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Abstract. a-Glucosidase is deficient (< 30% of control) in Pompe's disease, but the extent
of the deficiency does not always correlate with the severity of the clinical symptoms. The
defects that lead to a deficiency of a-glucosidase include synthesis of catalytically inactive
protein, absence of mRNA for the enzyme, decreased synthesis of the precursor, lack of
phosphorylation of the precursor, impaired conversion of the precursor to the mature
enzyme and synthesis of unstable precursor. A single type of defect can lead to different
clinical phenotypes. The precursor of a-glucosidase is present in the brush border of the
polarized epithelial cells of small intestine and kidney and is secreted into urine.

Introduction

In Pompe's disease (glycogenosis type II)
a deficiency of the lysosomal enzyme a-glu-
cosidase leads to accumulation of glycogen
in the lysosomes [I]. The disease is clinically
heterogeneous [2]. In the infantile form,
there is a generalized accumulation of gly-
cogen and the disease is rapidly progressive;
the patients usually die within the first 2

years of life [2]. In the late-onset (juvenile
and adult) forms of the disease, glycogen
accumulation is usually restricted to skeletal
muscle and the patients may live for many
years after the onset of the disease [3-6].

Initially, a-glucosidase was thought to be
completely deficient in Pompe's disease,
particularly in patients with the infantile
form. However, beginning in 1973, reports
began to appear on the presence of residual
a-glucosidase activity (5-20% of control val-
ues) in patients with the late-onset forms of
the disease [7-11]. This led to the view [see
e.g. ref. 12] that the infantile form of
Pompe's disease is caused by a virtually
complete deficiency of a-glucosidase and
that the presence of residual enzyme activity
is responsible for the milder form of the dis-
ease in late-onset patients. Subsequent stud-
ies have emphasized that the severity of the
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clinical symptoms in Pompe's disease does
not always correlate with the amount of re-
sidual a-glucosidase activity in the patients
[13, 14]. Thus other factors must play a role
in determining the clinical course of the dis-
ease.

In the meantime our knowledge of the
biosynthesis and transport to the lysosomes
of a-glucosidase and other lysosomal en-
zymes has progressed considerably thanks to
the pioneering work of Hasilik and Neufeld
[15, 16] and subsequent studies by other
investigators. Several laboratories [12, 15,

16, 18-21] including one in Japan [18, 20]
have recently turned their attention towards
investigating the biosynthesis and matura-
tion of a-glucosidase in cultured skin fibro-
blasts with a view to obtain information on
the molecular basis for the clinical hetero-
geneity observed in Pompe's disease. The
aim of this paper is to review these recent
studies.

Residual a-Glucosidase Activity in
Pompe's Disease

Reuser et al. [21] have recently carried
out an extensive study of a-glucosidase in
fibroblasts from 30 patients with different
phenotypes of Pompe's disease. The a-gluco-
sidase activity, measured with glycogen as
substrate, ranged from 0.4 to 29.1% of the
mean value in fibroblasts from control sub-
jects. As indicated in table I, the residual
activity tended to be higher in patients with
the juvenile phenotype than in those with
the infantile phenotype, and higher in pa-
tients with the adult phenotype than in those
with the juvenile form of the disease. Nev-
ertheless, there was considerable overlap, as
also found earlier by others [13, 14]. The a-

Table I. n-Glucosidase activity in fibroblasts from
control subjects and patients with Pompe's disease

Fibroblasts
from

Number a-Glucosidase
of cell
lines nmol/min

per
mg protein

percent
of
control

Control subjects 3 15.4-23.2
Pompe's patients

Infantile 11 0.08-0.06 0.4-3.2
Juvenile 3 0.24-1.03 1.3-5.4
Adult 13 0.30-5.50 1.6-29.1

Glycogen was used as substrate. Data are taken
from reference 21.

glucosidase activity in some of the adult phe-
notype patients fell within the range found
for patients with the infantile phenotype.

Biosynthesis of a-Glucosidase in Cultured
Skin Fibroblasts

a-Glucosidase, like other lysosomal en-
zymes, is a glycoprotein [22]. Hasilik and
Neufeld [15, 16] were the first to show by
means of metabolic labelling studies with
radioactively labelled amino acids, mannose
and phosphate that the enzyme is synthe-
sized as a large precursor containing phos-
phorylated mannose residues and that the
precursor is proteolytically converted to the
mature form of the enzyme. The precursor
has a molecular weight of 110 kilodaltons
and is converted via intermediate forms of
105 and 95 kilodaltons to the 76-kilodalton
mature protein and, after longer periods, to a
70-kilodalton form [11, 19, 21, 23]. Oude
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Elferink et al. [23] have shown that the pro-
teolytic processing steps occur in an intracel-
lular compartment containing lysosomal en-
zymes; this compartment can be considered
to consist of primary lysosomes. Transport
of newly synthesized precursor to the pri-
mary lysosomes is completed within 8 h [23].
The half-life of the mature forms of a-gluco-
sidase in fibroblasts has been estimated to be
5-8 days [17].

Nature of the Defects Leading to a
Deficiency of a-Glucosidase in Pompe's
Disease

It is now clear that a number of different
mechanisms can lead to a deficiency of a
lysosomal enzyme [24-26]. The different de-
fects leading to a deficiency of ct-glucosidase
are summarized in table II. Eight different
types of defects have been observed and they
may be classified as follows.

(1) Defects leading to the absence of
mRNA for a-glucosidase or to the formation
of mRNA reduced in amount and of aber-
rant size. Such mutants have recently been
identified by Martiniuk et al. [27] who have
cloned a cDNA for a-glucosidase.

(2) Defects leading to the synthesis of a
catalytically inactive protein, an unstable
precursor or a mature protein of aberrant
size.

(3) Defects leading to a partial or com-
plete impairment in the conversion of the
precursor to the mature protein.

Of particular interest are the defects in
category 3. Reuser et al. [19] have shown
that the formation of phosphorylated man-
nose residues is impaired in two cell lines,
one from an infantile and one from an adult
patient. In a parallel study Oude Elferink et

Table 11. Nature of the defect in different pheno-
types of Pompe's disease

Clinical phenotype and
nature of defect

Authors

Infantile
Enzymically inactive

protein synthesized
Precursor formed but

reduced amount of
mature protein present

Precursor formed and
phosphorylated but
conversion to mature
protein impaired

Precursor formed; no
phosphorylation, and
conversion to mature
protein impaired

Precursor very rapidly
degraded in prelyso-
somal compartment

No precursor or very
little formed

Juvenile
Precursor formed but

reduced amount of
mature protein present

Precursor formed and
phosphorylated but
conversion to mature
protein impaired

Adult
Precursor formed but

reduced amount of
mature protein present

Precursor formed and
phosphorylated but
conversion to mature
protein impaired

Precursor formed, no
phosphorylation, and
conversion to mature
protein impaired

Precursor formed;
products of protcolytic
processing aberrant

Reduced amount and size
of mRNA

Beratis et al. [13,14]
Ninomiya et al. [18]
Reuser et al. [19]

Reuser et al. 1191

Reuser et al. 1191
lwamasa et al. [20]

Steckel et al. [12]
Hasilik and
Neufeld 1151
Martiniuk et al.' [27]

Reuser et al. [191

Reuser et al. 1191

Reuser et al. 1191

Reuser et al. 1191

Reuser et al. [19]

Reuser et al. [21]

Martiniuk et al. [27]

I No mRNA detectable.
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al. [23] demonstrated that the transport of
newly synthesized a-glucosidase to the lyso-
somesl is impaired in these two cell lines, in
agreement with earlier findings [see e.g. ref.
16] on the requirement for mannose-6-phos-
phate residues for efficient routing of a-glu-
cosidase and other soluble lysosomal en-
zymes to the lysosomes in fibroblasts. In
immunoelectronmicroscopic studies with
these two cell lines very little cross-reactive
material was observed in the lysosomes,
whereas the Golgi apparatus was very
strongly labelled in the cell line from the
adult patient [GM 1935; see fig. 5c of ref.
21].

In another cell line from an adult patient
(84RD390), in which phosporylation of
mannose residues is not impaired [Reuser
and Kroos, unpubl. observ.], very little
newly synthesized labelled a-glucosidase
could be detected in lysosomes [23]. Thus, in
this cell line impaired transport of a-glucosi-
dase to the lysosomes must be due to reasons
other than the absence of mannose-6-phos-
phate residues.

Finally, examination of table II indicates
that in those cases where the defect leads to a
partial or complete conversion of the precur-
sor of a-glucosidase to the mature protein it
is not possible to predict what the clinical
phenotype will be. In this category of defects
all three clinical phenotypes are found.

Lysosomes were defined in this study as organelles
containing cathepsin C. They were identified by incu-
bating fibroblast homogenates with glycyl-L-phenyl-
alanine 2-naphthylamide, a substrate for cathepsin C
(281. The products of the hydrolysis of the substrate
accumulate in the lysosomes, causing osmotic lysis.
Thus, after centrifugations labelled a-glucosidase
originally present in lysosomes is recovered in the
supernatant and enzyme present in nonlysosomal
compartments is found in the pellet.

Intracellular Transport of a-Glucosidase
in Polarized Epithelial Cells

An intriguing finding is that considerable
amounts of the precursor form of a-glucosi-
dase are present in human urine [29]. About
50% of the total a-glucosidase activity in
urine represents the precursor form. The
content of precursor a-glucosidase in a litre
of urine, which is approximately the amount
excreted daily by an adult. is 0.75 U (defined
as pmol/min glucose formed at 37 °C with
4-methylumbelliferyl-a-glucoside as sub-
strate). The total amount of precursor a-glu-
cosidase in the kidneys of an adult is 1.1 U
[Oude Elferink, unpubl. observi. Clearly,
then, precursor a-glucosidase must be ac-
tively secreted by the kidney into the urine.

Ginsel et al. [30] have shown by means of
immunocytochemical methods that in the
polarized epithelial cells of human small in-
testine, a-glucosidase is present not only in
lysosomes, endoplasmic reticulum and Golgi
apparatus but also, unexpectedly, in the
brush border. Using a monoclonal antibody
that distinguishes between precursor and
processed forms of a-glucosidase [31], Gin-
sel et al. [30] have established that it is the
precursor of a-glucosidase that is present in
the brush border. The presence of a precur-
sor of a-glucosidase in the brush border of
polarized epithelial cells has now also been
demonstrated in kidney [Fransen and Oude
Elferink, unpubl. observ.] and in the colon

carcinoma cell lines Caco-2 and HT29
[Klumperman and Fransen, unpubl. ob-

serv.]. These findings raise the interesting
possibility that in polarized epithelial cells a
quantitatively important portion of newly

synthesized precursor a-glucosidase is not
transported to the lysosomes but to other
destinations, including the secretory path-
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way. Thus the presence of phosphorylated
mannose residues in the precursor of a-glu-
cosidase may not be a sufficient guarantee
that the enzyme is transported preferentially
to the lysosomes.
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