
by the accumulation of gangliosides and mucopolysaccharides within membranous
cytoplasmic bodies in patient's skin fibroblasts, Schwann cells, vessel walls, smooth muscle
fibers and sweat glands (94, 95). Despite an early onset of the disease and severe mental
retardation, the progression of the clinical symptoms is very slow during the first three
decades of life. The patients have a deficiency in neuraminidase activity towards GD1, and
GD1, gangliosides, which is caused by the accumulation of sulfated glycosaminoglycans,
that have a strong inhibitory effect on the neuraminidase activity (95-97}. Interestingly, cells
of the paltients also appeared to have a defect in the endocytosis process of membranous
components, resulting In excessive transporl of sulfated glycosaminoglycans into
lysosomes, rather then recycling them to the plasma membrane (98). In MLIV cells none of
the lysosomal hydrolases were found to be abnormal (98), however, the transport of lipids
from the lysosomes was impaired (99). These data suggest that the primary genetic defect
responsible for MLIV involves a receptor andfor fransporter that in turn causes the
secondary inhibition/inactivation of ganglioside-neuraminidase.

Recently the gene responsible for MLIV gene has been mapped to chromosome
19p13.2-13.3 by linkage analysis with fifteen markers in thirteen MLIV-families {100). The
authors constructed haplotypes in twenty-six Ashkenazi Jewish families and demonstrated
the existence of two founder ailetes that probably carry MLIV-causing structural defects in
this population. The localization of MLIV to chromoesome 19 should result in the cloning of
the disease causing gene in the near future.

Lysosomal neuraminidase

Lysosomal neuraminidase is present in virtually all vertebrate tissues and cell types
and has been purified and characterized from many sources, including ptacenta, mammary
gland, brain, kidney, liver, testis, thyroid, salivary gland, leukocytes, lymphocytes,
macrophages and fibroblasts (reviewed in: (8)). The cloning of the lysosomal neuraminidase
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gene has been hampered by substantial loss of the enzyme activity during purification

procedures (8,101:105),

As was the case for plasma membrane neuraminidase, also for lysosomes the
potential existence of two neuraminidases has been reporisd (106}. A neuraminidase from
purified rat liver lysosomes was released Iinto the supernatant by hypolonic shock and was
aclive fowards slalyllactose and fetuin, The lysosomal enzyme that was purified from bovine
testis and human placenta was released by similar methods, which indicated that this
neuraminidase had an intra-lysosomal origin (101, 103, 104, 107). On the other hand, a
neuraminidase active towards submaxillary mucin and gangliosides was insoluble. These
resuits argued for the existence of a soluble intra-lysosomal neuraminidase mainly active
towards oligosaccharides and glycoproteins and a lysosomal membrane-bound
neuraminidase that is specific for gangliosides (108). Using antibodies that were raised
against neuraminidases that were purified from rat plasma membrane, lysosomes, and
cytosol, it was shown that lysosomes from rat liver actually contained three
neuraminidases. One enzyme was present in the lysosomal lumen (1) and two were found
in the lysosomal membrane (il and i), one of which was identical to the plasma membrane
ganglioside-neuraminidase {78, 109). Both lysosomal membrane neuraminidases Il and Hl
had a molecular weight of ~ 70 kDa (gel filtration) and a pH optimum near 5. However,
neuraminidase HI hydrolysed almost exclusively gangliosides, whereas neuraminidase |
hydrolyzed preferentially gangliosides but alse oligosaccharides, glycoproteins and 4MU-
NeubAc. The existence of a lysosomal-membrane ganglioside-specific neuraminidase has
been confirmed by others (8, 90, 110).

Different molecular weights have been reported for purified lysosomai
neuraminidase, which may be dependent on the animal species and/or tissue. A 48.5-kDa
form was purified from human leukocytes (111), a 56-60-kDa form from rat liver (108), a 55-
kDa species from bovine testis (112), 61- and 66-kDa forms from human placenta (105, 113)
and a 70-kDa neuraminidase from human liver and rat brain (78, 109).

The lysosomal neuraminidase that is active towards glycoproteins and
oligosaccharides is only found in a high malecutar weight muiti-enzyme complex of >1000
kDa, Lysosomal neuraminidase aclivity is known to be particularly unstable during enzyme
purifications, which is probably caused by its dissociation from the multi-enzyme complex.
The muiti-anzyme complex can be purified from different mammalian/avian tissues and
species, including human, bovine, mouse, porcine, chicken, and rat. There is variation in
the reported sizes of the multi-enzyme complex, which may be due to either specles or
tissue spaecific differences of the complex, or because of diversily in the applied purification
methods. The purification of lysosomal neuraminidase usually requires tissue
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homogenization, the isolation of a lysosomal/mitochondrial fraction and a hypotonic shock.

“The “purification- procedure -may “incfude “one ~or “more “of "the “following“chromatography
technigques: Concanavalin A-sepharose (glycoprotein affinity}, p-
aminophenylthiogalactoside-CH-sepharose  {B-galaclosidase  affinity), sucrose-density
gradient, gel filtration, ion exchange and the use of antibodies (8). Neuraminidase that was
isolated from the supernatant of homogenized human placenta could be ‘rescued’ by
concentration and acidification of the preparation, resulting in a four fold increase In
catalytic activity for every two fold of concentration {102). The stabilized neuraminidase was
associated with S-galactosidase, but aiso with lysosomal proteclive protein/cathepsin A
(PPCA). This neuraminidase was the intra-lysosomal form, mainly active towards
oligosaccharides and 4MU-NeuSAc¢ synthetic substrate. However, most of the lysosomal
neuraminidase remained in the lysosomal membrane fraction and could oniy be released
with detergents, which suggeslted that this was a membrane bound enzyme (114, 115),
There are two main forms of the lysosomal multi-enzyme complex, a >1000-kDa form which
consists of neuraminidase and relalively small amounts of PPCA and p-galactosidase and a
second complex of 600-700 kDa containing the latter two proteins (101, 102, 105, 107, 116-
120). Figure 3 illustrates a classic ge!l filtration profite illustrating the different forms of the
three enzymes when purified from cultured bovine kidney cells (121), PPCA and B-
galactosldase activities were recovered in a >1000-kDa neuraminidase-containing complex
(figure 3, complex I}, in a lower molecular weight complex of ~740 kDa {figure 3, complex
I}, and as free dimeric forms of ~100 kDa and 160 kDa respectively. Neuraminidase activity
was complelely dependent on the presence and association with PPCA in the complex,
githough the cathepsin A activity in the >1000 kDa complex was very tow. This suggests
that only a small amount of PPCA is required to maintain neuraminidase activity. The co-
precipitation of neuraminidase, B-galactosidase and Cathepsin A activities from complex |
and the co-precipitation of f-galactosidase and PPCA from complex Il, using PPCA specific
antibodies, confirmed the association of the enzymes in the two complexes (E. Bonten,
unpublished data). There may exist equilibrium betwean the two multl-enzyme forms and
the free forms of B-galactosidase and PPCA. This hypolhesis was substantiated by in vitro
experiments in which ‘free’ PPCA was separated from the neuraminidase complex, which
resulted in instability and substantial loss of neuraminidase activily (90%). However, the
latter was reslored when the fraction that contained the PPCA was added lo the inactivated
neuraminidase (E. Bonten, unpublished data). This indicated that the presence of ‘free’
PPCA and/or other soluble factors was required to keep neuraminidase active.
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N-acetylgalactosamine-6-sulfatase {GALNS)} was identified as an component of the
“milti-enzyine complex (122). GALNS aclivity'was found torange between 6-and40% of the
normat value in the fibroblasts of gataciosialidosis patients, whose excretion of keratan
sulfate in their urine was comparable to that of patients with GALNS deficiency. I is
possible that the muiti-enzyme complex in vivo may contain several other hydrolases in
addition to the already identified ones. The composition of the multi-enzyme complex may
depend on the presence of specific substrates, thus creating a highly flexible and efficient

hydrolytic system.
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Figure 3. Elution profile of neuraminidase {Neur), f-galactosidase (§-gal), and Cathepsin A
{PPCA) aclivities from MDBK cell lysate (50 mM Na-Acetate pH 5.0/150 mM NaCl/0.4%
NP40), separated on a Sephacryl S300HR column {(FPLC). The sizes of the complex forms
I and I}, and the free forms of the enzymes are indicated, and calculated using the elution
profiles of standard molecular weight markers.

Deficlencies of lysosomal neuramimidase

Sialidosis

Sialidosis is an autosomal recessive disorder, caused by sfructural lesions in the
lysosomal neuraminidase gene. The clinical manifestations of patients with this lysosomal
storage disorder have given insight into some of the functions of this enzyme. Type [
sialidosis ts a mild form of the disease, with variable age of onset, but usually in the second
decade of life. #t is characlerized by the cherry-red spot-myoclonus phenotype and
progressive impaired vision, but absence of dysmorphic features, (reviswed In: (16)).
Nystagmus, ataxia and grand mal seizures were alsc reported in these patients. Type Il
stalidosis is a severe form of the disease, which can be subdivided into three subtypes.: ]
congenital or hydropic (in uterc), (Il} infantile (0-12 months) and {lil} juvenile {2-20 years)
{18). All type Il patients eventually develop a progressive mucopolysaccharidosis-like
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phenotype, including coarse facies, visceromegaly, dysostosis multiplex, vertebral
deformities-and severe ‘mental retardation (16, 124:126). Cherry-red spots-and myocionus
have been reported for older children and survival to the second decade for infantile
patients. Congenital patients demonstrate hydrops fetalis andfor neonatal ascites with
stilloirth or death at an early age; features may include facial edema, inguinal hernias,
hepatosplenomegaly, stippling of the epiphyses and periosteal cloaking {123). Sialidosis
patients have residual lysosomal neuraminidase activity, ranging from 0 to 10% of control
values, with fype | patients having the highest activities. Obligate carriers have intermediate
enzyme values, but are phenotypically normal (16, 126). Vacuolated lymphocytes and bone
marrow foam cells are prominent in type Il, but absent in type | sialidosis. Vacuolation was
further observed in Kuppfer cells, nerves, tissue fibroblasts, mysenteric plexus neurons and
brain biopsy material (16). Electron microscopy analysis described the presence of
membrane bound vacuoles, eleciron-dense bodies, floccular matertal, lameltar inclusions
and Ipofuscin (16). The concentration of the oligosaccharides in the urine of patients
correlated with the sevarity of the clinical phenotype (127). Most compounds excreted in the
urine of sialidosis patients contained N-acetylglucosamine at the reducing ends and N-
acetylneuraminic acid at the non-reducing termini (127-130). The neuraminic acids are
linked to galactose via either a2-6 (70%), or o2-3-linkage {30%) and likely originated from
carbohydrate side chains that had been cleaved from glycoproteins by an endo-N-acetyl-
glucosaminidase (16). in the organs of a sialidosis palient, obtained at autopsy, the water-
soluble bound stalic acid was increased bstwaen 10- and 17-fold In visceral organs, but
surprisingly only about 2-fold In the brain when compared {o normal controls. Lipid-bound
sialic acid was also increased up to 8-fold in visceral organs due fo elevated amounts of
gangliosides GMs, GD3 and probably GM, and LM, whereas the brain showed no deviation
from controls. An alteration of the neutral glycolipid pattern was also observed (131). The
results Indicated an impaired catabolism of gangliosides in sialidosis in addition to that of
sialo-oligosaccharides and sialeglycoproteins, This is in line with evidence that lysosomal
neuraminidase, under specific conditions, can be also active towards gangliosides (90, 91,
110).

Galactosialldosis

Patients with the lysosomal storage disorder galactosialidosis were shown to have a
combined B-galactosidase and neuraminidase deficiency, secondary to the deficiency of the
‘proteclive protein’ (102, 132-136). There is a broad overlap in the clinical phenotypes of
sialidosis and galactosialidosis patients, indicating an Important role for neuraminidase also

in the pathogenesis of galactosialidosis.



22

Galjart and co-workers cloned the cDNA encoding the ‘proteclive protein’ and found
it*to-be-homologous-to two-yeast carboxypeptidases; carboxypeptidase-Y (CPY)}and the -
KEX1 gene product {137, 138), as well as to the wheal serine carboxypeptidase CPW (139).
The ‘protective protein’ is identical to the previously identified lysosomal serine-
carboxypeplidase cathepsin A and is now named ‘protec_tive proteinfcathepsin A’ (PPCA}
(140). It also funclions as an aminocylamidase (140-142) and a deamidase /n vilro active
towards a selected number of bloactive peptides including substance P, oxylocin,
angiotensin | and endothelin 1 {143, 144). Fibroblasts from gatactosialidosis patients were
shown to have less than 1% activity towards a specific synthetic substrate for cathepsin A
(Z-Phe-Ala) and they wers also impaired in lyscsomal neuraminidase and f-galactosidase
activities, whereas obligale carriers had about 50% activity compared to controls (140, 145},
The two functions of PPCA, (I} protecting p-galactosidase and neuraminidase against
intralysosomatl degradation and (1} as serine carboxypeptidase/deamidase, were proven to
be distinct, since it was shown that the catalytic aclivity was not required for its protective
function towards the two glycosidases (140). However, it is yet unknown whether the
cathepsin A deficiency in galaciosialidosis patients also contributes to the dissase

phenotype.
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Introduction to the experimental work

Lyscsomal neuraminidase can be regarded as a unigue member of the sialidase
superfamily, since it Is the only sialidase that is deficient In a human metabolic storage
disorder, stalidosis.

The identification of lysosomal neuraminidase has been hampered by its apparent
fability during purifications. This is reflected by many contradictory reports describing the
characterization of the purified enzyme (molecular weights between 40 and 70 kDa),
eventhough the purification methods were appropriate (Chapter 1 for references). Another
factor that has complicated the identification of lysosomal neuraminidase is the existence of
at least three distinct mammalian forms, characterized by different pH optimum, substrate
specificity and subceliular localizafion. Of these enzymes the cyiosolic neuraminidase was
the first one to be cloned in 1893 by Miyagi and co-workers, who in 1999 were alsc
responsible for the cloning of the plasma membrane neuraminidase (Chapter 1, pages 15-
17}, Until now, many questions about lysosomal neuraminidase and the gene-mutations
underlying sialidosis had remained unanswered. We had no information about the primary
structure of this enzyme and its potential homology {o other sialidases. Furthermore, we
could not explain Hs strict dependency on the protective protein/cathepsin A, since most
microbial neuraminidases are generally stable and active, wilhout the need of auxilary
proteins. Last, but not least, we did not have information about the mode of interaction
hetween these {wo enzymes. In conclusion, a thorough understanding of the characteristics
of lysosomal neuraminidase and the identification and characterization of the responsible
molecular defects in sialidosis patients could help us to address the potential therapsutic
strategies for affected chiidren.

in recent years the availability of rapidly expanding DNA databases, including the
‘Expressed Sequence Tag' database (dBEST), has become a powerful tool to identify new
cDNA's and genes that are expacted to share homology at the DNA or protein level with
other known genes or proteins. As discussed in Chapters 3 and 4 we were able to identify
and clone the human lysosomal neuraminidase cDNA from the dBEST database through its
sequence similarity to bacterial neuraminidases, and subsequently we afso cloned the
mouse neuraminidase cDNA. We idenlified and characterized mutations in the lysosomal
neuraminidase gene that are responsible for sialldosis in humans and the neuraminidase
deficiency in the SM/J mouse strain {Chapter 3 and 4), We identified mutations in a large
group of sialidosis palients that cover the near complete clinical spactrum of the disease
and established genotype-phenotype correlations (chapter 8). We analyzed the functional
and intracellular behavior of different mutant proteins by over-expression experiments in
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sialidosis fibroblasts (Chapter 8) Overall, the data showed that the level of residual activity

“and tysosomal localization of lh’é 'mulant'enzyme'directly'(.:.dr}é.ié.lé.d with .fhé.:s.everily:of-the
patients’ symptoms. In turn, the mildest type | patients had a small amount of functional
neuraminidase in the lysosomes, while the severe type Il palients completely lacked
functional enzyme. We also demonstrated that the mere ability of a mutant enzyme to reach
the lysosomes was not always sufficient to give a mild phenotype. One of the sialidosis
patients had a mutation that involved one of the five active site residues of neuraminidase
(Y370C). Despite normal amounts of correctly localized neuraminidase, the enzyme was
inactive, and, as a result, the palient had the severe type 1l phenotype (Chapter 8).

Another important aspect presented in this thesis addresses the contribution of
protective protein/cathepsin A to the transporl, stability and catalytic activity of lysosomal
neuraminidase (Chaplers 5-7). We found that the turnover and postiranslational
modifications of neuraminidase were unaffected by the presence of PPCA. However
assoclation with PPCA was required for the transport of neuraminidase lo lysosomes, since
it lacked a functional mannose-68-phosphate recognition marker (Chapter 6}. We utilized the
baculovirus expression system fo characterize the mechanisms of catalytic activation of
both PPCA and neuraminidase. We showed that through the excision of a linker peptide
PPCA became a two-chain protein that was held together by disulfide bridges and was
calalytically active (Chapter 6). In contrast, lysosomal neuraminidase did not require
proteolytic processing to become catalytically active. PPCA associated with neuraminidase
and promoted oligomerizaticn of the latter enzyme, which, in turn, became fully active. The
association with PPCA was pH independent, however, oligomerization and aclivation of
neuraminidase could only occur at acidic pH (Chapter 7). These findings correlate with the
ability of PPCA to associale with neuraminidase in an early biosynthetic compariment and
promote transport of neuraminidase to lysosomes (Chapter 5). The acidic environment
triggers the PPCA-mediated oligomerization and activation of neuraminidase (Chapter 7).
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basis of the metabolic storage
disorder sialidosis
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Department of Genetics, St. Jude Children’s Research Hospital, Memphis, Ternessee 38105 USA

Neuraminidases (sialidases) have an essential role in the removal of terminal sialic acid residues from
sialoglycoconjugates and are distributed widely in nature. The human fysosomal enzyme occurs in complex
with B-galactosidase and protective protein/cathepsin A (PPCA), and is deficient in two genetic disorders:
sialidosis, caused by a structural defect in the neuraminidase gene, and galactosialidosis, in which the loss of
neuraminidase activity is secondary to a deficiency of PPCA. We identilicd a full-length ¢DNA clone in the
dbEST data base, of which the predicted amine acid sequence has extensive homology to other mammaltian
and bacterial neuraminidases, including the FYJRIP domain and “Asp-boxes.” In situ hybridization localized

the human neuraminidase gene to chromosome band 6p21, a region known to contain the HLA locus.
Transient expression of the ¢cDNA in deficient human fibroblasts showed that the enzyme is
compartmentalized in lysosomes and restored neuraminidase activity in a PPCA-dependent manner. The
authenticity of the cDNA was verified by the identification of three independent mutations in the open
reading frame of the mRNA from clinically distinct sialidosis patients. Coexpression of the mutant cDNAs
with PPCA failed to generate neuraminidase activity, confirming the inactivating effect of the mutations,
These results establish the molecular basis of sialidosis in these patients, and clea:ly identify the

c¢DNA-encoded protein as lysosomal neuraminidase,

[Key Words: Neuraminidase; lysosome; sialidosis; galactosialidosis; protective protein/cathepsin A,

mutations)
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Neuraminidases {sialidases} constitute a large, diverse
family of hydrolytic enzymes known to occur in a vari-
ety of organisms, including viruses, bacteria, protozoa,
and vertebrates {Miyagi et al. 1993; Roggentin et al.
1993; Warner et al. 1993; Colman 1994; Schenkman et
al. 1994; Chou et al. 1996}, The wide distribution of sial-
idases reflects their indispensable role in the catabolism
of sialic acids from various sialoglycoconjugates, which,
in tum, are required for important cellular processes
{Corfield et al, 1992a; Saito and Yu 1995; Schauer et al.
1995; Reuter and Gabius 1996). Sialidases have been im-
plicated both directly and indirectly in a2 number of hu-
man pathologic conditions, including infectious diseases
and genetic disorders of metabolism. Accordingly, a
wealth of information is available on bacterial, viral, and
protozoan sialidases {Corfield 1992b; Roggentin et al.
1989, 1993, For instance, in pathogenic bacteria such as
Vibrio cholerae, the neuraminidase is thought to act as a
virulence factor by uncovering toxin binding sites (Galen

IThese autkors eontdibuted equatly to thls work.
Cortesponding author,

et al. 1992}, The neuraminidase of influenza virus, on the
other hand, is needed apparently for both virion entry
into lung and intestinal mucosa and for virus budding
from the infected host cell {Colman 1989, 1994}, Com-
parison of the primary structuzes of microbial and viral
sialidases has revealed that the nonviral enzymes have
an overall sequence identity of ~-35%, and that they all
contain the so-called FY)RIP domain located amino-ter-
minally from a series of "Asp boxes” [consensus se-
quence Ser/Thr-X-Asp{X-Gly-X—Thr—Trp/Phe), that
appear two to five times depending on the protein
{Roggentin et al. 1993; Warner et al. 1993]. Crystal struc-
ture analysis has shown that the active site of these en-
zymes is located in a conserved six-bladed f-propeller
domain of ~40 kD. The arginine of the FRIP motif is part
of the active site, being located in the center of the pro-
peller, whereas the Asp boxes are found on the periphery
and seem to have a structural role {Gaskell et al. 1995].

In contrast to the microbial and viral enzymes, infor-
mation on the mammalian neuraminidases is more lim-
ited. The apparent low abundance, labile nature, and in
some instances membrane association of these enzymes
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are features that have made their biochemical and ge-
netic  characterization difficult, Three mammalian
neuraminidases, which differ in substrate preference, pH
optimum, and subcellular localization, are known to
date, They are the cytosolic, plasma membrane, and ly-
sosomal neuraminidases. One of the best characterized
is the eytosolic enzyme, which has been purified to ho-
mogeneity from rat liver and skeletal muscle, and its
¢DNA and gene have been cloned [Miyagi et al, 1990a,
1993; Miyagi and Tsuiki 1985; Sato and Miyagt 1995). In
addition, the cDNA encoding 2 soluble sialidase, origi-
nally purified from the culture medium of Chinese ham-
ster ovary {CHOY} cells, but probably of cytosolic origin,
also has been isolated (Warner et al. 1993, Ferrari et al.
1994). These two enzymes are 88% homologous at the
amino acid level and both contain the FRIP domain and
Asp boxes (Ferrari et al. 1994}, Cytosolic sialidase is ac-
tive at pH 6.5 and is expressed highly in skeletal muscle
where it may have a role in myoblast differentiation
[Sato and Miyagi 1996).

The plasma membrane ncuraminidase, which is spe-
cific for ganglioside substrates, has been partially puri-
fied from brain tissues {Tettamanti et al. 1972, Miyagi
et al. 1990a), although low levels have been measured
in other tissues [Lieser et al. 1989; Zeigler et al. 1989).
In addition to its acidic pH optimum, which is also
characteristic of the lysosomal neuraminidase, the
plasma membrane enzyme seems to bear biochemical
and immunological properties distinct from those of its
lysosomal counterpart {Miyagi et al. 1990b; Schneider-
Jakob and Cantz 1991), and appears unaffected in disor-
ders associated with the lysosomal newraminidase
[Licser et al. 1989; Zeigler et al. 1989; Schneider-Jakob
and Cantz 1991}, It is still unclear, however, whether the
cytosalic and plasma membrane enzymes really repre-
sent discrete proteins or merely different forms of the
sanie enzyme.

Lysosomal N-acetyl-c-neuraminidase initiates the hy-
drolysis of oligosaccharides, ganghiosides, glycolipids,
and glycoproteins by removing their terminal stalic acid
residues. The human enzyme has a preference for a—
2—3 and a 2—6 sialyl linkages and is thought to act
primartly on oligosaccharide and glycopeptide substrates
{Frisch and Neufeld 1979; Cantz 1982}, but can hydro-
lyze gangliosides with the aid of detergents or the sphin-
golipid activator Sap B (Schneider-Jakob and Cantz 1991,
Fingerhut et al. 1992). Biochemical characterization of
lysosomal neuraminidase has been difficult because it is
extremely labile on extraction and may be membrane-
bound. Since the first report by Verheijen et al. {1982),
several other studies have established that neuramini-
dase activity can be recovered in mammalian tissues as
part of a large molecular mass complex that contains the
glycosidase, p-galactosidase, and the carboxypeptidase
protective protein/cathepsin A {PPCAY), It is thought that
by assaciating with PPCA, neuraminidase and 3-galac-
tosidase acquire their active and stable conformation in
lysosomes {d*Azzo et al, 1995). Biochemical evidence for
the existence of the three-enzyme complex comes pri-
muarily {rom copurification studies. In particular, the

three enzymes can be isolated together using either B-ga-
lactosidase or PPCA affinity matrices {Verheijen et al.
1985, Yamamoto and Nishimura [987, Potier et al.
1990; Scheibe et al. 1990; Pshezhetsky and Potier 1994).
Only a small percentage of B-galactosidase and PPCA
activities are consistently found in the complex, which
nevertheless contains all of the nevraminidase activity.
These studies support the notion that lysesomal neur-
aminidase activity cannot be isolated separately from
the complex, whereas the other two hydrolases can exist
in alternative forms {Hoogeveen et al, 1983; Hubbes et
al. 1992, and references above). The small yield of neur-
aminidase activity recovered after different purification
procedures has led to inconsistent assignment of a mo-
lecular weight to the enzyme (Verheijen ct al. 1987; van
der Horst et al. 1989, Wamer et al. 1990|.

Our intcrest in human lysosomal neuraminidase
stems from its direct involvement in two genetically
distinet inbomn errors of metabolism: sialidosis, which
is caused by structural lesions in the lysosomal neur-
aminidase locus {Thomas and Beaudet 1995), and galac-
tosilidosts, a combined deficiency of neuraminidase and
B-galactosidase {Wenger et al. 1978; Andria et al. 1981;
d'Azzo ¢t al. 1995) caused by the absence of PPCA
[d’Azzo et al. 1982). Sialidosis and galactosialidosis pa-
tients accumulate sialylated oligosaccharides and glyco-
peptides in tissues and excrete abnormal guantities of
these compounds in vrine and body fluids {van Pelt et al.
1988a,b,c). Different clinical forms of sialidosis are dis-
tinguished according to the age of onset and the severity
of the symptoms (Thomas and Beaudet 1995}, TypeIisa
mild form of the disease, corresponding to the cherry-
red-spat-myoclonus syndrome. Symptoms appear in the
second decade of life and are restricted to myeclonus and
progressive impaired vision, Type If sialidosis has onset
at birth or early infancy and is associated with progres-
sive neurologic deterioration and mental retardation. Re-
sidual neuraminidase activity, measured in patients’ fi-
broblasts and leukocytes, varies from 0% to 10% of con-
trol values (Thomas and Beaudet 1995), The gene defect
in a type II sialidosis patient was mapped by Mucller et
al. {1986) to chromosome 10. However, analysis of a fe-
male patient with infantile sialidosis type Il and congen-
ital adrenal hyperplasia, caused by 21-hydroxylase defi-
ciency, suggested that the neuraminidase gene could be
linked to the HLA locus, which is on chromosome 6
{Oochira et al. 1985; Harada et al, 1987).,

Here we report the isolation and characterization of a
human ¢DNA that was identified through its homology
with other known sialidases. Expression of the cDNA in
COS-1 cells and in patient fibroblasts confirmed the ly-
sosomal nature of the encoded protein. Further, the in-
crease in newraminidase activity was strictly dependent
on the presence of PPCA, an absolute requirement for
physiologic enzyme activity, Our cDNA mapped to
chromosome band 6p21, known to contain the HLA lo-
cus. In addition, we identified independent mutations in
the mRNA of a type I and a type II sialidosis patient,
which were shown to inactivate the enzyme. Taken to-
gether, these data provide compelling evidence that this
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cDNA encodes human lysosomal newraminidase, and
they define the molecular hasis of sialidosis.

Results

Expression of human neuraminidase mRNA and
chromosomal localization

Given the degree of similarity among sialidases from dif-
ferent species, we reasoned that if ¢DNAs representing
the human lysosomal neuraminidase were present as ex-
pressed sequence tags {ESTs) in the dbEST computer
data base (Boguski 1995), the enzyme might be cloned by
screening the data base with the text string “neuramin-
idase or sialidase” by using an input device located on
the World Wide Web [sce also Materials and Methods).
Therefore, ¢DNA sequence documents would be re-
turned by virtue of attached protein mapping data con-
taining the word neuraminidase or sialidase. Following
this strategy, we found a putative neuraminidase cDNA
clone [neur ¢cDNAJ of 1894 nucleotides, that showed a
favorable alignment at the aminec acid level to several
bacterial sialidases and included a potential ATG trans-
lation initiation ¢odon and a canonical polyadenylation
signal. Hybridization of a Northem blot containing mul-
tiple human tissue poly[A]* RINAs with this cDNA re-
vealed a single transcript of ~1.9 kb in all tissues, indi-
cating that the acquired ¢cDNA was full-length (Fig.1A).
The neur transcript appeared to be most abundant in
pancreas and was expressed at relatively low levels in
brain. Reprobing the Northemn blot with PPCA ¢DNA
showed remarkably similar expression patterns for the
two mRNAs, with the exception of pancreas, where neur
expression was clearly higher than that of PPCA, and
vice versa for kidney, However, Northem blot analysis of
five type I and type I sialidosis patients did not reveal
any irregularities or abnormalities in the 1.9-kb tran-
script {Fig. 1B, upper panel]. The only differences in in-
tensity of the hybridizing bands were attributable to
variations in the amount of RNA applied to the gel [Fig.
1B, lower panel).

In situ hybridization of metaphase chromoseme
spreads with either the 1,8-kb cDNA or a 3.5-kb genomic
PCR product localized the neuraminidase gene to chro-
mosome band 6p2l (Fig. 2}, a chromosomal region
known to contain the HLA locus. This confirmed previ-
ous observations that suggested an association between
stalidosis and the HLA locus (Qohira et al. 1985).

Neur cDINA encodes a protein with sequence
homology to bacterial and mammalian sialidases

The sequence of the 1.9-kb ¢DNA showed an open read-
ing frame (ORF) of 245 nucleotides encoding a protein
of 415 amino acids {Fig. 3A), The first 45 residues of the
amino terminus have typical characteristics of a signal
sequence {von Heijne 1986}: a positively charged amino-
terminal region (residues 1-18), a central hydrophobic
core [residues 19-38), and a more polar carboxy-terminal
domain (residues 39-45). Serd3, Serd5, and Trpdd con-
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Figute 1. Neuraminidase mRNA expression. [A] Sequential
hybridization of a multitissue Northern blot with the fuli-
length neuraminidase ¢eDINA {NEUR) and with the protective
protein/cathepsin A {PPCA) cDINA. The size of the two tran.
scripts was calculated on the basis of RNA markers. Exposure
time for both hybridizations was 24 hr. {B) Northem Blot [upper
panel) conigining RNA [~ 1@ pg| iselated from the cultured fi-
brobiasts of a normal individual {st), three type 1 sialidosis pa-
ticnts, and two type H sialidosis patients, hybridized with the
full-length £.9-kb neuraminidase ¢cDMNA. The exposure time
was 3 days. The Joswer panel shows the ethidium bromide
stained RNA gel for comparison of RNA quantities.

form to the rules for amino acids at positions —1, -3
{small and uncharged], and —2 (large, bulky, or charged}
with respect to signal sequence cleavage sites (von He-
iine 1986|. The protein also contains a FRIP domain, as
well as three conserved and two degenerated Asp boxes.
There are three potential Asn-linked glycosylation sites,
at positions 185, 343, and 352, the last of which lies in
the middle of Asp hox V. The predicted molecular mass
of the neuraminidase protein is 45.467 kD, which re.
duces to 40,435 kD after removal of the signal sequence.
Assuming that glycosylation occurs at all three sites,
with the consequent addition of ~6 kD, the estimated
size of the protein would be 45 kD, which assigns the
human enzyme to the low molecular mass group of sial-
idases [Crennell et al. 1996).

The human neuraminidase shares extensive homology
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Figure 2, Chromosomal localization of human neuraminidase,
Normal metaphase chromosomes were hybridized with a3.5-kb
neuraminidase genomic fragment, labeled with digoxigenin
dUTP, and stained with antidigoxigenin antibodies, The white
artowheads indicate the hybridization signals on the chroma-
tids of both copies of chromosome 6.

with other members of the sialidase superfamily, includ-
ing bacteria, rodents, protozoa, and influenza virus, The
rodent cytosolic neuraminidase and six bacterial siali-
dases appearcd to be the most closely related to the hu-
man enzynie. Because of the variation in sizes among the
different sialidases used in the alignment, the entire hu-
min sequence, excluding the signal peptide, was com-
pared with only the fully overlapping regions of the other
enzymes {Fig. 3B}. The F{Y)RIP domain cccurs in all eight
neuraminidases. Interestingly, the extent of homology
among the five Asp boxes identified in the different pro-
teins gradually decreases from the first {most amino-ter-
minalj to the fifth (most carhoxy-terminal). It is worth
noting that the rodent cytosolic neuraminidase lacks the
first and most conserved Asp box, which may indicate
that this motif confers biochemical specificity to the en-
zyme. The number of tesidues between the F(Y|RIP do-
main and the first Asp box is highly conserved among all
low molecular mass neuraminidases, and the human ly-
sosomal protein shares this feature., The extent of ho-
mology, including identical and conserved residues, lies
between 32% and 38%, with the Micromonospora viri-
difaciens and the Clostridimm perfringens sialidases be-
ing the most homologous, and the Salmonella typhimu-

rium the least {Roggentin et al, 1993). It is surprising that
the human neuraminidase is overall more homolegous
to most of the hacterial sialidases than it is to the cyto-
solic enzyme from Chinese hamster and rat,

The similar expression patterns of the neur and PPCA
mRNAs, together with the neuraminidase primary
structure data, strongly suggest that the isolated ¢cDNA
encedes a mammalian neuraminidase that is clearly dis-
tinct from the cytosolic enzyme.

Subcellular localization and enzymatic activation

To assess the lysosomal nature of the protein encoded by
the ¢cDNA, we determined its intracellular distribution,
catalytic properties, and, most important, dependence on
PPCA and/or f-galactosidase for enzymatic activation.
In single transfected cells, overexpression of the neur
cDNA gave rise to a protein with a clear lysosome-like
distribution, as evidenced by the punctated staining pat-
tern {Fig. 4A; N). This pattern was analogous to that
observed in cells overexpressing the PPCA ¢DNA and
probed with the anti-PPCA antibody «-BV32 (Fig. 44; P|.
Surprisingly, in a significant number of neuraminidase-
expressing cells, square crystal-like structures were rec-
ognized by the a-neur antibody in the perinuclear region.
These structures were present either alone (Fig. 44; N,
upper right] or in combination with [ysosomal staining
{Fig. 4A; N, upper left), The size and total number of
crystals varied (Fig. 4, N, ¢f. upper left with upper right)
and appeared to be inversely proportional to the amount
of lysosomal staining.

Apparently, the protein aggregates when produced in
large amounts at the site of synthesis in the endoplasmic
reticulum. When the neur cDNA was coexpressed with
the PPCA {Fig. 4A; N/P) or §-gal cDNAs, the intracel-
lular distribution of neuraminidase, in both lysosome-
like structures and crystals, was comparable to that ob-
served in single-transfected cells. However, the crystals
were recognized only by the a-neur antibodies and not by
anti-PPCA or anti-f-gal antibodies [data not shown), in-
dicating that they were devoid of PPCA and p-gal. From
these results we infer that neuraminidase, when overex-
pressed in COS-I cells, is independent of PPCA for its
lysosomal-like compartimentalization, unless it is able
to use the endogenous simian PPCA.

On Western blots prepared with lysates of COS-1 cells
transfected with neur cDNA alone or together with the
PPCA c¢DNA, the a-neur antibodies recognized two ma-
jor bands of 46 and 44 kD and some smaller, minor forms
{Fig. 4B, lanes 2 and 4), These molecular weights closely
conform with the predicted size for the glycosylated pro-
tein. After deglycosylation with N-glycosidase F, a single
band of 40 kD stained with the antibodies, indicating
that the neuraminidase polypeptide occurs in at least
two differentially glycosylated forms [Fig, 48, lane 6).

Cell homogenates from transfected CQOS-1 cells were
assayed for neuraminidase activity using the artificial
substrate 2'-[4-methylumbelliferyl)-a-p-N-acetylneura-
minic acid at pH 4.3, which is optimal for detecting ly-
sosomal neuraminidase. As seen in Figure 4C, cells
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Figure 3, Predicted amino acid scquence of
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human newraminidase ¢DNA and align-
ment with other sialidases. [A} The pre-
dicted aminc-acid sequence, with residues
1-45 {underlined) representing the signal
peptide, and amine acids 46415 1epresent-
ing the neuraminidasc polypeptide, The g
FRIP demain and three Asp boxes are boxed,
two degenerated Asp boxes are underlined,
and the conserved residues in these do-
mains ate printed in holdface. Three poten-
tial Asn-linked glycosylation sites are
marked with an asterisk. {B) Alignment of
human lysosomal neuraminidase with
other mamimalian and bacterial members of
the sialidase superfamily, Selected regions
of the human neuraminidase (Hu) sequence
are compared with sialidases from Chinese
hamster {Ch.h.), Aicromonospoia viridi-
faciens [M.v.}, Streptococcus pneumoniae
[S.p.), Clostridium perfringens (C.p.), Clos-
tridium septicum {C.s.), Selmionella typh-
imunum (8.t.), and Bocteroides fragilis {B.F)
[Roggentin et al. 1993). Gaps wete intro-
duced to optimize the aligniment {dashes).
Identical amino acids are shaded in black;
similar residues are shaded in gray, Num-
bers refer to the positions of the amino zc-
ids. The Asp boxes are underlined and num-
bered T to V.
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expressing either neuraminidase {N} or PPCA {P) had
1.5-2.0 times higher neuraminidase activity than mock
{M]} or B-gal [B) transfected cells. However, in cells
cotransfected with neuraminidase and PPCA {N/P), the
activity was 16-fold higher than in mock transfected
cells [M). This increase was less pronounced, although
still substantial (ninefold), in cells expressing all three
enzymes together {IN/P/B). No change in activity was
observed in cells cotransfected with the neur and fi-ga-
lactosidase ¢DNAs (N/B], These data strongly support
the notion that the presence of PPCA, but not p-galac-
tosidase, is essential for meuraminidase activity, Al-
though the kinetics and mode of association of the three
enzyme complex is unknown, the relatively low neur-
aminidase activity in cells transfected with the p-gal
c¢DNA {N/B and N/P/B| could reflect competition be-
tween neuraminidase and B-galactosidase for binding
sites on PPCA. Taken together, these results provide
compelling evidence that the isolated ¢cINA encodes hu-
man lyscsomal neuraminidase.
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PPCA-dependent correction of neuraminidase activity
in deficient fibroblasts

Cultured skin fibroblasts from ene of two siblings with
type 1 juvenile stalidosis and from a type Il necnatat case
were selected to ascertain whether the neur cDNA could
carrect their enzyme deficiencies. In addition, cells from
an mBNA-negative galactosialidosis patient were used
to establish the PPCA-dependent activation of the en-
zyme on a PPCA null background. To optimize expres-
sion in human cells, we subcloned the neur and PPCA
¢DNAs into the expression vector pSC-TOP, which con-
tains the strong cytomegalovirus promoter (see Materi-
als and Methods). Cells electroporated with either the
neur ¢cDNA construct, the PPCA c¢DNA construct, or
both were tested for neuraminidase subcellular localiza-
tion and enzymatie activity, Imnunofluorescent stain-
ing of transfected cells with c-neur antibodies is shown
in Figure 5A. The ¢ndogenous neuraminidase in mock-
transfected control fibroblasts {WT/M) displayed a typi-
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Figure 4. Immunecytochemical localization and neuramini-
dase activity in transiently transfected COS-1 cells. (A} Immu-
nocytechemical localization of neuraminidase in COS-1 cells,
transfected with the neur <DNA clone {NJ, or with both the
neur and PPCA cDDNAs [N/P), using affinity-purified a-neur an-
tiscrum, In addition, cells were transfected with the PPCA
cDNA alone and processed for immunofluorescence with a-32
antiserum |P|, Magnification, 400x%. (B] Western blots prepared
with equal amounts of protein {5 pgl from COS-1 cell lysates,
transfected with vector [M), neur cDNA (N], PPCA cDNA[P), o1
beth neur and PPCA «DNAs {IN/P). Aliquots of lysates from
neuraminidase-overexpressing COS-1 cells were incubated ei-
ther without [N, —G| or with N-glycosidase F {N, +G), The
blots were ingubated with alfinity purified coneur antiscrum,
{C) COS-1 cells were transfected with vector alone (M), neur
eDNA [N, PPCA cDNA (D), #-galactosidase ¢cDNA ({B), or 2
combination of these, as indicated. Seventy-two hours post-
transfection, cells were harvested and assayed for acidic neur-
aminidase activity.

cal punctated lysosomal pattern. In contrast, the endog:
enous neuraminidase in mock-transfected sialidosis [S/
M} and galactosialidosis [G5/M) cells was below the
level of detection. The punctated pattern was restored
when sialidosis fibroblasts were transfected with neur
c¢DNA (5/N) or cotransfected with neur and PPCA

cDNAs {data not shown). We also reestablished the ly-
sosomal localization of neuraminidase in PPCA-defi-
cient cells by transfeeting them with PPCA ¢DNA {GS/
P}. Overexpression of the neur cDNA alone in galacto-
sialidosis cells {GS/N] created a lysosomal staining
pattern, despite the absence of PPCA. These data prove
that overexpressed neuraminidase does not require
PPCA to reach a lysosome-like compartment.

We next tested neuraminidase activity in these trans-
fected fibraoblasts {Fig. 5B). Because electroporation effi-
clency varied ameng the different cell strains, the rela-
tive enzyme activitics were compared only within trans-
fections of the same strain. Transfections with the neur
cDNA alone {N) raised the endogenous neuraminidase
activity slightly in wild-type cells (WT), but generated
enzyme activity in fibroblasts from sialidosis patients [$
type L and 11}, demonstrating that both types of sialidosis
result from a primary defect in the lysosomal neuramin-
idase. Despite the apparent lysosomal distribution of
neuraminidase in neur-transfected galactosialidosis cells
(see above), no increase in activity was measured {(GS, N|,
again demonstrating that neuraminidase is inactive
without PPCA, Transfections with PPCA alone {P) did
not alter neuraminidase activity in wild-type cells, failed
to correct the two sialidosis strains, and only slightly
induced activity in galactosialidosis eclis. The largest in-
crease in neuraminidase activity was measurcd when the
neur and PPCA cDNAs were coexpressed (N/P),

Lysosomal neuraminidase is mutated in type I and
type 1l sialidosis patients

Because we were unable to detect any cross-reactive ma-
terial in either the sialidosis or the galactosialidosis fi-
broblasts with immunofluorescence, we tried to immu-
noprecipitate the protein from radiolabeled deficient
cells (Fig. 6), In normal fibroblasts, the a-neur antibodies
recognized a polypeptide of ~45 kD, that resolved on
SDS—polyacrylamide gels as a broad heterogeneous band
that probably represented different glycosylated forms of
the enzyme [Fig. 6, lane 1). Cells from both type 1 siali-
dosis siblings, the type Il sialidosis patient, and the ga-
lactosialidosis patient also contained the neuraminidase
polypeptide but a much smaller amount [Fig. 6, lanes
2-5). In addition, the type Il sialidosis cells contained a
53-kD product in an equimolar ratio with the 45-kD spe-
cies [Fig. 6, lane 3). Because the sialidosis patients had
apparently normal amounts of neuraminidase mRINA,
the severely reduced quantities of protein recovered from
these fibroblasts could be attributed to decreased stabil-
ity of the mutant enzyme.

We then searched for mutations in the neur gene of
these patients by direct sequencing of reverse tran-
scriptase (RT)}-PCR-synthesized cDNAs, As indicated in
Figure 74 (teft paneli, both siblings with type I sialidosis
were heterozygous for a G to T transversion at nucle-
otide 1258 of their neur cDNA, which introduced a pre-
mature TAG termination codon at amino acid 377. The
mutant protein would then have a carboxy-terminal
truncation of 38 amino acids. The type 1l sialidosis pa-
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Figute 5. Correction of neuraminidase defi- B

cieney in stalidosis fibroblasts. [A] Immunocy-
tochemical localization of nenraminidase in fi-
broblasts of a normal individual W, a siali-
dosis type [ patient {8}, and a galactosialidosis
patient (GS), transfecied with vector [M), neur
cDINA [N], and PPCA cDNA (P). Cells were
stained with affinity-purified a-neur antise-
nime, Magnification, 400%. (B} Neuraminidase
activities in fibroblast cell lysates from a ner-
mal individuzl {WT), a galactosialidosis pa-
tient (GS), a sialidosis type [ patient (S type I),
and a sialidosis type H patient [$ type 1I), trans-
fected as described in Fig. 4C,

nedr activity (nmalhr/mg)

tient had one alele carrying a T to G transversion at
nucleotide 401 and the other allele bearing a single-base
deletion at nucleotide 1337 {Fig. 7A, right panel), The
peint mutation gave rise to the amino acid substitution
Leu%1 Arg, whereas the base deletion caused a frameshift

12 345

Figure 6. Imrmunoprecipitation of nevraminidase from siatido-
sis fibroblasts, Cultured fibroblasts from 2 normal individual
{WTJ, an E.I galactosialidosis patient (GS), a type 11 sialidasis
patient (S type 1), and two siblings with type I sialidosis (S type
[, P1, and P2) were labeled metabolically. The radiolabeled pro-
teins were immunoeprecipitated with c-neur antibodies, ard re-
solved by SDS-PAGE through 4 12.5% geb. Estimated molecular
masses are indicated left.
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at amino acid 403 that extended the protein by 69 amino
acids, which explained the presence of the 53-kD protein
in the patient’s fibroblasts (Fig. 6, lane 3).

Site-directed mutagenized cDNAs with cither the type
I mutation {premature stop] or the type II mutation
{longer proteinj were expressed alone or together with
the PPCA ¢ONA in deficient fibroblasts and COS-1 cells.
Western blot analysis of transfected cell lysates con-
firmed that the ¢cDNA-encoded proteins had abnormat
molecular masses: 53 kD for the type Il mutation, and 41
kD for the type [ mutation (Fig. 8). Both mutant proteins
aberrantly localized to the perinuclear region but no ly-
sosomtal staining or neuraminidase activity was noted,
regardless of whether PPCA was present {data not shown
and Table 1). These data confirm that these clinically
relevant mutations produce nonfunetional neuramini-
dase.

Biscussion

The comprehensive characterization of lysosomal neur-
aminidase has efuded investigators for many years be-
cause of the protein’s apparent lability during purifica-
tion procedures and its presumed membrane-bound
character. Although these features have hampered the
molecular ¢loning of this enzyme by conventional meth-
ods, interest in this important component of the lysoso-
mal system has persisted for several reasons. The en-
zyme has a pivotal role in the intralysosomal degrada-
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Figure 7. Mutations in the lysosomal neuraminidase gene of type [ and type I sialidosis patients. (4] Partial nucleotide sequence of
the neuraminidase cDNA from sialidosis patients, Tetzl RNA was isolated from the fibroblasts of a normal individual (WT, the two
siblings with type 1 sialidosis {P1 ard P2, Jeft] and the patient with type B sialidosis [right). This RNA was connected to ¢DNA by
RT-PCR and the eDNA was directly sequenced through asymmetzic FCR, In the Jeft panel a G 1o T transversion at nucleotide £258
in the neuraminidase cDNA is indicated [Pl and P2, left pancl), This transversion creates a premature stop codon. In the type 11
sialidosis patient, a deletion of 2 G at position 1337 in the cDNA [right pane], allele ], antisense sequence is shown| causes a frame
shift that results in 2 longer ORF. The same patient has a T t6'G transversion at position 40t, which causes an amino acid substitution
at position 91 in the protein (right panel, allele 2). {B) Schematic representation of the type T and type I mutant reuraminidase
polypeptides. Shown are the normal protein {wt), with amino-terminal signal peptide [gray shaded}, and the conserved and degenerated
Asp boxes (numbered I ta V). The type 1 sialidosis mutation gives rise to a truncated polypeptide of 377 amine acids [type 1). Allele |
of the type 1 sialidosis patient [type TI, allele 1}, yields a longer protein of 484 amino acids that has a unique stretch of amino acids
at the carhoxyl terminus [shaded in gray}. The second allele of the 1ype 11 sialidosis patient {type II, allele 2} has a Len to Arg amino-acid

substitution at position 91 [L/R).

tion of sialoglycoconjugates catalyzing the release of
terminal sialic acids, which, in tum, triggers further deg-
radation of the sugar moiety. If this pivotal role is dis-
rupted, the defective enzyme contributes to tweo lyso-
somal storage disorders; sialidosis and galactosialidosis.
The former is caused by structnral defects in neuramin-
idase itself, whercas the latter results from a primary
deficiency of PPCA, a pleitropic serine carboxypeptidase
that is essential for neuraminidase activity {d’Azzo et al.
1995}, In fact, nevraminidase activity is strictly depen-
dent on the enzyme being part of a three-enzyme com-
plex that includes PPCA and p-galactosidase.

In our effort to isolate the neur cDNA, we took advan-
tage of the growing number of random, uncharacterized
human ¢cDNA sequences that are deposited daily in the
dbEST data base. This “computer cloning” approach al-
lowed us teo identify >30 overlapping neuraminidase
¢DNA clones, many of which are royalty-free and avail-
able through the Integrated Molecular Analysis of Ge-

nomes and their Expression {IMAGE) Consortium. In
principle, this system could be used to identify other
human proteins of known function that have resisted
conventional molecular ¢loning. Only two criteria must
be met: The cDNA clones representing the protein must
be present in the dbEST data base, and the protein must
have some sequence homelogy to known proteins with a
similar function in other organisms. In addition, care
must be taken to ensure that the ¢cDNAs do encode hu-
man mRNAs and are not derived from contaminating
organisms,

Our neur ¢DNA clone recognizes an mRNA of ~1.9
kb, that is ubiquitously but differentially expressed in
human tissues, By using this cDNA to localize the hu-
man neuraminidase gene to chromosomal band 6p21, in
a region known to contain the HLA locus, we were able
to not only establish that we had the correct eDNA, but
also verify two other reports that mapped the neur gene
to the &p21 region [Oohira et al. 1985; Harada et al.
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Figure 8. Western blot analysis of mutant neuraminidase from
stalidosis patients, Western blot prepared with cqual amounts
of COS-1 celi tysates, transfected with vector [MOCK), neur
¢DNA |[NEURJ, PPCA ¢DNA (PFCA), or cotransfected with
both the neur and PI'CA ¢DNAs {INEUR/PPCA). In addition,
two neuraminidase mutants type I Asp-377-stop (NEUR®}, and
type 11 Serd03.frame shift [NEUR'*) were cither expressed
alone or co-expressed with PPCA. The Western blot was incu-
bated with affinity-purified a-neur antibodtes, Estimated mo-
lecular masses of the wild-type proteins are indicated at left and
of the aberrant polypeptides at the right.

1987). Interestingly, the murine Neu-1 locus, which
seems to be responsible for the partial deficiency of neur-
aminidase in inbred SM/} mice, maps to chromesome
17,7 near the major histocompatibility complex H2,
which is syntenic to the human 6p region [Womack et al.
1981).

Lysosomal neuraminidase shares significant homol-
ogy, with many members of the sialidase superfamily
(Roggentin et al. 1993). Based on our ehservations, we
can speculate that rodent sialidases are positioned evo-
lutionarily between the bacterial/human neuramini-
dascs, which contain the FRIP domain and Asp boxes,
and the viral salidases, which mostly lack Asp boxes.
The exact function of the Asp box is unknown but they
have been found in at least seven other unrclated pro-
teins from plants, viruses, bacteria, and yeast {Rothe ¢t
al. 1991}, The only characteristic these proteins share is
their ability to bind carbohydrates. Because sialidases
and their sialyl substrates are absent in plants and meta-
zoans, the occurrence of Asp boxes in plant proteins sug-
gests that these boxes do not contribute to sialic acid
metabolism. In spite of the differences observed at the
amino-acid level, the crystal structure of bacterial and
viral sialidases indicates that the fold topology of these
enzymes is identical and consist of the same six-bladed
B-propetier around an axis that passes through the active
site [Crennell et al. 1993; Gaskell et al. 1995}, Several of
the residues in the catalytic pocket of bacterial sialidases
are conserved in the human enzyme, including the Arg
in the FRIP domain. It is therefore very likely that hu-
man neuraminidase has a similar three-dimensional
structure, The primary structure of nevraminidase does
not reveal any obvious membrane targeting domain, be-
sides the signal peptide, which suggests that this protein
is unlikely to associate with the membrane. This finding
is not in keeping with the insoluble nature of the en-
zyme,

By expressing the full-fength neur ¢cDNA in COS-1
cells, we confirmed the lysosomal localization of the
protein and the generation of PPCA.dependent neur-
aminidase activity at an acidic pH optimum. Surpris-
ingly, we found that a significant number of cells over-
expressing newraminidase accumulate crystal-like struc-
tures in their perinuclear regions, that stained only with
anti-neur antibodies. Although this “crystallization” ef-
fect was most likely attributable to overexpression, it
must reflect an intrinsie, unigue property of the enzyme
because crystals of this size of other overexpressed pro-
teins have not been repoarted previously. Another lyso-
somal enzyme, a-galactosidase, was shown to form crys-
talline structuzres when overexpressed in CHO cells;
however, in this case, the crystals were only visible at
the electron microscopy level (loannou et al. 1992}, In
vivo crystallization of proteins is a rare though naturally
accuring event, kt has heen reported for erystallin pro-
teins in the eve lens {Russell et al. 1987} and for insulin
in pancreatic acinar cetls {Kuliawat and Arvan 1992). In
both af these reports, the crystals are relatively small. It
may be that the insoluble nature of lysosomal neuramin-
idase is a direct result of this ability to crystallize or
aggregate,

Qur most compelling evidence that the cDMNA-en-
coded protein is the lysosomal neuraminidase came from
studies on patient fibrablasts. Overexpression of our
neur cDNA in the sialidosis patients’ fibroblasts restored
neuraminidase lecalization and activity. We found that
PPCA is not required for correct ysosomal lecalization
of neuramintdase, but is indispensable for enzyme acti-
vation, Catalytically inactive PPCA mutants rescue
neuraminidasc activity in the galactosialidosis fibro-
blasts |data not shown; Galjart et al. 1991), which sug-
gests that the carboxypeptidase activity of PPCA is not

Table 1. Trensfection of sinlidosis fibroblasts with mutant
nevraminidase cDNA constructs

Neuraminidase activity
[nmol/hr per mg protein)

cDNA construct  wild-type fibroblasts  sialidosis fibroblasts

mock 58+ 8 0
PPCA 75%9 0
neur 405 3012
neur* nd. 0
neur** n.d. Q
neur/PPCA 300 = 21 108 = 18
newr* /PPCA n.d, [¢]
neur® */PPCA n.d. o

Sialidosis type 11 fibroblasts were electroporated with the sialk-
dosis mutant pSCTOP ¢cDNA constructs alone, type I Asp377-
stop {neur*}, and type 1 Serd03-frameshift fneur* *}, and with
the mutant neuraminidase and wild-type PPCA constructs
[neur*/PPCA and neur* */PPCA). Wild-type and sialidosis fibro-
blasts were also electroporated with the wild-type reuramini-
dase and PPCA ¢DNAs [neur and PPCA), and coelectioporated
with both constructs {neur/PPCA]. The mutant cDNAs were
not expressed in the wild-type fibroblasts (n.d.).
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required to activate neuraminidase. It is clear from these
studies that B-galactosidase is not directly invelved in
neuraminidase activation, a finding that supports carlier
observations in PPCA-deficient knockaut mice (Zhou et
al. 1995), where p-galactosidase activity is reduced only
in certain tissues, whereas neuraminidase deficiency
parallels that of PPCA. Why then do PPCA, p-galactosi-
dase, and neuraminidase form a multienzyme complex!
A passible explanation is that association between the
different components eould alter the active sites of the
enzymes, influencing their substrate specificity and/or
catalytic activity. By coupling catalytic activity to as-
sembly, protein components can be regulated through
coordinated activation or stoichiometry in the complex.
Although the exact mode of neuraminidase activation
remains unclear, it is conceivable that the inactive neur-
aminidase polypeptide associates with PPCA, which pro-
motes a crucial conformational change that renders the
enzyme substrate accessible, Alternatively, PPCA could
present the inactive neuraminidase to a different pro-
cessing enzyme, which then activates it

The identification of mutations in the neur mRNA
from type | and 11 sialidosis patients, that are directly
linked to the inactivation of the enzyme, provided the
ultimate proof that the diseasc is caused by genetic le-
sions in the neuraminidase gene, On the basis of the
experimental data presented here, we cannot at this time
corrclate the genetic defect in sialidosis type I with their
mild phenotype. It is likely that an as yet unknown mu-
tation in the second allele from these patients produces
an enzyme with residual activity. A comprehensive anal-
ysis of the mutations in these and other sialidosis pa-
tients and their effect on the protein will be the subject
of future studies.

The availability of the lysosomal neuraminidase
cDNA cnables us to investigate the neuraminidase pro-
tein in depth, particularly its association with other
components of the complex, such as PPCA, In addition,
we should gain better insights into the mechanisms that
regulate newraminidase activation and inactivation. Ebus-
cidation of the three-dimensional structure of lysesomal
neuraminidase, either alone or complexed with PPCA
and #-galactosidase, would offer essential insights into
the specific physiological propertics of the individual en-
zymes. This information, coupled with mutation analy-
ses fram other sialidosis patients, will help to explain the
strugture and function relationships of the wild-type pro-
tein and the defeetive mutant enzymes. Finally, it will
ke particularly interesting to assess the relative contri-
butions of the three neuraminidase enzymes to catabo-
lism of sialic acid-containing compounds, both under
normal eonditions and in the diseased state,

Materials and methods
Cell culture

Human skin fibroblasts from a nermal individual and patients
with galactosialidosis or stalidosis are deposited in the European
Cell Bank, Rotterdam, The Netherlands (Dr, W.T. Kleijer]. Fi-
broblasts from twe siblings with the type T form of sialidosis

were Kindly provided by Dr. Beck {Klinikum der Johannes
Gutenberg-Universitdl, Mainz, Germany), who disgnosed the
disorder in these patients. Fibroblasts from the type Il sialidosis
patients were kindly sent to the Rotterdam cell bank by Drs. G.
Patenti and P, Strisciuglio {Dipartimento di Pediatria, Univer-
sitd di Napoli, [taly). Primary fibroblasts and COS-1 cells [Gluz-
man 1981) were maintained in Dulbecco’s modified Eagle’s me-
divm [DMEM), supplemented with antibiotics and 10% or 5%
fetal bovine serum, respectively.

Screening of the EST data base

‘The dbEST data base (Boguski 1995) was searched with the text
string: "neuraminidase or sialidase” using an input device lo-
cated on the World Wide Web {http://wwwi.nebi.nlm nih.gov/
dbest_query.htlm]. Putative neuraminidase ¢DNA clones ho-
melogous ta known sialidases were retrieved. Their nucleotide
and amino acid sequences {translated in all six reading frames}
were anslyzed for actual homologics using the NCBI Blast
e-mail server jblast nebi.nlm.nib.gov), and swere compared with
nonredundant peptide and nucleotide sequence data bases [FDB,
SWISS-PROT, PIR, SPUpdate, Gen¥ept, GPUpdate, GBUpdate,
GenBank, EMBL, EMBLUpdate}. A dbEST ¢DNA clone with
favorable alignment to bacterial neuraminidases, accession no,
R13552 (IMAGE clone 26525) was acquired, royalty free, from
the IMAGE Consortivm, Huntsville, Alabama. This clone is
henceforth referred to as neur cDNA.

Northern blot analysis

A Morthemn blot [Clontech] containing equal amounts (2 pg) of
human multitissue poly[A]* RNA was hybridized with the 1.9-
kb neur cDMA labeled according to Sambrook et al. {1989). The
membrane was stripped according to the manufacturer’s in-
structions and rehybridized with the 1.8-kb human PPCA
cDINA [Hu54) {Galjart et al, 1988). Total RNA was isolated from
contro!l and sialidosis patients’ fibroblasts vsing TRIzo reagent
according to manufacturer’s instructions [Life Technologies).
RNA [~10 pg! was separated on a 1% agarose gel containing
0.66 M formaldehyde. After electrophoresis, the RNA was blot-
ted onto a Zeta-prabe membrane [Bio-Rad) and hybridized with
the neur cDNA probe. Standard hybridization and washing con-
ditions were applied [Sambrook ct al. 1989).

¢DNA sequencing

The 1.9-kb neuraminidase ¢cDNA clone was subcloned into
pBluescript IT KS (Stratagene) using standard procedures [Sara-
breok et al. 1989)and sequenced using the frnel kit (Promega) on
double-stranded DNA (Murphy and Kavanagh 1988} Nucle-
otide sequence data were analyzed using the Wisconsin package
[version 8, Genetics computer group). Homology searches were
carried out using the NCBI Blast e-mail server, as stated above.
Alignment of protedn primary structures was performed vsing
the computer programs ClustalW and Boxshade {Hofmann and
Raren, Bioinformatics group, Swiss Institute for Experimental
Cancer Research, Lausanne, Switzerland), with a gap penalty of
10.0 and a gap extension of 0.05,

Chromosomal locallzation

A 3.5-kb PCR fragment was amplified from human genomic
DNA, using 18-mer oligonucleotide primaers, synthesized ac-
cording to 5° (sense] and 3’ [antisense] sequences in the neur-
aminidase ¢cDNA. The 1.9-kb ¢DNA and the 3.5-kb genomic
fragment were labeled separately by nick tianslation with
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digoxigenin dUTP. The labeled probes were then combined
with sheared human DMA and hybridized independently 4o nor-
mal metaphase chromosomes derived from PHA-stimulated pe-
ripheral blood lymphocytes as described [Morris et al. 1991},
Specific hybridization signals were detected by incubating the
hybridized slides in fluorescein-conjugated antidigoxigenin an-
tibodies. The chromosonics were then stained with DATE and
analyzed. Fluorescence signals ebserved with these probes were
specific to the middle of the short arm of a C group chromosome
with DAPI-banded morphology consistent with chromosome 6.
Based en the distance from the centromere of the hybridization
signal relative to the entire length of the shert arm of chromo-
some 6, we assigned the neur locus to band p.1,

Transfections and enzyme assays

cDNASs encoding neuraminidase, PPCA (Galjart et al. 1988), and
B-galactosidasc [Morreau et al, 1989), subcloned into the expres-
sion vector pCD-X [Galjare et al. 1988; Okayama and Bexg 1982),
wete transfected into COS-1 ¢ells using caleium phosphate pre-
cipitation as described {Chen and Okayama 1987).

The c¢DMNAs mentioned above were also subclened into
pSCTOP (Farnerod et al. 1995; Rusconi et al. 19%0] and electro-
porated into primary fibroblasts according to the manufactur-
er’s instructions |Bio-Rad), with the follewing modifications,
Primary fibroblasts were trypsinized, resuspended in DMEM
supplemented with 10% fetal calf serum, and washed once in
ISCOVE’s medium. Plasmid DNA 130 pgl was then electropo-
rated into ~1 % 10% cells, suspended in 560 ul of ISCOVE's me-
dium, using a 0.4-cim electroporation cuverie in a Biolad Gene
Pulser set at 0.320 kV, and 500 uF {time constant 11--13), The
electraporated cells were then seeded into 50-mm Petri dishes
and cultured for 16 he, at which point the medinm was changed.

Transfected COS-1 celis and primary fibroblasts were har-
vested by trypsinization 72 hr post-transfection and assayed for
neuraminidase zctivity with the artificial 4-methylumbelliferyl
substrate, according to Galjaard {1980}, Total protein concentra-
tions were quantitated with bicinchoninic acid [Smith et al.
1985) following the manufacturer’s guidelines (Pierce, Chemi-
cal Co.).

hnmunofivorescence, Western blotting, and
imntunoprecipitation

Antiserum was raised in rabbits against 2 bacterially produced
GST-reuraminidase fusion protein that lacks neuraminidase
amino-acid residues 1--50. This antiserum {a-neur) was aHinity-
purified as described previously [Smith and Fisher 1984} The
denatured 32-kDD chain of PPCA, generated thaough its overex-
pression in insect cells {Bonten et al. 1995), was wsed to raise
anti-PPCA antiserum {a-32} in rabbits.

For indizect immunofluorescence, COS-1 cells and primary
fibroblasts were seeded 4872 hr post-transfection on Super-
frost/Plus glass slides (Fishes). The next day, the cells were pro-
cessed according to van Dongen et al. {1985), using the antisera
mentioned above and FITC-conjugated antizabbit IgG antibod-
ies {Sigma).

For Westem blotting, COS-I cells were harvested by trypsin-
ization 72 hr post-transfection and Iysed in milli- water (Mil-
lipore). Aliquats of cell lysates containing 5 ug of protein were
resolved on SDS-polyacrylamide gels and transferred to Immo-
bilon pelyvinylidene difluoride membranes [Millipore]. West-
emn blots were incubated with affinity-purified a-neur antibod-
ies as described Bonten et al. {£995), using either alkaline phos-
phatase- or horseradish peroxidase-conjugated antirabbit IgG
secondary antibodies, with a colorimetric {Sigma) or chemilu-

minescent {Renaissance, DuPont NEN] substrate, respectively,
Deglycosylation reactions were performed with recombinant
N-plycosidase F {Boehiinger Mannheim) according to the sup-
plier’s insteactions.

For iramunoprecipitation, fibroblasts were grown to con-
fluence in 85-mm Petri dishes and labeled with 350 pCi
L-{4,5-*H}-Leucine per dish for 20 kr. Proteins were precipitated
with e-neur as teported previously (Proia et al, 1984] and re-
solved by SDS-PAGE under denaturing and reducing condi-
tions. Radicactive bands were visualized by fluorography of gels
impregnated i Amplify (Amersham). Apparent molecular
masses were calculated by comparison with marker proteins
{Li{e Technologies). .

Mutation analysis

For amplification of mutan: cDNAs, four sets of 18-mer oligo-
nucleotide primers were synthesized based on the wild-type
eDNA sequence. Total RINA was isolated from contrel fibro-
blasts and the fibroblasts of sialidosis patients’ by using TRIzol
reagent according to the manufacturer's instructions (Life Tech-
nologies). Four overlapping ¢cDNA fragments of ~500 bp each
encompassing the entire coding region of the neuraminidase
cDNA, were synthesized by RT-PCR [Hermans et al. 1988}. For
direct ¢cDNA scquence analysis, a portion of PCR-amplified
cDMNA was subsequenily subjected to asymmetric PCR {Kad-
owaki et al. 1990), using a 1:100 ratic of sense:antisense or
antisense;sense primer concentrations, for an additional 30 cy-
cles. The PCR preducts were phenol/chloroform extracted, de-
salted on Centricon-100 units [Amicon), and precipitated with
isopropansl, The single-stranded products were sequenced by
the dideoxy-chain termination method (Sanger et al. 1977} using
the Sequenase kit according to the manufacturer's instructions
{USE).

Transient expression of mutant newraminidase cDNAs

To introduce the mutations found in the neurarminidase of sial-
idosis patients, into the full-length ¢cDNA, small fragments
{~400 bp), containing the identified mutations, were excised
from the RT-PCR products described above and subcloned inte
the pSCTOP-nevraminidase cDDNA censtruct. The plasmids
were then sequenced to ensure that the mutations had been
corntectly introduced. They were then transfected into COS-1
cetls and primary sizlidosis fibreblasts as described above,
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Lysosomal neuraminidase (slalldase) oceurs In a high
molecular weight complex with the glycosidase
f-galactosidase and the serine carboxypeptidase
protective protein/cathepsin A (PPCA). Assoclation of
the enzyme with PPCA Is crucial for its correct targeting
and lysesomal activallon. In man two genetically
distinct storage disorders are assaclated with either a
primary or a secondary deficlency of lysosomal
neuraminidase: sialidosis and galaciosialldosls. In the
mouse the naturally occurring Inbred strafn SM/J
presents with a number of phenotypic abnormalities
that have been allributed to reduced neuraminldase
activily. SM/J mice were orlginally characterized by thelr
altered slalylation of several lysosomal glycoprotelns.
This defect was linked to a single gene, neu-1, on
chromosome 17, which was mapped by linkage
analysis to the H-2 locus. in addition, these mice have
an altered Immune response that has also been coupled
{o a deficlency of the Neu-1 neuraminidase. Here we
report the identification In SMAJ mice of a single amino
acld substitution (L2084 in the Neu-1 protein which is
responsible for the partial deficlency of lysosomal
neuraminidase. We propose that the reduced activity is
caused by the enzyme’s altered afiinlty for its substrate,
rather than a change In substrate specificity or turnover
rate. The mulant enzyme is correctly compartment-
alized In lysosomes and maintains the abllity to
associate with its aclivating proteln, PPCA. We propose
that it is this mutation that is responsible for the SMAJ
phenotype.

INTRODUCTION

Neuraminidases (sialidases) constitute a large and important
family of hydrelytic enzymes that cleave the terminal sialic acid
restdues from a variety of sialoglycoconjugates [for a review see
(I0)]. This event influences many cellular processes, including
cellcell interaction/adhesion, protection from pathogens and
antigen recognition ([0-14). Some family members share certain
characteristic features, including the F(Y)RIP domain in the
N-terminal region of the protein, where the arginine is pad of the
active site, and two to five evenly spaced Asp boxes (S/T-X-D-X-

G-X-T-W/F), which are located C-terminal of the F(Y)RIP
sequence (15,16), The three-dimensional structure of bacterial
and viral sialidases has shown that these enzymes have acommon
catalytic core of ~40 kDa with a characteristic six-bladed
B-propeller fold (17,18). Human lysosomal N-acetyl-ct-neur-
aminidase is deficient or defective in two distinet metabolic
storage disorders: sialidosis, which is caused by structural fesions
in the neuraminidase gene; and galactosialidosis, in which
reuraminidase deficiency is secondary 1o a primary defect in the
serine carboxypeptidase protective proteinfcathepsin A (PPCA)
{1,4). Recenltly we and others cloned the human reuraminidase
cDNA and identified & number of independent mutations in the
neuraminidase gene that we associated with different clinical
variants of sialidosis (3,19,20). The neuraminidase locus maps to
the HLA region on chromosome 6p21 (3,21,22).

In the mouse a partial deficiency of a reuraminidase was first
identified in the natwrally cccurring strain SM/J (23). These
inbred mice had atready been sefected in the early 1940s for their
relative small body size following cross matings with seven
different inbred strains. Later, biockerical analysis demonstrated
abnormal sialylation of at [east four lysosomal glycoproteins that
showed an altered migration patiern on starch pel electrophoresis,
This defect was comrected by treatment with bacterial sialidase
[reviewed in (5)}. This hypersialylation was attributed to a
reduction in activity of a liver-specilic sialidase (5,24,25),
although some reports suggested (hat other organs were also
alfected (23,26). The responsible gene was designated neu-1 and
mapped, by linkage analysis, to the histecompatibility locus on
chromosome 17, in the region between H-2D and H-2E,, (6,7),
which is syntenic to the human HLA, focus on chromosome 6p21.
Besides the sbnermal sialylation of lysosomal glycoproteins,
SMA mice also have an impaired immune response, which is
theught to result from the altered processing of sialic acids pres-
ent on cell surface molecules of subpopulations of T cells
{8,9,27-31}. Animportant step in the development of an immune
response is differentiaticn of activated naive T cells into either
IFN-y-producing (Ty) or IL-<d-producing (Thz) cells [for a
review see (32)], Although SM/T mice can stimulate a Tpy-
mediated immune response, they cannot stimulate the conversion
of naive T cells into IL-4-producing Tz lymphocytes. This
altered response has been attributed to reduced activity of Neu-1
neuraminidase, which is thought to result in: (i) improper
desialylation of surface antigens on Tyy-committed cells; (ii)
reduction in early IL-4 production; and {jii) absence of IgG1 and
IgE production by B cells alter in vive immunization of SM/J
mice with pertussis toxin (31). T cell Neu-1 neuraminidase has
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also been implicated inconversien of vitamin Dy binding protein
into macrophage activating factor (7). Together these data
suggest an important role for Neu-1 neuraminidase in processing
of selected sialoglycoconjugates at either the plasma membrane
or within intraceflular compartments,

In this paper we descrite identification of a single amino acid
substitution, L209], in the new I-encoded lysosomal neuramini-
dase of SM/F mice. Analysis of the biochemical properties of this
mutant enzyme demonstrates that its reduced nevraminidase
activity is indeed caused by the presence of this mutation and not
by improper compartmentatization of the protein, altered tum-
over or a tack of association with PPCA.

RESULTS

Isolation of the murine neuraminidase cDNA and
expression patiern of yreu-1 in mouse tissues

Two murine neuraminidase cDNAs (1.8 and 2.4 kb) were isolated
using the human cDNA as prebe. Both contained the same open
reading frame, but the 2.4 kbclone lacked the first two codons and
had an extended 3’-untranslated region {UTR). The deduced
amnino acid sequence of the mouse profein is 91% similas 1o its
human counterpart: the N-terminus begins with a conventional 39
amine acid signal sequence (33) and includes a FRIP domain as
well as three conserved and two degenerated Asp boxes. The
protein has four potential N-linked glycosylation sites; the first
three are found at identical positions in the human neuraminidase,
whereas the fourth, which is close to the C-termiinus, is only
present in the mouse sequence (Fig. 1}. Norhem blot analysis of
multipfe tissues, using probes spanning the ¢DNA (Fig. 1)
demonstrated two major and twao minor transcripts, which vary in
tength from 1.8 10 4.0 kb (Fig. I). The 3"-UTR probe, unique for
the 2.4 kb cDNA, recognized only the 2.4 and 4.0 kb transcripts,
indicating that the four mRNAs use altemative 3-UTRs. The
hybridization results suggest that all four transeripts contain the
same protein encoding sequence. The 1.8 and 2.4 kb mRNAs
were the most abundant and displayed a differential pattern of
expression which closely correlated with expression of PPCA,
which forms a complex with the neuraminidase protein (34,35).
The murine gene coding for the iselated cDNAs contains six
ceding exons {Table 1). The gene spanned a smalt region of 4 kb
and was mapped, using the 1.8 kb ¢cDNA insert as probe, to the
H-2 region of chremosome 17 {data not shown),

Phenotyple characterization of SM/J mice and
Identification of the mulation in the neu-I gene

All four neuraminidase transeripts displayed similar patterns of
expression in kidney, brain, liver and spleen RNA preparations

from SM/7 mice (Fig. 1). In addition, a single polypeptide was
immunoprecipitated with anti-human neuraminidase antibodies
(anti-neur) from radiolabeled lysates of SM/T fibroblasts; this
immunoprecipitated protein was comparable in size with the
normal murine protein (data not shown). Although we found no
overt changes at the RNA or protein level, we did find that
neuraminidase activity of SM/J Neu-1 differed from that of
wild-type Neu-1. Using sodium 4-methyl-umbelliferyl-o-p-A-
acelylneuraminate (4-MU-NANA) as substrate, SM/J Neu-1
activity was significantly reduced in lysosomal/mitochondrial
extracts derived from several SM/J tissues and this partial
deficiency was clearly not restrcied to any one tissue {Fig. 2).
SM/I neuraminidase activity in kidney and liver extracts was also
lower than that of control values when assayed with either ¢-2,3-
and o-2,6-stalyllactose (0-2,3- and ¢-2,6-NANA-lactose) as
substrate, thus demonstrating that the defective enzyme did not
show aftered specificity for either of the two linkages (Fig. 2).
However, using fibroblast extracts we could demonstrate that
SM/T neuraminidase assayed with subsirate concentrations
ranging frem 0.1 10 1.5 mM 4-MU-NANA had an ~3-fold lower
Vinas kan the wild-1ype enzyme (Fig. 2). This suggests that the
L2091 substitution influences the kinetic properties of the mutant
enzyme. Forthenmore, the mutant mice displayed an abnormal
pattern of urinasy ofigosaccharides (Fig. 2), indicative of
atigosacchariduria, a condition commonly observed in galacto-
sialidosis mice (2). Histological analysis of the SM/J mice
showed evidence of storage products in specific cells, such as the
Purkinje cells of the cerebellum and the glomerular epithelivm,
which appeared to accumulate over fime (data rot shown).
Because these parameters are commonly used in biochemical
diagnosis of sialidosis and galactosialidosis patients (1,4), it is
clear that SM/ mice share similar phenotypic abnormalities with
these two human diseases,

To identify the underying genetic lesion responsible for these
abpormalities we searched for a mutation(s) in the neuraminidase
gene. Using RT-PCR on brain and liver RNA derived from SM/J
mice of different ages and from different litters we amplifted four
overlapping fragments that span the entire neuraminidase cDNA
{Fig. 3). Three mouse strains, BALB/e, 129/8v and FVB, were
used as conrols, Sequence comparison identified seven nucleo-
tide changes in the SM/J cDNA; four involved the wobble base
of amine acid codons Lys93, Arg202, Thr295 and Ala3 16, two
were present in the 3-UTR and one was a C—A transversion at
ni 625 within exon [V of the gene. This transversion resulted in
the amino acid change Leu209 to Ile (L2091). Because exon IV
is present in all four neuraminidase transcripts {Fig. 1), we
inferred that this point mutation must be present in all of the
mRNAs and in the comresponding protein.

Table 1. Sizes and locations of exons and introns and sequences at the exen/intron boundaries of the neu-/ gene

Exons cDNA position Introns Tntron size

Number Size 5" splice site 3’ splice site

1 171 =300 t4i AGCCTGgigage .. pegeagGTGCAG 65 m
1 190 142 to 33t ACCAGGgtazca ... uclagGTAGCA 453 )
I 266 3320 597 ATTCAGgitca ... taacagAAACAG 1200 (3
v 183 598 to 780 TGCCAGRicagg v acgeagCCCTAC 97 )
\'e 221 781 10 1601 AGTTCCgigagt welagGAGTGA 99 (5}
VI 1365 1002 10 2366
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Figure 1, (A) Comparison of the amino acid sequences of mouse and human neuraminidases. ldentical residues are shown in black and similar residves in gray, The
signal sequence is underlined: the FRIP sequence and the conserved Asp boxes (I-[1ly are boxed; the degenerate Asp boxes (1Y and V) are double undedined. The
glycosyiation sites are indicated by an asterisk above the sequence, (B) Linear representation of the two neuraminidase ¢DNAS! the coding region is indipated as an
oper box; the 5™-UTR, unigee for the 1.8 kb clone, and the part of the 3-UTR shared by both ¢DNA clones an: indicated by gray boxes, The part of the 3-UTR unigue
for the 2.4 kb clone is shown as a smalter black box. Numbers represent nucleotide positions. The different probes used to hybridize the nosthem blot are: 1, nt—23
to 495 I, n1 601 to 78C; 111, it 1049 to 153%; IV, nt 2072 to 2168. (C) Nerthern blot analysis using the probes outlined in (B) and indicated under each pancl. Exposere
times were 3 days for blots probed with I and IV, 16 h for blots probed with [ and 111 The biot hybridized with probe [ was also exposed for 16 hto resclve the different
transcripts in the kidney sample (shown as separate lane). Br, brain; He, heant; Ki, kidney; Li, liver; Lu, lung: Sm, smooth muscle; Sp, spleen; Te, testis. (13} Nerthern
blot prepared with total RNA from SM/J-derived tissues and hybridized with a combination of probes T and IIE Exposure time was § days.

Expression of L2091 mutant neuraminidase in deficient
fibroblasts

To assess the impact of the L209I change on biochemical
properties of the normal enzyme we engineered this mutation into
the normal 1.8 kb murine ¢cDNA, The resulting mutant clone
(Mo-smj) was completely sequenced to confirm correct introduc-
tion of the mutation. This mutant ¢DNA was transienily
expressed in two human sialidosis type [T fibroblasts. These cells

were chosen because, unlike SM/J fibroblasts, they totally lack
neuraminidase activity (3). Mo-senj <DNA only partially cor-
rected the deficient fibroblasts, generating neuraminidase activity
of between 40 and 65% of that of the wild-type murine (Mo-neur)
enzyme. Given the strict dependence of neuraminidase on PPCA
for full enzymatic activity (1,2), we also tested the effect of both
mouse and human PPCA on SM/T neuraminidase. Co-transfec-
tion of the Mo-smmj and Mo-neur cDNAs with either the mouse or
human PPCA cDNA (Mo-ppea and Hu-ppea) resulted in a clear
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Figure 2, (A} Lysosomal/misochondnial fractions of different mouse fissues assayed with the 4-MU-NANA substrate. Yalues shown represent the average of three

independent experments, (B) Lysosomal/mitochendrial fractions of different mouse

tissues assayed with ¢ither o-2,3-NANA-lactose or a-2,6-NANA-lactose. Values

given are the average of three independent experiments. Activities are expressed as a perventage of nommal kidney neuraminidase activily assayed with

«-2,3-NANA-lactose. Both contro! and SM/J mice were between 3 and 4 months

old. (C) Lineweaver—Burke analysis showing dependence of the &MU-NANA

substrate conventration oo initial rate of nevraminidase activity, Vinay for the SMA neuraminidase is --12 nmolh/mg, while the wild-type enzyme has a Vigay of ~30

nmot/himg. Aclivities were assayed as described in Materfals and Methods; v is the

velocity rate of the reaction in nmol//mg and § is the substrate concentration in

mb. (D) Urine analysis of SM/ and control mice, displaying an abnormat panesn of eligosaccharides. SMJJ 1 and 2 represent two independent urine samples from
two different $M4J mice, M is the OLIGO fadder standard from Glyko Tne, and WT refers 1o the urine sample collected from 2 wild-type mouse,

increase in neuraminidase activity for both the rormal and mutant
protein (Fig. 3). The induced SM/F activity, however, remained
lower than that of the wild-type. The L2091 mutation was also
introduced into the human neuraminidase ¢cDNA (Hu-smj).
Expression of this mutant clone alone or in combination with
human or mouse PPCA again resulted in reduced neuraminidase
activity (Fig. 3), unequivocally demonstzating that the L2091
substitution is responsible for the enzyme defect. Immuno-
fleorescence analysis of singly and doubly transfected cells
showed that the presence of the mutation in either the mouse or
the human neuramiinidase molecule does not alter the subcellular
distribution of the enzyme, which maintained a typical punctate
lysosomal staining (Fig. 3). The lysosomal localization of the
mutant enzyme was confirmed using Percol density geadients
with transfected COS-1 cells (data not shown). Co-expression of
either mouse or human PPCA clearly enhanced the lysosomal
signal, further indicating that PPCA has a stabilizing effect on the
mutant protein.

Biosynihesis of the L2091 muiant in COS-I cells and its
association with the PPCA precursor

The increase in SM/F neuraminidase activity in cells co-gxpres-
sing mutant Neu-I neuraminidase and PPCA suggested that
interaction between the two proteins was not affected by the
L2091 mutation, We tested this assumption by overexpressing the
Smj-neul and the PPCA ¢DNAs in COS-| cells and then
immunoprecipitating radiolabeled proteins with antt-neur or
anti-PPCA antibodies (Fig. 4}. Although the anti-neur antibodies
recognized the murine protein with lower affinity than they did
the human protein, more SM/T protein than wild-type mouse
protein was immunoprecipitated from equally transfected celfs
(Fig. 4, lanes 2 and 3). Nevertheless, neuraminidase activity in
singly transfected cells was again 50% of that of control values
(data not shown), In co-transfected cells both the .mouse and
human PPCA precursors were co-precipitated with anti-neur
antibodies, together with the SM/J polypeptide (Fig. 4, lanes 8
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Figure 3. (A) Strategy used 1o screen for mutations i the aci-f cDNA. R indicates the primer used o reverse transcribe the mRNA; individual fragments were
amplified using the gene-specific primers listed in Materials and Methods, The table represents the results obtained with this screening procedure. (B) Neuraminidase
activity in cell lysates of electroporated GMO1718 sialidosis type H fibroblasts using 4-AMU-NANA as substrate. Values represent the average of four independent
electroporations. The diagram to the left shows resulrs obtained with the mudne neuraminidase cONAs, whereas the diagram to the right shows results with the human
cDNA samples. The tast four samples on the right of each panel represent the peuraminidase ¢DNAs co-eleciroporated with ¢ither mouse (Mo-ppca) or human
{Hu-ppea) protective proteinfcathepsin A cDNAL prca, protactive protein/eathepsin A ¢DNA; peur, wild-type 1.8 kb neuraminidace ¢DNA: smj, 1.8 kb nevraminidase
¢DNA containing the SAM/T mutation. (C) Immunoflusrescence with anti-hueman nepraminidase antibodies of fibroblasts electroporated with the mouse neurantinidase
¢DNA (Mo-neur), ihe SM/T cDNA (Mo-smj), human nevraminidase ¢DNA (Hu-neur) and human mutant cDNA (Husmj), Lysoseme-like punctated staining was

evidenced in the different ekectroporated fibroblasts,

and 11). The mutant protein, the wild-type mouse protein and
human neuraminidase all co-precipitated the PPCA precursor
equally effictently (Janes 7, 9, 10 and 12). Therefore, the L2091
substitution did not interfere with association between the mutant
protein and either mouse or human PPCA, excluding the
possibility that the SM/J inutation affects complex formation.
Sequential immunoprecipitation of all samples with anti-PPCA
antibodies explained the difference in the ability of the mouse and

human PPCA 1o enhance ncuraminidase activity (Fig. 3). The
murine PPCA precursor in overexpressing cells was not as well
processed to the mature two chain form as the human PPCA
precussor (Fig. 4, lanes 7-9 and 10-12). This reduced levef of
processing could have led to a smaller pool of mature PPCA
available for ‘protection” of the lysosomal nevraminidase.
Tumover of the SM/J newraminidase was apparently not
influenced by the 12091 substitution, as determined by pulse-
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Figure 4. (A) Immunoprecipitation of radiolabeled cell lysates from tmansiently transfected COS-1 cells using anii-human neuraminidase antipodies. Cells were either
singly or doubly transfected with the indicated cDNA clones and then labeled for 16 h with 50uCi [BH]-4 5-1eucine before harvesting. Lane 1, mock-transfectad cells.
Mo, mouse; SM, SMA; Hu, human. (B) Sequential immunoprecipitation of the same lysates as used in (A) using either anti-mouse {lanes 1-5 and 7-9) or ami-human
(lanes 6 and 10-12) PPCA antibodies. In [anes 4,9 and 12 small quantities of the 43 kDa nevraminidase protein are still visible, because the samples were not precleared
prior (o pedforming the second immuneprecipitation, (C) Pulse-chase analysis of transiently transfected COS-1 ¢ells. Cells were labeted for | h with 5¢ puCi
[*H}4,5-%eucine and then chased for the indicated times with non-radioactive medium, Samples swere then immumoprecipitated with the anti-human nevraminidase
antibodies, {Tep panel) Pulse-Tabeled COS-1 cells transfected with the mouse reuraminidase ¢DNA (Mo-near) or the mutant ¢DNA {Mo-smjy, (middle panl) COS-1
celis co-transfected with mouse neuraminidase and PPCA (Mo-ppea) cDNAs; (lower panel) COS-1 cells ¢o-ransfected with mouse neutaminidase and heman PPCA
(Hu-ppca) ¢cDNAs. Molecular welights were calculated on the basis of protein standards.

chase labeling of transfected COS8-1 cells (Fig. 4). Bolh the
mutant and wild-type neuraminidase appeared to be stabilized
upon co-expression of mouse PPCA, since immunoprecipitable
muaterial could still be detected at the 3-6 h time points (Fig. 4,
middle panels). The stabilizing effect was less apparcat, but still
recognizable, when human PPCA was co-expressed with mutant
or wild-type neuraminidase (Fig. 4, lower panels), These results
clearly correlate with the observed increase in enzyme activity in
cells co-expressing mutant or wild-type neuraminidase with
PPCA.

PISCUSSION

Overall the results we present here provide strong evidence that
the subtle L2091 substitution is responsible for the altered
neuraminidase activity in SM/J mice, Len209 in the muring
enzyme falls in an amino acid stretch that is highly conserved
among the different sialidases (10,36). This residue coincides
with Leu221 and Leul99 of the Micromonespora viridifaciens
and Salmonella typhimurinm sialidases respectively, which are
located in the three-dimensional structure of these enzymes in the
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vicinity of the active site (17,18} It is therefore coneeivable that
this amino acid substitution in the SM/T neuraminidase could
affect substrate recognition, rate of substrate cleavage or release
of the product, as evidenced by the aliered V. of the mutant
protein, Although SM/J mice present with some of the biochemi-
cal abnormalities that are associated with the human lysosomal
disorder sialidosis, the relatively high residual neuraminidase
activity prevents the occurrence in young mice of excessive
storage in their tissues. Older mice, on the other hand, eventually
develop visible cellular changes, especially in the CNS. There-
fore this animal model may be regarded as a mild form of
sialidosis,

The residual SM/T activity varied slightly in different tissues.
This could be attributed to the occurrence in some tissues, like
brain, of neuraminidase ‘iscenzymes’ thought to be localized in
the lysosomal (37,38) or plasma membrane (38-42) and the
cytosol (16,38,43-45), However, the existence of varlous
Iysosomal neuraminidases is questionable, since in PPCA-
deficient mice no residual neuraminidase activity is detected at
acidic pH {2). The same holds true for human sialidosis patients
with struciural mutations in the neuraminidase gene that result in
cormplete loss of neuraminidase activity (3).

Modification of sialic acid residues, which are present as
terminal sugars on various types of sialoglycocenjugates, is
essential for regulation of many cetlular activities. The Neu-1
neuraminidase plays a2 key role in such modifications, for
example in processing of cell surface molecules that are involved
in modulating an immune response (9,27-31). T lymphocyte
activation is normally accompanied by an increase in endogenous
Neuo-1 newraminidase (30,31), which, in turn, results in hypo-
sialylation of glycoproteins on the serface of activated T celis
(9.46-49). These surface glycoproteins are required for T cell
differentiation {for a review see (32)] ard several of them are
known to be internalized from the plasma membrane and
subsequently re-exposed by a “recycling” process. MHC class 1
andclass I melecules and the T cell receptor are examples of such
molecules {50-53). Therefore, it may be that processing of the
sialic acid residues on these and other glycoproteins present on
the surface of specific T cells is mediated intracellularly by
lysosomal neuraminidase. If this enzyme is part of the main
mechanism for sialic acid processing in T cells then the altered

’max valug of SM/T neuraminidase would guite logicatly account
for the abnormal sialylztion of these molecules. Our data suggest
that the mutant enzyme retains the capacity o recognize its
substrate but that its rate of catalysis andfor release of product is
impaired. The type of substeates that are cleaved by the enzyme
may determing whether or not 4 certain cell type can compensate
for a reduction in activity of mutant neuraminidase, Again, this is
best exemplified in the T cell system, where the immune response
in SM/J mice involves differentiation of naive T cells to Ty, but
not to Ty cells,

Interestingly, reduced neuraminidase activity has also been
detected in rat strain KGH (54). The responsible gene, Aet-1, was
mapped to the RT1 tocus (55), which is syntenic to the mouse H-2
and human HLA ltoci. It is unclear whether this defect results in
the same phenotypic alterations idenified in SM/J mice. It willbe
instructive to identify the molecular basis of the defective
neuraminidase activity in this rat strin and to compare it with that
found in SM/J mice. A second gene, new-2, has also been
described in both mouse and rat (54,56). However, the encoded
enzyme is tocalized in the cytoplasm and does not cleave the

fluorimetyic substrate (57), Furthermore, linkage analysis dem-
onsirated that the ren-2 is not finked to the rew-I locus (54),

Once the three-dimensional structure of the lysosomal mam-
malian nenraminidase becomes available we could gain a better
understanding of the impact of the L209[ niutation on structure
and function of the enzyme. Our findings on SM/T mice will
hopefully facilitate further genetic and immurological studies on
this animal model.

MATERIALS AND METHCDS
Tsolation of the mouse cDNA

A mouse BALB/e cDNA library was screencd according to the
manufacturer’s instructions {Clontech), ¢DNA clones were
sequenced with the Amersham themmocycler kit and subcloned
into the mammalian expression vector pSCTOP (38).

RNA isolation and Northern blot analysis

RNA was prepared from SM/J mouse tissues by the LiClurea
method as previously described (59). Total RNA was separated on
1% agarose gels that contained 0.66 M formaldehyde in MOPS
butfer, was then blotted onto Zetaprobe membranes (BioRad) and
was finally hybridized under standard conditions (60), The
muliiple tissue northern blot was purchased from Clontech and
handled according to the manufacturer’s instructions,

Mutation analysis and mutagenesis

‘Tota! RNA preparations from difterent SMA mice and FVB controls
were subjected to RT-PCR (3,61). The following primers were used
in the reactions: 5-CCCTAGGACACCGGGCCTTC-3’ (antisense,
primer R); 5-CCTGGACAGGGATCGCCG-3" and 5-GTA-
GAGGCCACCTGGCAG-Y (fragment I); 5-CGGACCAGGG-
TAGCACGTGG-Y and 5-GGGTGTCACAGGCGTCATAG-3’
(fragment I); 5-GATGACCACGGTGCCTCC-3" and 5-GGTGT-
ACCGGTTCAGGCC-Y (fragment 11I); 5-CCTGGCAGAAG-
GAGAGGG-3 and 5-CTGTTCATCTCECCAGGG-3’ (fragment

Amplified products were purified by phenol/chloroform ex-
traction, on Centricon-100 columns (Amicon) and by ethanel
precipitation, The purified products were direcily sequenced with
the fmol sequencing kit (Promega). The mutation was inserted
into the witd-type cDNA by combining fragments It and ITI (Fig.
3y and using the Stul restriction sites at positions 377 and £168 to
substitute the Stul fragment for the wild-type fragment.

Cell culture, electroporation of fibreblasts and
transfection of COS-{ celis

Hunan skin fibroblasts were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with antibiotics and
10% fetal bovine serum (FBS). COS-1 cells were maintained in
DMEM supplemented with 5% FBS. Fibroblasts were electro-
porated accerding to the manufacturer’s insteuctions {BioRud)
with the folowing medifications, Cells were barvested by
trypsinization and washed once in Iscove's medium. They were
then counted and 25 pg plasmid DNA were electroporaled into
1 x 109 cells suspended in 300 pl Iscove's medium using a
BioRad Gene Pulser set at 9.32 kV and 500 pF. Eleciroporated
cells were seeded in 6-well plates for 1418 h before the medium
was changed. They were harvested 72 h later. Tnmunoftuores-
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cence of electroporated fibroblasts was performed as described
previously (3). COS-1 cells were transfected with Qiagen’s
Superfect according to the manufacturer’s irstructions and
harvested 72 h post-transfection. Transfection efficiency was
checked by immuncfluorescence and the fotal amount of
synthesized neuraminidase protein was estimated by westemn blot
analysis of total cell lysates, Comparable ransfection efficiencies
were obtained among samples within each experiment and
similar levels of ncuraminidase protein were synthesized.

Lysesomal/mitochondriai extract

Mice were sacoficed by cervical dislocation and their tissues
immediately isolated and placed in ice-cold 10 mM HEPES, pH
74,250 mM sucrose, After the tissues were washed several times
in this buffer they were weighed and homogenized in a
tighs-fitting dounce (Kontes) in 4 vols HEPES-buffered sucrose.
A lysosomal/mitochondrial ¢xtract was prepared according to the
procedure deseribed by Gieselmann (62). The resuliing lyso-
somalfmitochondnial pellet was dissolved in HEPES-buffered
sucrose and analyzed for enzyme aclivity.

Enzyme aclivities and vrine analysis

Lysosomal/mitochonddal extracts and cell lysate from either
mmansfected COS-1 cells or electroporated fibroblasts were assayed
for peuraminidase activity using the artificial substrate
4-MU-NANA acconding to Galfaard {(63). Protein concentrations
were determined using the BCA kit from Pierce Chemical Co,
Neuraminidase activity also was assayed with ¢-2,3- and @-2,6-
MNANA-lactose as substrates, acconding to the procedure described
previously (64,65). Urne samples were collecled and analyzed
using a FACE® Urinary Carbolydrate Analysis kit purchased from
Glyko Inc. following the manufaciurer’s instructions.

Immunoprecipitation

Transfected COS8-1 cells were seeded in 6-well plates and labeled
for 16 h with 50 uCi {*H]-4,5-leucine. Radiolabeled proteins were
immuroprecipitated with anti-neur antibodies, as described
previously (65), For the puise-chase experiment teansfected cells
were labeled with 50 (1Ci [3H]-4,5-leucine for 1 b and then chased
in fresh DMEM over different time periods (67),
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Human lysesomal N-acetyl-o-neuraminidase is defi-
cient in two lysosomal storage disorders, sialidosis,
caused by structural mutations in the neuraminidase
gene, and galactosialidosis, in which a primary defect
of pretective protelfeathepsin A (PPCA) leads fo a
combined deficiency of nenraminidase and $-p-galacto-
sidase, These three glycoprotfeins can be isolated in a
high molecular weight multi-enzyme complex, and the
enzymatle activity of neuraminidase is contingent on
its interaction with PPCA. To explain the unusual
need of neuraminidase for an auxiliary protein, we
examined, in fransfected COS-1 cells, the effect of
PPCA expression on post-translational medification,
furnover and indracellular localization of neuramini-
dase, In pulse—hase studies, we show that the enzyme
is synthesized as a 46 kDa glycoprofein, which is poorly
phosphorylated, does not undergo major proteolytic
processing and is secreted. Importantly, its half-life
is not altered by the presence of PPCA. However,
neuraminidase associates with the PPCA precursor
shortly after synthesis, since the Iatter protein co-
precipitates with neuraminidase using antl-neuramint-
dase antibodies. We further demonstrate by subceellular
fractionation of transfected cells that newraminidase
segregates to mature lysosomes oniy when accompanied
by wild-type PPCA, but not by transport-impaired
PPCA mutants, These data supgest & novel role for
PPCA in the activation of lysosomal neuraminidase,
that of an intracetiular transport protein,

Keywords: activation/lysosomes/neuraminidase/protective
proteinftransport

Introduction

Neuraminidases (sialidases) are exoglycosidases that cata-
lyze the removal of terminal sialic acid residues,
o-ketosidically linked to mono- or oligosaccharide chains
of glycoconjugates. In marnmals, three distinet nevramini-
dases have been identified in the cytoplasm, plasma
membrane and lysosomes, These enzymes differ in their
pH optimum, interaction with detergents, and stability
(reviewed in Saito and Yu, 1995; Schauer ef al.,, 1995).
Lysosomal neuraminidase preferentially cleaves terminal
o(2,3)- and €(2,6)-linked sialic acid residues and has an
acidic pH optimun). In man, deficiency of this enzyme is

associated with 1wo distinct genetic disorders of metabol-
ism: sialidosis, caused by structural lesions in the neur-
aminidase gene (Thomas and Beaudet, 1995), and
galactosialidosis (GS), in which neuraminidase deficiency
is secondary to a primary defect in the serine carboxypepti-
dase protective protein/cathepsin A (PPCA) {(d'Azzo et al.,
1982). For both diseases, early onset forms with severe
CNS pathology and systemic organ invelvement, as well
as milder late onset variants, have been identified, The
lack of PPCA has also been shown to hamper neuramini-
dase activity severely in the mouse model of GS {Zhou
ef al., 1995).

The ¢cDNA for human lysosomal neuraminidase was
isolated recently (Bonten ef al., 1996; Milner ef al., 1997,
Pshezhetsky er al., 1997). It encodes a protein of ~45 kDa,
with three potential N-linked glycosylation sites, and 32—
38% sequence homology to several bacterial sialidases
as well as to the cytosolic maminalian enzyme. These
homologous sequences include the characteristic FRIP
sequence, three conserved copies of an *Asp box” [con-
sensus sequence Ser/Thr-X-Asp-(X)-Gly-X-Thr-Trp/Phe
(Roggentin et al., 1993)} and two degenerated Asp boxes.
Electroporation of the neuraminidase cDNA into sialidosis
fibroblasts restores enzymatic activity (Bonten er al,
1996). Furthermore, analysis of the neuraminidase ¢cDNA
from different sialidosis patients has identified six inde-
pendent muwtations in the gene (Bonten et al, 1996;
Pshezhetsky et al., 1997), two of which were shown to
render the protein non-functional (Bonten et al,, 1996).
These studies have thus defined the molecular basis of
sialidosis.

Mammalian lysosomal neuraminidase is unique among
other sialidases in that it requires the serine carboxypeptid-
ase PPCA for enzymatic activity (d'Azzo et al.,, 1995;
Thomas and Beaudet, [995), Neuraminidase shares this
feature with a third lysosomal enzyme, §-D-galactosidase
(d'Azzo et al., 1995; Suzuki ef al., 1995). The dependence
of these glycosidases on the carboxypeptidase is evident
in GS, where malfunctioning or absence of PPCA [feads
to the combined deficiency of newraminidase and
B-galactosidase (d'Azzo ef al., 1995). These three lyscso-
mal enzymes can be co-purified in a high molecuiar weight
complex with either B-galaciosidase or PPCA affinity .
matrdces (Verheijen er al,, 1985; Yamamoto and Nishimura,
1987; Pshezhetsky and Potier, 1994, 1996). Both newr-
aminidase and B-galactosidase activities in cultured GS
fibroblasts are restored by the addition of exogenous PPCA
precursor (54 kDaj, which is internatized via the mannose-
6-phosphate (M6P) receptor, routed 1o the lysosome and
processed into its mature 32/20 kDa two-chain form
(Galfart ef al., 1988; Zhou et al., 1996).

How PPCA influences the generation and maintenance
of neuraminidase and [-galactosidase activities is not yet
clear. It is known that the half-life of mature P-galactosid-
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ase is severely reduced in GS fibroblasts, and that treatment
with the protease inhibitor leupeptin increases the amount
and activity of [-galactosidase (d’Azzo ef al., 1982; van
Diggelen et al., 1982; Pshezhetsky and Potier, 1996}, This
implies that PPCA protects B-galactosidase against rapid
proteolytic degradation. In contrast, the neuraminidase
activity of GS cells is hardly affected by leupeptin treat-
ment (d’Azzo et al., 1982; Pshezhetsky and Potier, 1996),
suggesting that this enzyme is influenced by PPCA in a
different way. in this study, we have investigated whether
revraminidase requires the presence of PPCA for protec-
tion against intralysosomal degradatien, for specific post-
transiational modifications like proteolytic processing and
phesphorylation, or for its intracellular transport, We also
compared the effect of transponi-deficient PPCA variants
on the intracellular behavior of neuraminidase, Our results
offer & first explanation for the PPCA dependence of
lysosomal neuraminidase activity.

Results

Neuraminidase associates with PPCA and
B-galactosidase precursors and has a short half-life
To determine whether the PPCA-dependent activation
of neuraminidase is accompanied by specific structural
modifications of the enzyme en roule to the lysosome, we
transfected COS-1 cells with the neuraminidase cDNA
either atone or in combination with the cDNA for PPCA
and/or B-galactosidase. Transfected cells were pulse-
labeled for 1 b and then chased for different time periods
in medium containing cold leucine. The cells were then
lysed in buffer at pH 7.4 and immunoprecipitated with
anti-nevraminidase (anti-Neur) antibodies. As shown in
Figure 1, newraminidase was recovered from single and
co-tramsfected cells in multiple forms, migrating on SDS~
polyacrylamide gels either as a broad band or as discrete
bards with molecular weights of ~44-46 kDa, These
multiple forms represent different glycosylation states of
the enzyme (Bonten ef al., 1996; Milner ¢f al., 1997). In
both single and co-transfections, the size of the newly
synthesized neuraminidase did not change during the chase
periods, suggesting that post-translational processing of
the enzyme was completed within 1 h and was not
influenced by the presence of PPCA and/or B-galactosidase
(Figure 1A-D), Furthermore, in all transfected cells, the
neurarminidase levels began to decrease after 3 h of chase,
and the enzyme was largely degraded 24 h after synthesis.
Therefore, co-expression of PPCA or B-galactosidase did
not grossly alter the half-life of neuraminidase. After
immuneprecipitation with anti-Neur antibodies, lysates
from double- or triple-transfected cells were subjected to
a second round of immunoprecipitation with anti-PPCA
and anti-B-galactosidase antisera (Figure 1E and F). PPCA
and P-galactosidase precursors were converted slowly to
their mature forms (32/20 and 64 kDa, respectively) that
were stable for >24 h after synthesis (see also Morrean
et al., 1992; Zhou et al.,, 1996). This clearly illusirates
that the turnover of nevraminidase was more rapid than
that of PPCA or B-galactosidase, From triple-transfected
cells, both PPCA precursor and small amounts of its
mature form were co-precipitated with B-galactosidase.
Daring the 1 h pulse [abeling, both PPCA and
B-galactosidase precursors were co-precipitated with neur-

arninidase from double- and triple-transfected cells (Figure
1B-D)}, indicating that association of these three proteins
occuered shortly after their synthesis, The mature forms
of PPCA and B-galactosidase did not co-precipitate with
neuraminidase under the neutral immuncprecipitation con-
ditions. However, by immunotitration with Staphyloceccus
anreus-bound anti-PPCA antibodies, up to 60% of neur-
aminidase aclivity was co-precipitated with cathepsin A
activity from co-transfected cells Lysed in buffer at pH 5.5,
From these results, we could infer that the majority of
enzymatically active neuraminidase remains associated
with mature PPCA (Figure 2).

Neuraminidase is secreted into the extracellular
space

We found overexpressed neurdminidase in the medium of
transfected cells, and the time course of its secretion was
independent of PPCA and f-galactosidase co-exprassion.
The level of secreted enzyme was maximal after 3-6 h
and had diminished at the 24 h time point (Figure 1A-D,
lower panels}. To compare the relative levels of secretion,
the amount of neuraminidase immunoprecipitated from
medium samples was quantitated by densitometry scanning
and expressed as a percentage of the total amount immuno-
precipitated from pulse-labeled cell lysates (Figure 1A
and B, lower panels). The secretion of neuraminidase,
quantitated in this fashion, was clearly reduced when co-
expressed with PPCA, imespective of P-galactosidase
expression (Figure [C and D, lower panels). This variation
was not the resilt of differences in the rate of synthesis
of neuraminidase, because the intracelfular levels of neur-
aminidase were similar in all transfected cells {Figure 1A-
D, upper panels). Thus, the intracellular routing of the
enzyme was influgnced by the concomitant overexpression
of PPCA. Extracellular neuraminidase, on the other hand,
did not associate with PPCA or f-galactosidase, since we
could not co-precipitate the three proteins from the medium
of triple-transfected celis (Figure 1D, lower panel); in tum,
no newraminidase activity was detected in concentrated
medium samples from co-transfected cells, even though
high activity was measured in the corresponding lysates.
Moreaver, secreted neuraminidase was not activated when
we mixed concentrated media from PPCA- and neuramini-
dase-overexpressing cells, in an attempt o promote in vitro
association of the two molecules (data not shown).

PPCA controls the intracellular routing of
neuraminidase

By using immunofluorescence, we and others have
reported that when neuraminidase is expressed in COS-1
cells it has either a punctate distribution or i is localized
in the eadoplasmic reticulum (ER)/Golgi region. Further,
depending on the expression levels, the enzyme can also
form small square erystals in the perinuclear area that
stain strongly with anti-Neur antiserum (Bonten ef al.,
1996; Milner ¢t al,, 1997). Here, we analyzed whether
the proportion of cetl populations showing a different
subcellular distribution of neuraminidase was contingent
on the level of expressed PPCA. In cells transfected with
the same amount of neuraminidase ¢cDNA but increasing
concentrations of PPCA c¢DNA, neuwraminidase activity
ingreased in parallel with the number of cells exhibiting
punciate staining (Figure 3A and B). In contrast, cells
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Fig. 1. Pulse~chase labeling. COS-1 celis were transfected with vector alone [denoted M in (G)] or with ¢cDNAs encoding neuraminidase (N},
p-galactosidase (B) or PPCA (P}, in various combinations (A-F), labeted with [PH]leucine for 1 h and chased with cold leueine for the time periods
indicated. Cell lysates and medinm samples were immunoprecipitated with anti-Neur antiserum (A-D and G}, and selected lysates were used for a
secondary round of immunoprecipitation with ami-PPCA antiserum (E) or anti-f-galactosidase antisera (F). Exposure was for 20 days (B and D
upper panels, and E and F), 1 month (B and D, lower panels), 3 days (A and C, upper panels), 4 days (A and C, tower panels) or 14 days {G).

transfecied with different amounts of PPCA ¢DNA and
no neuraminidase ¢DNA displayed slightly higher endo-
genous neuraminidase activity, which remained constant
irrespective of the amount of PPCA ¢DNA added (Figure
3A). This result demonstrates that PPCA affects the
subcellular localization of neuraminidase, which in tum
may influence its activation.

To analyze the subcellvlar distribution of neuraminidase
further, we separated the organelles of transfected cells
on self-generating Percoll density gradients (Figure 4).
This procedure separates mature dense lysosornes from
lighter membranes such as microsomes and early and late
endosomes. B-Hexosaminidase and horseradish peroxidase
(HRP) were used as lysosomal and endosomal markers,
respectively. In cells transfected with the f-hexosaminid-
ase cDNA (B-chain), enzyme activity peaked in both the

dense bottom fractions (fractions 1 and 2) and in fraction
5 (Figure 4A), After a 4 min incubation of the cells
with HRP, the internalized enzyme was detected only in
fractions 4-6, conflming the presence of endosomal
vesicles in this part of the gradient (Figure 4B), During the
3 h chase period that followed, however, the internalized
enzyme shifted to the denser fractions (Figure 4B). In
parallel experiments, we monitored the distribution and
enzymatic activities of PPCA and neuraminidase, Neur-
aminidase expressed alone was detected on immunoblots
with anti-Neur antibodies exclusively in the lighter frac-
tions (Figure 4C). Its activity was marginal throughout
the gradient {(Figure 4C). In contrast, blots probed with
anti-PPCA antibodies showed the PPCA precursor in both
the light and dense fractions, while its mature two-chain
form was confined to the bottom of the gradient (Figure
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Fig. 2. Precipitation of neuraminidase activity from co-transfected
COS-1 cells with anti-PPCA antibodies. Aliquots of lysates of COS-1
cells averexpressing both neuraminidase and PPCA were incubated
under zoidie conditions with increasing amounts of fixed S.anreus cells
that had been pre-loaded with 1gG from either pré-immune or anti-
PPCA anliserum, After removal of the bacteria by centrifugation,
neuraminidase and cathepsin A activities were assayed in the
supematants. The data are expressed as a percentage of the level
measured in samples incubated with pre-immune IgG-S.awrews, Emor
bars indicate standard deviation for doplicate experiments,

4D). In keeping with this finding, cathepsin A activity
increased only in the fractions that conlained the mature
enzyme (Figure 4D). When neuraminidase ¢cDNA was
transfected into COS-1 cells together with PPCA ¢DNA,
the two proteins co-distributed, and equal amounts of
nevraminidase polypeptide were found in the light and
dense fractions (Figure 4E and F). However, enzyme
activity was detected primarily int the mature lysosomal
fractions, with only a mederate increase in fraction 5
(Figure 4E and F). These results show that when the
neuraminidase polypeptide is expressed alone it localizes
in only light biosynthetic vesicles, but it reaches mature
lysosomes when accompanied by PPCA. The generation
of neuraminidase activity seems, therefore, to depend on
the lysosomal lacalization of the enzyme. The interaction
of neuraminidase with PPCA in an early biosynthetic
compartment is sufficient merely for partial activation,
which is fully unraveled in the lysosomal mitieu.

Effoct of PPCA mutants on neuraminidase
compartmentalization

We next investigated the effect of different PPCA variants
on the intracellular transport and activation of neuramini-
dase. Four mutants were selected, each carrying a single
amino acid substitution that impairs its lysosomal compart-
mentalization to a different degree: PPCA-Leu208Pro (LP)
and PPCA-Val104Met (VM) were originally identified in
a severe early infantile case of GS, These mutant proteins
are not transporied owt of the ER and persist as immature
precursors in this compariment (Zhou ef &l., 1996). In the
patient with these mutations, neuraminidase activity is
wndetectable. In contrast, PPCA-Phed12Val (FV) and
PPCA-Tyr221Asn (YN), which are associated with the
mild, late-infantite phenotype, are partially transported to
lysosomes, where PPCA-FV Is degraded more rapidly
than PPCA-YN (Zhou ef af., 1991, 1996; Shimmoto ef af.,
1993). The presence of small amounts of mutant PPCA in
Iysosomies supports the finding of zesidual neuraminidase
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Fig. 3. Titration of neuraminidase. COS-1 cells were transfected with
vector alone (M), or with increasing amounts of PPCA (P) ¢DNA (0.2,
0.4, 0.8 or 1.2 ug per 35 mm dish), alone or in combinatien with a
fixed amount of nevraminidase (N} cDNA (0.2 yg per 35 mm disk).
Cells were (A) assayed for neuraminidase activity or (B) processed for
immanoRuorescence using affinity-purified amti-Neur antiserum,
Enzyme aclivity is expressed in nmol/mg/h. At least 70 cells were
examined microscopicatly and scered for neuraminidase staining.

aclivity in patients with this phenotype. COS-1 cells were
transfected with newraminidase ¢DNA or co-transfected
with neuraminidase ¢DNA and a ¢eDNA encoding either
wild-type PPCA or one of the PPCA mutants. Cells were
then metabolically labeled for 16 h, lysed, and the cell
lysates were immunoprecipitated sequentially with anti-
Neur and anti-PPCA antisera. Figure 5 shows that ail
four mutant precursors co-precipitated with neuraminidase
when treated with anti-Neur antiserum, demonstrating that
the PPCA mutants associate with the enzyme as efficiently
as the wild-iype PPCA precursor does {lanes 5, 7, 9, 11
and [3). As observed previously (Zhou et of,, 1991, 1996),
all of the PPCA mutants accumulated in the precursor
form, except for PPCA-YN which was partially converted
to the mature form (Figure 5, lanes 6, 8, 10, 12 and
14). The amount of PPCA precussor asseciated with
neurantinidase was proporiional to the level of unbound
precursor that was not brought down by the anti-Neur
antibodies but was precipitated with anti-PPCA antibodies
(Figure 5, compare adjacent lanes).

Fractionation of the COS-1 cells co-expressing neur-
aminidase and PPCA-YN or PPCA-LP revecated that the
mutant precursors localized in light organettes (Figure 6B
and D). This method was not sensitive enough to detect
the small amount of mature PPCA-YN that could be
immunoprecipitated from radiolabeled cells (see Figure 5),
which also explains why we saw no increase over back-
ground levels in cathepsin A activity throughout these
gradients (data not shown). In both sets of co-transfected
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Fig, 4. Subcellelar fractionation of COS-1 cells on density gradients, (A) Density distribution of Percoll gradients, as determined with density marker
beads (Pharmacia), and profils of {i-hexosaminidase activity (nmol/h/ml) in COS-1 cells overeapressing f-hexosaminidase fi-chain. (B) After pulse-
labeling with HRP, COS-1 cells were ¢ither stored on Ice (¥) or chased for 3 h in HRP-free medium (B), Cells were then fractionated and the
resulting gradient fractions assayed for HRP content {g/ml). Altematively, COS-1 cells, transfected with {C) neuramiridase cDNA, (D) PPCA
cBNA or (E and F) co-transfected with both ¢cDNAs were homogenized and loaded onto Percoll gradients, Fractions wete analyzed for enzyme
activities and used in Westem blots, which were probed with anti-Neur {anti-N) or anti-PPCA (znti-P) antisera. Neuraminidase activity (¢} is
expressed in nmol/m! and cathepsin A activity () in nmol/min/ml. Blots were developed with colorimetric substrates,

cells, most of the neuraminidase was found in light
organettes (fractions 4, 5 and 6) (Figure GA and C)
however, a small portion of the enzyme was detected in
the denser fractions (fractions 2 and 3) from cells co-
expressing PPCA-YN (Figure 6A). Consequently, only
these cells displayed a low level of neuraminidase activity
in both dense and light organelles (Figure 6A). These
data further support the concept that neuraminidase must
interact with transport-competent PPCA for its lysosomal
localization and activation.

Neuraminidase Is poorly phosphorylated

Soluble lysosomal enzymes are segregated to Iysosomes
via the interaction of their M6P recognition marker with
the M6P receptor (Hille-Rehfeld, 1995; Sabatini and
Adesnik, 1995). We therefore investigated whether neor-
aminidase acquires an M6P recognition masker when it
interacts with PPCA. COS-1 cells, transfected with the
newraminidase ¢cDNA, the PPCA ¢DNA or both ¢cDNAs,
were metabolically labeled with [*2Pjorthophosphate. Cell
Iysates and media were immunoprecipitated with either
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Flg. 5. Co-immunoprecipitation of PPCA mutanis with neuraminidase. 3N
COS-1 cells, transfected with the neuraminidase ¢DNA alone, or in D
combination with a ¢DNA encoding wild-type PPCA, PPCA-YN, C é
PPCA-FV, PPCA-LP or PPCA-VM, were metabolically 1zbeled with
[*H]leucine and used for sequential immunoprecipitations with anti-
Neur (n) and anlj-PPCA antiserum {p}. Exposure was for { day, =614
anti-Neur or anti-PPCA antibodies, Figure 7 shows that
in all of the transfected cells the level of phosphorylation € 125488
- . = 80 Frackond
of reuraninidase (lanes 5, 7, 13 and 15) was considerably 0
Tower than that of PPCA (fanes 3 and ), to the extent 8 30
that the neuraminidase signal from cell lysates barcly 20
exceeded background levels even though both proteins olgtg g-8-g
were synthesized in comparable amounts in similarly 1 zﬁiﬁ:n“s o

transfected cells (see Figure [). A clearer 44/46 kDa
band could be resolved when the neuraminidase was
immunoprecipitated from samples of medium because of
the higher signal/noise ratio, which allowed a longer
exposure time of this autoradiograph (Figure 7, lanes 13
and 15). We know that neuraminidase was phosphorylated
on one or more of its N-linked oligesaccharide chains
because the phosphate label was lost after the cells were
cultured in the presence of tunicamycin and after treatment
with N-glycosidase F (data not shown). The phosphoryl-
ation of newraminidase was not influenced by PPCA.
Addition of the M6P marker to lysosomal enzymes
is a two-step process: first, an N-acetylglucosamine-1-
phosphate residue is bound to the N-linked high-mannose
oligosaccharide through the formation of a phosphodiester
bord; second, the terminal N-acetylglucosamine is
removed by N-acetylglucosamine- 1-phosphodiester o-N-
acetylglucosaminidase, leaving the MG6P exposed
(reviewed in von Figura and Hasilik, 1986; Sabatini and
Adesnik, 1995), Because the efficiency of lysosomal
transport depends on how accessible the M6P marker is
to its receptor, we examined the extent to which the
mannose-bound phosphate of neuraminidase is exposed.
We incubated irnmunoprecipitated neuraminidase with calf
intestinal alkaline phosphatase (CIP), which removes only
terminal, moncester-bound phosphate from N-Jinked
oligosaccharides (Isidoro er al., 1991), After CIP treatment,
the PPCA was almost completely dephosphorylaled
(Figure 7, lanes 4 and [2), whereas the neuraminidase
retained @ substantial proportion of its phosphate Fabel
(Figure 7, lanes 14 and 16). Furthermore, we found that
neuraminidase from the cullure medium of transfected

Fig, 6. Density fractionation of COS-1 cells expressing neuraminidase
and PPCA mutants, Following co-transfection of COS-1 cells with
neuraminidase ¢DNA and ¢ither (A and B) PPCA-YN or

{C and D) PPCA-LP ¢DNA, cellular organelles were separated on
Percoll gradients. Fractions weze used 1o assay for neuraminidase
activity (%), expressed in nmol/M/ml, and to prepare Western blots,
which were probed with anti-PPCA antiserum (anti-P} or affinity-
purified anti-Neur antiserum (anti-N). For increased sensitivity, blots
probed with anti-Neur antiserum were developed with
chemiluminescent substrates.
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Fig. 7. Phosphorylation of n¢uraminidase, COS-1 ¢ells were
transfected as outlined in the legend to Figure 1, and metabolically
labeled with {*2Pjorthophosphate. Cell lysates and media were used
for immuneprecipitation with anti-PPCA anliserum (lanes 3, 4, 1§ and
12) or anti-Nenr antiserum (all other lanes). The recovered proteins
were divided into two aliquots and incubated with or without alkaline
phosphatase (CIP}. Signals arg stronger in the medium samples
because of 2 tonger exposure time (4 days) compared with cell lysates
(L b,
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COS-1 cells could not be internalized by deficient sialidosis
fibroblasts {data not shown).

Discussion

Human lysosomal neuraminidase is the only member of
the siafidase superfamily that needs another protein, PPCA,
to be catalytically active, although influenza virus neur-
aminidase and some of the bacterial sialidases depend on
Ca?* for optimal activity (reviewed in Saito and Yu,
1995). To explain this unusual requirement of lysosomal
neuraminidase, we have studied the various biochemical
properties of this enzyme in relation to PPCA. We show
that most of the neuraminidase activity, generated through
co-expression of neuraminidase and PPCA, is measured
in mature dense lysosomes, with enly low levels detected
in Jight organeites, although equal amounts of the neur-
aminidase polypeptide are present in these two compari-
ments, This apparent discrepancy indicates that it is the
subcellular location of neuraminidase that determines, to
a large extent, ils enzymatic activily. Moreover, in the
absence of PPCA, neuraminidase is found only in light
organelles and is completely inactive. These data suggest
that PPCA activates neuraminidase first by interacting
with it in a pre-fysosomal compartment, and then by
mediating its transport to dense lysosomes.

Various mechanisms govem intracellular transport of
lysasomal proteins, which depends on their primary struc-
ture and solubility. Integral membrane proteins have a
hydrophobic transmembrane domain and a specific lyso-
somal targeting motif in their cytoplasmic tails, conlaining
the characteristic  G-Y-X-X-hydrophobic  sequence
{reviewed in Hunziker and Geuze, 1996). If the cyto-
plasmic tails of tamp-1, lamp-2, limp-1 and acid phosphat-
ase, for example, are introduced into integral plasma
membrane proteins, the latter are re-routed to lysosomes.
Lysosomal enzymes without a transmembrane domain are
tagged in the Golgi with the M6P recognition marker
(Hilte-Rehfeld, 1995). Such proteins are dependent on
their phosphomannosyl residues for intracetlular transport,
with the exception of the Gy, activater protein, cathepsin
D, the sphingolipid activator protein (SAP) precursor and
aspartylglucosaminidase that apparently can reach the
lysosome even in the non-glycosylated state (Rijnboutt
et af,, 1991b; Tikkanen e/ al, 1995; Vielhaber et al.,
1996; Glombitza ef al.,, 1997). For cathepsin D and the
SAP precursor, transient membrane assoctation is thought
1o play a role in lysosomal transport (Rijnboutt et al,
1991a). Hydropathy analysis of neuraminidase did not
demonstrate a prominent hydrophobic domain besides the
signal sequence (data not shown). Furthermore, it is
unlikely that phosphorylation mediates routing of meur-
aminidase, since the enzyme is poorly phosphorylated,
even in the presence of PPCA. Our data suggest that the
oligosaccharide-linked phosphates on neuraminidase are
only partially unmasked; in addition, those that are
unblocked may not be sufficiently multivalent, a require-
ment for high-affinity binding to M6P receptors (reviewed
in Hille-Rehfeld, 1995). This may explain why the MoP
marker on nevraminidase is not functional in receptor-
mediated endocytosis of this enzyme, We also demon-
straled that newraminidase is readily secreted from
transfected cells. Thus, our results indicate that neur-

ainidase does not behave as a membrane-associated
protein, centrary to what was suggested earlier
(Pshezhetsky ef ail., 1997), and that it is co-transported with
PPCA altong the endosomal/lysosomal pathway through its
association with this protein.

Evolutionarily, sialic acids are relatively young, occurr-
ing almost exclusively in vertebrates and higher inverte-
brates, and, apart from a few exceptions, not in plants or
lower inveriebrates (Schauer er al,, 1995; Reuter and
Gabius, 1996, and references therein). Sialidases, on the
other hand, occur not only in species that synthesize
neuraminic acid, but also in various microorganisms that
do not make this monosaccharide. Many of these organisms
have contact with sialic acid-synthesizing animals, and
are {hought to have obtained the neuraminidase gene
through horizontal gene transfer (for reviews, see
Roggentin et al., 1993; Saito and Yu, 1995). Considering
the homology between lysosomal neuraminidase and
various bacterial sialidases (Bonten et al., [996}, many of
which are secretory enzymes (Corfield, 1992, Schaver
et al., 1995), it is possible that alt of these proteins derive
from a coemmon secreted precursor, and that the lysosomal
enzyme has acquired the means to be intracellufariy
comparimentalized: through the help of another protein,
PPCA. The use of largeting signals from a secondary
protein is well documented in the case of MHC class I
antigens, which rely on the cytoplasmic domain of the
associated invardant chain for their endosotnal/lysosomal
localization (Wolf and Ploegh, 1995). The «-chain of
lysosomal B-hexosaminidase may need the f-hexosaminid-
ase B-chain for lysosomal lecalization (d'Azzo er al,
1984); however, this has not been demonstrated directly,

The molecular nature of the catalytic activation of
neuramtinidase is not clear. In pre-lysosomal compart-
ments, initial association of the enzyme with PPCA and
mild acidiftcation may induce conformational changes that
result in a low catalytic capacity. In mature lysosomes,
partial processing by proteases may be needed for the
acquisition of full enzyme activity, and this processing
¢an only oceur after lysosomal proteins have been segreg-
ated from the secretory pathway (Hasilik, 1992). The
carboxypeptidase activity of PPCA itself does not seem
to play a role in the activation of neuraminidase, because
a catalytically inert mutant of PPCA retains the capacity
to activate neuraminidase and [-galactosidase (Galjart
et al., 1991Y instead, cathepsin € and an unidentified
acidie aminopeptidase have been implicated in this process
(D’Agrosa and Callahan, 1988; Hiraiwa et al, 1993).
Altemnatively, structural rearrangements may occur, as has
been described for influenza virus neuraminidase. This
enzyme undergoes varous maturation steps from an inact-
ive monomer to an active tetramer (Hogue and Nayak,
1992; Saito et al., 1995). Initial dimerization, intermolecu-
lar disulfide linking and Ca®* binding are thought to
be followed by a cenformational change that confers
enzymatic activity to fhe oligomeric forms of the protein
(Burmeister ¢t al,, 1992, Saito ef al., 1995). Since active
reuraminidase remains associated with mature PPCA, this
interaction apparently is needed to maintain catalytic
activity, in agreement with previous purification studies
(Verheijen er al., 1985; Yamameto and Nishimura, [987;
Pshezhetsky and Potier, 1994). The relatively short half-
life of lysosomal neuraminidase, on the other hand, may
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be important to control neuraminidase activity in the
endosomal/lysosomal pathway.

Surprisingly, the [-galactosidase precursor also co-
precipitated with the neuraminidase polypeptide. This
interaction is intriguing because there is no genetic evid-
ence that it is required for the functioning of either protein,
However, the direct interaction between neuraminidase
and f-galactosidase may again provide a means of subtle
regulation of the two enzyme activities, or it may enhance
the stability of the multi-enzyme complex.

We previously have reported that P-galactoesidase in
transfected COS-1 cells depends on PPCA for intralyso-
somal stability, since the amount of its mature form is
strongly reduced both in the absence of PPCA and when
combined with a transport-incompetent PPCA mutant
(Morreau ef al., 1992). Our subcellular fractionation
experiments have now confinned these resulls (unpub-
lished observation). In a recent report, Pshezhetsky and
Potier (1996) have described the isolation of a 1.27
MDa enzyme complex from human placenta that contains
N-acetylgalactosamine-6-sulfate sulfatase (GALNS) in
addition to [-galactosidase, PPCA and neuraminidase.
Significanily, these authors noted a partial deficiency of
GALNS in GS fibroblasts. It would be interesting, there-
fore, to investigate whether PPCA is required for the
lysosomal transport or for (he intralysosomal stability
of GALNS.

Deficiencies of PPCA are the primary cause of GS, The
pathology of this disorder, however, derives mainly from
a secandary deficiency in newraminidase and from the
subsequent accumulation of undegraded substrates
(d’Azzo et al., 1995). Qur findings allow us now to link
these issues. In GS, either the PPCA gene is not transcribed
or PPCA mutants are synthesized that are partially or
completely impaired in their lysosomal transport. In both
cases, lysosontal localization and subsequent activation of
neuraminidase are affected, We can infer from ocur data
that in patients’ cells that synthesize transport-incompetent
PPCA, neuraminidase is retained {o a large extent in an
early biosynthetic compariment. On the other hand, the
restoration of neuwraminidase activity in GS fibroblasts
after internalization of exogenous PPCA precursor (Galjart
et al., 1988, 1991) implies that the two proteins can
interact where the biosynthetic and endocytic pathways
merge. In future studies, structural analysis of the PPCA—
neuraminidase complex should provide further insight into
the role of PPCA in protein transport and fa the aclivation
of neuraminidase.

Materials and methods

Cell cultura

Normal and sialidosis fibroblasts were obtained from the European Cell
Bank, Rotterdam (Dv WJ Kleijer}. Fibroblasts were maintained in
Dulbecco’s modified Eagle's medivm (DMEM} containing 10% fetal
bovire serum and antibiotics. COS-1 cells (Gluzman, 1981) were grown
in the same medivm in 5% serum.

Transfections and metabolic labeling

<DNAs encoding human lysosemal nevramicidase (Bonten ef al., 1996),
B-galactosidase (Morreau ef of., 1989, PPCA (Galjart o1 of, 1588),
PPCA-Phedi2Val (Zhou et af., 1991), PPCA-Tyr221 Asn, PPCA-Vall(d-
Met and PPCA-Lev208Pro (Zhou er al, 1996), subcloned into the
mammalian expression vector pSC.TOP (Fomerod et al,, 1995), and
B-hexosaminidase  B-chain, subcloned into peDNALL (Invitrogen)

(kindly provided by Dr R.Proia), were transfected into CQOS-1 cells
using calcium phosphate precipitation, as described (Chen and Okayama,
1987), or the Superfect reagent, according to the manufacturer's instruc-
tions (Qiagen). For steady-state labeling, at 48 h post-transfection cells
were metabotically labeled with L-{4,5-"H}leucing (S0 pCifml culture
medium) for 16 b, or at 64 h post-transfection celis were labeled with
[#?Pjorthophosphate (100 pCifml culure medium) for 8 . Pulse—chase
Iabeling was performed as deseribed (Mormean e al., 1992).

Immunoprecipltation, deglycosylation and
dephosphorylation

Transfected and metabolically labeled COS-1 cells were used for
immuncprecipitation essentially as described (Proia &2 af., 1984; Zhou
et al., 1996). Cell lysates were prepared according to the method of
Proia et al. (1984), COS-1 cell lysates and medium samples were
incubated with antiseram for 16-18 h, Immunoprecipilations were done
with rabbil antisera against nevraminidase (anti-Neor) (Bonten er al,
1996} and PPCA (Bonlen e al, 1995). Two anlisera against
{i-galactosidase were combined: an6d, mised against the malure form
of the ¢nzyme, isolated from human placenta, and anti-85, raised against
the B-galactosidase precursor, overexpressed in insect cells. Recovered
proteins were resolved on 12% SDS-polyacrylamide gels under denater-
ing and reducing corditions and visualized by avtoradiography (for Y2P-
labeled samples) or by Ruoregraphy of gels impregnated with Amplify
{Amersham) (for *H-labsled samples), Apparent molecutar weights were
caleulated by comparison with marker proteins {Life Technologies),
Dephosphorylation of *?P-labeled proteins was carried cut as dascribed
(Isidore et al, 1991), using ElA-grade CIP (Boehringer Mannheim).
Densitometry scanning of autoradiographs was performed on a Biolmage
Visage 110 system,

Immunotitration

Fized S.aureus cells, activated as described (Zhou ef o, 1996) and
extensively washed, were resuspended in phosphate-buffered saling
(PBS), and {oaded with IgG by incubating the bacteria in an excess
volume of either pre-immiune 7abbit serum or anti-PPCA antiserum for
2 b a1 4°C. The bacteria were then washed twice in PBS and twice in
extraction buffer (20 mM sedium acetate, pH 5.5, 150 mAl NaCl and
1.4% NP-40), and resuspended in the Iatter baffer to make a 20% (vivy
suspension. Transfected COS-1 cells were Iysed in extraction buffer, and
insoluble material was removed by centrifugation a1 16 000 g for 2 min.
Immunotitration was performed by mixing 15 pl of the COS-1 cell
extract (0.5 mg protein/ml) with increasing volumes of cne of the IgG-
loaded S.aureus suspensions, in a total volame of 25 pl. Following
incubation 21 4°C for 2 h, the reaction mixtures were spun at 16000 g
for 1 min, and supernatants were assayed for nearaminidase aad cathepsin
A activities.

Subcelfufar fractionstion

Transfected COS-1 cells were washed twice with PBS and once with a
HEPES-buffered sucrose solution [HBS: 256 mM sucrose, 10 mM
HEPES-NaQH, pH 74, | mM EDTA (Gieselmann ¢ af,, 1983)], Cells
were harvested in HBS by scraping and were homogenized by 30 strokes
in a tight-fitting dounce (Kontes). Nuclei and unbroken cells were
removed by centrifugation &t 600 g for 10 min, and the post-nuclear
supermnatant (400 p1) was toaded onto 8.6 ml of isotonic, HEPES-buffered
Percoll [containing 29,74 mt Percoll (Pharmacia) per 100 ml, 210 mM
sucrose, 8.4 mh HEPES-NaOH, pH 7.4, and 1 mM EDTA], prepared
according to the manufacturer’s instructions and to Gieselmann er al,
(1983) and Vincent and Nadeau (1984). Subcellular organelles were
separated in self-generating density gradients, as deserbed {Gigselniann
et gf., 1983), Six 1.5 ml fractions were collected from the betiom of
each gradient, and Pzrcoll was removed by diluting each fraction in 10
vols of sucrose wash buffer [250 mM sucrose, 10 mM HEPES-NaOH,
pH 7.4, | mg/m bovine serum albumin (B5A)] and centrifugation for
15 min at 20 000 g (Pisoni et af.,, 1987). The pelleted material was then
resuspended in 0.5 mt of suczose wash buffer and spun for 12 min at
LS 600 g. The final pellets were resuspeaded in 50 pt of 50 mM sodivm
acetate, pH 5.0, 0.25% glycodeoxycholate, 100 mM NaCl and 1 mg/ml
BSA, and assayed for neurzminidase and cathepsin A activities (Kleijer
et al, 1996), Density was determined using density marker beads
{Pharmacia). Equal aliquots from ¢ach fraction were subjected to Western
blot analysis using anti-Neur and anti-PPCA antisera, and developed
with either a colerimetric or a chemiluminescent substrate (Renajssance,
Dupont) as described earlier (Bonten ef af.,, 1995},
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Immunofluorescence

COS-1 cells were seeded in 6-well dishes at a density of tX10° cells
pet well. Cells were transfected with increasing amounts of PPCA cDNA
(ranging from (.25 to 1.5 pg), or co-transfected with the ¢DNAs for
both PPCA and neuraminidase, in which case the amount of necramini-
dase plasmid was fixed 2t 0.23 pg whils PPCA was added in increasing
quantities from 0.25 to 1.5 ng. For jndirect immunofiuorescence, the
cells were trypsinized 48 h post-transfection and aliquots were seeded
on Superrost/Plus microscope glass slides (Fisher). The next day, the
stides were processed according to the method of van Dongen et el.
(1985}, using affinity-purified anti-Neur antibodies (Bonten ¢7 al.,, 1996)
and fluorescein isothiccyanate (FITC)-conjugated anti-rabbit IgG second-
ary antibodies (Sigma). A minimum of 70 transfected cells per transfec-
tion were examined microscopically and scored for the presence of
either a punclated, ER/Golgi or crystal-like staining pattern, as described
earlier (Bonten ef al, 1996). Transfection efficiencies were determined
by counting both the transfected and untransfected cells. Cell lysates
were assayed for neoraminidase and cathepsin A actvities as deseribed
above. Total protein concentrations were quantitated using the BCA kit
(Pierce Chemical Co.), following the manafacturer’s guidelines.

HRP Internalization

Uptake experiments with HRP were performed as described by Tulp
et al. {1993), Briefty, confluent COS-1 cells were incubated for either 4
or 10 min with 2 mg/ml HRP (Sigma, Type VI-A) in [0 mM glacose,
t0 mM HEPES-NaOH, pH 7.4, in DMEM. After the 4 min pulse, cells
were tmnsferred to ice. Altematively, cells were washed three times
with PBS, chased for 3 h in DMEM containing 5% fetal bovine serum
and antibiotics, and then transferred to fce, All cells were then fractionated
on Percoll gradients as described above. Gradient fractions were assayed
for HRP content using o-phenylenediamine (Sigma) as 2 sabstrate,
according to Amigorena ¢ al. (1594). Following a 1 h incubatien at
room temperature, assays were read at 450 nm without terminating the
reactions with HCL. A solution of HRP {5 ng/ml) vas used as the standard.
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Lysosomal protective protein/cathepsin A is & serine
carboxypeptidase that forms a complex with B-galacto-
sidase and neuraminidase. The enzyme is synthesized as
8 54-kDis precursorfeymogen and processed into & cata-
tytically active 32- and 20-kDa two-chain form. We have
expressed in baculovirus-infected insect cells the hu.
ntan one-chain precursor as well as the two separate
subunits in order to establish the mode of catalytic ac-
tivation of the zymogen and the assembly and activation
of the two subunifs. Infected insect cells synthesize
large quantities of the exogencus proteins, which are
glycosylated and secreted but not processed. Co-expres.
sion of the two subunits results in their assembly into a
two-chain form of 34- and 20-kDa with negligible enzy-
matic activity, Limited proteolysis with trypsin of the
§4-kDa precursor and the reconstitited 34- and 20-kDa
form gives rise to a fully active 32- and 20-kDa product.
These results enabled us to map the sites of proteolytic
cleavage needed for full activation of the cathepsin A
zymogen, They further indicate that the 34- and 20-kDa
form is a transient processing intermediate that 1s con-
veried into a mature and active enzyme by removal of &
2:kDa “linker” peptide from the COOH terminus of the
34-kDa subunit.

A primary defect of lysosomal protective proteinfcathepsin A
(PPCA)! in humans causes the metabolic storage disorder gal-
actosialidesis (Ref, 1; reviewed in Ref. 2). This disease is char-
acterized by severely reduced activities of the enzymes §-n-
galactosidase and MN-acetyl-a-neuraminidase, secendary to
absent or abrormal PPCA. The reason for the additional com-
bined deficiency relates to one of the functions of PPCA protein,
which is to associate with and protect the two glycosidases,
modulating their activity and stability in lysosomes (I, 3-5),
The primary structures of human, meuse, and chicken PPCAs
are highly conserved (6-8) and bear homolegy to yeast and
plant serine carboxypeptidases (Ref. 8; for reviews see Refs, 9
and 10). Mammalian PPCAs have cathepsin A activity at lyso.
somal pH but maintain a deamidase/esterase activity at neu-

* These studies were supported in part by the Nationa! Institutes of
Health Cancer Center Support CORE Grant P3(-CA2176%, the Amer-
itan Lebanese Syrian Associated Charities, and the Foundation of
Clinical Genetics at the Erasmus University, The costs of publication of
this article were defrayed in part by the payment of page charges, This
article mus! therefore be hereby marked “advertisement® in accordance
with 18 U.8.C. Section 1734 rolely to indicate this fact,

{ To whom correspondence should be addressed: Dept. of Genetics, St
Jude Children's Research Hospital, 332 N. Lauderdale, Memphis, TN
38105, Fax: 901-526-2907. .

! The abbreviations used are: PPCA, protective protein/cathepsin A;
BV, baculovirus; DFP, diisopropy! flucrophosphate.

tral pH (8, 11), Furthermore, the human enzyme, purified from
platetets and lymphocytes, has been shown to function both in
in vitro and in vive assays on the inactivation of selected
neuropeptides, like substance P, oxytocin, and endothelin I
(11-18).

PPCA is synthesized as a 54-kDa precursor that is glycosy-
lated on two Asn residues and is enzymatically inactive (I, 6,
8). The precursor dimerizes at neutral pH shortly after synthe-
sis and is likely to be transported as a dimer to the lysosomes
(14}. Once in the acidic lysosomal environment, the zymogen is
cleaved into an enzymatically active 32- and 20-kDa two-chain
form. However, the events involved in proteolytic activation
have not been established until now. Here we have used bacu-
lovirus (BV)-expressed human precursor and two separate sub.
uniis to map the sites of cleavage and processing of human
PPCA zymogen. We have identified a “linker” domain in the
precursor melecule, located at the COOH terminus of the large
subunit, which needs to be removed for fult catalytic activation
of the enzyma,

EXPERIMENTAL PROCEDNURES

Plasmid Constructs—AcMNFV transfer plasmids pJR2 and pBC3
are derivatives of plasmid pAe373, which includes the entire polyheddin
gene (16}, They both contain a polylinker with multiple cloning sites,
inserted directly 3° of the polyhedrin prometer. In pJR2 the polylinker
substitutes a 33-nucleotide deletion spanning the ATG, whereas in
pBRC3 only the ATG codon is mutated to ACG, Full-length human PPCA
<DNA, HPP54 {6}, and the two deletion cDNA mutants, HPPI2(420)
and HFP20{A32) (8}, were subcloned either in pJR2 or pBCA as EcoRI
fragments, using standard procedures (16). The HPF20{432) deletion
mutant was tagged with the human PPCA signal sequence, as reported
earlier (8). All eDNA fragments were engineerad to have short 3'- and
&’-untranslated regions (<10 base pairs).

Generation of Recombinant Baculoviruses—Spodoptera frugiperda
insect cells (IPLB-SF21) were ecultured in monctayers at 27°C in
TNM-FH medium (17) supplemented with 10% fetal bovine serum and
antibiotics (complete medium). Wild-type AcMNPV virus strain E2 (18)
and recombinant baculoviruses were propagated on confluent monolay-
ers of 821 cells. Recombinant baculoviruses were generated by co-
transfecling 8121 cells with ¥ pg of wild-typs AcMNFV DNA and 10 pg
of plasmid DNA as described (19), They were selected and purified by
sequential plaque assays and verified by Southern blot analysis (19).
Large quantities of inoculum were produced by infection of insect cells
at 25-50% confluence with recombinant virus at a multiplicity of infec-
tion of < 1 plaque-forming unit/cell. After 3—6 days at 27 °C, when all
cella appeared infected, $he mediam was harvested and centrifuged for
5 min at 1000 rpm to remove detached cella. The titre of the inoculum
was determined by plaque assay analysia,

Metabolic Labeling of Infected Cells—For biosynthetic labeling stud-
iea, 8f21 cells were seeded in 6-well plates and grown until 80-50%
confluence. Cells were Infected with baculoviruses at a multiplicity of
infection of 510 plague-forming unita'cell and radiolabeled for 4 h with
50 pC¥ml [**S]methionine (Amersham Corp.). Immunoprecipitations
were carried out with anti-human PPCA precursor antibodies (anti-54)
{8) and formalin-fixed Staphylococcus aureus cells (Immunoprecipitin,
BEL) as reported earlier (8, 20). Immunoprecipitated proteins were
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resolved on 12.5% SDS-polyacrylamide gels under reducing or nonre-
ducing conditions (21} and visualized by flucrography of gels soaked in
Amplify (Amersham Corp.).

Immunoelectron Microscopy—Si21 cells infected with recombinant
baculoviruses were fixed two days postinfection in 0.1 uM phosphate
buffer, pH 7.3, 1% acrolein, and 9.4% glutaraldehyde, Further embed-
ding in gelatin, preparation for ultracryotomy, end methods for immu-
noelectron microscopy were as reporied earlier (22), Ultrathin seclions
were probed with antibodies (anti-32) raised against the denatured
32-kDa chain of human FPCA (8).

Development of Anti-peplide Antibodies—A 16-amino acid peplide
(NH,-Cys-Met-Tzp-His-Gln-Ala-Leu-Leu-Arg-Ser-Gly-Asp-Lys-Val -
Arg-COOH) based on the COOH terminal sequence of the 34-kDa sub-
unit (amine acids 285-298) (6} was synthesized on a peptide synthesizer
(Applied Biosystems) and covalently coupled via the NH -terming! Cys
residue to the cartier protein Keyhole Limpef Hemocyanin using the
Imjet-activated immunogen conjugation kit as recommended by the
manufacturer {Pierce). Polyclonal anlibodies (anti.pep) were raised in
rabbits against the conjugated product and tested on immuncblots or
immunoprecipitations ¢f BY-produced proteins,

Limited Proteolysis with Trypsin—Infections with baculovirus con-
strzets were performed as described above. Medium samples were
concentrated 5-20-fold by ammonium sulfate precipitation and de-
salted on a Sephadex G50 column (20 Aliquots of 16 pl of medium
concentrates were diluted to 200 pf with 10 mM sedium phosphate
buffer, pi 6.8, and 1 mg/ml bovine serum albumin. Samples were
suibjected te limited proteolysis with 1 ug of trypsin (Sigma) for increas-
ing periods of time as described by Galjart e al. {8). Reactions were
stopped by the addition of 3 ug of bovine pancreas 4rypsin inhibitor
(Sigma). Aliguots of each reaction mixture (10 pl) were assayed for
cathepsin A activity using the N-blocked dipeptide benzyloxycarbonyl-
phenylalanyl-alanine as described by Galjart et af. (8), 20-p aliguots of
irypsin-digested proteing were resolved on SDS-polyacrylamide gels
and transferred from gels to Immobilon polyvinylidene difluoride mem-
branes (Millipore Corp.) using a semi-dry blotter (W, E. P. Company).
Blols were incubated for at least 12 h in blocking buffer (0.01 M Tris-
buffered saline, pH 8.0, G.05% Tween 20, and 3% (w/v) bovine seram
albumin) and subsequently probed with anti-54 er anti-pep antibodies
followed by elkaline phosphatase conjugate anti-rabbit IgG second an-
tibodies {Sigma}. Proteins were stained using tha colorimetric substrate
for alkaline phosphatase (Sigma). For the DFP-binding assay, 40-ul
aliquots were incubated for 1 h at room temperature with 1 pCi of
[*H]DFP as described earlier (8). Radiolzbeled proteins were immuno-
precipitated with anti-54 antibodies and resolved by 8DS-pelyacryl-
amide gel electropheresis and fuarcgraphy.

RESULTS

SF21 insect cells were infected with recombinant baculovi-
ruses AcHPPS4, AcHPP32, and AcHPP20 separately or co-
infected with AcHPP32 and AcHPP2{, Metabolic labeling and
immunoprecipitation analysis showed that PPCA precursor
was synthesized in large quantities and efficiently secreted but
was not or peorly processed to the mature twa-chain product
{Fig. 1, lanes I and ). Its estimated melecular mass of ~54
kDa was similer to wild-type precursor from human cultured
fibroblasts (1). Trace amounts of low molecular weight polypep-
tides, visible both intra- and extracellularly, were products of
aspecific proteolysis, because pulse-chase experiments showed
no time-dependent conversion of the precursor into mature
protein {not shown), Single infections with AcHPP32 and
AcHPP20 resulied in the production of truncated pelypeptides
with molecular masses of 34, 20, and 18 kDa, respectively (Fig.
1,1lanes 2 and 3). Only the former, which was 2 kDa larger than
the corresponding wild-type subunit, was secreted to some
extent {Fig. 1, Jane 6, The two chains of 20 and 18 kDa (Fig. 1,
lane 8} were different glycosylation forms of the small subunit.
Under nonredueing conditions the secreted large chain mi-
grated as a doublet, suggesting that within this polypeptide
partial and/or different intrachein disulfide bridges may have
formed (Fig. 1, lane 1), Co-infected cells synthesized a large
subunit of 34 kDa and three small subunits of 20, 18.5, and 18
kDa, respectively, The intermediate 19.5-kDa species was
unique for co-infected cells (compare lanes 3 and 4) and was the
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Fia. 1. Metabolc labeling of PPCA precurser and separate
subunits in lnsect cells. 521 cells were either infected with bacute-
virus construct AcHpp54 (B4), AcHpp32 (32), ar AcHpp20 (20), or ca-
infected with AcHpp32 and AcHpp20 (32/20). 2 days after infection
newly synthesized proteins were labeled with [**Slmethionine, Labeled
proteins were immunoprecipitated from cells and media using anti-54
antibodies. Proteins were separated by SD3-polyacrylamide gel electro-
phoresis under reducing (fznes !-8) or nonreducing {({fanes 2-12) con-
ditions and visualized by fluorography, Exposure time was 24 h. Me-
lecular sizes are indicated, DTT, dithiothreitol.

only one of the small subunits found in the medium {Fig. 1,
tanes B and 12). Co-expressed polypeptides were immunepre-
cipitated in larger quantities both intra- and extracellularly,
campared with single infections and under nonreducing condi-
tions were resolved as cne product of ~54 kDa, similar in size
to the wild-type precursor (Tig. 1, lenes 9 and 12). These results
suggest an early intracellular association of the two separately
synthesized polypeptides, which are secreted in an assaciated
state, Although they assemble, the 34-kDa subunit remains 2
kDa bigger (Fig. I, lane 8) and is not further processed to the
mature size,

To determine whether the subcellular localization of over-
expressed proteins could account for the lack of maturation,
singly infected or co-infected cells were analyzed with electron
microscopy. Immuncstaining of ultrathin sections demon-
strated an intracellular distribution that was similar for the
different over-expressed proteins, Extensive gold labeling was
restricted to structures in the cytoplasm corresponding to swol-
len cisternae of the endoplasmic reticulum (Fig. 24) and the
Golgi complex (Fig. 2B). Other subcellular organelles, includ-
ing multivesicular bedies and fibreus structures, usually ob-
served in insect cells infected with either wild-type or recom-
binant viruses (23, 24), were totally deveid of gold particles. It
appears therefore that none of the BV-expressed proteins reach
a lysosomesike compartment, where proteolytic processing
should occur.

The amino terminus of the 20-kDa chain, isolated from hu-
man placenta and humen platelets (8, 113, starts with Met-299,
which is preceded in the amino acid sequence of the precursor
by a conserved arginine, This residue likely represents the site
of initial cleavage. Circumstantial evidence has, however, in-
dicated that complete maturation of the precursor may require
more proteclytic steps that could occur at Arg-284, Arg-292, or
Lys-298, Here we have monitered the processing and catalytic
activation of human PPCA precursor and reconstituted sub-
units by digesting BV.derived secreted proteins with trypsin.
To ascertain the occurrence of sequential processing steps, we
have used a polyvalent rabbit antibody (anti-pep) raised
against a peptide of 15-amine acids, 14 of which are derived
from the COOH terminus of the large subunit. Concentrated
medium samples containing either the precursor or the 34- and
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F15. 2. Subeellular iocalizatlon of
BV.expressed proteins. 321 cells were
infected with AcHPPS4, AcHPP32, or
AcHPPS4 + AcHPP32 and prepared for
immunoelectron microscopy 48 h after in-
fection, Cryosections were incubated with
anti-32 antibodies follewed by goat anti-
rabbit [gG gold labeling. A, in all three
cases the aver-expressed proteins were lo-
calized in swollen cistérnae of the endo-
plasmic reticulum (R), which have the ap-
pearance of large vatuoles, B, goid
particles were also clearly present in the
Colgi complex (G n, nucleus; F, fibrous
structures; MVB, multivesicular bodies.
The magnifications were: 38,000 for A
ang 79,000X for B.

2¢-kDa associated protein were incubated with a fixed amount
of brypsin for increasing periods of time, and each reaction was
stopped by the addition of trypsin inhibitor. Aliquots of each
sample were tested on Western blots immunostained with an-
ti-54 and anti-pep antibodies and were assayed for cathepsin A
aclivity, As seen in Fig. 3 (upper left panel), after 0.6 min of
ineubation with trypsin, part of the one-chain precursor was
cleaved into a two-chain product of 34 and 20 kDa, Between 2
and 5 min, the 34-kDa form was gradually converted into a
32-kDa derivative, and complete maturation was achieved af-
ter 10 min, In contrast, the size of the 20-kDa chain did not
vary. Prolonged digestion periods (16 and 30 min) led to aspe-
cilic degradation and lower yield of both subunits. Using anti-
pep antibodies, only the £4- and 34.kDa polypeptides were
detected, indicating that the COOH-terminal peptide of the
34-kDa species was lost upon conversion to the 32-kDa form
(Fig. 8, middle left panel). Step-wise maturation of the precur-
sor into a fully processed product was paralleled by a clear
increase in cathepsin A activity, which was maximal after 15
min of digestion {Fig. 8, lower left panel). Similar maturation

steps were observed for the reconstituted 34- and 20-kDa pro-
tein. Upon trypsin cleavage, the large chain was again con-
verted from a 84~ to a 32-kDa product, whereas the size of the
small subunit did not change (Fig. 3, upper and middle right
panels). However, the amount of both polypeptides, as detected
on immunoblots, was significantly less than for wild-type pre-
cursor, resulting in an overall reduced cathepsin A activity.
This was probably due to both a lower secretion of the recon-
atituted two-chain protein as well as a reduced stability, How-
aever, algo in thia case a clear increase in enzymatic activity was
measured after digestion (Fig. 3, lower right panel).

Catalytic activation of precurser and reconstituted products
was confirmed by the ability of trypsin-precessed proteins to
bind the serine protease inhibiter DFP. As shown in Fig. 4
(Innes 1-6), only the mature 32-kDa subunit, generated after
trypsin digestion of the precursor, was recognized by the radio-
labeled inhibitor. The 34-kDa form was apparently unable to
bind DFP, although it was present at 0,6-5 min digestion time
points {see Fig. 3). The inability to bind the inhibitor was
particularly evident in the case of the undigested 34- and
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Fia. 3. Limiled preteolysis with trypsin of 54-%kDa precursor
and 34- and 20-kDa reconstituted two-chain protein. Aliquots of
medium concentrates containing the 54-kDa precursor and 34- and
20-kDa associated protein were incubated at 37 °C with 1 ug of irypsin
in the presence of bovine serum albumin (1 mg/ml) for the indicated
periods of time. Reactions were stopped with 3 ug of trypsin inhibitor.
Samples in lanes I and @ were untreated. At time 0 {lanies 2 and 10), the
samples were treated with trypsin inhibitor prior {o the addition of
trypsin. A portion of each sample was separated by S8D5-polyacrylamide
gel electrophoresis, followed by electroblotting and immunosiaining
with anti-54 and anti-pep antibedies. Cathepsin A aclivity toward the
acylated dipeptide benzyloxycarbonyl-phenylalanyl-alanine was meas-
ured in each aliquot. One milliunit (mU) of activity js defined as the
enzyme activity that releases one nanomole of alanine/minute.
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Fig, 4, Binding of serine carboxypeptidase inhibitor DFP to
trypain digested 54 kDa precursor and reconsiituted two-chain
protein. Trypsin digestions of precursor and 34- and 29-kDa two-chain
product were performed as deseribed in the legend to Fig. 3. f pCi of
[*HIDFP was added to 40 pl of trypsin digest, followed by immunopre-
cipitation with anti-54 antibodics. Immuneprecipitated proteing were
separated on SDS-polyacrylamide gels under reducing conditions and
visnalized by fluorography. Exposure times were 2 weeka for lanes I-6
and & months for lanes 7-12, Molegular sizes are indicated, Cathepsin
A aclivity was measured as deseribed in the legend to Fig. 3.

20-kDa pratein ({ane 7), which showed no radicactive signal,
confirming that it has only marginal enzymatic activity. How-
ever, thig associated form was particularly susceptible to pro-
teolytic cleavage, because immediately after addition of trypsin

{time 0, lane 8), a substantial conversion to the 32-kDa praduct
took place, For both wild-type precursor and reconstituted pro-
tein, the highest [evels of cathepsin A nctivity were measured
at digestion time peints in which maximat binding was ob-
served (Fig. 4, lernes 3-5 and 9-10). As seen in the previous
experiment, the overall amount of reconstifuted and digested
two-chain product was again considerably lower than trypsin-
cteaved precarsor, All together these data point to the 84- and
20-kDa product as being & processing intermediate, transiently
oceurring during preteclytic maturation of PPCA precursor.
This process is probably mediated by a trypsin-like protease.
Remaoval of a COOH-terminal peptide from the 34-kDa subunit
is eszential for catalytic activation,

DISCUSSION

PPCA is a lysosomal serine protease with pleiotrepic biolog-
icat properties. It binds in its normal state to the enzymes
B-galactosidase and neuraminidase, rendering them stable and
active in lysosomes; it also hydrolyzes as carhoxypeptidaze
andfor deamidasefesterase a variety of bloactive peptides, de-
pending upon the pH conditions used in the assay. When defi-
cient or defective in humans, it causes the lysosomal storage
disease galaclosialidosis. Because its protective and catalytic
functions are distinct (8}, we and others have postulated a role
for PPCA in the local inactivation of selected neuropeptides,
with er without the aid of the two glycosidases (8, 11--13), The
protein is synthesized in mammalian tissues and cultured cells
as a one-chain precursor that is enzymalicaliy inactive, Protee-
Iytic conversion to a disulfide-linked two chain product triggers
catalytic activation. To investigate the process of zymogen ac-
tivation and to assess the capacity of the separately synthe.
sized subunits to assemble into an active enzyme, we have used
the baculovirus system (for review see Ref, 25 and references
therein) to express human PPCA in insect cells, either as
one-chain precursor or as two separate subunits.

BV-encoded proteins are synthesized in large amounts and
transporied from the endoplasmic reticulum te the Golgi com-
plex but do not seem to be targeted 1o a lysosome-like organelle.
It is conceivable that this iranspert step either requires a
recognition marker on lysosomal proteins specific for insect
cells or the process is saturated by the high concentration of
newly synthesized proteins. The subcellular distribution of
both PPCA precursor and reconstituted subunits could how-
ever explain their inadequate intracellular maturation, which
may depend on & lysosome-associated protease. Although it iz
known that the degree of proteolytic processing varies among
haterologous proteins expressed with the baculovirus system
(26), identical results were ebtained by us with mouse PPCA
and human fB-galactosidase expressed in insect cells® and by
others with human f-galactosidase, p-glucosidase, and f-hex-
osaminidase (26-29). Of the three separately synthesized pro-
teins, mainly the wild-type precursor is secreted in a large
quantity. Interestingly, however, the co-expressed subunits are
able to form interchain disulfide bridges and are secreted enly
in the assaciated state, They evidently requira conformational
changes for their secretion, acquired only when both domains
are present. Using baculovirus ce-expression vectors, other in-
vestigators have demonstrated appropriate formation of func-
tional immunoglebulin heterodimers, which are efficiently se-
creted, and of disulfide-bridged interleukin & homodimers
{30, 31).

The focus of the experimental work presented here is the
process of enzymatic activation of human PPCA zymogen,
which enabled us to mep the linker domain between the two
chains, whose removal is required for activation, Both wild-

2 Erik J. Bonten, unpublished data.
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type precursor and reconstituted two-chain form can be sub-
jected to partial proteolysis with trypsin, and the cleaved prod-
ucts have maximal cathepsin A activity, Qur results sugpest
that the in vitro activation of BV-produced precursor mimics its
in vivo processing taking place in at least two steps: an endo-
prateolytic cleavage resulting in a transient intermediate of 34+
and 2¢-kDa, followed by trimming of the last 14 amino acids at
the COOH terminus of the large chain. Furthermore, we pro-
vide evidence that the 84- and 20-kDa reconstituted product is
probably identical to the partially processed intermediate,
which is a naturally occurring catalytically inactive form. A
similar processing pattern was observed earlier for PPCA pre-
cursor over-expressed in COS-1 cells (8, 14). In this case the 34-
and 20-kDa intermediate is seen only transiently, indicating
that its hzlf-life may be teo short and its quantity too low to be
detected in normally expressing cultured fibroblasts. There is
an interesting analogy between the processing and activation
of PPCA and that of other serine carboxypeptidases, This fam.
ily of proteases comprises single- and two-chain enzymes that
are present in different species, ranging from yeast to fungi,
plants, and humans (9, 10). Some of the plant peptidases have
been purified in an active form compesed of two chains that
have been sequenced at their NH, termini (32). In the case of
barley carboxypeptidase I, the two mature subunits of the
enzyme originate from a singie-chain precursor that in addition
centains a stretch of amino acids separating the two chains
{33). This closely resembles the processing of PPCA zymegen
and provides another verified example in a homolegous car-
boxypeptidase of COOH-terminal trimming after the initial
endaproteolytic step. The analogy in maturation events might
indicate a similar function for the finker domain in the plant
carboxypeptidase and PPCA precursors, namely to keep these
forms in an inactive state. In yeast carboxypeptidase Y such an
inactivation function resides within its propeptide segment,
which must obstruct the access of a substrate to the preformed
active site (34}, Limited proteolysis with trypsin removes this
inactivating segment and exposes the active site. Removal of
the linker domain during maturation of the PPCA zymogen
may induce major confermatienal changes on the protein nec-
essary to uncover its active site, Alternatively, this peptide may
only mask the active site on an already correctly felded
polypeptide. These hypotheses are currently verified on the
basis of the three-dimensienal structure of the uncleaved pre-
cursor molecule,
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Lysosomal.Neuraminidase...

CATALYTIC ACTIVATION IN INSECT CELLS 1S CONTROLLED BY THE PROTECTIVE

PROTEIN/CATHEPSIN A
Erik J. Bonten and Alessandra d'Azzo

St. Jude Children's Research Hospital, Department of Genelics, 332 N. Lauderdale,

Memphis, TN 38105, USA

Lysosomal N-acetyl-c-neuraminidase [s
active In complex with the protective
proteinicathepsin A (PPCA} and B-galactosldase,
The interaction with PPCA is essential for the
correct Infracellular routing and lysosomal
tocalization of neuraminidase, but the
mechanism of its catalytic activation Is unclear.
To Investigate this process, we have used the
baculovirus expression system to co-oxpress
neuraminidase and PPCA precursors [n insect
cells, which ensued high enzymatic activity of
neuraminldase, Both the 34- and 20-kDa PPCA
subunits were required for the activation. We
further demonstrated that when expressed afone
the neuraminidase precursor remained dimerlc
(114 kDa) and had low enzymatic actlvity, but
when co-expressed with PPCA and (-
galactosidase, multimerlzed in a complex of
~1350 kDa, together with the other two protelns,
The fully active neuraminldase co-precipitated
with full-length PPCA and {-galactosidase
precursors. However, when co-expressed with
the individual PPGA subunits, neuraminidase co-
precipitated only with the small 20-kDa
polypeptide, which therefore must contain a
neuraminidase-binding  site. Our  finding
suggests a model of activation of neuraminidase
dependent on its oligomerizatlon at acidic pH
that is mediated by Interaction with PPCA.

Lysosomal neuraminidase (EC 3.2.1.18)
catalyzes the Intralysosomal degradation of
sialoglycoconjugates by releasing terminal siallc acid
from their oligosaccharide side chains. The human
enzyme Is involved In two genstically distinct
lysosomal storage disorders: sialidosis, which is
caused by mutallons In the lysosomat neuraminidase
geng (1,2), and galactosialidosis, which is the
combined deficlency of neuraminidase and B-
galactosidase, caused by a primary deficlency of the
protective proteln/cathapsin A (PPCA) (3-5).

In mammallan tissues, neuraminidase s
present in a high molecular weight multienzyme
complex with PPCA, and B-galactosidase, and
copurifies  with these enzymes on affinity
chromatography columns for eilher B-galactosidase
or PPCA (6-12). Pshezehtsky and coworkers have
reported that also N-acetylgalactosaming-6-sulfate
sulfatase can be present in the multlenzyme
complex, although confirmation of this finding or a

follow-up has not yst been reported (6). Only a small
percentage of PPCA and B-galactosidase activitles
are consistenily measured In the multlenzyme
complex {1-2% of total}, which Instead contains all of
the neuraminidase aclivity. Apparently, PPCA and p-
galaclosidase are active also outside the complex,
while neuraminidase Is not (6-15). Verheijen et al
have shown that human neuraminidase purified from
placenta was inaclive at neulral pH, but could be
reactivated in vitro by concenltrating the preparation
at 37°C and acldic pH, which resulted In a four fold
increase in aclivity for every two fold of concentration
{8). On sucrose densilty gradients the ‘stabilized’
anzyme coprecipitated with the 32-kDa PPCA
subunit and B-galaclosidase, suggesting that
assembly into a mullienzyme complex
stabillzed/protected the neuraminidase activity. In
galactosialidosis fibroblasts, In the absence of
PPCA, the 10-15% residual B-galactosidase aclivity
increased upon addition 10 the cuflure medium of the
protease inhibitor leupeptin, which polnted to a
protective role of PPCA against proteciylic
degradation of B-galactesidase (6,16,17}. In conlrast,
neuraminidase activity remained undetectable after
leupeplin  frealment, unless PPCA was added
(6,16,17), suggesting a different way for PPCA 1o
influence neuraminidase activity.

We have previously shown that human and
mouse lysosomal neuraminidase expressed in COS-
1 ceolls and fibroblasts from pafients with sialidosis
assoclate with PPCA shorlly after synthesls, and
segregate to mature lysosomes, only when
accompaniad by wild-type PPCA, but not by
transport-impaired PPCA mutants (18).  Early
interaction is needed because neuraminidase is
poorly phosphorylated, even In the presence of
PPCA, and its mannose-six phosphate-marker
(M6P} Is not functional In receptor-mediated
endocytosis of the enzyme (18). Thus, PPCA
functions as an auxiliary f{ransport protein for
neuraminidase, and neuraminidase acqulres full
enzymalic activity in mature lysosomas, only when
bound to PPCA. in conlrast, others have reported
that In galactosialidosis fibroblasts neuraminidase
does reach ths lysosomes, bul is rapidly degraded
because of the absence of functional PPCA (18).
Thus, the exact mechanism by which PPCA conlrols
both the catalytic activation of neuraminidase, and
the maintenance/regulation of its enzymatic activity
is unknown.
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We have utllized the baculovirus (BY)

o catalytic activatton of PPCA and demonstrated that

the one-chain zymogen Is cleaved into a two-chain
mature enzyme by a trypsin-like protease, removing
a linker-peplide batween the two subunits (20}, The
structural basis of this activation mechanism were
assessed after the determinalion of the 3D struclure
of human PPCA precursor that showed lhat the
active site is preformed In the zymogen, but is
blocked by a ‘malturation subdomain’ (21), Removal
of the linker peptide causes conformational changes
of the maturation subdomain, exposing the active
site {21},

Here we have developed a similar approach
to elucidate the machanfsm of catalytic activation of
neuraminidase In Insect cells. When using
baculovirus constructs, several factors can infiuence
the tevel of protein expression In insect cells,
Including the type of baculovirus vector, the type of
insact cells, the mulliplicity of infection {M.Q.1), the
type of cullure medium, the time of Infection, and the
stabillity of the overexpressed protein {22,23}. When
high expression levels are achieved the recombinant
protein s wusually cleary visible on Coomassie
stained SDS-gals containing total cell lysates. Taken
this Inlo account we expressed neuraminidase in
insect colis and studied the In vive and fn vilro
interactions with co-expressed PPCA and §-
galactosidase, Qur  resulits  Indicate  that
neuraminidase is  catalytically activated by
conformational changes that occur when the enzyme
shifis from a 114-kDa dimeric form to an cligomeric
complex of ~1350 kDa. This aclivation occurs
exclusively at acidic pH, and Is Wiggered by ils
interaction with PPCA.

EXPERIMENTAL PROCEDURES

Cell Cuilure and Generation of Recombinant
Baculovirus  Constructs — Spodoplera frugiperda
insect cefls (IPLB-SF21) were cullured in monolayers
at 27°C in TNM-FH medium {24}, supplemented with
10% fetal bovine serum and antiblofics.
Recombinant baculovirus {BV) consiructs encoding
mouse and human neuraminidase {Moneur and
Huneur), human P-gatactosidase {figal) and mouse
PPCA  (MPP54), were generated through
homologous recomblination in insect cells, of wild-
type BY DNA (AcMNPV) and the respective cDNA's
(20,25,26), which were subcloned into the BV-
transfer plasmids pJR; and pBC; (20,27). The
generation and characterization of BV-construcis
encoding human PPCA (HPP54) and the two
separate human PPCA subunits {PP32 and PP20)
was described earlier {20),

Developmant of Anlibodies - Polyclonal
antibodies ware raised in rabbits (Rockland} against

Bv-expressed 85-kDa human B-galactosidase
pracursor  (anti-fgal}, 54-kDa human PPCA
precursor  {antl-hPPCA), 20-kDa human PPCA

subunit (anti-PP2Q), and 54-kDa mouse PPCA
pracursor {anti-mPPCA). All secreted recombinant
proteins were affinity purified from the Insect cell

culture medium on Concanavalin sepharosé columns

subunit, The latter polypeplide was excised from a
preparative SDS-polyacrylamide gel containing PP20
infected cell-lysates. The generation of anti-human
neuraminidase antibodles {anti-Neur) was described
earller {2).

Matabollc Labeling of Infected Inssect Cells —
For blosynthetic labeling studies S$f21 cells were
seaded in 6-well dishes and grown uniil 80-90%
confluence, and infected with BV at a multiplicity of
infaction (M.O.1) of 5 plaque forming units/cell
{pfuicell}. Two days after infeclion the cells were
radiofabelad for 16 h with 50 pClim! ¥S-methionine.
Immunoprecipitations were carrled out as described
earlier {20,28,29). Immunoprecipitated prolains were
resolved on 12.56% SDS-PAGE, and visualized by
fivorography of the gels soaked Iin Amplify
{Amersham Corp.).

Furification of Neuraminidase — Sf21 cells
were propagated In 3D bottles (Nunc) until 80-90%
confiuence and Infected at M.O.I. 5 with Moneur. The
cells were dislodged two days after infection by
tapping the bottles firmly. All steps were cariied out
at 4°C unless indicated otherwise. The cells were
washed in Phosphate buffered Saline (PBS) and
pelleted by centrifugation at 1000 rpm. The cells
were iysad in waler and 1% Nonidet P40 (NP40;
Calbiochem) for 30 min. Tris Ethanol Amine (TEA
stock solution: 0.2 M, pH 8.75} and water was addad
to the lysate to obtain final concentrations: 20 mM
TEA pH 8.75, 0.1% NP40. The lysate was ultra-
centrifugated (Beckman SW28 rotor, 256000 rpm, 1
h), and the supernatant was filtered through a 0.2
um filler. Neuraminidase was FPLC-purified on a
Resource Q column {Pharmacla Biotech.) and eluted
with a salt gradient of 0-150 mM NaCl (20 mM TEA
pH 8.75). The neuraminidase eluted at ~80 mM NaCi
and was concentrated in Centrprep 10 unils
{Amicon) to 1-3 mg/ml. Neuraminidase was further
purified on a Sephacryf S300HR column {Pharmacia
Biotech.) in 20 mM TEA pH 8.75/100 mM NaCl. The
neuramlinidase contalning fraclions were pooled and
concentrated as described above. The column was
calibrated with molecular welght markers (Pharmacia
Biotech.).

In vitro activation of neuraminidase - Fixed
amounts of purified mouse neuraminidase were
mixed with increasing concentrations of Con A
purified mouse PPCA, human PPCA, human B-
galactosidase, or bovine serum albumin (BSA) in 50
mM sodium acaetate pH 5.0 or pH 6.8 and 100 mM
NaCl, and incubatad at room-temperature (RT) for 1
h. Neuraminidase activity was assayed with the
arificial  4-methylumbelliferyl  substrate (Sigma)
according lo Galjaard (1980). Aliguots of In vitro
activated neuraminidase with and without PPCA
were resolved on a Sephacryl S300HR column (50
mM sodium Acetate pH 5.0/100 mM NaCi). Eluted
fractions were separated on 12.6% SDS-PAGE,
blotted on PVDF membranes {Immobilon, Millipore),
and Incubated wilh anti-Neur and ant-PPCA
anlibodies.
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in vive activation of neuraminidase and

.. gelfiftration - $f21 cells were Infected in 6-well dishes

trealment with N-glycosidase F, or Inhibition with the

N-linked_ glycosylation inhibltor tunicamycin did not

with fixed amounis of Moneur, and increasing
amounts of either MPP54, HPR54, PP32, PP20, and
PP20 plus PP32 (as described above). Two days
after Infection the cells were harvested and the
neuraminidase activity assayed. The cell-lysates
were separated on a Sephacryl S300HR gelffillration
column {50 mM sodium Phosphate pH 7.0/100 mM
NaCl) and the eluates were analyzed by SDS-
PAGE/western-blofting, and nsuraminidase activity
assays {as described above).

RESULTS

Baculovirus expression in Insect cells of
nauraminidase, PPCA, and B-galactosidass, for in
vivo calalytic activation of neuraminidase. - In
mammalian cells neuwraminidase depends on lis
assoclation wilh a transport-competent PPCA for
lysosomal localization {18). In insact cells, instead,
PPCA does not reach the vacuole, but accumulates
in the endoplasmic reliculum (ER) and Golgi
compartments, and Is hardly processed into the
mature and catalytically active two-chaln form (20},
Using BV-nfected Insect cells to co-express
neuraminidase with PPCA and/or B-galaciosidase
we could now test whether PPCA Influences
neuraminidase activity In a manner that s
independent from its intracellular
comparimentalization. For co-expression studies it
was crucial fo obtain comparable levels of
exprassion of the different componenls. Previously
we over-expressed in Sf21 cells three baculovirus
constructs that encode the human PPCA (HPP54),
and the two separate PPCA subunils (PP32 and
PP20} (20}, The expression levels of lhese proteins
were comparable as demenstrated by immuno-
precipitation, Waestern-blotilng, and Coomassie
stalning of SDS-gels (20}. We now made baculovirus
conslructs  that encode human newraminidase
{Hunseur), mouse neuraminidase (Moneur), mouse
PPCA (MPP54), and human B-galactosidase (fgal).
To select the best expressing clones, up to 10
baculovirus clones were scresned for each prolein
by infecting the virus in Sf21 cells, and analyzing the
recombinant proteins on Coomassie-stained SDS-
gels, before and after Con A sepharose purification
(Experimental Procedures). Furthermore, the best
expressing clones were also tested in metabolically
labeled Insect cells infected individually with 50 ul of
Moneur-, MPP54-, HPP54-, pgal-, HPP32- and
HPP20-recombinant baculoviruses. Two days afler
infaction, cells were labeled for 16 h with *S-
methionine, Radiolabeled proteins were immuno-
precipitated with specific antibodies (anti-Neur, anti-
PPCA, anti-fgal}, and subjocted to SDS-PAGE (Fig.
1A). The melecular weights of the expressed and
immuno-precipitated proteins are summarized In
table 1. The 18-kDa and 75-kDa polypeptides (Fig.
1A, lanes & and 8) represented non-glycosylated
forms of the small PPCA subunit and the f-
galaclosidase  precursor  respectively, since

alter their mobility on SDS-PAGE ((20) (data not
shown)). These results confirmed that all proteins
were expressed at similar levels, with the exception
of human neuraminidase (Huneur), which was
expressed al considerably lower levels than the
other proteins (Fig. 1A, lane 2). For this reason we
chose to use the mouse {Moneur} rather than the
human neuraminidase construct (Huneur} in co-
exprasslon experiments. This approach was further
justified by earlier studies dsmonstrating that
interaction of the three enzymes is not species-
specific, but each of the human enzymes can be
subslituled by its muring counterpart in the enzyms-
complex (26,30,31).

Tablg 1. Summary of Immunopracipitations.

8V-construct  aniibody Mw Fig. 1A
(kDa)
Huneur anti-Neur 486 fans 2
Monsur ant-Neur 46 lang 3
PP32 anti-hPPCA 34 lane 4
PP20 anti-hPPCA 20/18 lane 5
HPP54 anti-hPPCA 54 lane 6
MPP54 antl-mPPCA 54 lane 7
$-gal antl-fgal 85/76 lane 8

Insect cells were co-infacted with a constant
amount of Moneur (60 ul), and increasing virus
concenlrations of either MPP54, HPP54, or fgal)
{50-300 )i} The calls were harvested two days afler
infaction, and assayed for neuraminidase aclivity.
Both human and mouse PPCA were able to Increase
the neuraminidase aclivity In a concentration
dependent manner, although mouse PPCA was
somewhat more effective in thls functlon {Flg. 18},
whereas fi-galactosidase had no effect at alf on the
neuraminidase activity (Fig. 1B). Aliquots of the
differant cell-lysates, analyzed on Woestern-blots
probed with anti-Neur antibodias, showed that the
amount of the 46-kDa neuraminidase protein was
comparable in all samples. Small variations In
expression levels and stability of the human and
mouse PPCA might account for the differences In
neuraminidase activity. Both human and mouse
PPCA did not affect the level of expresslon or the
stability of neuraminidase, as shown on Weslern-
blots (Fig. 1B, Insert), but their interaction with
nauraminidase clearly aclivated the enzyme.

To determine whether a full-lenglh PPCA
was neaded for this process or either of the two
PPCA subunits (PP20 and PP32) would be sufiicient
for neuraminidase activation, insect cells were co-
infected with a constant amount of Moneur Inoculum
{50 ui), and increasing concentrations of PP20,
PP32, or a combination of the two. Two days after
infection, cells were harvested and assayed for
nedraminidase aclivity. The separate subunits did
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‘Figrt-Baculovirus expression in‘lnsect

cells of neuraminidase, PPCA, and §-
galactosidase, for /n vivo activation of
neuraminldase. (A} Sf21 cells were single
infected with Moneur, Huneur, PP32,
PP20, HPP54, MPP54, and Bgal. Newly
synthesized proteins were radio-labeled
with  *S-methionine, two days after
infection, followed by immunoprecipitation
with either ant-Neur, anti-PPCA, or anti-
fgal antibodies. Proteins were separated
on SDS-PAGE and visualized by
fiucrography {eposure time & h). (B) Sf21
cells were co-infected with constant
amount (50 ) of mouse neuraminidase

inoculum (Moneur} and increasing
concentrations of either mouse PPCA
precursor  (MPPS54), human  PPCA
precursor  (HPP54), or human Pgal

precursor (50, 100, 200, 300 pl). Two days
afler infection the cells were harvested
and assayed for neuraminidase activity
{nmol/b/mi). The aclivilies are an average
of three experiments. Cell-lysales were
analyzed for expression of neuraminidase
on wastemn-blots, incubaled wilh anti-Neur
antibodies (inserf). (C) Insect cells were
co-infected with a constant amount {50 pl)
of Moneur, and increasing concentrations
of the two human PPCA subunils {PP20
and PP34), or the combination of both (0,
50, 100, 200, 300 ph). Two days after
Infaction the cells were harvestad and
assayed for neuraminidase  aclivity
{nmoi/himl}. The activities are an average
of three experiments. The cell-lysates
were analyzed for expression of
neuraminidase on weastemn-blots incubated
with anti-Neur antibodies (insert).

Fig.3. Metabolic labeling and co-
precipitation of  BV-expressed
neuraminidase, PPCA, g-
galactosidase, and the two separate
PPCA subunits. Sf21 cells were co-
infected wilh Moneur and figal, MPP54,
PP32, PP20, and PP32 plus PP20.
Newly synthesnzed proteins were radio-
fabeled with **S-methionine, two days
after infection, followed by
immunoprecipitation with either ant-

neur, anti-PPCA, anti-PP32, or anii-
figal  antibodies.  Proteins  were
separated on  SDS-PAGE  and

visualized by fluorography (eposure
tims 5 h). Co-precipitated polypeptides
are indicated with a white asterisk
(right panet).
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. --Fig.-?.-'-'-ﬂ'Gel- i
expressed neuraminidase. Insect
cells were either {A) single infected
with Moneur, or co-infected with
Moneur and: (B) HPP54 and Bgal;
~ {C) PP32 and PP20; (D) pgal. Two
days after infection the cells were
harvested and the lysales were
loaded on a Sephacryl S300HR
gelfiltration  column  (Pharmacia
Biotech.). Eluted fractions (90-210
mh) were subjected to SDS-PAGE,
blotted on PVDF membranes, and
probed with antibodles (indicated at
the right). The gel filtration column
was pre-calibrated with molecular
welght standards {Pharmacia
Blotech). Molecular weights of the
elited  proteins  (native), and
molecular  weight  standards  are
indicated at top. Molecular weights of
the proteins after SDS-PAGE
(denatured) are Indicated at left.
Elution volume s Indicated at
bottom. (E} All gel filtration fractions
ware assayed for neuraminidase
aclivity (nmolh/ml).

In vitro multimerization and
catalytic activation of
neuraminidase. (A} Increasing
amounts of Con A purified HPP54 and
MPP54 were added (0, 1, 3, 5 ph) to
purified dimeric mouse neuraminidase
and subsequently incubated al room
termperature for 4 h, at either pH 5.0 or
6.8. After incubation the samples wera
assayed for nauraminidase aclivity
(nmolfh/mi). (B) Catalytically activated
neuraminidase (5 ul HPP54 added fo
dimeric mouse neuraminidase for
optimal activation) and mock activated
neuraminidase (BSA added instead of
PPCA} were resolved on a Sephacryl
S8300HR gel filtration column at pH 5.0.
Eluted fractions were separated on
SDS&-polyacrytamide gels, blotted on
PVDF membranes, and probed with
anti-Neur antibodies. Molecular
weights of eluted proteins (native), and
molecular  weight standards are
Indicated at top. Molecular welghts of
proteins after SDS-PAGE (denatured)
are Indicaled at fsft. Elution volume is
indicated at bottom,

Fig.d.
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not affect the enzyme activity (Fig. 1C). However, a

-gignificant.inorease-in-aclivity-was.observed..when......

both PPCA subunils were co-expressed with
neuraminidase {Fig. 1C}, The levels of the 46-kDa
protein on western-biots were comparable In all
samples (fig, 1G, insert). Thus, a full-length PPCA
protein, in form of the one-chain precursor or the
two-chain mature enzyme, is needed for calalytic
aclivation of neuraminidase.

Complex formation of neuraminidase with
PPCA and f-galaclosidase. — Our results have
shown that PPCA by itself has the abllity to activate
neuraminidase. We further investigated whether the
three-enzyme-complex could assemble also In
insect cells, and whether neuraminidase activity
would change In the context of this complex. We
first analyzed by gel filtration the native molecular
weight of mouse neuraminidase alone, or in
combination either with the 85-kDa B-galactosidase
precursor, the b4-kDa PPCA precursor, or both
PPCA subunits, Total cell-lysates from BV-infected
insact cells were resolved on a Sephacryl S300HR
column, and the eluted fractions wers analyzed on
wostern-blots, probed with polyclonal antibodies
speclfic for either of the three prolsins (Experimentat
Procadures). Neuraminidase expressed alone eluted
at a molecular weight of ~114 kDa, probably as a
dimer {Fig. 2A). When co-expressed with PPCA and
f-galactosidase, a small amount of neuraminidase
oligomarized and eluted from the column In fractions
correspoending to a molecular welght of ~1350 kDa
(Fig. 2B, upper panel). Thase fraclions also
contained small amounts of PPCA and B-
galactosidase, suggesting that the thres enzymes
were in complex (Fig. 2B, middle and lower panel},
However, most of the neuraminidase, PPCA, and #-
galactosidase eluted at 114-85 kDa (Fig. 2B, 3
panels), and were not associsted, When co-
expressed with bolh PPCA subunils, a small
percantage of neuraminidase again eluted at ~1350
kBa (Fig. 2C). However, neither of the two subunits
was resolved together wilh neuraminidase In these
fractions, suggesting that they were eilher only
transtantly assoclated with neuraminidase, bul just
enough to trigger the oligomerization of the enzyme,
or they were still in complex with neuraminidase, but
their amount was too low to be detected on the
wastern-blot, Co-expression of neuraminidase with
only B-gataclosidase did not promote cligomarization
of the enzyme {Fig. 2D}, confirming that p-
galactosidase was not direclly involved in this
process.
The gel fillration eluates were also assayed for
neauraminidase activity (Fig. 2E). The dimeric
enzyme had very low aclivily {Fig. 2E, upper-left
panel). The neuraminidase that was eluted at 1350
kDa, togsther with PPCA and B-galactosidase, was
also catalylically active (Fig. 2E, upper-right panel).
Given that only a small percentage of neuraminidase
was resolved in these high molecular weight
fractions, this oligomeric neuraminidase had a
substantially higher specific activity {10-20x) than
the dimeric form (28, lower panel). In conlrast, the

~1350-kDa oligomeric neuraminidase, resolved on

gel.fillcation. after..co-exprassion with_the separate

PPCA subunits, was catalytically Inactive (Fig 2E,
lower-left panel), despils the relatively high amounts
detected on western-blots (Fig. 2C). Thus, the
oligomerization of neuraminidase s not sufficient for
its catalytic activation, which apparently requires
stable assoclation with PPCA.

Co-precipitation of BV-expressed
nauraminidase with PPCA and B-galaclosidase. —
To demonstrate that neuraminidase was indeed
associated with PPCA and p-galactosidase, insect
calls were co-infected with the BV-construcls listed
In table 1. Two days after infection, cells were
metabollcally labsled for 16 h with *S-methionine.
The radiolabelad proteins were precipitated with
specific antibodies (anti-Neur, anti-PPCA, anti-PP20,
anii-pgal}, and the immunoprecipitated products
were subjected to SDS-PAGE. The 54-kDa PPCA
precursor was readily co-lmmunoprecipitated with
neuraminidase using anti-Neur antibodles (Fig. 3,
lane 2}, Susprisingly, only the 20-kDa and not the
34-kDa subunit of PPCA co-precipitated with
neuraminidase (Fig. 3, lane 3 and 4), suggesting
that this subunit contains a neuraminidase-
interacting domain. It is not clear at this moment
whether the large PPCA subunit did not bind at all to
nauraminidase, or whethar this interaction was too
weak (o withstand the Immunoprecipitation
conditions. The 34-kDa subunit did co-precipitate
with the 20-kDa polypeptide using anlibodies that
are spacific for the small subunit (Fig. 3, tane 6).
Neuraminidase alsc co-precipilated efficlanlly wilh
the pB-galactosidase precursor using anti-Bgal
antibodles (Fig. 3, lane 1), indlcating thal the two
proteins did interact strongly, allhough §-
galactosidase dld not appear to influence the activity
of neuraminidase (Fig. 1 and 2) Mouse
neuvraminidase associated equally well with the
human and mouse forms of PPCA and B-
galactosidase (31) (data not shown). As shown in
Figure 3 (lane 2), PPCA precursor co-pracipitated
with neuraminidase only with anti-Neur and not with
anti-PPCA antibodies, while neuraminidase co-
pracipitated wilh B-galactosidase only with anti-Bgal
and not with anti-Meur antibodies {Fig. 3, lane 1}.
This was probably due to the Inability of some of the
antibodies to recognize the assoclated proteins,
which may no lfonger expose the epitopes against
which the antibodies were raised. Together, the
results indicate that neuraminidase, PPCA, and -
galactosidase can physlcally associate In insect
cells, forming a ~1350-kDa enzyme-complex (Fig.
2B).

in vilro catalylic activation of neuraminidase.
- The ability to produce in insect cells, and purily
targe quanlities of neuraminidase, PPCA and B-
galactosidase (Experimental Procedures), allowed
us to test in vitro the catalylic activation of
neuraminidase. Dimeric mouse neuraminidase {pH
8.75) was mixed with Increasing amounts of eilher
mouse or human PPCA, and incubated for 1 h at
room temperature at pH 5.0 or 6.8. Afterwards the
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samples were assayed for nauraminidase activity.

Incubation with both mouse and human PPCA

“{MPP54 and HPP54) resulted in the Increase of
neuraminidase aclivity, but only under acidic
conditions {Fig. 4A), while P-galactosidase or BSA
had no effect on the activily (data not shown). This
demonsitrated that PPCA controls the catalytic
activation of neuraminidase in a pH dependent
manner. To determine whether catalytic aclivation
had any effect on the molscular weight of
neuraminidase, we separated nguraminidase, either
PPCA-activated or mock-activated, on a Sephacryl
S300HR geflfiltration column. The sluates were
anaiyzed on westemn- blots probed with anti-Neur
antibodies {Fig. 4B). PPCA-activated neuraminidase
was recovered in two separate pools, as ofigomers
of ~600 kDa, and as oligomers of ~1100 kDa, In
contrast, mock-incubated neuraminidass was malnly
recovered in fractions ranging from 100 to 300 kDa
{Fig. 4B, lowsr panel}, These resulls indicate that
alse in vitro PPCA was able to promote the
oligomerzation of neuraminidase. This process
appeared to take place In two steps. initially,
oligomers of ~600 kDa were formed, that probably
consisted of 8 dimers, that further multimerized in an
~1100-kDa form. We conclude that the Interaction
between PPCA and neuraminidase is required for
both the oligomerization and catalytic activity of
neuraminidase, and the two evenls cannot be
separated.

DISCUSSION

Lysosomal neuraminidase shares significant
homology with other bacterial and mammalian
members of the slalidase superfamily {2}, Most
neuraminidases are monomeric, but higher
oligomeric states have been reported {Taylor, 1996).
The crystal structures of bacledal and viral
slalidases revealed that the fold topology of these
enzymas Is [dentical, and consists of a six-bladed B-
propeller around an axis that passes through the
active sita (30-33). It is likely that lysosomal
netraminidase shares the same fold. Nevertheless,
itis the only member of the sialidase supsrfamily to
require an accessory protein (PPCA) for ils
transport, catalytic aclivity and stability in lysosomes

Litlle Is known about the mechanism of
complex assembly between nsuraminidase, PPCA
and B-galactosidase. We have used the baculovirus-
expression system {o co-express nsuraminidase In
insect cells, with PPCA and f-galactosidase
precursors, and the two separale PPCA subunits
(20}, BV-encoded PPCA precursor, and the two
separate subunils were synthesized in the Insect
cells In large amounts, and transported from the ER
to the Golgi compartment, but were not segregated
to lhe vacuole, which explains their tack of
maturation {20). In mammalian cells we could not
separate the effsct that PPCA had on the lransport
of neuraminidase lo lysosomes {18), irom the actual
aclivation event. Since PPCA and neuraminidase
likely lack the appropriate signals for vacuolar
sorling in insect cells, we were able to test the

influence of PPCA on the catalytic activation of

Many  lysosomal  hydrolases, after
segregation to  lysosomes, undergo partial
proteolytic processing, resulting in the removal of
elther C-terminal or N-terminal fragments, lsading to
the malure, aclive forms of the enzymes (34).
Recently we reported the mechanisms of catalytic
aclivation of lysosomal B-gelactosidase and PPCA,
showing that both are two-subunit enzymes. The 86-
kDa P-galactosidase precursor is C-terminally
processed by the cleavage of a 24-kDa domaln,
which remains non-covalently assocfated to the 64~
kDa N-terminal polypeptide {35). The one-chain
PPCA zymogen is processed by a trypsin-like
protease, removing a ~20 amino acld linker-peptide
between the two subunits, The two subunils are
linked by disulfide bridges, resulting in a 32/20-kDa
two-chain active enzyme (20). The crystal structure
of BV-exprassed PPCA precursor indicated that the
removal of the linker-peptide triggers conformationat
changes In a subdomain of the PPCA, that in tum
expose the catalytic pocket {21). Unlike PPCA and
B-galactosidase precursors  neuraminidase s
catalytically aclivated by a different mechanism thal
requires the Interaction wilh PPCA. A pool of
neuraminldase, PPCA, and B-galaciosidase, when
co-expressed In insect cells, assembled Into a high
molecular weight complex. The exact stolchlomelry
of thls mulienzyme complex is unknown, but iis
molecutar weight In insect cells (1350 kDa} is similar
to the 1000-1300 kDa molecular weight of the
muitienzyme complex isolated from human
fibroblasts and various other mammalian tissues (8-
9,13,36-39). Our /n vilro studies indicate that the
complex probably contains 12 neuraminidase
dimers. The number of PPCA and f-galaclosidase
molecules in the complex remains uncertain. The
muitimerization of neuraminidase occurs only at
acidic pH, which implies that in mammalian cells the
high molecular welght complex |s assembled in
lysosomes.

We have shown earlier that In absence of
PPCA, neuraminidase formed crystals when over-
expressed In COS-1 cells. However, co-expression
of neuraminidase with PPCA prevented crystal
formation, and promoted its {ransport to the
lysosomas, and calalylic activation (18,20).
Assaciation with PPCA appeared to mediate correct
folding and ollgomerization of the enzyms,
prevenling aggregation of parially folded or unfolded
molecules, A similar mechanlsm has been
described for the coagulation proleins Von
Willebrand Factor (vWF) and Factor VI (FVIll) {40).
Factor VIIl needs to assoclate with vWF for correct
folding and segregation into the secretory pathway,
In Von Willebrand patianls, which are deficiant for
vWF, FVIli aggregates and s subsequently
degraded. The dependsnce of a molecule on the
assoclation with a partner may be an important
mechanism to regulate at the protein level ils
blological activity. Especially for neuraminidase this
principle could hold true. Sialic acid residues, being
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the terminal sugars on carbohydrate chains, are the

~first-targets-for-hydrolysis.-Thus,-It-may.not-always.....

be beneficial fto have calalylically active
neuraminidase in the lysosomes. An equilibrium
between nstiraminidase and PPCA could maintain
the required leve! of neuraminidase activity. In tumn,
this could explain the ‘instability’ of neuraminidase
during enzyme purifications, which is caused sither
by dissoclation from the complex, andfor
delachment from PPCA (6-10,12). Given the
blological integrity and functionality of BV-expressed
neuwraminldase, including its associalion with PPCA
and B-galactosidase, this expresslon system can be
of great value not only for blochemical analysis, but
also for the cryslallizalion and 3D-sfructure
determination of this enzyme and ullimately of the
multienzyme complex.
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Novel mutations in lysosomal neuraminidase identify
“functional domains and determine clinical “severity in
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Lysosomal neuraminidase is the key
enzyme for the infralysosomal catabolism of
slalylated glycoconjugates, and is deficient
in  two neurodegenerative lysosomal
disorders, slalldosis and galactosialidosis.
Here we raport the identification of ten novel
mutations in the neuraminidase gene of 11
sialidosls patlents with various degree of
disease penetrance. Comparison of the
primary structure of human neuraminidase
with the primary and tertlary structures of
bacterial sialidases indicated that most of
the single amino acld substitutions
occurred In functional motifs or conserved
residues. On the basis of the subceflular
distribution and residual catalytic activity of
the mutant neuraminidases we assigned the
mutant protelns to three groups: (i)
catalytically Inactive and not lysosomal; {il)
catalytically Inactive, hut localized In
lysosome; {lll) catalytically active and
lysosomal, In general, there was a close
correlation between the residual activity of
the mutant enzymaes and the clinical severity
of disease. Patients with the severe infantlle
type |l disease had mutations from group |,
whereas patients with a mild form of type |
disease had at least one mutation from
group lll. Mutations from the second group
ware malnly found In juvenile type |l patients
with Intermedlate clinical severity, Overall,
our findlngs explain the  clinical
heterogensity observed in sialidosis and
may help In the assignment of existing or
new alfelic combinations to speclfic
phenotypes,

INTRODUCTION
Neuraminidases or slalidases are exoglycosidases
that catalyze the cleavage of a-glycosidlically linked

terminal N-acelyl neuraminic acld from sialylated
glycoconjugates (1). They are widely spread in
nature ocecurring in viruses, bacteria, fungi, protozoa,
birds and mammals (2-8). Together the
neuraminidases form a family of hydrolases that
share a conserved aclive site and similar sequence
motifs (9-11). Thres types of neuraminidases are
found in mammals that are defined as lysosomal,
plasma membrane and cytosolic on the basis of their
biochemical properties and subcellular distribution
{3-8, 12-14), Lysosomal N-acetyl-c-nevraminidase
has significant primary structure characteristics of
olher mammalian and microbial sialidases wilh
simifar subsirate specificity, However, unlike other
members of lhls family, lysosomal neuraminidase
requires the carboxypeptidase protactive
protein/calhepsin A (PPCA) for intracellular fransport
and lysosomal aclivation (15}, the enzyme is
catalytically aclive only when it is bound to PPCA,
and is a component of a high molecular weight,
multi-proteln  complex containing PPCA, -
galaciosidase and N-acetylgalactosamine-6-sulfale
sulfatase {16-21). A prirnary or secondary deficiency
of lysosomal neuraminidase is assoclated with two
neurodegenerative  disorders  of  lysosomal
metabolism, slalidosls and galactoslalidosls,
Sialidosis 1s an autosomal recessive disease
caused by lesions In the lysosomal neuraminidase
gene on chromosome 6p21 (12, 14). Distinct clinical
phenolypes are recegnized, varying in the onset and
severity of the symptoms. Type | sialidosis, which is
also referred to as the cherry-red spot/myoclonus
syndrome, Is a relatively mild dlsease that occurs in
the second decads of life and resulls in progressive
loss of vislon assoclated with nystagmus, ataxia,
and grand mal seizures bul not dysmorphic features
(22). Type 1l sialldosis, is the severe form of the
disease, characterized by lhe presence of abnormal
somatic features, Including coarse facles and
dysostosis multiplax, On the basls of the age of
onset of the symploms, type Il sialidosis is divided
Into three sublypes: ()} congenital or hydropic {in
utero), {Il) Infantile {0-12 months), and (1) juvenile
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{2-20 years) (reviewed In (22)). The congenitai form
Is assoclated with either hydrops fetalis and stillbirth

S HEENAlAl S 0SS ana  death El an earty T age;

features include facial edema, inguinal hernias,
hepatosplenomegaly, stippling of the epiphyses, and
periosteal cloaking. Type |l patlents with longer
survival develop a progressive
mucopolysaccharidosis-ike  phenotype;  signs
include coarse facies, visceromegaly, dysostosis
multiplex, vertebral deformitiss, menlal retardation
and chermy-red spot/myoclonus (22-25).

A primary defect of PPCA causes the
lysosomal disorder gafactosialidosls (GS), which
presents with clinical signs strikingly simitar to those
of slalidosls (reviewed In: {26)}. The absence or
impairment of PPCA leads to the secondary,
combined deficlency of p-D-galactosidase and
neuraminidase. Residual neuraminidase activity in
patients with siafidosis or GS is typically less that 1%
of normal levels. As for slalidosls patients, GS
patients are diagnosed with elther an early Infantile,
late infantile, or a juvenitefadult form of the disease,
based on age of onset and sevarity of clinical
manifestallons. The early Infantile form of GS is
clinically very similar to the congenital type || form of
sialidosls; both are characterized by visceromegaly,
hydrops fetalis, ascites and early death. The late
infantilefchildhood forms of GS and siatidosis are
also similar, with the exception of milder neurological
involvement in the GS patients. At the other end of
lhe spectrum, similarities also exist between patients
with adult type | sialidosis and juvenile/aduit GS,
both characterized by the absence of visceromegaly.
However, Juvenile /fadull GS in conlrast,
juvenilefadult GS patients have dysmorphic features
bul mitder neurological involvement (reviswed In:
{26)). The biochemicat and <clinical similarities
between slalidosis and GS suggest an imporiant role
for neuraminidase in the pathogenesis of these
diseasses.

Several mutations have been identified in
\he neuraminidase genes of unrelated palients with
slalldosls (12, 14, 27). The mutations analyzed to
date Include point mutations, single nucleotide
deletions, and small inserlions (12, 14, 27). Those
sialidosis patients that were also tested for the
presance of the neuraminidase mRNA, were found
to have normal amounts of transcript (12, 14),

Here we report lhe identification of eight
novel and five previously Iidentified mutatlons In
eteven patients with siatidosis {nine unretated and
two siblings). Collectively these patients exhibit the
full range of severity of the disease. Expression of
the mutant enzymes in sialidosis fibroblasts enabled
us fo classify the mutations according to the leve! of
functional neuraminidase they support, and (o
Identify functional domains or amino acld restdues in
the protein. From lhese sludies we found a
correlation between specific combinations of mutant
alleles and the severily of the disease.

“Ciinlgal Phenotypes

RESULTS

We have studled 11 patients with sialidosls (nine
unrelated and two siblings) of different ethnic origins
and wilh helerogeneous chinical presentations. The
type | form of the disease was diagnosed in six
patients (patients 1, 2, 4, 6, 8, and 7}, the type H
juvenite phanotype, in one {pallent 3}; the type Il
Infantile form in three {patients 8, 9, and 10); and the
type li congenitalfhydropic form in one patient (11).
Clinical reports have been published only for
patients 9 and 10 (28-30); the other patients were
newly diagnesed, or their cases had never been
reported In the literature. Table 1 is a summary of
the main clinical features, sex, athnlcity, and
biochemical data of these patiants. The patients wilh
the mildest form of sialidosis (patients 7, 5 and 6)
had slowly progressing disease. The two siblings, 6
ang 5, presented with identical symptoms, but only
for patienl 5 had the disease affected the eyes
{Table 1). Despite the refalively mild clinical
manifesiations, serious cenltral nervous {CNGS)
disordars, such as ataxia and epilepsy, developed In
these patients, whereas palients with mild form of
(S have no relevant signs of neurological disorders
(31). The other patients with type | or type Il
sialidosis experienced severe CNS symptoms,
including epilepsy, ataxia, dysmelria, hypotonla,
deafness and mental retardation.

The neuraminidase aclivilies of the fibroblast
lysates were compared within one experiment to
allow for the reliable calculation of residual enzyme
actlvity of each patlent. The differences In residual
aclivity among patients ware small, ranging from 0.5
fo 1.5% of the normal valuss, and did not reflect the
broad spectrum of clinical manifestations. These
findings Indicate that even small varations in
residual catalytic activity can greally Influence
disease severity and progression (Table 1).
Blochemical characteristics of the slalidosis
pallents

All patients Included In this study expressed
neuraminidase MRNA as determined by Northern
bfot analysls (Figure 1, upper panel} (12, 14). To
compare the quanlity and quality of the different
RNA samples, the Northern blot was also hybridized
with a PPCA cDNA probe {Figure 1, lower panel).
The presence of the 1.9-kb neuraminidase and 2.0-
kb PPCA mRNAs was detected In all the patient
samples.

Wastern biots of total homogenates of the
cultured fibroblastls were analyzed wilh affinity
purified anti-neur antibodies (12} The slze of
neuraminidase delected In the pallents’ fibroblasts
(46 kD) was the same as that in wild-type fibroblasts;
however, the amount of neuraminidase In the



Table 1. Clinical features of patients with sialidosis
Initlals 1 (fomala) 2 (male) 3 (female) 4 {female) 5 and ™ 7 tfemale} 8 {maie) & (fomale)®™ |10 (female)™ | 11 (female)
(sex) (femalessIblings) :
Chinical 1 [ 1l juvenile | I | Il infantile fl infantile 11 infantile Il congenitalf
type hydropic
Neuract. {0.71 056 0.76 Q.48 0.65 1.02 .50 087 0.42 098
{(nmolMimg);
% normal  {1.0 0.82 1.1 0.72 10 1.5 0.72 1.3 0.62 1.4
Origin African African- Italian Greek German Dutch Hispanic ~ Unknown Unknown Italian
American American American (Caucasian} (Caucasian)
Onset 11 years 8 yoars 12 years 10 years 17 and 15 years | 13 years At birth & months At birth mﬁgga'
weeks.
Presen- Muscle weak-  |Musdle aches |Generalized Seizures, Cesebellar Gait disturbance, Coarse facies/ | Strabismaus, | Coarse facies/ {Hydrops
tatlon ness, atrophy, seizures myocionus atrophy stumbling & falling hepatosplono- | mystagmus hepatospleno- {fetalis, joint
serzures megaly méegaly contractures
Growth Norrmal Normal Normat Normal Normal Norrmal Short Normal Weightllength:
stature underthe 3™ =
percentile
Skeleton | Normal Normrat Dysostosis multipec [Coarsa lmw Notrnal Narmal Coarse facies: | Coarsefacies, { Coarse facies, |Dysostosis
skull, vertrebal s, whoanic eraniosynostosis |dolichocephalic| dysostesis  |multiplex
bodies,hips age 16 years skull rmustiplex :
Liver/ Nomazl Normal Normal Norrral Normal Norrmal Hepatospleno- Hepatospleno- | Hepatospieno-
spleen megaly megaly {megaly :
Heart Normal Murmur ;C&ﬁm ar:fﬁfmm Normal Normal Cardiomegaly | Cardiomyo-
ultrasound nenal pathy
Nervous Selzures, atada, |Moderate Ataxia, spacticity, He,anng loss, myotionus, | Ataxia, dysarthnia, Ataclz, pyramidal signs, Developmental | Mental Mid mental Severe :
system  [slumedspeech, |develop- oo iy, | e, | myocionle eplepsy. o an o delayorbital retardation, | retardartion,  |psychomotor |
M mental delay | neurcensonsl seatness, | dysphagia, bomaring 1| YHICOGR0KINESIa | o imrciny, hypoplasia hearing loss. | hearing loss,  [retardation, !
in language  [dysmetna, myoclonus EEG abnormalties ﬁfm}EEG abnom., hypotonia hypatonia hydrocephalus
Cherry-red Cherry-red | Cherry-red Cherry-red ;’::gg)e:n o Bllateral cateracts, Normat Macular Narmal No comeal
Eves spots spots, visual  {spots spots, octular | projonged latencies cherry- opacity
acuity lens opacities, normal () 3;':&"‘]"’:: vaked red spots
diminution impaired vision intolerance for light
Wheelthalr and | Otherwise Slowly wheelchair age 16 | Alive at 33 & 32 Slowly ] Progressing at | wheel chairat | Progressing at |exitus at 18
Course slowty progressing [normal health |progressing at years, dead at 24 | years; slowly progressing; 4 months 9 years,dead | 24 months months
3120 years at & years 28 years years progressing dead atage 44 at 30 vears
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Figure .. 1.... MNeuraminidase.. mRNA _ expression. . kb

Radiolabeled fulllength neuraminidase cDNA (upper
panel) and PPCA ¢DNA (fower pangl} were used to
probe a Northern blot conlaining RNA (10 pg) isolated
from the cultured fibroblasts of a healtiy persan (WT),
four patients with lype | slalidosis (patients 1, 2, 4, and
7), and four patlents with type Il sialidosis {patients 3,
8,9, and 11), 2.0

1.9

Table 2. Neuraminidase mutations in sialidosis patients

Patient Clinical Nucleotide Exon Amino acid
phenotype mutation change
1 | c878>T 5 Arg294Ser
T690>A 4 Leu231His
2 [ C878>T 5 Arg294Ser
G654>C 4 Gly218Ala
3 It juvenile GB77>A @) 4 Gly227Arg @0
GB77=A 4 Gly227Arg
4 | GBT7>A 4 Gly227Arg
GB77>A 4 Gly227Arg
5and 6 i G159>A 2 Vals4Met
G1127>T 12) 6 Gly378stop (12)
7 | Go80>A @7 5 Gly3285er @)
dupt 196 ACCACT & dupl399HisTyr
8 Il infantile A1107>G 6 Tyr370Cys
A1107-G 6 Tyr370Cys
9 It infantile TITT>A (14 4 Phe260Tyr (14
TI77>A 4 Phe260Tyr
10 Il infantile T777>A 4 Phe260Tyr
T1086>C 04 6 Leu363Pro (14
1 il congenitall  CB36>T? 5 Arg280stop
hydropic C1002>A 5 Pro335GIn

8 mulation only detected in genomic DNA
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a-neur

Figure 2. Detection of neuraminidase in fibroblasts of patients. (A) Affinity-purified anti-neur (upper panel) and anti-
PPCA anlibodies {lower panel) were used to analyze Western blols containing protein {5ug) from fibroblast lysates of a
heallhy person (WT), five patieals wilh iype | sialidosis (palients 1, 2, 4, 8, and 7) and five patients with iype  slalidosis
(patienis 3, 8, 8, 10, and 11) (B) Immunocylochemical localization of neuraminidase in fibroblasts from a healthy person
(WT} and from ten patients as indicaled. Affinity-purified anti-neur antibodies and FITC-conjugated secondary antibodies
were used. The nuclel were slzlned with DAPI, The magnification is 400x.
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presence of protease inhibitors to allow the partial in

_.vitro degradation of nsuraminidase by endogenous

T 2 3 4

Figure 3. In vitro stability of neuraminidase from 8
fibroblasts of patient 8. Fibrobtast lysates (5 ug of
protein) of a healthy parson (WT) and of palient 8
were incubated for 15 min at 37 °C in the absence
(-} or presence (+) of protease inhibilors. After
Incubation, the samples were subjected to SDS-
PAGE (12.5% acrylamide gel), subsequently
transferred to a PVDF membrane, and incubated
with affinitv-ourified anti-neur antibodies.

samples of all patients except one was markedly
tess than that in wild-type fibroblasis (Figure 2A).
Only paiient 8 had a normal amount of the 46-kD
neuraminidase (Figure 2A; lane 11, upper pansl).
When the same blot was analyzed with an anli-
PPCA antibody that recognizes the 32-kD subunit of
the enzyme, similar quantities of fully processed
PPCA were detected in wild-type fibroblasts and in
fibroblasts of ali patients (Figure 2A; lower panel).

To further ascertaln whether the different
neuraminidase variants were localized to aberrant
subcellular regions, we used anti-neur antibodies to
perform  immunocytochemical analysis of the
patients’ fibroblasts, The wild-typs fibroblasls
displayed a punctated staining-pattern that is
charagteristic of lysosomes {Figure 2B; WT). In
contrast, this punctated stalning was not detected in
any of the patients, wilh the exception of 8 (Figure
2B}, In this patient’s cells the protein appeared lo be
distributed in lysesomes in a pattern similar to thal of
wild-type fibroblasts, but the signal intensity was
somewhat lower than in lhe wild-type fibroblasts
(Figure 2B). A normal subcellular distribution of
PPCA was defected in all palient samples {data not
shown). These resulls indicated that the blochemical
phenotype of patients in this study, wilh the
exceplion of that of patient 8, fit the profile of
sialidosis.

The normal quantity of neuraminidase
detected by Western blot analysis and the punctated
immunostaining in fibroblasts raised the possibility
that palient 8 were affected by another lysosomal
disorder., We excluded GS since the patients’
fibroblasts had normal levels of cathepsin A and -
galactosidase activities, and showed a normal
punciated lysosomal localization of PPCA (data not
shown). Moreovar, we have shown earller thal In
absence of a functional PPCA neuraminidase is not
transported to the lysosomes (15). We analyzed the
in vitro stability of neuraminidase in this patient's
fibroblasts, We Incubated homogenates of the
patient's fibroblasts and those of wild-type
fibroblasts at 37°C for 15 minutes, in the absence or

proteases that are present in the cell lysates, After

incubation, total proteins were subjected to Western
blot analysis with anti-neur antibodies. The 46-kD
wild-type neuraminidase was almost unaffected after
the incubation at 37°C {Figure 3; lanes 1 and 2}, and
only minor degradation was observed in the sample
wilhout the protease inhibitors (Figure 3, lane 1). In
contrast, only a small amount of the 46-kD
neuraminidase was present in the samples of patient
8 (Figure 3; tanes 3 and 4). A degradation product of
approximately 20 kD was detected in the presence
and in lhe absence of protease Inhibitors. In
conclusion, the mutant neuraminidase In this patient
is apparenlly competent for transport to the
lysosomes but Is more susceptible than the wild-type
protein to {in vitro) proteolytic degradation {Figure 2}.
The protease(s} responsible for the degradation of
neuraminidase in this experiment may nol be
lysosomal, since under physiological conditions
neuraminldase stability does not seem 1o be
affected. Nevertheless, the increased in vilro
instabllity of neuraminidase in combination with the
absence of catalytic activity in fibroblasls of patient 8
does Imply a defect in the neuraminidase gene.

Molecular analysis of neuraminidase from the
patients

The ¢cDNA and genomic DMNA from the 11 patients
ware analyzed as described earlier (12}, We
idenlified 13 mutations, 8 of which novel. A
compendium of the mutant alleles from all patients is
presented in Table 2. Most of the mutant alleles
contained point mutations that resulted In single
amino acid subslitutions. Heterozygous mutations
occurred In seven patients, and homozygous
mulations occurred in four (Table 2). Three of the
mutations were shared by more than one patient
{Arg2948Ser, Gly227Arg, and Phe260Tyr). Patients 1
and 2, who shared a C>T transition at nucleclide
878, are African Amerfcans, A G>A transition at
nucleotide 677 was present in patients 3 and 4, both
of Mediterranean ongin. Despite having the same
mutation, patients 3 and 4 were diagnosed at the
onset of the disease as type Il and type | sialidosis
respectively, The same mutation was also present in
two unrelated type Wl sialidosis patients from the
USA and Mexico, both of Caucasian origin (27).
The presence of this mutation in 4 patients from
European ancestry suggesis that this may be a
founder allsle that originated in Eurcpe. Future
molecular analysis of additional patients may
establish lhe existence of more founder mutations
and their migratien into different populations.
Genomic DNA analysis by PCR from patient 11
showed lhe presence of a second mutation, a C>T
transition at nucleotide 836, resulling in a premature
stop codon, Because this mutation was not detected
in the patient's mMRNA we can infer that the mutation
caused instability of the neuraminidase mMRNA
transcribed from this allele.
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Figure 4. (A} Conserved amino acid residues within the slalidase superfamily that are mulated In slalidosis. Selacted
regions of human lysosomal neuraminidase {Hu.lys) are compared with those of olther mammalian and bacterial
membars of the sialidase superfamily: Chinese hamster cytosolic {Ch.h. Cyl.), Micromonospora vindifaciens (M.},
Streptococcus prieumoniae (S.p.), Clostridium perfringens (C.p.), Clostrdium septicum (C.p.), Salmonella typhimurium
(S.t) and Bacleroldes fragilis (B.1.). Mulated resldues In lysosomal neuraminidase of slatidosis patients are Indicated
above the aligned sequences. Regions without significant homology are indicated {=). {B} Schematic representation of
nevramiridase mutations within the primary struclure of neuraminidase. Conserved Asp-box molifs are numbared |
through V, and amino acid positions are indicated. The five striclly conserved aclive site residues are indicated in bold
print. The 8 novel mutations are indicated In bold orint. The slanal pentide {SP) is indicated by a black box.

Primary structure analysls of the mutant
neuraminidases

We compared the predicted amino acld sequences
of the mutant neuraminidases with those of wild-type
mammalian and bacterial slalidases {Figure 4A). In
pariicular, Tyr370, which is replaced by a Cys in
palient 8, is fully conserved In all slalidases. It s
noteworthy that the thres-dimensional structures of
the actlive sites of baclerial and viral neuraminidases
have identified the tyrosine, corresponding o Tyr370
in the human enzyme, as one of the five aclive site
residues (9, 11, 32, 33). The presence of a normal
amount of correclly focalized enzyme in fibroblasts
of patiant 8 that is nonetheless calalyticatly Inactive
suggests that the mulated Tyr370 is one of the
aclive site residues of lysosomal neuraminidase,
Sevaral mutations that are located wilhin or
naar Asp-box motifs are also conserved in other
sialidases (Figure 4A: Seri82Cly, Leu23tHis,
Ala298Val, Thr301stop) (27), with the exception of
Arg294, which Is adjacent to the Asp box IV but is
not conserved. The mutation Leu31Arg, identified
earller in a pafient with infantile type Hl sialidosis,
Involves a residus thatis partofa 8-amino acid

domain that is fully conserved among sialidases
(Figure 4A} (12).

Figure 4B shows a schematic representation of the
neuraminidase protein and the relative position of
the mutations (21 in total) idenlified to date by us
and other investigators. Approximately 50% of all
mutations eilher affect conserved residues within
conserved domains or are located within or near an
Asp-box motif (Figure 4A and B). This finding
strongly suggests that Asp motifs are essential for
neuraminidase function, and that mutations within or
near such domains are detrimental to the activity of
the protein.

Mutant neuraminldase proteins in slalidosis
fibroblasts

The Individual muiations were engineersd in the full-
length wild-type neuraminidase cDNA, and the
rasulling mutant cDNAs were then subcloned into
the mammalian expression plasmid pSCTOP {12). it
Is well established that wild-type neuraminidase
must bind to PPCA to be transported {o the
lysosomes and to become catalytically active {15).
To create an optimal  intraceliular environment for
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Figure 5. Immunocytochemical localization of neuraminidase overexpressed in slatidosis fibroblasts. Sialidosis
fibroblasis were elther fransfected with the wild-type PPCA and neuraminidase cONA expression consiructs (WT} o
with the wild-type PPCA and mutant neuraminidase cDNA expression plasmids as indicated. Cells were seeded on
stides and incubated with affinity-purified anti-neur antibodies and FITC-conjugated secondary anlibodies. The

nuclet were stalned with DAPI, The magnification is 400x.
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Figure 6.Western blot and calalytic analysis of mutant neuraminidase overexpressed in sialidosis fibroblasis.
Sialidosis fibroblasts were Iransfected with wild-type PPCA and neuraminidase cDNA expressicn constructs or with
wild-type PPCA and mutan! neuraminidase cDNA expression plasmids. {A) Western blots containiag lysates (5 ug of
protein} of fibroblasts transfected with the indicated muiant plasmids were incubated with affinity-purified anti-neur and
anti-PPCA antibodies. An aslerisk indicates the absence of 84-kD PPCA precursor in lanes 4,8, and 15. (B)
Neuraminidase aclivity in the Indicated cell lysates, measured 4 days after transfection. Aclivities are expressed as
released nmol sialic acld per mg of protein per h and nermalized for the transfection efficiancy {(nmolivmg).

the determination of the localization and residual
activity of the mutant proteins, we transfecled the
mutant neuraminidase and wild-type PPCA
expression plasmids into deficient fibroblasts, These
fibroblasis were derived from a type 1l slalidosis
patient with fess than 1% residual neuraminidase
activity and absence of immunofluorascent staining
with anti-neur antibodies (12}, An expression
construct conlalning the Lac Z gene was used as an
Internal control for transfection efficiency (Material
and Methods), Three days after elactroporation, the
cells were subjected to Immunocytochemical
analysis using affinity-purified ant-neur antibodies
(12). No punclaled staining was cbserved in four
sels of cells expressing mutant proteins (Figure 5;

Leu363Pro, Pro335GIn, Gly218Ala, and Leu231His),
a finding indicating that these mutant proteins were
unable to reach the lysosomes. This staining patitern
was Indicative of an endoplasmic reliculum (ER) and
Golgi localization, probably due o protein misfolding
(31). Surprisingly, most of the mutant proteins were
apparently partially transported to the lysosomes,
because the expressing cells showed, besides an
ER and Golgl staining {not shown), also some
punctated  sfalning  (Figure &,  Tyr370Cys,
Phe260Tyr, Gly227Arq, Arg294Ser, Val54Met,
dpl.399HisTyr, and Gly328Ser).

All neuraminidase variants appeared to have
the same molecular weight as the wild-type protsin,
but the amounis of the mutant proteins differed,
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probably because of variations in stability (Figure

lysosomal neuraminidase is lelhal during

devaloprent or at birth,

ant-PPCA antibodies; all samples contalned uniform
amounts of the 32-kD PPCA subunit {Figure 6A}.
However, it was surprising that in all mutanis, with
the exceplion of Gly328Ser and Tyr370Cys, we
could still detect the 54-kD PPCA precursor {Figure
6A, lanes 6-14), This precursor is usually not
delected by Western blot analysis when the PPCA
cDNA is expressed eithar alone or with wild-type
neuraminidase, because the precursor is rapldly and
efficiently processed inte the two-chaln mature
enzyme (Figure BA; lanes 2 and 4). The fact that
PPCA precursor was siill dstected when
coexprassed with npeuraminidase mulants (Figure
6A; lanes 6-14) suggested that it was retained In
part in a prelysosomal compartmant, probably
because of assoclation with the mulant
neuraminidase proteins.

Seven of the mutant neuraminidases falled
to generate any defeclable enzyme aciivity {figure
6B). This resull was expected for Leu363Pro,
Pro335Gin, Gly218Ala, and Leu231iHis mutants

because they did not localize o lysosomes.
However, despite Ihe punctated subcellular
distribution of Tyr370Cys, Phe280Tyr, and

Gly227Arg {Figure 6A), these proteins appeared to
be catalylically Inaclive. Thus, these mutations
probably affsct the catalytic machinery of
neuraminidase. In contrast, four of the mutant
protelns (Arg284Ser, ValS4Met, dpl.389HisTyr, and
Gly328Ser)  exhibited  substantial  residual
neuraminidase activity {Figure 6B) and thus could be
considered mild mutations. These mutations may be
selective for the mitd clinical phenotypes In patients
with type | slalidosls. it 1s noteworthy that the
residual aclivitles of the mulant enzymes ware
higher than the endogenous enzyme activities in the
corresponding mutant fibroblasts (lable 1). This is
Hikely an effect of the high expression levals in
transfected cslls, that may elther activate 'ER stress-
response’ proteins, facllitating folding of nomal as
well as mutant proteins or promote oligomerization
and complex formation of the mutant proteins (34).
rasponse will retain the improperly folded proteins in
the ER {34).

DISCUSSION

We have Investigated the properties of
neuraminidase mutants Identified in 11 patlents with
sialidosis (nine unrefated patients and two siblings).
The phenotypes of these patients represent the
complete spectrum of clinical severity. This number
of casss Is significant, given that the frequency of
diagnosed slalidosis in the population (1 in
approximately 4 million live births) is much fower
than that of olher lysosomai disorders (35). To dale
all of the patients for whom muwlations in the
neuraminldase gene have been identified expressed
neuraminidase MRNA (12, 14). This finding Is In
contrast wilh those repored for GS {268) and
suggests that a complete absance or deficiency of

On the basis of their blochemical “propsities,

the neuraminidase variants can be divided into three
groups. in the first group, the mutant enzymes are
cataiytically inactive and do nol localize to
lysosomes, in the second group, lhe variants reach
the lysosomes bul are catalytically Inactive, and in
the third group the enzymes have residual aclivity
and iocalize to the iysosomes. Most importantly, we
found a comelation between the Impact of the
individual mutations and the clinlcal severity of
sialidosis. All four palients with type | sialidosis have
at lgast one of the ‘mild’ amino acid substitutions
from tha third group,; patient 7, who died at the age
of 44 years, had two 'mild’ mutalions (dpi399HIs Tyr
and Gly328Ser). In contrast, ftwo patlents with
infantile type H disease (patients 9 and 10) had
mutalions belonging to the first or second group of
calalytically inaclive enzymes. Bolh unrelated
patients wilh juvenile type 1 sialidosls (patients 3
and 4) were homozygous for the mutalion
Gly227Arg, which belongs to the second group.
Because these mutant proleins iocalize fo the
lysosomaes, they may still retain in vivo a low residual
activity, which could account for the differences in
clinical severlty among the patients with type |
disease. The Tyr370Cys mutation is associated wilh
a very severe sialidosis phenotype. Thus, residual
amounts of mutant enzyme in lysosomes are clearly
not sufficlent to cause a milder phenotype, unless
part of the catalylic machinery is retained. It is
conceivable that environmental factors, including
diet, prophylactic therapies, or genelic factors
besides neuraminidase mutations, may Influence the
penetrance of the disease or phenotype. This Is
most evident in patients 3 and 4, who were
diagnosed with type Il and type | sialidosis
respectively, but are homozygous for the same
mutation (Gly227Arg). Moreovaer, patient 3 has a
higher residual nauraminidase aclivity (Table 1),
milder symploms, and a longer lifespan. In addition,
because sialidosis is a very rare disease with
varying degrees of severity, there may be
differences in the classification of patient's
phenctypes at the time of dlagnosis of the disease.
The amino acld substitution Tyr370Cys is of
special interest, because it affects one a residue that
was shown in other sialidases to be one of the five
active site residues (9, 11, 32, 33). This, together
wilh the fact that this renders the enzyme inaclive,
suggests that the catalytic machinery of lysosomal
neuraminidase Is similar to that of other sialidases
(15), despile the dependence of the lysosomal
enzyme on PPCA (12, 15). Crystal struclure
analyses of several viral and bacterial sialidases
revealed that all of them have a conserved six-
bladed propelier fold ang identical calalytic pocket.
Although it is likely that the structure of lysosomal
neuraminidase will be very similar to that of other
sialidasas, it is risky {0 make assumplions about the
structural affects of the different neuraminidase
mulations wilhout the crystal structure of the
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mammallan enzyme (27). However, as mentloned
earlier, the active sites of both viral and bacterial

of novel lherapeullc approaches for pauents with GS

or slalidosis. .

neuraminidases are strictly conserved, Therefore,
we can predict the impact of the Tyr370 change on
the 3D struciure of the Salmonela Typhimurium
sialidase, which is the closest In primary struclure to
the lysosomal enzyme (9). In this structure, the
tyrosine (Tyr342) approaches the sugar ring of the
sialic acid and stabilizes the carbonlum transition
state intermediate (9}. The subslitution of Tyr342
with a Cys doses not create steric clashes or loss of
bonds with nsighboring amine aclds. Therefore, the
slallc acid substrate could still enter the catalytic
pockel. However, the smaller Cys residue is unable
to Interact with the sugar ring of the sialic acld, and,
consequentiy, hydrolysis of the substrate cannot be
achieved, This model would fit with our biochemical
analysis that showed the synthesis of a normal
amount of enzyme wilhout catalylic activity.

The Asp-box motif Is an 8—amino acld domain
(SAWIXDxGx(S/T){(WIF)) that Is repealted two to five
times In all members of the sialidase superfamily,
with the exception of the viral sialidases (3, 10, 36,
37}, The regions adjacent to the Asp-box motifs,
although without an obvious consensus sequencs,
show a high degree of conservation. Asp-boxes are
focated at equivalent positions in the fold of the
protein, far from the active site, with the aspartic acid
residue exposed to the solvent. Their peripheral
position indicates that they are nol involved in the
catalytic mechanism (9). However, they may have a
function in maintaining the B-propeller fold of the
enzyme, and they may be Involved In the Initlal
recognition and binding of the substrate. Six of the
mulations are elther within, direclly adjacent to, or
near an Asp-box motif. These mutations may affect
the function of the Asp box, In that they may
compromise the struclural integrity of the domain or
Indirectly hamper the catalylic properlles of the
enzyme. The fulure determinalion of the crystal
slruclure of lysosomal neuraminidase will provide
tlhe structural basis for these and other
neuraminidase mutations.

The determination of the 30 slructure of PRCA
has already been of great value in understanding the
machanisms of maturation and catalytic activation of
the enzyme, and has given insight into the impact of
spacific mulations on the protein struclure (38, 39).
In this report we show indirect evidence that the
characterized amino acid substitutions did not
prevenl the binding of neuraminidase to PPCA, Itis
conceivable (hat the two proteins have multiple
attachment sites for each other. Thus, the
association befween neuraminidase and PPCA will
be abolished only if multiple amino acld residues are
changed. In contrast with our findings, others have
poslulated that several neuraminidase mutations in
sialidosis palients affect the binding with PPCA,
which in turn promotes rapid intra-lysosomal
degradation of the mutant proteins {27} A
blochemical and structural understanding of the
mode(s) of interaction between the two enzymes
couid clarify the differences and facllitate the design

Materlal and Methods
Cell culture

Human skin fibroblasts from a healthy person and
from patients 9 and 7 were obtained from the
turopean Cell Bank, Rolterdam {Dr. W.J. Kleijer).
Sialidosls fibroblasts GMO1718A (patisnt 10) were
obtained from the ‘NIGMS human genstic mutant
call repository’, Camdsn, NJ. Flbroblasts of palients
1, 2 and 8 were obtained from Dr. D. Wenger,
Joifarson Medical College, Division of Medical
Genetics. The other fibroblasts strains were isolated
in the taboratores of the clinicians who diagnosed
the cases (3, 4, 6, and 11). The primary fibroblasls
were maintained in DME medium, supplemented
with antibiotics and 10% FBS.

Northern blot analysis

Total RNA and polyA’ RNA were Isolated from the
cultured fibroblasts by using Oligotex and RNAeasy
mRNA  purification  kits {Qiagen). RNA was
soparated In a 1% agarose gel containing 0.66M
formaldehyde. After electrophoresis, the RNA was
blotted onto a Zeta-Probe-GT membrane (Bio Rad)
and hybridized In ExpressHyb (Clontech) at 68°C
with the full-length human nauraminidase cDNA (12}
of human PPCA c¢DNA (40). The biots were washed
according to manufaclurers’ protocol {Clontech) and
exposed to x-ray film overnight.

Western blotting, Immunocytochemistry, and
enzyme assays

For Western blotiing, fibroblasts grown to confluence
in 85-mm Peld dishes were harvasted by
trypsinization and lysed in milli-Q water (Millipore).
Fibroblast lysates (5 ug of protein} were subjected to
SDS-PAGE and transferred to polyvinylidene
fiuoride (PVDF) membranas {Millipore). To assay the
in vitro slability of neuraminidase, cell lysates {5ug)
were incubated at 37°C in PBS In the presence or
absence of a protease Inhibilor cocklail {'Complele
protease inhibltors’, Boehringer Mannhsim). The
samples were sublecled to SDS-PAGE and fo
Woestern blolting. Westaern blols were incubated for
16h with affinity-purified anti-neuraminidase {anti-
neur) antibodles (12) and with an affinity-purified
anl-PPCA antibody that is specific for the 32-kD
mature subunit (anti-32) (12) as described earlier
(41). After washing, the blots were Incubated wilh
peroxidass-conjugated anti-rabbit 1gG secondary
antibodies (Jackson lmmuno Research} and the
bound antibodias were defected by using
chemiluminascent substrate {Renaissance, DuPont
NEN).

For immunocytochemical analysis,
fibroblasts were seeded onto Superfrost/Plus glass
slides (Fisher) and processed as described by
Cullen (42) using anli-neur antibodias {16h at room-
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temperature} and FITC-conjugated secondary

4’ 5-Dlamidino-2-phenylindole,
{DAPI;  Sigma-Aldrich),

For enzyme assays, fibroblasls were
harvested as described above. Neuraminidase
aclivily was assayed by using the synthelic 4-
methylumbelliferyl-Neuraminic acid (4MU} subslrate
{Slgma-Aldrich) as described (43). Total protein
concentralions  were  measured  with  the
bicinchoninlc acid (BCA) assay (Pierce Chemical
Co).

PCR analysis

The amplification of mutant neuraminidase cONAs
was perfomed with PCR primers as previously
described (12). Four overapping cDNA fragmenis
(approximately 500 bp each) that encompassed the
entire coding region of the neuraminidase gens,
were amplified by RT-PCR (Titan RT-PCR, Roche).
The PCR producls were purified with the Qiaqulck
Spin PCR purification kit (Qlagen) and subjscted to
automated direct sequencing by using internal
neuraminidase-specific primars. Mutations were
verified by PCR-amplification of the corresponding
exons and automated direct sequencing.

Transient expresslon of mutant neuraminidase
cDNAs

To introduce neuraminidase mutations into the full-
length cDNA, fragments (400-800 bp) containing the
mutation of Interest, ware excised from RT-PCR
products by using two restriction endonucleases,
each of which has only one recegnilion site In the
neuraminidase ¢cDNA (Bsmi, Psfl and Smal). Alter
eleclrophoresis in 1% agarose gels the DNA
fragments were purified wilh Qlaex Il {Qiagen}). The
mammalian expression plasmid pSCTOP (44),
which contained the wild-type neuraminidass cDNA
{12}, was restricted al two of the three unigque
endonuclease sites to exclse the corresponding
wild-type fragment. The fragment carrying the
mulation was then ligated into the ptasmid. The
constructs  containing  the  full-length  mutant
neuraminidass ¢DNAs were then sequenced to
ensure that the mutations had been corraclly
introduced.

Thity micrograms of plasmid DNA
{pSCTOP-neur, pSCTOP-newr mutants  and
pSCTOP-PPCA) was lransfecled by elactroporation
into fibroblasts as described (12). As an Internal
control for the electroporation efficlency, 3 pg of the
plasmid CMV-LacZ was co-transfected, Three days
after eleciroporation the cells were harvested and
lysed in water. Neuraminidase aclivity was assayed
as described above, and neutral f-galactosidase
activity (10 mM Tris-HCI pH 7.5; 100 mM NaCl} was
assayed by using the synthetic 4-MU substrate
{Slgma-Aldrich). To adjust for differences in
transfaclion efficiencles, the neuraminidase values
were normalized on the basis of neutral B-

dihydrochloride
which was added lo
Vactashield mounting medium {Vector labs).

galactosidase aclivity calculated In each transfected
e SMpOIrostplus  slides

purified anti-neur and anti-PPCA antibodies and
processed for immunocytochemical staining as
described above. The absolute transfection
afficlencies were determined by counting positively
stained cells versus cells lacking staining. The
transfection efficiencies ranged bstween 20 and
30%.
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Discussion

The results presented in chapters 3-8 demonstrate that human lysosomal neuraminidase is
encoded by a gene that is localized on chromosome 6p21 within the HLA locus (Chapter 3).
Mouse lysosomal neuraminidase was ~90% idenfical to the human enzyme and ils gene,
neu-1, was mapped {o the H-2 locus on chromosome 17, which is syntenic fo the human
HLA locus {Chapter 4). Both human and mouse proteins were synthesized as ~46-kDa
Asn-glycosylated, catalytically inactive polypeptides that needed to associate with the
PPCA to be transported to the lysosomal compartment (Chapters 3-5).

Structural lesions in the neuraminidase gene were responsible for hoth the
lysosomal storage disorder sialidosis and the neuraminidase deficiency in the SM/J mouse
strain {Chapters 3, 4 and 8). We established reliable phenotype-genolype correlations in a
large number of sialidosis pattents (Chapler 8). In addition, we identified an active site
mutation in the neuraminidase of a severe lype |l sialidosis patient. The catalytically inactive
mutant protein was present in the patients’ fibroblasts in normal amounts and correctly
localized in lysosomes (Chapter 8). In conirast, ‘mild’ type | sialidosis patients apparently
had small quantifies of calalytically active mutant neuraminidase in their lysosomes
{Chapter 8). Thus, the amount of residuai catalylically active neuraminidase in the
lysosomes is the major factor that determines the severity of the disease. The impact that a
mutation has on the folding of the protein will ultimately determine whether it will escape the
‘ER quality controf, which retains improperly or parially folded proteins (reviewed in: (1))
These polypeptides are usually targeted for degradation by either the proteasome or
aggresome pathways (2). By preventing the release of misfolded proteins, the cell
diminishes the risks posed by defective protein products, However, mutant proteins that do
manage to exil the ER rnay slill be abie to reach their final destination and excert partial
function.

Not only mutant proteins are subjected to the ‘quality control' in the ER. Bip, an ER
‘quality control' chaperone, associates with immunocglobulin heavy-chain molecules and
prevents their secrstion in the absence of appropriate light-chain molecules (3). This
mechanism is reminiscent of the interaction between PPCA and neuraminidase in the ER.
Neuraminidase was retained in the ER in the absence of PPCA and formed aggregates
(crystals) in over-expressing COS-1 cells (front cover, bottom-right). In turn, this could
frigger the activation of the aggresome pathway for the degradation of the misfolded protein
{2). The ER-retention of neuraminidase in the absence of PPCA was not complete, since it
was secreted in part and also reached the endosomal compartment {Chapter 5).
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The bleeding disorder von Willebrand's disease resembles biochemically the

was associated and stabilized by non-covalent interactions with Von Willebrand Factor
(vWF}, which also regulated FVIIi activity. Von Willebrand's disease patients’ have a
combined deficiency of vWF and FVII, which resulted from a primary defect in the vWF
gene. In the absence of vWF, FVill was retained in the ER and degraded (Kaufman, ASHG
annual meeting 1999; (1)). Thus, ‘quality control’ for protein-partiners may be a common
mechanism to prevent proteins, which are dependent on a parlner for their function, to
leave the ER.

Evolution of neuraminidases

The absence of a functional mannose-6-phosphate recognition marker on fysosomal
neuraminidase could mean that this enzyme was originally not a lysosomal protein or that it
has lost its ability to independently reach the lyscsomes. We can speculate that the
neuraminidase, like most bacterial sialidases, was originally a secretory protein. Indeed,
when the enzyme was over-expressed in COS8-1 cells, In lhe absence of PPCA more
neuraminidase was secreted. However, unlike most other secreted lysosomal hydrolases,
the secreted neuraminidase could not be re-internalized by the cells. The presence of
lysosomal neuraminidase in a mulfi-enzyme complex and its dependence on PPCA has
been conserved in vertebrate species {mammalian and avian) (4). However,
neuraminidases appear fo be absent in plants and yeast, while the PPCA has iwo
homologs in yeast, the KEX-1 gene product and yeast carboxypeptidase Y (CPY} (5). The
analysis of DNA sequences that have been deposited in the DNA-databases reveals that C.
elegans and isome insect species do have PPCA homologs (E Bonten, unpublished
database searches), However, neuraminidases were not found in these species, Thus, it is
possible that higher eucaryots have acquired lysosomal neuraminidase, whereas PPCA
has evolved from a carboxypeptidase to become a transporter/chaperone/activator of
lysosomal neuraminidase and -galactosidase.

The widespread distribution of neuraminidases in higher organisms, as well as in
diverse micro-organisms, but the absence in plants, insects, and yeast, has led to
specitation about the existence of a possible common neuraminidase ancestor {8-9).
Initially a short sequence of 8 amino acids, 5 of which highly conserved (Ser/Thr-X-Asp-X-
Gly-X-Thr-Trp/Phe), was found repeated at 4 positions in several bacterial neuraminidases
{6). This domain was called 'Asp-box’, since the asparlic acid residue appeared to be the
most conserved amino acid (7). Asp-box molifs were eventually also found in
neuraminidases and trans-sialidases from non-bacterial species, including Trypanosoma
and Macrobdella decora (leech), as well as in mammalian species (7, 8, 10)(this thesis). ltis



Discussion 113

now evident that Asp-box motifs, in combination with a short N-terminal domain (F/Y)RIP,

~areg-present-in-all-neuraminidases:= with the exception™ of most of th&™Viral 'enzymes (7, 8).

The arginine in the (F/Y)RIP domain is one of the five striclly conserved catalytic site
residues (7, 11-15). Neuraminidases have 2 to 5 Asp-boxes and the distance between the
(F/Y)RIP domain and the first Asp-box (35-41 residues) and the spacing between the other
Asp boxes are highly conserved {Figure 4).

Some neuraminidases, belonging o the group of high molecuiar weight enzymes,
have additional domains positioned either at the N-terminus (B, fragilis), the C-terminus (M.
viridivaciens) or in the middle of the protein (V. Cholerae). These domains, which lack Asp-
box motifs {Figure 4), are not essential for the catalytic activity and may reflect additional
function(s) of these neuraminidases. Besides the Asp-boxes and the (F/Y)RIP domain, nine
other amino acids are strictly conserved among the neuraminidases (Figure 4}, six of which
are also conserved in the viral enzymes (7).

The function of the Asp-boxes has been much debated In the fiterature, since the
absence of these motifs in most viral neuraminidases Indicates that they are not involved in
the catalytic mechanism of the enzyme. However, sile specific mutations within the Asp-
boxes of Clostridium perfringens neuraminidase showed changes in Kn, Vmax and K, values,
which suggest that these residues could be involved in substrate binding (11). Interestingly,
Asp-boxes were not exclusively found in neuraminidases, but were also identified In
proteins with other functions, including Xarnthus hemaggiutinin {4 Asp-boxes), S. cerevisiae
Inveriase (3 Asp-boxes), B. subtifis levenase {2 Asp-boxes), E. coli penicillin G acylase (1
Asp-box) and spinach oxidoreductase (2 Asp-boxes) (9). The occurrence of these
sequences in proteins that are probably unrelated to neuraminidases suggests a more
common function for these molifs. The only property that these proteins share is the ability
to bind carbohydrates (9). This supports the hypothesis that Asp-boxes are involved in the
recognition and binding of carbohydrates/substrates, rather then in the calalytic
mechanism. The broad range of sialic acid containing substrates and the diverse substrate
specifleity of neuraminidases, could explain the differences in the number of Asp-boxes and
the differences in their amino acid composition (Figures 4 and 5).

This brings us to the interesting topic of the evolution of neuraminidases. Did the
neuraminidases evolve from a common ancestor, and if so, was this common ancestor a
protein equiped with Asp-box motifs? Did all Asp-box containing proteins evolve from a
common ancestor, or did the neuraminidases and other proteins independently acquire
Asp-box motifs? The existence of these motifs in plant and yeast proteins, which do not
synthesize sialic acids and do not have neuraminidases, implies that Asp-box motifs are
evolutionary older than neuraminidases. However, several fines of evidence suggest that
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the neuraminidases did evolve from a common Asp-box containing neuraminidase ancestor

been speculated that bacteria, as well as other microorganisms, have acquired the
neuraminidase gene from their hosts and that the neuraminidases have originated within

higher organisms (7).

Coutd a mammalian neuraminidase be the common ancestor to microbial
neuraminidases? We found that lysosomal neuraminidase is more homologous to baclerial
neuraminidases than to the mammalian plasma membrane and cytosolic enzymes (this
thesis). In contrast, the cytosolic and pfasma membrane neuraminidases are homologous
to each other {~40%), more than to lysosomal and bacterial neuraminidases {~19%).
Several amino acids in the potential trans-membrane domain of the plasma membrane
enzyme are conserved within the cytosolic enzyme. Maoreover, both enzymes lack an N-
terminal signal sequence (10, 16, 17). Thus, the plasma membrane neuraminidasse is in
essence a cytosolic protein that may have acquired the capacity to become associated with
the plasma membrane.

Overall, these data suggest that the genes encoding cytosolic and plasma
membrane neuraminidase are a result of a 'recent’ gene-duplication event and that
lysosomal neuraminidase is a more distant cousin of these two enzymes. in conclusion, the
common neuraminidase ancestor probably was a eucaryotic enzyme equiped with Asp-
boxes. The exchange of genomic material between microbial species and their hosts is an
essential element that aids their evolution and adaptation to changing environments. Thus,
it is likely that several independent events have been responsible for the transfer of
eucaryotic neuraminidase genes lo microbial species.

Tertiary structure of neuraminidase

The first published crystal structure of a neuraminidase, that of the influenza virus
enzyme, revealed a tetrameric association of identical monomers, whose fold was
described as a superbarre] or B-propeller (18). Each monomer consists of six four-siranded
antiparallel fi-sheets, which are arranged as the blades of a propeller around a pseudo six-
fold axis {Figure 6A). Structural analyses of the neuraminidases from influenza A virus N2,
N6, N8, and N9 subtypes, as well as from iwo influenza B viruses, have revealed a
conserved structure, despite overall low sequence identities (40%). The active site is highly
conserved and consists of a rigid catalytic center {(19). Several 3D-structures of bacterial
neuraminidases have also been solved. The neuraminidases from M. viridifaciens (Figure
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Figure 4. Comparison of the primary structures of neuraminidases; (1) Human lysosomal, (2)
Bovine plasma-membrane, (3} Chinese hamster cytosolic, (4) Salmonella typhimurium LT2, (5)
Micromonospora viridifaciens, (8} Bacteroides fragilis, (7) Vibrio choleras, (8} Trypanosoma cruzi
TCNA, (9) Avian influenza A tern N9. Conserved Asp-box motifs are numbered | to V, indicated
by their aminc acid position, and a gray box. Conserved residues and their positions are
indicated In the protein-bars. The five active sile residues thal are conserved in all
neuraminidases are printed in bold. Amino-terminal signal-peptides (SP); trans-membrane

domain (TM); stalk-domain {SD}.
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Figure 5. Alignment of the FRIP domains and Asp-box motifs | fo V of selected neuraminidases:
Human lysesomal (Hu-Lys.), Chinese hamster cytosolic (CHO-Cyt.), Bavine plasma-membrane
(Bov-PM), Salmonelfla typhimurium LT2 (S.4), Micromonospora viridifaciens (M.v.), Bacteroides

fragilis {B.1.), Vibrio cholsrae (V.c), Trypanosoma cruzi (T.c).




116

A O Od Od $TF G OO O Oa

Figure 6, Crystal 3-D structures of neuraminidases: Avian influenza A virus Tern N9
(A}, Micromonospora viridifacisns small form (B), Saimenella typhimurium LT2 {C),
Micromonospora viridifaciens large form (D), Vibrio Cholerea (E). Catalytic domains
of D. and E. are indicated by number 1, and non-catalytic domains by numbers 2 and
3. Images are created with the program RasWin molecular graphics {RasMol) Version
2.6, copvright © 1993-1995 R, Savle.

6B and D}, S. typhimurium {Figure 6C), and V. cholerae (Figure 6E) showed a high degree
of structural similarity to the viral neuraminidase structures, with conserved six-bladed f-
propeller (12-15). However, the neuraminidases from M. viridifaciens and V. cholerae have,
besides the catalytic domain, two additional separately folded domains (Figure 6D and E).
These domains either have lectin-like or immunogiobulin-fike folding characteristics. Their
functions are yet unclear, but they are not essential for the catalytic activity. In common with
the viral neuraminidases, the active site of the bacterial enzyme also consists of an arginine
triad, a hydrophobic pocket and a key-tyrosine and glutamic acid (12), The tyrosine at amino
acid position 370 in human lysosomal neuraminidase corresponds to the key-tyrosine in the
viral and bacterial neuraminidases (Chapter 8). The subslitution of this residue for a
cysteine, as found in the neuraminidase from a severe type |l sialidosis patient, leads to the
complete loss of catalytic function. The Asp-boxes are located at equivalent positions in the
fold of the protein, far from the active site, with the aspartic acid residues exposed to the
solvent. Their peripheral position confirms that they are not involved in the catalytic
mechanism, but they may determine the fold and the integrity of the propeller (12), It is
noteworthy that several mutations map near or at the Asp-box motif's of lysosomal
neuraminidase in slalidosis patients (Chapter 8). The impact of these mutations on the
structure of the enzyme is yet unknown. However, they most likely do not direclly affect the
catalytic machinery, but instead may cause misfolding or interfere with subsirate

recognition.
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The ability to produce large quantities of lyscsomal neuraminidase in insect celis

structure. it will be interesting to compare its structure with those of the bacterial and viral
neuraminidasss. These studies may lead to the identification of structural elements that are
unigue for lysosomal neuraminidase, and that potentially are involved in the interaction with
PPCA and fi-gaiactosidase.

The work presented in this thesis has coniributed to a better understanding of the
properties of lysosomal neuraminidase, including its Interactions with PPCA and §-
galactosidase for the transport to lysosomes and its mechanism of catalytic activation. We
also gained insight into the role that neuraminidase mutants play in the lysosomal storage
disorder sialidosis. The generation of murine modeis for both type | and type Il sialidosis will
be essential to obtain a further understanding of the clinical impact of a lysosomal

neuraminidase deficiency.
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Summary

Neuraminidase s the first hydroiase that is needed for the step-wise degradation of
oligosaccharides, on which its substrate, sialic acid, is terminally positioned. The lysosomal
storage disorder (LLSD) sialidosis is caused by lesions in the neuraminidase gene. Patients
that are affected by this disease present, depending on the severity, with muiti-systemic
manifestations, which may include retinal cherry-red spots {loss of vision), deafness, coarse
facies, skelstal abnormalities, organomegaly, myoclonus, seizures and mental retardation.
Many of these symptoms are also commonly seen in other lysosomal storage disorders. A
primary genetic deficiency of lysosomal protective protein/cathepsin A (PPCA) results in a
secondary deficiency of neuraminidase and B-galactosidase, which in turn leads to
gaiactosialidosis (GS). GS patients share many clinical features with sialidosis patients,
likely as a result of the secondary neuraminidase deficiency.

A cDNA enceding for a neuraminidase was identified in the JdBEST database
because of its homology to other bacterial and mammalian sialidases {Chapter 3).
Electroporation of this ¢cONA into sialidosis fibroblasts restores the neuraminidase activity
and gives a punctated lysosomal-like intracellular distribution. In contrast, the expression of
this cDNA in GS fibroblasts does not restore neuraminidase activity. The co-expression of
PPCA with neuraminidase is needed o generate catalytic activily in these cells. These
experiments show that the dBEST ¢DNA clone is encoding lysosomal nsuraminidass.
Furthermore, we identified three mufations in the neuraminidase cDNA of sialidosis
patients. Overexpression of these mutations result in a complete abolishment of both the
catalytic activity and lysosomal localization of the mutant enzymes (Chapter 3).

In Chapter 4 we present the cloning of the ¢cDNA and gene encoding murine
lysosomal neuraminidase, and the identification of a point mutation {Leu208ile} in the
neuraminidase gene of the mouse strain SM/J, that causes a parlial neuraminidase
deficiency in these mice, We show thatl the mutation interferes with the efficiency of the
enzyme {0 cleave naturai substrates, but it has no effect on the substrate specificity.

In Chapter 5 we describe in detail the interaction betwesn neuraminidase and PPCA,
co-expression them in COS-1 cells. We show that association of neuraminidase with PPCA
in an early biosynthelic compartment is essential for the routing of neuraminidase io
lysosomes, and that the enzyme lacks a functional mannose-6-phosphate recognition
marker that is reguired for routing to the lysosomes. When neuraminidase Is expressed in
CO8-1 cells in the absence of PPCA, it accumnuiates in the ER, while co-expression with
PPCA restores the lysosomal localization. In contrast, when neuraminidase is co-expressed
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with transport-incompetent PPCA mutants, it is unable to reach the lysosomal
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In chapters 6 and 7 we utilize the baculovirus expression system to express the
PPCA precursor, the two separate PPCA subunits, the p-galactosidase precursor, and
lysosomal neuraminidase. The PPCA precurscr is catalytically activated in vitro by the
proteolytic removal of an internal linker-peptide. The activated mature PPCA is a two-chain
molecule that is non-covalently associated through disulfide bridges. When co-expressed,
PPCA, neuraminidase and [-galactosidase are present as a mulfiesnzyme complex of
>1000 kDa. PPCA associates with neuraminidase through the C-terminal 20-kDa PPCA
subunit, promoting oligomerization and catalytic activation of neuraminidase, but only at
acidic pH. Neuraminidase is also associaled with (-galactosidase but, in contrast, this
association has no effect on either the oligomeric state or cataiytic activity of
neuraminidase.

Finally, in Chapter 8 we identified several novel mutations in the neuraminidase
c¢DNA and gene of eleven sialidosis patients, belonging to different clinical subtypes. The
properties of the mutant proteins were analyzed by over-expression in deficlent sialidosis
fibroblasts. We studied the impact of the mutations on the subcellular localization and
catalytic activity of neuraminidase. We are able to divide the mutant enzymes into three
groups. The first group includes mutant proteins that lack residual activity and show no
lysosomal focallzation. Mutants in the second group show lysosomal localization but no
residual catalytic activity, while proteins in the third group show both lysosomal Iocalization
and significant residual catalytic activity. One of the identified mutations involves one of the
five strictly conserved active site residues (Tyr370Cys). The patient that was homozygous
for this mutation had a normal amount of correctly localized neuraminidase that however
was complelely inactive. As a result this individual is a severe type Il sialidosis palient. We
can establish reliable phenotype-genotype correlations for all sialidosis patients, Mutations
belonging to the first group are present in severe type |l sialidosis palients. In contrast,
mutations from the third group are sufficient to give a mild type | phenotype. Thus, the
phenotype correlates with the amount of residual neuraminidase aclivity and presence or
absence of lysosomal localization,

The studies presented in this thesis have provided new understanding about the
characteristics of lysosomal neuraminidase, Including its interactions with PPCA and B-
galactosidase, and ils involvement in the lysosomal storage disorders sialidosis and
galactostalidosis. The genotype-phenotype correlation in sialidosis patients may provide a
better understanding about the clinical manifestations of these patients. The increased
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knowledge about neuraminidase and its impairment in slalidosis patients may become

~yaluable-forthe-future-development-of therapeutic strategies for sialidosis



124

O O O O O O O O O O

Samenvatting

Neuraminidase is het eerste enzym dat benodigd is voor de slapsgewijze afbraak van
koolhydraatketens, waarop het substraat, siaalzuur, een terminale positie heeft. De
lysosomale stapelingsziekte (LSZ) sialidosis wordt veroorzaaki door mutaties in het
lysosomaal neuraminidase gen. Afhankelijk van de ernst van de ziekts ljden de patienten
aan meervoudige gebreken waarbij ondere andere de ogen, het gehoor, het skelet, het
centrale zenuwstelsel en de viscerale organen betrckken zijn. De L8Z galactoslalidosis
{GS) wordt veroorzaakt door een defect van het lyscsomale protective protein/cathepsin A
{PPCA). Als PPCA niet goed functioneert kunnen neuraminidase en p-galaclosidase het
lysosoom niet bereiken, omdat zij afhankelijk zijn van PPCA voor hun transport naar het
lysosoom. Dit heeft tot gevolg dat het GS ziektebeeld veel iijkt op dat van sialidosis
patiénten,

Op grond van de homologie met andere bacteriéle neuraminidases werd het cDNA
dat codeert voor het lysoscmale neuraminidase geidentificeerd in de dBEST database
{Hoofdstuk 3). De electroporatis van dit cDNA in de gekweskle fibroblasten van sialidosis
patiénten herstelt de neuraminidase activiteit en vertoont een typische lysosomale
lokalisatie van het eiwit. Dit is in tegenstelling tot de electroporalie In GS fibroblasten
waarbij de activiteit van dit enzym niet hersteld wordt. Alleen wanneer ook PPCA wordt
geéxpresseerd in deze cellen kan de neuraminidase activiteit hersteld worden. Deze
experimenten fonen aan dat het geidentificeerde ¢cDNA codeert voor het lysosomale
neuraminidase. Vervolgens vonden we drie mutaties in de neuraminidase ¢cDNAs van
sialidosis patienten. Overexpressie van deze neuraminidase mutanten in zowel COS-1 en
sialidosis fibroblasten veroorzaakt een volledig gebrek aan enzym activiteit en lysosomale
lokalisatie {Hoofdstuk 3).

in Hoofdstuk 4 beschrijven we de kionering van het cDNA dat codeert voor het
lysosomale neuraminidase van de muis en de identificatie van esn mutatie (Leu208lie) in
het betreffende gen in de muizenstam SM/J. Deze aminozuur verandering vercorzaakt een
verlaging van de enzymactiviteit, We tonen aan dat de mutatie de verwerking van
natuurlijke siaalzuur substraten negatief beinvlioedt maar dat het geen inviced heeft op de
specificiteit van dit proces.

In Hoofdstuk 5 beschrijven we de interactie tussen neuraminidase and PPCA waarbij
we gebruik maken van expressie in COS8-1 cellen. We tonen aan dat deze interaclie plaats
vindt direct na de eiwitsynlhese en dat dit benodigd is voor het transport van neuraminidase
naar het lysosoom. De koolhydraatketens van neuraminidase hebben geen functionele
mannose-6-fosfaat determinant dat benodigd is voor het transporl naar het lysosoom,
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waardoor overexpressie van neuraminidase in COS-1 cellen leidt tot accumutatie van het

== giwlt-inyhiet sndoplasmatischa reticilum ™ (ERY, D& "¢a-8%pressie et PPCA Tetsteli de ™
lysosomale localisatie van neuraminidase. Echter, de co-expressie van neuraminidase met
PPCA mutanten, die zelf niet tot correct transport in staat zijn, heeft geen effect op het
lysosomale transport van dit enzym,.

in de hoofdstukken 6 en 7 expresseren we neuraminidase, B-galactosidase en
PPCA in insekten cellen middels baculovirus constructen, De PPCA precursor wordt in vitro
geactiveerd door de enzymatische verwijdering van een intern peptide. Het enzymatisch
actief PPCA bestaat uit twee eiwit ketens die niet-covalent verbonden zijn door disulfide
bruggen. Door de gslijkiijdige expressie van PPCA, neuraminidase en B-galactosidase
wordt een multienzym complex gevormd (>1000 kDa). De PPCA precursor bindt
neuraminidase via het C-terminale 20-kDa PPCA domein en bevordert de oligomerisatie en
activatie van neuraminidase. Neuraminidase kan ook binden aan B-galactosidase maar dit
heeft geen effect op de enzym activiteit en de oligomerische staat.

Tenslotte, in Hoofdstuk 8 beschrijven we de identificatie van nieuwe mutaties in
neuraminidase van elf patiénten met de verscheiden klinische vormen van sialidosis. De
biochemische eigenschappen van deze gemuteerde enzymen worden bepaald door de
ovarexpressie in sialidosis fibroblasten waarbi] vooral gekeken wordt naar hst effect op de
subcellulaire localisatie en de enzym activiteit. Op grond hiervan kunnen de mutaties
Ingedeelt worden in drie verschillende groepen. De serste groep beval siwitten zonder
activiteit en een totaal gebrek aan lysocsomaie localisatie. De tweede groep hestaat uit
enzymen die wel in het lysosoom belanden maar geen activiteit hebben, terwijl de derde
groap mild is met eiwitten die lysosomaal zijn en enigszins actief. Eén mutatie belrof één
van de vijf geconserveerde aminozuren die het actieve centrum van neuraminidase vormen
(Tyr370Cys). De betreffende patiént is homozygoot voor deze mutatie en heeft een
normale hoeveelheld enzym dat aanwezig is in het lysosoom, athoswel zonder enzym
activitell. Als gevolg van deze mutatie heeft deze patiént de ernstige vorm van het type 1
siafidosis. We kunnen voor alle patiénien betrouwbare genotype-phenotype correlaties
aantonen. Mutaties behorende tot de eerste grosp worden aangstroffen in type I! sialldosis
patiénten, terwijl mutaties uit de derde groep aanleiding geven tot het veal mildere type |
zieklebeeld. Het ziekiebeeld wordt bepaald door de aanwezigheid van een zeer geringe
hoeveelheid neuraminidase activitelt in de lysosomen van de patiénten. Echter, het is
bekend dat ook andere genetische en nlet-genetische facloren de ziekte kunnen
beinvioeden.
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De in dit proefschrift beschreven studies geven een nieuw inzicht in de

Teigenschappen van lysosomaal neliraminidase, inclusief de interacties met PPCA en- g

galactosidase en de betrokkenheid in de LSZn sialidosis en GS. De genotype-phenotype
correlaties van slalidosls patienten zal een beter begrip geven van het zieklebeeld van deze
patiénten. De verworven kennis over neuraminidase en de betrokkenheid in slalidosis kan
tevens van groot belang zijn in de toekomstige ontwikkeling van therapieén voor deze
patiénten,
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AMP
ATP

Bip
{C)DNA
CMP
CPW
CPY
C-terminal
dBEST
ER

FVHI
GalNAc
GALNS
GlcNAc
GS

kb

kDa
LSD
Man
ManNAc
MLV
(m)RNA
MU
NeubAc
N-linked
N-terminal
PPCA
vWF

~ adenosine 5'—mohobhosphate

adenosine 5’-triphosphate
immunaoglobulin binding protein
{complementary) deoxyribonucleic acid
cytidine 5’-monophosphate

wheat carboxypeptidase W

yeast carboxypefidase Y
carboxy-terminal

database expressed sequence tags
endoplasmic reticufum

factor FVIII

N-acetyl-galactosamine
N-acetyl-galactosamine-6-suifate sulfatase
N-acetyl-glucosamine
galactosialidosis

kito base

kilo Datton

lysosomal storage disease
mannose

N-acetylmannosamine
mucolipidosis IV

{messenger) ribonucleic acid
mathylumbelliferyt
N-acetylnsuraminic acid
asparaglne-linked

amino-terminal

protective protein/cathepsin A

Von Willebrand factor
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