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The one and three letter code of amino acids

amino acid three letter code one letter code
alanine Ala A
arginine Arg R
asparagine Asn N
aspartic acid Asp D
cystine Cys C
glutamine Gln Q
glutamic acid Glu E
glycine Gly G
histidine His H
isoleucine Ile I
leucine Leu L~
Iysine Lys K
methionine Met M
phenylalanine Phe F
proline Pro P
serine Ser 8
threonine Thr T
tryptophan Trp w
tyrosine Tyr Y
valine Val v




OBJECTIVES

Glycogen storage disease type I is caused by the inherited deficiency of lysosomal
c-glucosidase. The enzyme belongs to the class of o-glucanases and hydrolyses [ysosomal
glycogen to glucose.

The aim of the work described in this thesis was to provide insight in the
structure-function relationship of lysosomal a-glucosidase and to elucidate the mutations
underlying the lysosomal o-glucosidase deficiency of patients with various clinical forms

of glycogen storage disease type II.






CHAPTER 1

a-GLUCANASES






a-GLUCANASES

Introduction

o-Glucanases is a collective name for enzymes that are capable to hydrolyse o-
glucosidic linkages in glucose polymers such as glycogen and starch and in a variety of
other oligo- and polysaccharides. Glycogen is a polysaccharide entirely composed of
glucose molecules. It is the most abundant and widespread form of glucose and the most
important store of energy in the animal cell. Also yeast, fungi and bacteria store energy
in the form of glycogen (Huijing, 1975). The glucose residues in glycogen are joined by
a-1,4 and o-1,6 linkages, which results in a highly branched structure (Figure 1). The o-
1,6 linkages create the branching points. Approximately 93% of the glucosidic linkages
are of the 1,4 type and 7% are of the 1,6 type.

Starch is the nutrient reservoir of plants and is also a homopolymer of glucose.
Starch is made up of two components, amylose and amylopectin. Amylose is a mainly
linear polysaccharide composed of glucose molecules in o-1,4 linkage and contains only

few o-1,6 branching points. Amylopectin, the branched form of starch, contains about
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Figure 1: Molecular structure of glycogen. x; the number of o-1,4 linked glucose molecules is

approximately thirteen.

13



3% of a-1,6 glucosidic linkages. Some plants such as sweet corn store their energy not
only in starch but also in glycogen (Huijing, 1975).

The wa-glucanases are subdivided in different classes, such as c-amylases,
glucoamylases, «-glucosidases and cyclomaltodextrin glucanotransferases. Several of the
a-glucanases have been isolated and characterized, and the corresponding genes have been
cloned, This chapter describes the proposed mode of action of these enzymes, their

substrate specificities and their structural and functional homologies.

Hydrolysis of the a-glucosidic bond

Hydrolysis of the a-glucosidic bond by a-glucanases is believed to occur
mechanistically in a similar way as the cleavage of peptide bonds by lysozyme and
involves a "catalytic acid” (general acid) and a "catalytic base" (general base) (Figure 2)
(Vernon, 1967). The catalytic acid donates a proton to the glucosidic oxygen atom
between two glucose molecules (Figure 2B). This protonated complex is very unstable
and falls apart in a positively charged carbo-cation and a neutra! sugar residue (Figure
2C), The carbo-cation is stabilized by the catalytic base. A water molecule supplies
subsequently a hydroxyl group (OH") to the carbo-cation and a proton (H*) to the
deprotonated catalytic acid of the enzyme (Figure 2D and 2E). This way the catalytic

cycle is completed.

a-Amylases

a-Amylases (1,4-o-D-glucan glucanohydrolase EC 3.2.1.1) are widely distributed
in mammals, plants, and microorganisms. They are endo-enzymes and catalyse the
hydrolysis of «-1,4 glucosidic linkages of starch, glycogen and related oligo- and
polysaccharides. They can bypass the o-1,6 branch points in o-glucans. The reaction
products of c-amylases are liberated in the w-configuration as «-maltose, w-glucose and
a-limit dextrins. The specificity of o-amylases varies with their source, and each o-
amylase produces a characteristic collection of oligosaccharides upon hydrolysis of a
glucan. The specificity of a-amylases for the «-1.4 glucosidic bond is not absolute. Some
a-amylases are able to hydrolyse o-1,6-glucosidic bonds in addition, but the rates of
hydrolysis are much lower than for a-1,4 bonds (Sakano er al., 1983). «-Amylases are

metalloenzymes and bind 1 mole of calcium per mole of enzyme (Thoma et al., 1971).

14



Figure 2: Schematic representation of the enzymatic hydrolysis of a-glucans.
The glucose moieties are joined to each other via an o-glucosidic linkage. CO,H is the catalytic acid
and CO, the catalytic base.
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The enzymes are important tools in starch industry and are used for instance in the
production of beer and pharmaceuticals (Vihinen and Mantsalid, 1989).

Most «-amylases are secretory proteins. They have an amino terminal signal
peptide when synthesized but this signal is lost before secretion. Intracellular a-amylases
do occur in some microorganisms, but there is uncertainty with respect to their function
since starch is neither synthesized nor is taken up by these microorganisms (Walker,
1965; Narayanan and Shibuya et al., 1967; Kato et al., 1975; Champs et al., 1983;
Srivastava, 1984; Shibuya et al., 1986).

A large number of w-amylase genes from different species has been cloned.
Although the genes from closely related species are quite similar (e.g. the genes of
Bacillus stearothermophilus and Bacillus licheniformis, or of Xanthomonas campestris pv.
campestris and Aeromonas hydrophila (Gray et al., 1986; Hu ef al., 1992)), the
sequence of w-amylases from mammals, plants and microorganisms differ markedly.
However, when the amino acid sequences of the a-amylases from widely different species
were aligned, there were at least four short regions of homology found (Friedberg, 1983;
Rogers, 1985; lhara e al., 1985; Nakajima et af., 1986; MacGregor, 1988; Svensson,
1988; MacGregor & Svensson, 1989; Itkor er al., 1990; Schneider et al., 1992). These
regions have been proposed to be essential for the function of w-amylases because they
are spaced at similar intervals along the proteins. They presumably form the active site,
the substrate-binding site and the site for binding the stabilizing calcium ion. As these
regions also occur in several other o-glucan cleaving enzymes they will be discussed in
more detail at the end of this chapter,

To obtain more information on the mode of action of a-amylases, the structures of
Taka-amylase A from Aspergillus oryzae (TAA), of acid «-amylase from Aspergillus
niger and of wo-amylase from porcine pancreas (PIG) were investigated by X-ray
crystallography (Matsuura er al., 1984; Buisson et al., 1987; Boel et al., 1990). The
folding of the three molecules is essentially the same. The enzymes contain a N-terminal
(B/a)g-barrel catalytic domain (domain A), which is similar in structure to that of triose
phosphate isomerase (Banner ef al., 1975) and of several other enzymes with very
different functions (reviewed in Farber and Petsko, 1990). A (S/a)s-barrel is a structure
that contains & parallel §-strands surrounded by 8 o-helices. Each inner B-strand is

connected to an outer o-helix (Figure 3). In o-amylases, a smaller domain (domain B} is
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Figure 3: Schematic representation of the (/c)e-barrel structure. The B-strands are numbere,

inserted between the third 8-strand and the third helix of the (B/a)s-barrel. This domain is
thought to participate in the binding of substrate. The C-terminal region of «-amylases
forms domain C, in which the protein chain is folded into an $-stranded antiparaliel 8-
barrel. The order of the 8-strands corresponds to the so-called Greek key topology. The
active site of some a-amylases was identified by studying the structural difference
between plain crystals and crystals formed in the presence of a substrate-analogue (Payan
et al., 1980; Matsuura er al., 1984). The active site corresponds to a cleft located
between domain A and B. However, different pairs of acidic residues were proposed to
be the catalytic residues in TAA and PIG: Glu-230 and Asp-297 in TAA and Asp-197 and
Asp-300 in PIG (corresponding to Asp-206 and Asp-297 in TAA) (Table 1). The three
corresponding acidic residues in Bacillus subtilis a-amylase (Asp-176, Glu-208 and Asp-
269), were mutated to their amide forms to study their role in a-glucan catalysis (Takase
et al., 1992). Mutation of each of the three residues was shown to lead to a complete loss
of catalytic activity while significant starch-binding activity was retained. This points to a
critical role of all three residues for the catalytic reaction, but does not assign the catalytic
acid and base definitely. More information was obtained by studying the affinity of these

catalytic site mutants for the pseudo-oligosaccharide inhibitor acarbose. The affinity was
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Table [: Carboxylates proposed to be catalytic residues.

ENZYME SOURCE CARBOXYLATES

ce-amylase Aspergillus oryzae {Asp-206) . Glu-230 Asp-297
(TAA)

ov-amylase Pig Asp-197 (Glu-233) Asp-300

o-amylase Bacillus subtilis Asp-176 Glu-208 Asp-269

cr-amylase Aspergillus niger Asp-206 Glu-230 (Asp-297)

CGT ase Bacillus sp. #1011 Asp-229 Glu-257 Asp-328

greatly reduced by the Asp-269 — Asn and the Glu-208 - Gln substitutions but less so by
the Asp-176 -» Asn substitution. Therefore Takase concluded that Glu-208 and Asp-269
were the key cataiytic residues in accordance with the proposal of Glu-230 and Asp-297
made for TAA (Takase, 1992). A number of amino acid residues with charged as well as
aromatic and non-polar residues seem to participate in substrate binding via hydrogen
bonds and hydrophobic interactions (Buisson e al., 1987).

From the crystal structure of PIG four amino acid residues have been proposed to
be involved in Ca** binding (Buisson et a@f., 1987). Two of these residues come from
domain A (Asn-100 and His-201) and two from domain B (Asp-159 and Asp-167). By
comparing the TAA and the PIG structures, Buisson et al. (1987) concluded that the Ca®*
binding sites are similar in both proteins. The corresponding positions in TAA are Asn-
121, Asp-163, Asp-175 and His-210. In contrast to these conclusions, Boel er al., (1950)
have proposed that eight ligands bind Ca®* in both the Aspergilius o-amylases: Asp-175
in a bidentate mode, Asn-121, Glu-162, Glu-210 in A. niger / His-210 in TAA, and three
water molecules. They conclude that Asp-163 was assigned incorrectly by Buisson et al.,
(1987). The ligands of the Ca®* ion belong to domains A and B. As the active site cleft is
located between these two domains, it is suggested that the essential Ca®* ion stabilises
the cleft by inducing an ionic bridge between domains A and B (Buisson et al., 1987).
Boel et al., {1990} have identified a second Ca** binding site in acid a-amylase from A.
niger. It involves residues presumed to play a catalytic role (Asp-206 and Glu-230) (see
Table 1). This explains why Ca®* at higher concentrations has an inhibitory effect on «-

amylase action.
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MacGregor (1988) took the crystal structure of TAA as a model and tried to gain
insight in the structural similarities and differences between c-amylases of bacteria, fungi,
plants and mammals. To this end she compared the amino acid sequences of the o-
amylases and used computer programs to predict the secondary structure. It became
evident that all o-amylases had the same basic structure, the (8/)-barrel. The amino
acids forming the loops that connect the different 8-sheets and a-helices of the barrel vary
widely in length and in composition. These variations are believed to account for the
known variations in action pattern of the o-amylases of different species (MacGregor,
1988).

8-Amylases

B-Amylases (1,4-a-D-glucan maltohydrolase EC 3.2.1.2) are common in plants,
but only few microorganisms contain these enzymes. S-Amylase is an exoenzyme that
hydrolyses the penuitimate «-1,4 bond of starch, glycogen and related oligo- and
polysaccharides. 8-Maltose is produced by inversion of the anomeric configuration of the
liberated maltose. The enzyme cannot bypass a-1,6 glucosidic bonds, but there is no
restriction on the hydrolysis of linear chains (Marshall, 1974).

B-Amylases are extracellular enzymes like the a-amylases. Crystallographic data
on soybean B-amylase have revealed a (f3/a)s-barrel structure, different from that of o-
amylases. The -amylase type of barrel is predicted to exist also in the S-amylases from
other higher plants as well as from Bacillus polymyxa (Friedberg and Rhodes, 1988). The
amylase gene product of this latter microorganism is unusual in that it contains in tandem
both an «- and a B-amylase (Uozumi e al., 1989). The o-amylase has the characteristic

A- B- and C-domains (Jespersen et af., 1991).

Exo-1.4-0-D-glucosidases

Glucoamylase, amyloglucosidase, v-amylase and lysosomal o-glucosidase (1,4-c-
D-glucan glucohydrofase EC 3.2.1.3) are exo-hydrolases acting on both a-1,4 and o-1,6
linkages. Some split also o-1,3 glucosidic bonds. These enzymes have a higher specificity
for polysaccharides than for oligosaccharides. 8-Anomeric glucose residues are released
as reaction product,

Glucoamylases are widely distributed from eukaryotic micro-organisms to
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vertebrates, but they are rare in bacteria (Sorensen et al., 1982; Manjnath e al., 1983;
Yamashita er al., 1985; Pretorius et al., 1991). Fungal glucoamylases are commercially
important for the degradation of starch, in the production of high-glucose syrups and
ethanol (Norman, 1979). Several fungal and yeast, but only one bacterial glucoamylase
have been cloned (Boel et al., 1984; Nunberg et l., 1984; Yamashita et al., 1985, 1987;
Ashikari ef al., 1986; Itoh et al., 1987; Hata et af., 1991: Ohnishi et al., 1992y,

All but one of the fungal glucoamylases are 30 - 40% homologous and have four
conserved regions (Itoh et al., 1987). Three of them are different from those found in «-
amylases. In Aspergitlus niger glucoamylase Svensson ef al., (1990) identified three acidic
residues (Asp-176, Glu-179 and Glu-180) which were completely protected by an
inhibitor and therefore assumed to participate in the formation of the catalytic site. These
three amino acid residues are shared by the other fungal glucoamylases. To determine
their catalytic function, these amino acids were converted via site directed mutagenesis
into Asn-176, GIn-179 and GIn-180 (Sierks et al., 1990). Kinetic analysis of the mutant
enzymes indicated that Glu-179 was the catalytic acid and Asp-176 the catalytic base. The
negative charge of Glu-180 contributes to the high pKa value of Glu-179. This region of
the glucoamylases is highly homologous with one of the four homologous regions
identified in o-amylases (region 1I) (Svensson, 1988).

Glucoamylase from the yeast Schwanniomyces occidentalis showed hardly any
amino acid similarity with the glucoamylases discussed above (Dohmen er af., 1990).
This finding was unexpected since all other glucoamylases cloned until then had a
significant homology (Itoh et al., 1987, Ohnishi et al., 1992). Surprisingly this S.
occidentalis glucoamylase appeared to be genetically and structurally related to human
lysosomal w-glucosidase (which is also an 1,4-o-D-glucan glucohydrolase), to rabbit and
human sucrase and isomaltase (intestinal brush border enzymes, EC 3.2.1.48 and EC
3.2.1.10, respectively) and to an c-glucosidase (EC 3.2.1.20) from the yeast Candida
tsukubaensis (Hunziker et al., 1986; Hoefsloot ef al., 1988; Dohmen et al., 1990; Naim
et al., 1991; Kinsella er al., 1991; Chantret et al,, 1992). A sequence identity of minimal
34% is obtained when the primary sequence of these enzymes are optimally aligned. In
view of this structural similarity it is assumed that all these enzymes have evolved from
the same ancestral gene, whereby the gene coding for the common precursor of sucrase

and isomaltase has arisen by gene duplication (Hoefsloot ef al., 1988; Semenza, 1989;

20



Naim et al., 1991; Kinsella e al., 1991; Chantret et al., 1992). This ancestral gene
probably has coded for a protein with multiple substrate specificities, like the o-
glucosidase from C. tsukubaensis which is able to hydrolyse «-1,2, «-1,3, «-1,4 and o-
1,6 linkages. Evolutionary changes in the primary structure have ultimately led to the
distinct substrate specificities. By affinity labelling and site directed mutagenesis the same
aspartic acid residues in homologous positions have been identified as the catalytic bases,
Asp-305 in rabbit isomaltase, Asp-1396 in rabbit sucrase and Asp-518 in lysosomal -
glucosidase (Quaroni and Semenza, 1976; Hunziker ef af., 1986; Hermans ef al., 1991).
This aspartic acid residue is conserved in all these evolutionary related o-glucosidases as
are eight other adjacent amino acids (Table 2). The region is homologous to the second
conserved region of the other glucoamylases mentioned above.

Not much is known about the tertiary structure of glucoamylases. The existence of
an w-amylase like A domain formed by a (8/a)s-barrel is not predicted for the
glucoamylases (Jespersen er af., 1991). Glucoamylase from A. niger contains two
domains, a catalytic domain (residues 1-470) and a C-terminai domain (residues 509-616).
The latter domain is involved in the binding of starch and has sequence homology with
some other starch binding proteins (Svensson, 1988; Svensson er al., 1989). Specific

features of this domain will be discussed at the end of this chapter. The N-terminal and

Table 2: Conserved amino acid sequence around the proposed catalytic base of
evolutionary related e-glucanases.

ENZYME SOURCE POS!

o-glucosidase C.tsukubaensis 521 SGIWLDMNEPSSFVIG?
glucoamylase S. occidentalis 465 DGLWADMNEVSSFCVG
isomaltase rabbit 500 DELWIDMNEVSSFVQG
sucrase rabbit 1389 DGLWIDMNEPRSSFVQG
isomaltase human 500 DELWIDMNEVSSFIQG
sucrase human 1389 DELWIDMNEPRSSFVNG
lysosomal human 513  DGMWIDMNWEPSNFIRG

a-glucosidase

'"The figures refer to the position of the first amino acld of the sequence. *The conserved amino acid
residues are printed in bold.
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C-terminal domains are separated by a region (residues 471-508) which is rich in short O-
linked oligosaccharides (Gunnarsson ef al., 1984; Evans ef al., 1990). The major function
of this region is to provide an extended peptide backbone and hence to create an
appropriate distance between the catalytic and the substrate binding domain (Williamson
et al., 1992),

a-D-ghicosidases

a-Glucosidases or maltases {e-D-glucoside glucohydrolase EC 3.2.1.20) hydrolyse
terminal 1,4-linked o-D-glucose residues from oligosaccharides with the release of o-
glucose. They act more slowly on polysaccharides.

The primary structure of the maltase gene of Succharomyces carlsbergensis has
been determined (Hong and Marmur, 1986). The enzyme contains the same four regions
that are conserved among the a-amylases (Svensson, 1988). Alignment of the amino acid
sequences indicates that S. carisbergensis maltase containg a similar (8/c)s-barrel
supersecondary structure as the a-amylases (MacGregor and Svensson, 1989; Jespersen et
al., 1991).

Cyclomaltodextrin_glucanotransferases
Cyclodextrin  glucanotransferases (CGTases) (l,4-o-D-glucan  4-ce-D-(1,4-c-D-

glucano)-transferase (cyclizing) EC 2.4.1.19) are capable to cleave o-1,4-glucosidic bonds
in amylose and starch, CGTases degrade the substrates mainly to cyclodextrins, in which
six to eight glucose units are joined by means of a-1,4-glucosidic bonds (Matsuzaki e
al., 1974; Kobayashi er al., 1978). Thus, «-1,4-giucosidic bonds can be reformed
through the transferase activity of CGTases, in addition to being cleaved by its amylase
activity. Interestingly, lysosomal o-glucosidase, the enzyme studied in the experimental
part of this thesis, also exhibits intrinsic transferase activity, since it can catalyse the
transfer of glucose from maltose to polysaccharides (Palmer, 1971). CGTases have been
found only in bacteria and they are all extracellular enzymes (Vihinen and Mintséli,
1989). They depend on Ca** ions for stability and activity (Bender, 1977).

CGTases from several species have been cloned (Binder et al., 1986; Takano et
al., 1986; Kimura et al., 1987, Sakai et al., 1987; Nitschke et al., 1990). The sequences
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have an overall aming acid homology of about 30%. The four conserved regions of the e-
amylases are also found in CGTases, with a similar spacing (Binder et al., 1986; Kimura
et al., 1987).

The three-dimensional structure of CGTase from Bacillus circulans has been
studied in great detail (Hoffmann et al., 1989; Klein and Schulz, 1991). Five domains can
be identified. The chain fold of the three N-terminal domains encompassing 492 residues
resembles closely the known structure of g-amylases. Domain A forms a (8/a),-barrel
with domain B inserted after the third 8-strand. Domain C folds as a 8-sheet with Greek
key topology. Domain D has an immunoglobin fold and is far away from the active
centre. The C-terminal 100 residues form domain E, which is proposed to be involved in
the binding of starch (Svensson, 1988: Svensson et al., 1989). The relative positions of
domains A, B and C are similar in o-amylases and CGTases, suggesting hence, that the
CGTases may be considered as extended o-amylases (Hoffmann et al., 1989). Even the
residues involved in the Ca®* ion binding are at corresponding positions in CGTases and
o-amylases (Klein and Schulz, 1951).

Comparison of the amino acid sequences of CGTases and «-amylases revealed in
addition that the two aspartic acid residues and the one glutamic acid residue, considered
to be the catalytic residues of «-amylases, were conserved in CGTases (Table 1). These
three residues in CGTase from Bacillus sp # 1011 were substituted by the Asn or Gln
analogues to analyze their function. It was shown that mutants containing Asn-229, Gln-
257 or Asn-328 lost both their starch-degrading and cyclodextrin-forming activities
completely, but retained their ability to bind starch. These results suggest that all three

residues are essential for the reaction catalysed by CGTase (Nakamura et al., 1992).

Other glucanases

The genes of a number of other hydrolases, which can split O-glucosidic linkages
in starch, glycogen and related oligo- and polysaccharides have been cloned. Among these
are the two genes coding for the oligo-1,6-g!ucosidases‘ (EC. 3.2.1.10) from Bacillus
cereus and Bacillus thermoglucosidasius. The proteins have 72% sequence similarity
(Watanabe et al., 1990, 1991) and B. cereus oligo-1,6-glucosidase is for 42% similar to

5. carlsbergensis maltase (Watanabe ef al., 1990). Alignment of the amino acid sequences
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along with secondary structure predictions make it likely that the N-terminal active site
domains of these oligo-1,6-glucosidases take the c-amylase type (B/a)g-barrel super-
secondary structure. Notably, the mammalian intestinal isomaltases from rabbit and
human, which are also oligo-1,6-glucosidases do not have this o-amylase type (8/a)q
barrel catalytic domain (Hunziker er al., 1986; Jespersen er al., 1991; Chantret er al.,
1992).

The enzymes capable of degrading pullulan (a linear «-glucan consisting of
maltotriose units joined by o-1,6 glucosidic linkages), pullulanase (EC. 3.2.1.41) and
neopullulanase (not classified), have also the four highly conserved regions present in o~
amylases. These regions are further found in dextranase (EC. 3.2.1.11),
cyclomaltodextrinase (EC. 3.2.1.54) maltotetraohydrolase (EC. 3.2.1.60), isoamylase
(EC. 3.2.1.68), maltohexaohydrolase (EC. 3.2.1.98) and branching enzyme (EC.
2.4.1.18) (Backer ef al., 1986; Ratsuragi et al., 1987; Amemura e al., 1988; Tsukamota
et al., 1988; Kuriki and Imanaka, 1989; Fujita er al., 1989; Zhou et al., 1989; Russell
and Ferretti, 1990; Melasniemi et al., 1990; Baba er al., 1991; Podkovyrov and Zeikus,
1992). In spite of the low sequence similarity between these groups of enzymes Jespersen

et ai. (1991) predict that these enzymes also contain the typical (8/c)g-barre]l domain.

The structural homglogy of a-glucanases
The o-glucanases that are compared are listed in Table 3. Table 4 shows the

homologous regions of the «-glucan hydrolysing enzymes. The order of the regions I, II,
III and IV, from the 2mino-terminus to the carboxyl-terminus, is the same for all enzymes
listed.

In region I two amino acid residues are strictly conserved, nmamely the first:
aspartic acid (D) and the last: histidine (H). Nothing is known about the functional
significance of the Asp residue. For the a-amylases from A. oryzae (TAA) and pig, the
invariant His has been demonstrated to be involved in the binding of substrate. In many
of these enzymes also the fifth residue is conserved: Asparagine (N). This Asn is
involved in the binding of the essential Ca** jon as was deduced from the crystal
structures of the o-amylases from A. oryzae, A. niger and PIG and of the CGTase from

B. circulans {Matsuura et al., 1984; Buisson et al., 1987; Boel et al., 1990; Klein and
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Schulz, 1991}.

In region II there are two positions in which only two different amino acid
residues are allowed. The third amino acid is either an arginine (R) or a tryptophan (W).
The fifth residue is always a carboxylate: aspartic acid (D) or glutamic acid (E). Affinity
labelling using glycosyl-epoxides as substrate analogues has led to the identification of the
fifth residue as the putative catalytic base in rabbit sucrase and isomaltase (Asp-1396 and
Asp-503, respectively) and in human lysosomal c-glucosidase (Asp-518) (Quaroni et al.,
1976; Hermans et al., 1991). Mutation of this Asp of lysosomal c-glucosidase to its
amide form and mutation of the corresponding Asp residues in the w-amylase from B.
subtilis and CGTase from B. sp. I011 resulted in the loss of enzyme activity. The starch
binding capacity of the a-amylase and the CGTase was maintained, suggesting that the
Asp is essential for the reaction mechanism (Hermans er al., 1991; Nakamura ef al.,
1992; Takase er al., 1992). The function of Arg-233 in c-amylase from B.
stearothermophilus was studied by mutating this residue to Trp and Lys. The conservative
change to Lys resulted in a lowering of the specific activity to about 12% of the wild type
enzyme (Vihinen er al., 1990). Substitution by Trp, which is the alternative for the third
position in region II, resulted in total loss of activity (Holm et al,, 1990). In lysosomal o-
glucosidase the corresponding Trp-516 was substituted inversely by Arg and also this
manipulation resulted in the loss of catalytic function. The residues are evidently not
interchangeable despite the fact that only these and no other residues occur alternatively.
It is notable that all enzymes which contain only region II conserved, invariable have a
Trp on the third position and either an Asp or a Glu on the fifth position, whereas all
enzymes which contain all four conserved regions have invariable an Arg on the third
position and an Asp on the fifth.

Although glucoamylases contain region II, the homology with other «-glucan
degrading enzymes is lower (Svensson, 1988). Affinity labelling studies and site directed
mutagenesis have identified Asp-176 as the catalytic base and Glu-179 as the catalytic
acid of 4. niger glucoamylase (Svensson et al., 1990; Sierks et al., 1990).

The last residue of region II is a histidine (H) in almost all of the e-amylases and
CGTases. These enzymes need a Ca?" ion for stability and the His has been demonstrated
to be involved in the binding of this ion. In 4. niger a-amylase this function is taken over

by the Glu residue (Boel e al., 1990). Several amino acids of the second region have
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Table 3: o-glucanases compared in this study.

ENZYME SOURCE ABBRE- EC. REFER-
VIATION number ENCE
1 oc-amylase Bacillus licheniformis AMY B.li. 3.2.1.1 1
2 o-amylase Bacillus stearcthermophilus AMY B.st. 3.2.1.1 2
3 o-amylase Bacillus amyleliquefaciens AMY B.am. 3.2.1.1 3
4 o-amylase Bacillus subtilis AMY B.su. 3.2.1.1 4
5 cc-amylase Bacillus megaterium AMY B.me. 3.2.1.1 5
6 a-amylase Bacillus sp. B1018 AMY B.sp. 3.2.1.1 6
7 c-amylase Bacillus polymyxa AMY B.po. 3.2.11 7
8 o-amylase Streptomyces hygroscopicus AMY S.hy. 3.2.1.1 8
9 ce-amylase Schwanniomyces occidentalis ~ AMY S.oc. 3.2.1.1 9
10 a-amylase Xanthomonas campestris pv. AMY X.ca 3.2.11 16
campestris
11 c-armylase Aceromonas hydrophila AMY A.hy. 3.2.1.1 11
12 c-amylase (MAL S) Escherichia coli AMY E.co. 3.2.1.1 12
13 a-amylase (MAL Z) Escherichia coli AMY E.co’. 3.2.1.1 13
14 ce-amylase Aspergillus oryzac AMY TAA 3.2.1.1 14
{Takd-amylase)
15 e-arnylase (acid) Aspergillus niger AMY A.ni. 3.2.1.1 15
16 a-amylase Dictyoglomus thermophilum AMY B D.h. 3211 16
17 c-amylase Dictyoglomus thermophilum AMY C D.th, 3.2.1.1 16
18 oe-amylase Barley AMY Bar. 3.2.1.1 17
19 o-amylase Drosophila melanogaster AMY D.me, 3.2.1.1 18
20 oe-amyiase Rat AMY Rat 3.2.1.1 19
21 o-amylase Mouse AMY Mou, 3.2.1.1 20
22 w-amylase Pig AMY Pig 3211 21
23 c-amylase Human AMY Hum. 3.2.1.1 22
24 glucoamylase Clostridium sp. G0003 GA C.sp. 3.2.1.3 23
25 glucoamylase Aspergillus niger GA A.ni. 3.2.1.3 24
26 glucoamylase Aspergillus oryzae GA A.or. 3213 25
27 glucoamylase Aspergillus awamori GA A.aw, 3.2.1.3 26
28 glucoamylase Rhizopus oryzae GA R.or. 3.2.1.3 27
29 glucoamylase Saccharomyces cerevisiae GA S.ce. 3213 28
30 glucoamylase Saccharomyces diastaticus GA S.di, 3213 29
31 glucoamylase Saccharomycopsis fibuligera GA S.fi. 3.2.1.3 30
32 glucoamylase Schwanniomyces occidentalis  GA S.oc. 3.2.1.3 31
33 lysosomal Human GAA Hum. 3.2.1.3 32
ce-ghucosidase
34 oligo-1,6-glucesidase  Bacillus cereus OG B.ce. 3.2.1.10 33
35 oligo-1,6-glucosidase  Bacillus thermoglucesidasins QG B.th. 3.2.1.10 34
36  isomaltase Rabbit iSO Rab. 3.2.1.10 35
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ENZYME SOURCE ABBRE- EC. REFER-
VIATION number ENCE
37 isomaltase Human ISO Hum. 3.2.1.10 36
38 dextranase Streptococcus mutans DEX S.mu. 32111 37
39 maltase Saccharomyces carlsbergensis  MAL S.ca. 3.2.1.20 38
40 a-glucosidase Candida tsukubaensis AG C.ts. 3.2.1.20 39
41 pullulanase Klebsiella aerogenes W70 PUL K.ae. 3.2.1.41 40
42 neopullulanase Bacillus stearothermophilus NPL. B.st. not 4]
classified

43 a-amylase- Clostridium thermohydrosul-  APU C.th. not 42

pullulanase furicum classified
44 sucrase Rabbit SUC Rab. 3.2.1.48 35
45 sucrase Human SUC Hum. 3.2.1.48 36
46 cylcomaltodextrin Clostridium thermohydrosul-  CD C.th. 3.2.1.54 43

hydrolase furicum
47 maltotetrachydrolase Pseudomonas stutzeri G4 Pust. 3.2.1.60 44
48 maltotetrachydrolase Pseudomonas saccharophila G4 P.sa. 3.2.1.60 45
49 isoamylase Pscudomonas amyloderamosa  JTAM P.am. 3.2.1.68 46
50 maltohexaohydrolase Baciltus sp. #707 G6 B.sp. 3.2.1.98 47
51 branching enzyme Escherichia coli BRA E.co. 2.4.1.18 48
52 branching enzyme Synechococcus sp. BRA S.sp. 2.4.1.18 49
53 branching enzyme Zea mays L. BRA Z.ma. 2.4.1.18 30
54 CGT ase Klebsiclla pneumoniae CGT K.pn. 2.4.1.19 31
55 CGT ase Bacillus macerans CGT B.ma. 2.4.1.19 52
56 CGT ase Bacillus sp. #1011 CGT B.sp. 2.4.1.19 53
57  CGT ase Bacillus stearothermophilus CGT B.st. 24.1.19 54
58 CGT ase Bacillus circulans CGT B.ci. 2.4.1.19 35
39 amylomaltase Streptococcus pneumonia AMM S.pn. 2.4.1.25 36

*Yuuki ef al., 1985; *Nakajima er el., 1985; *Takkinen er al., 1983; ‘Yang ef al., 1983; *Metz et al., 1988;
“Itkor er al., 1990; "Uozumi er al., 1989; *Hoshiko er al., 1987; "Wu ef al., 1991; ' Hu ef af., 1992;
"Gobius & Pemberton, 1988; "Schneider et al., 1992; ®Tapio ef al., 1991; "Toda er al., 1982; “Boet e
al., 1990, “Horinouchi er al., 1988; "Rogers and Milliman, 1983; ®Boer & Hickey, 1986; "MacDonald ef
al., 1980; *Hagenbiichle er al., 1980; *Kiuh, 1981; ?Nakamura ef al., 1984; “Ohnishi ef al., 1992; *Boel
ef al., 1984, PHata et al., 1991; ®Nunbetg ef al., 1984; “Ashikari e al., 1986; ®Yamashita e al., 1987
¥Yamashita ef al., 1985; *ltoh e al,, 1987; *Dohmen er al., 1990; “Hoefsloot e al., 1988; ®Watanabe er
al., 1990; ¥Watanabe er al., 1991; ¥Hunziker ef al., 1986; ¥Chantret e al., 1992; YRussel & Ferretti,
1990; *Hong & Marmur, 1986; *Kinsella er al., 1991; *Katsuragi e al., 1987; *'Kuriki & Imanaka, 1989;
“Melasniemi er al., 1990; ¥ Podkovyrov & Zeikus, [992; “Fujita ef al., 1989; Zhou et al., 1989;
“Amemura e al., 1988; “Tsukamoto ef al., 1988; “Baecker ef al., 1986: “*Kiel er al., 1990; *°Baba e al.,
1991; *'Binder er al., 1986; *Takano ef al., 1986; ®Kimura er al., 1987; Sakai ef al., 1987; “Nitschke er
al., 1990; **Lacks ef al., 1982.
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A.miger and Lys-200 in pig pancreatic o-amylase (Matsuura ef al., 1984; Buisson ef al.,
1987; Boel et al., 1990; Klein and Schulz, 1991).

Also several residues from region III take part in substrate binding: Val-231 in o-
amylase from A.niger and Ile-235 and Asp-236 in pig pancreatic a-amylase (Matsuura et
al., 1984; Buisson er al., 1987). The first residue of region III, glutamic acid (E), is
conserved in all enzymes containing region III. Bases on crystallographic data this Glu
was proposed to be important for the catalytic function (Matsuura er al., 1984; Klein and
Schulz, 1991). The corresponding Glu of w-amylase from B. subrilis and of CGTase from
B. sp. #1011 was mutated to Gln to investigate its function. This substitution resulted in
exactly the same reduction of activity and retainment of starch binding capacity as was
observed by the substitution of the catalytic Asp to Asn in region II, confirming the
essential role of Glu in region III (Takase et al., 1992; Nakamura et al., 1992).

A similar effect was obtained when the sixth conserved residue in region IV,
aspartic acid (D) was substituted by Asparagine. This Asp was further identified as a
catalytic residue based on the crystal structures of the w-amylases from TAA and PIG,
and CGTase from B.circulans. Also the fifth residue, histidine (H) is extremely well
conserved, only c-amylase from S. Aygroscopis has a Tryptophan (W) at this position of
region IV. This His is probably involved in the binding of substrate {Matsuura et af.,
1984; Buisson ef al., 1987; Klein and Schulz, 1991).

Several enzymes capable of digesting raw starch have in addition to the four
regions mentioned above, a common C-terminal sequence motif. This motif was removed
from A. niger glucoamylase and B, circulans w-amylase. The activity of the truncated
polypeptides was studied on soluble and raw starch. The enzymes missing the C-terminal
domain retained full activity on soluble starch, but were no longer capable to bind to and
to digest raw starch. On the other hand, the isolated C-terminal peptide from B. circulans
could still be absorbed onto raw starch (Svensson er af., 1986; Kim ef al., 1992). This C-
terminal motif, which consists of 96 to 103 amino acids, has been recognized in several
other CGTases (Binder er al., 1986; Kimura et al., 1987; Sakai et al., 1987), in o~
amylases (Nakajima er al., 1985; Itkor et ol , 1990), in maliotetraose-forming amylase
from P. stutzeri (Fujita et al., 1989), in glucoamylase from A rwiger (Boel et al., 1984)
and in B-amylase from Clostridium thermosulfurgenes (Kitamoto er al., 1988). This motif

is the first example of a clear homology between B-amylase and other starch-degrading
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enzymes. Most q-amylases, however, do not have this domain, but can still attack raw-
starch. Thus, this domain is not universally required for the degradation of raw-starch
{Svensson, 1988; Svensson et al., 1989; Itkor ef al., 1990).

In surnmary

Most of the a-glucan degrading enzymes form a family of distantly related
proteins and are predicted to have a {(/er)g-barrel catalytic domain. They also contain four
short regions of homology. These regions play an important role in the binding of the
Ca’ jor and the substrate, and several residues take part in the catalytic reaction.
Although much is known about the mode of action, there is a disagreement about the
assignment of the catalytic residues of the o-amylases. The TAA crystal model suggests
that Glu-230 (region III) and Asp-297 (region IV) are the catalytic residues, whereas the
PIG crystal model selects Asp-197 (region II) and Asp-300 (region IV) for this role
(Matsuura et al., 1984; Buisson ef al., 1987),

The glucoamylases, human lysesomal a-glucosidase, rabbit and human sucrase and
isomaltase and «-glucosidase from C. rfsukubaensis contain a short active-site region that
compares to region II of the other a-glucanases, but lack the other three homologous
regions. They are not predicted by sequence analysis to have the c-amylase type (B/e)g-

barrel catalytic domain.
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CHAPTER 2

LYSOSOMAL «o-GLUCOSIDASE AND
GLYCOGEN STORAGE DISEASE TYPE II






LYSOSOMAL a-GLUCOSIDASE

AND

GLYCOGEN STORAGE DISEASE TYPE I

Introduction

Lysosomes and Ivsosomal storage disorders

Lysosomes are acidic, hydrolase-rich organelles in which biological macro-
molecules are degraded (deDuve, 1955; 1963). Lysosomes are actively involved in the
turnover of cellular components, in the process of cell renewal. Infectious agents such as
bacteria are destroyed in the lysosomes of macrophages and polymorphonuclear
granulocytes after phagocytosis. Also hormones and a variety of molecules that enter the
cell by receptor-mediated endocytosis are degraded in the lysosomes. In spite of the
digestive capacity of the lysosomes, the acid hydrolases and their associated (activator)
proteins as well as the lysosomal membrane proteins are relatively Iong-lived.,

The concept of lysosomal storage disorders was introduced by Hers in 1965 after
his finding of a lysosomal e-ghicosidase deficiency in the fatal condition known as
Pompe’s disease (Hers, 1963; 1965). In case of a genetically determined lysosomal
enzyme deficiency, undegraded macremolecular substrates would gradually accumulate
within the lysosomes and cause a progressive increase in the size and number of these
organglles. The ceilular pathology would eventually lead to malfunciion of the affected
organ. At present the primary defect of more than 30 different Iysosomal storage
disorders is known (for review see Neufeld, 1991). In by far the majority of disorders it
concerns the deficiency of a lysosomal hydrolase. Sometimes the disorder is caused by the
deficiency of a lysosomal enzyme activator, or finds its origin in the dysfunction of
enzymes, involved in the realization of lysosomal proteins. Salla disease and cystinosis
form a separate class of lysosomal storage diseases in that low molecular components
accumulate in the lysosomal interior because of a defect in an integral membrane protein
instrumental in their export. Lysosomal storage disorders are inherited as autosomal
recessive traits, with the exception of Fabry disease and Hunter disease which are X-
linked (Scriver et al,, 1989).
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The estimated incidence of most lysosomal disorders is 1 in 25,000 to 1 in
100,000, but for some diseases, for instance N-acetyl-c-galactosaminidase only 3 patients
are known worldwide so far (Van Diggelen er al., 1987, Desnick and Wang, 1990). In
certain ethnic groups the frequency of lysosomal disorders is much higher. Examples are
Tay Sachs disease among Ashkenazi Jews and French-Canadians, Gaucher disease type I
among Ashkenazi Jews and Gaucher disease type III among the Swedish Norrbottnian
population. Aspartylgluicosaminuria and Salla disease occur frequently among Finns (Aula
et al., 1979; Beaudet and Thomas, 1989; Barranger and Ginns, 1989; Sandhoff ef al.,
1989).

Synthesis and processing of lysosomal enzymes

Lysosomal proteins have a characteristic N-terminal sequence, the signal peptide,
that mediates their transport into the lumen of the rough endoplasmic reticulum (RER)
membrane. As soon as the signal peptide emerges from the ribosome it is identified by
the so called signal recognition particle (SRP) (Walter and Blobel, 1981a; 1981b).
Binding of the SRP to the signal peptide results in arrest of transiation. The SRP-
ribosome complex is then targeted to the RER membrane and attached to it via the SRP
receptor, also called the docking protein. The signal peptide interacts with the
translocation site in the RER membrane, whereafter the SRP is released and the
translation activity restored (Rapoport, 1990)., When the protein enters the RER
glycosylation starts with the en block transfer of an oligosaccharide precurser from
dolichol pyrophosphate to predetermined asparagine residues in the sequence Asn-Xxx-
Ser/Thr (Xxx may be all amino acids except Pro) (Marshall, 1974; Kornfeld and
Kornfeld, 1985). The composition of the lipid linked oligosaccharide precursor is (Dol-P-
P)-(GlcNAc),(Man),(Gic),.

Once attached to the nascent protein the oligosaccharide structure is subjected to a
variety of modifications. High-mannose, hybrid and complex type of N-glycans arise from
the differential processing of the Gle,Man,GlcNAc, structure. The modifications start in
the RER, and the nature and extent of the processing events in the Golgi apparatus
determine the final type of N-linked gliycan that is formed.

The terminal glucose residue is removed in the RER by a specific «-1,2
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glucosidase (o-glucosidase I). The two remaining glucose residues are subsequently
removed by a single «-1,3 specific glucosidase (o-glucosidase II). Both glucosidases are
located in the membranes of the RER together with a specific o-mannosidase that
catalyses the removal of at least one of the «-1,2-linked mannose residues before the
protein is transferred to the Golgi apparatus (Kornfeld and Kornfeld, 1985). Lodish and
Kong have suggested that glucose trimming is necessary for the exit of some
glycoproteins from the RER (Lodish and Kong, 1984). The newly synthesized lysosomal
proteins then are transported to the cis Golgi cisternae and traverse the stack of the Golgi
cisternae from the cis through the medial to the trans side by vesicular transport. Most
lysosomal enzymes and their activator proteins undergo a highly specific carbohydrate
modification, namely the phosphorylation of selective mannose residues, This is
accomplished by a phosphotransferase which transfers N-acetylglucosamine 1-phosphate
from UDP-N-acetylglucosamine to particular mannose residues (Reitman and Kornfeld,
1981; Waheed er al., 1981). Subsequently, N-acetylglucosamine-1-phosphodiesterase
cleaves off the N-acetylglucosamine residue to generate the active phosphomonoester
which is called the mannose 6-phosphate recognition marker (Waheed er al., 1981). The
phosphodiesterase is probably localized in the mid-Golgi cisternae (Lazzarino and Gabel,
1988). Phosphorylation of the oligosaccharide structure blocks further medification.
Unphosphorylated structures are attacked by Golgi mannosidases which stepwise remove
the outer five mannose residues. New complex type of structures are then build by the
consecutive action of N-acetylglucosaminyl-, fucosyl-, galactosyl-and sialyltransferases of
the mid and trans Golgi cisternae. The lysosomal proteins continue their way from the
trans Golgi cisternae to the Trans Golgi Network (TGN).

Lysosomal proteins with a mannose 6-phosphate recognition marker bind to
mannose 6-phosphate receptors (MPRs). This occurs most likely in the TGN (Griffiths
and Simons, 1986; Kornfeld and Mellman, 1989), Two distinct MPRs have been isolated
and characterized, the cation-independent and the cation-dependent MPRs. Both are
integral membrane glycoproteins with molecular masses of 270 and 46 kD, respectively
and they both participate in lysosomal enzyme sorting, although the cation-independent
MPR is the dominant receptor in this process (Kornfeld and Mellman, 198%).

The lysosomal enzyme-receptor complex exits from the TGN in a clathrin-coated

vesicle (Von Figura and Hasilik, 1986). These vesicles then fuse with an acidic
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endosomal comnpartment (late endosomes), where the low pH induces the lysosomal
proteins to be discharged from the MPR. The receptor recycles back to the TGN while
the Iysosomal proteins enter the lysosomes through fusion of late endosomes and
lysosomes.

Although the mannose 6-phosphate recepior pathway is important for lysosomal
enzyme targeting, there are alternative mechanisms for transport. Acid phosphatase for
instance, does not acquire the mannose 6-phosphate recognition marker, but is transported
to the lysosomes via the plasmamembrane, as a transmembrane protein (Waheed et al.,
1988; Braun er al., 1989). Glucocerebrosidase is not phosphorylated either and is

membrane asscciated but seems again to follow a different route (Aerts ef al., 1986}

Structural and functional feamres of lysosomal g-glucosidase

Lysosomal c-glucosidase is an exo-acting hydrolase with a pH optimum between 4
and 5. In the lysosomes it is able to degrade glycogen completely because of its capability
to cleave both the o-1,4 and the c-1,6 linkages (Jeffrey et al., 1970a; 1970b). Alsc other
a-glucans, as for instance soluble starch and S-limit dextrin can be hydrolysed (see also
Chapter Iy. Rabbit muscle lysosomal a-glucosidase was shown to hydrolyse in addition o-
1,2 and -1,3 linkages in disaccharides. The rate of hydrolysis for nigerose (with an o-
1,3 linkage} was as high as for maltose (Matsui er al., 1984). The lysosomal -
glucosidase activity is often assayed with the artificial substrate 4-methylumbelliferyl-o-n-
glucopyranoside. The enzyme is classified as an exo-1,4-a-D-glucosidase (EC 3.2.1.3)
since glucose is liberated in the B-configuration.

The human lysosomal c-glucosidase gene (GAA) has been mapped to chromosome
17921.2 - g23 (Sclomon er al., 1979; Nickel er al., 1982; Martiniuk et al., 1985). The
gene is approximately 20 kb long and contains 20 exons (Hoefsloot er al., 1990a;
Martiniuk er al., 1991a). It is transcribed and spliced in a mRNA of 3.6 kb and codes for
a protein of 952 amino acids (Hoefsloot et al., 1988; Martiniuk ez al., 1990a).

In virre translation of mRNA isolated from human liver cells reveals a protein of
approximately 100 kD. When canine microsomal membranes are added to mimic entrance
in the RER and to allow glycosylation, the apparent molecular mass increases (O

approximately 110 kD (Van der Horst et ol., 1987). An a-glucosidase precursor of the
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same size is found in cultured human fibroblasts. The 110 kD precursor contains high
mannose type of sugar chains and is phosphorylated and transported to the lysosomes
{Hasilik and Neufeld, 1980=a; 1980b; Reuser ef al., 1985, 1987). A part of the precursor
pool is secreted and contains complex next to high mannose type of carbohydrate chains
(Wisselaar ef al., 1993). The 110 kI precursor is proteolytically processed 1o a relatively
long lived 95 kD species. This occurs in the endosomal compartment or in the lysosomes
where also the mature lysosomal o-glucosidase species of 76 and 70 kD are formed
(Oude Elferink et al., 1984a; Wisselaar et al., 1993).

Lysosomal «-glucosidase is not only transported to the lysosomes, but is also
found at other locations. Application of immunccytochemistry has revealed the presence
of lysosomal co-glucosidase at the apical surface of epithelial cells and at the
plasmamembrane of transiently transfected COS cells, in which the enzyme was
overexpressed (Fransen et al., 1988, Oude Elferink et al., 1989; Hoefsloct er al., 1990b;
Willemsen et al., 1991; Klumperman et al., 1991). Membrane association, via an
uncleaved signal peptide, has been postulated to cause this unusual localization (Wisselaar
et al., 1993). Furthermore, the enzyme is secreted, in precursor form, by most cell types
and can be retrieved from the urine. Interestingly, the secreted precursor forms are
recognized by the MPR exposed at the plasmamembrane and transported to the lysosomes
(Oude Elferink er al., 1984b; Van der Ploeg er al., 1988a, 1938b; Hoefslcot e al.,
1990D).

Lysosomal o-glucosidase and glycogen metabolism

Deficiency of lysosomal «-glucosidase results in the accumulation of glycogen in
the lysosomes of nearly all types of cells. Therefore the disease associated with this defect
has been classified as one of the glycogen storage diseases. The term "glycogen storage
disease” covers a group of congenital hereditary diseases characterized by an abnormal
aggregation of glycogen in tissues (Hers et al.,1989). In 1954 Cori initiated a numerical
classification of the glycogen storage diseases (Cori, 1954). At present eight different
types of diseases with established enzyme defects are distinguished (Table 1). Figure 1
illustrates at what point the respective enzyme defects interfere with the glycogen

metabolism.
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Glycogen is metabolized by almost every ceil type, however, the control of
glycogen metabolism differs per cell type and is adapted to the particular requirements of
the cell. Liver and muscle are the two tissues in which glycogen metabolism is the most
intense. The liver store of glycogen can provide glucose to the blood for the benefit of
other tissues, particularly the brain during short periods of fasting. The blood glucose
level is maintained within strict limits by a complex regulatory mechanism of glycogen
synthesis and degradation in the liver. Normally the glycogen store in this organ is
relatively small and is exhausted after less than a day of fasting. The muscle usually
maintains a low glycogen reserve which is mobilized when oxygen or glucose declines
during strenuous muscular activity,

The enzymes involved in glycogen storage disease type I, III, V, VI VII and VIII
belong to the phosphorolytic pathway of glycogen degradation, and some are tissue
specific. The enzyme deficient in GSD IV is not involved in the degradation of glycogen

but is a transferase that forms the «-1,6 linkages in glycogen. The glycogen accumulating

Table 1: Numerical classification of glycogen storage diseases.

Type Enzyme deficiency Organ Disease
involvement

la glucose 6-phosphatase liver Von Gierke's disease

Ib G-6-P transtocase liver

11 lysosomal e-glucosidase muscle Pompe’s disease /
generalized glycogenosis

m debranching enzyme liver / muscle Forbe's disease / limited

{amylo-I,6-glucosidase) dextrinosis
v branching enzyme liver Andersen disease /

amylopectinosis

\Y% muscle phosphorylase muscie McArdle’s disease
VI tiver phosphorylase liver
Vil phosphofructokinase muscle Tarui disease
VIII phosphorylase b kinase « liver
phosphorylase b kinase 8 liver / muscle

phosphorylase b kinase
phosphorylase b kinase &
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Figure 1 : Schematic representation of glycogen metabelism.

Enzymes involved are printed in Italics. The Roman figures refer to the glycogen storage diseases
associated with the enzyme defects. VIII: Glycogen phosphorylase is regulated by phosphorylase b
kinase, Deficiency of this kinase leads to GSD VIII.

in this disease is structurally similar to amylopectin. In GSDII the cytoplasmic glycogen
metabolism is unaffected but the glycogen that has entered the lysosomes by autophagy

starts to accumulate as a result of a lysosomal a-glucosidase deficiency.

Clinical manifestations of glvcogen storage disease type 11
GSDII (acid maltase deficiency, glycogenosis type II) is clinically heterogeneous.

This has led to a somewhat arbitrary distinction of three clinical phenotypes based on age
of onset, rate of progression, severity of symptoms, and organ involvement. These are the
infantile, juvenife and adult subtypes.

Patients with infantile GSDII (Pompe’s disease, generalized glycogenosis) present
within the first few months of life with rapidly progressive weakness of the muscles, and

enlargement of the heart, liver and tongue. The patients have feeding problems and death
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occurs mostly before the age of 2 because of cardiorespiratory failure, Autopsy shows
massive intralysosomal accumulation of glycogen (8 to 15% of the wet weight of the
tissue) in liver, heart and skeletal muscie.

Juvenile GSDII presents clinically in infancy or early childhood as a myopathy,
Respiratory muscles tend to be selectively affected. The disease progresses relatively
slowly, and the usual cause of death is respiratory failure. Few patients survive beyond
the second decade. Glycogen excess in muscle is less marked and more variable than in
infantile GSDII, but in severely affected muscle it can be as high as 10% of the tissue wet
weight.

Adult GSDII presents as a slowly progressive myopathy which is frequently
associated with respiratory failure. Symptoms usually occur after the age of 20, and some
patients have been diagnosed with symptoms starting at the age of 50 (Loonen et al.,
1981; Engel er al., 1985; Chancellor e al., 1991). The myopathy affects primarily the
torso and limb muscles and may selectively involve individual muscles or isolated areas of
a muscle. Death usually results from respiratory failure. Lysosomal glycogen storage is
observed in clinically affected muscles but seldomly exceeds 5% of the wet weight of the
tissue.

The residual lysosomal e-glucosidase activity determines in general the clinical
severity of the disease. Residual enzyme activity is virtually undetectable in infantile
GSDII whereas adult patients can have as much as 25% of the normal activity (Mehler
and DiMaure,1977;, Shanske er al., 1986; Reuser er al., 1978, 1982, 1987; Van der
Ploeg er al., 1987, 1988, 1989; Hoefsloot er al., 1990c). Nevertheless, several exceptions
have been reported of adult patients with unusually low residual lysosomal c-glucosidase

activity (Beratis et al., 1983; Reuser ef al., 1987).

Abnormalities in lysosomal o-glucosidase realization

A number of different defects can be envisaged to lead to a deficiency of a
lysosomal enzyme. The corresponding gene can be completely or partially deleted.
Mutations in the regulatory sequences of the gene can block transcription, whereas splice
site mutations can result in defective mRNA. Small insertions and deletions can resuit in a

frame-shift whereby premature stopcodons are introduced. Aberrant mRNA’s may be
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unstable. Point mutations causing amino acid substitutions can lead to several
abnormalities. They may result in the synthesis of an unstable precursor protein, a protein
which is impaired in transport and proteolytic processing or in an apparently normal
mature protein which is catalytically inactive,

The great diversity of abnormalities in the realization of lysosomal o-glucosidase
in cultured fibroblasts and muscle cells of GSDII patients predicts the existence of a
multiplicity of mutant alleles. Patients have been described without detectable synthesis of
lysosomal «-glucosidase (Beratis ef al., 1983; Reuser ef al., 1985; Van der Ploeg er al.,
1989). Other patients demonstrate a normal synthesis of the lysosomal o-glucosidase
precursor but the proteolytic processing to mature enzyme is severely impaired. In one of
these latter cases, the precursor seemed to be about 5 kD smaller than the normal
precursor of 110 kD (Van der Ploeg et al., 1989). A 108 kD precursor was produced by
another patient, due to the lack of a glycosylation site, and there was a phosphorylation
defect, in addition (Reuser et al., 1985; Hermans ef al., 1993b, Chapter 5). Most adult
patients synthesize an apparently normal 110 kD precursor, in reduced amount, which
then results in a lower than normal amount of mature erzyme in the lyscsomes (Reuser
and Kroos, 1982; Reuser et gl., 1985, 1987). In several of these patients the specific
activity and the stability of Iysosomal o-glucosidase were not altered (Reuser and Kroos,
1982). These examples illustrate the scala of the abnormalities in the c-glucosidase

realization and predict existence of allelic heterogeneity.

The experimental work

The gene coding for lysosomal o-glucosidase and many other lysosomal enzymes
have been cloned. Their sequences have revealed some structural features common to all
these enzymes (For review see Neufeld, 1991) for instance the N-terminal signal peptide
for import of the enzyme into the lumen of the RER and the potential sites for N-linked
glycosylation. But the primary sequence is not telling which potential N-linked
glycosylation sites are actually used and which of the carbohydrate chains are
phosphorylated in the Golgi complex. Also the exact sites of proteolytic cleavage and the

location of the catalytic centre and substrate binding sites can not be deduced solely from

47



the primary sequence.

The experiments described in this thesis were performed to provide more insight
in the structure-function relationship of lysosomal o-glucosidase. The studies were aimed
at defining the catalytic site (Chapter 3), and the glycosylation and phosphorylation sites
(Chapter 4). A second aim was to identify the mutations responsible for the lysosomal e-
glucosidase deficiency in patients with various clinical forms of GSDII (Chapters 5 - 10).

The following paragraphs provide a brief introduction and discussion of the experimental

work,

The catalytic domain

An essential tool for the identification of the catalytic site domain of lysosomal o-
glucosidase (Chapter 3, Hermans er al., 1991a) has been the active site directed inhibitor
conduritol B epoxide (CBE) which had been used before to identify the catalytic site
domains of sucrase and isomaltase (Quaroni and Semenza, 1976). CBE acts as a substrate
analogue and binds covalently to the essential catalytic site residues. The reaction
mechanism is similar to the one described for hydrolases in Chaprer 1 (Figure 2).
Because of the structural homology between sucrase, isomaltase and Iysosomal o-
glucosidase it was assumed that CBE would also act as a substrate analogue for lysosomal
c-glucosidase, and therefore could be used to identify the catalytic residue. The kinetics
of inhibition were indeed those of an active site directed inhibitor, and with the use of
CBE, Asp-518 of lysosomal e-glucosidase was identified as the most likely candidate for
being the catalytic base. This conclusion was further supported by the loss of catalytic
activity upon substitution of Asp-518 by the amino acid residues Glu, Asn and Gly, The
substitutions were introduced by site directed mutagenesis of the ¢cDNA, and their effect
was studied by expression of the cDNA in transfected COS cells. The fact that even the
most subtle mutation from Asp-518 to Glu is not tolerated suggest that the spatial
conformation of the B-carboxy! group at position Asp-518 is mechanistically essential.
Other substitutions introduced in the active site domain of lysosomal o-glucosidase were
Asp-513 to Glu and Trp-516 to Arg. The former alteration was chosen to study
specifically the function of Asp-513, conserved in the ¢-glucanases evolutionary related to

lysosomal e-glucosidase {see Chapter 1, Table 2). Quite unexpectedly it appeared that the
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Figure 2 : Schematic representation of the inhibition of lysosomal «-glucosidase by conduritol B
epoxide (CBE). CO,H is the catalytic acid and CO; the catalytic base of lysosomal o-glucosidase,
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homologous substitution of Asp-513 by Glu interfered with the post-translational
modification of lysosomal a-glucosidase. The Trp-516 to Arg substitution was performed
for reason that the w-glucanases containing domains 1, II, III and IV have an Arg in
domain II at a position where lysosomal o-glucosidase and other o-glucanases with only

domain II conserved have a Trp (see Chaprer I, Table 4). Loss of activity was observed.

Glycosylation and phosphorylation

Glycosylation on asparagine residues in the sequence Asn-Xxx-Ser/Thr is an
important event in the post-translational processing of lysosomal enzymes. Most of these
enzymes require a mannose O-phosphate recognition marker constructed on N-linked
oligosaccharide chains for efficient targeting to the lysosomes.

In lysosomal o-glucosidase the actual number of glycosylation sites was
determined by individually eliminating the seven potential glycosylation sites through site
directed mutagenesis. The influence of each of these glycosylation sites on the transport
and catalytic function of the emzyme was investigated and is described in Chaprer 4
{(Hermans er «l, 1993a). All seven potential sites of lysosomal o-glucosidase are
glycosylated. Omnly elimination of the second glycosylation site at Asn-233 interfered
dramatically with the intracellular transport and the maturation of lysosomal o-
glucosidase. The exact number of phosphorylation sites could not be established.

In the light of recemt findings on lysosomal enzyme glycosylation and
phosphorylation the possibility has to be considered that some of the carbohydrate chains
of lysosomal e-glucosidase are preferentially phosphorylated, but that phosphorylation of
the other sites is not excluded. To give some more information on these fascinating new
findings the following three paragraphs give a brief summary of the recent literature.

The glycosylation and phosphorylation of only a few lysosomal proteins had been
studied in detail. The results are the following. Four of the five glycosylation sites in 8-
hexosaminidase § and all three potential sites of S-hexosaminidase « are glycosylated
(Sonderfeld-Fresco and Proia, 1989; Weitz and Proia, 1992). No catalytic activity is lost
when individual glycosylation sites are deleted. When all three glycosylation sites of 8-
hexosaminidase o are eliminated the protein is trapped in the lumen of the endoplasmic

reticulum and is catalytically inmactive. It was found as an insoluble aggregate in a
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complex with the resident ER protein BiP (Weitz and Proia, 1992). In both B-
bexosaminidase o and [ chains the oligosaccharides which are preferentially
phosphorylated have been identified. There are two preferred phosphorylation sites in 8-
hexosaminidase 8 and one in §-hexosaminidase ¢, The single site in S-hexosaminidase o
corresponds to one of thé two sites in f-hexosaminidase 3. In cathepsin A (protective
protein) both potential sites are glycosylated. Only the carbohydrate chain on the 32 kD
subunit is phosphorylated (Morreau et al., 1992). There are three potential glycosylation
sites in arylsuifatase A of which only two are normally utilized (Waheed et al., 1983).
But when the regular sites are efiminated, the third is used. Giycosylation at sites T and II
appeared to be mutually exclusive (Gieselman er al., 1992). Each of the three
carbohydrate chains can become phosphorylated when present singly. Gieselman et al.
hypothesized that the ability of the phosphotransferase to phosphorylate oligosaccharides
irrespective of their location in arylsulfatase A mutants indicates that after binding the
phosphotransferase searches the surface of the protein for mannose-containing
oligosaccharides (Gieselman er al., 1992).

It is now known that the phosphotransferase which initiates the phosphorylation of
the mannose 6-phosphate residues in lysosomal enzymes recognizes a conformational
determinant on Iysosomal enzymes. In cathepsin D this determinant is made up of at least
two noncontinuous regions (Lang et al., 1984, Baranski er al., 1990; Baranski er al.,
1991). When both these regions of cathepsin D were replaced by homologous regions of
the secretory protein glycopepsinogen the resultant chimeric protein was poorly
phosphorylated. However, when either of these regions was substituted individually the
chimeric proteins were phosphorylated rather well (Baranski er al., 1992). Tt appeared
that this latter phosphorylation was dependent on the presence of amino acid sequences in
the amino lobe of procathepsin D. Baranski er al. (1992) have postulated two different
models to explain these results. In the "independent recogpition site" moclei cathepsin D
contains two independent phosphotransferase recognition sites, one on the amino lobe and
one on the carboxyl lobe of the protein. The carboxyl lobe would be the most potent
recognition site. The “single extended recognition site" model assumes that carboxyl lobe
elements as weil as regions of the amino lobe form the recognition site. However, any
model of phosphotransferase action must solve the problem of how this enzyme can

interact with many different lysosomal enzymes. It was suggested that the binding of the
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phosphotransferase may involve multiple contact sites extending over a broad surface to
the lysosomal enzyme, with only a portion of these required to generate a functional
interaction (Baranski e al, 1990). The single extended recognition site model is
compatible with this view.,

Cantor and Kornfeld (1992) eliminated the natural glycosylation sites of cathepsin
D and created new glycosylation sites widely distributed over the surface of the molecule.
They found that the oligosaccharides at each glycosylation site were phosphorylated, but
that sites located closer to the essential components of the phosphotransferase recognition
domain were phosphorylated better than oligosaccharides located further away. These
results fit with either model that lysosomal enzymes contain one extended recognition site,
or that there are two independent phosphotransferase recognition sites (Baranski et al.,
1992; Cantor and Kornfeld, 1992).

Mutation analysis in GSDII

As mentioned in the introduction to the experimental work genetic heterogeneity
was likely to occur in GSDII because of the variety of abnormalities observed in the
realization of lysosomal c-glucosidase in fibroblasts and muscle cells of patients. To
establish the genetic defect(s) and to study the structure-function relationship of lysosomal
a-glucosidase, mutation analysis was performed in different types of patients with GSDII.
The patients were selected on the basis of an exceptional abnormality in lysosomal o-
ghicosidase realization or because of an apparent discrepancy between the clinical
phenotype and the level of residual enzyme activity.

An American black patient with adult GSDII (GM1935) studied in Chapter 5
(Hermans er al., 1993b) was first described by Beratis ¢t al. (1983) to have a residual
Iysosomal «-glucosidase activity in fibroblasts of only 1-3% and to be deficient in
lysosomal o-glucosidase protein. This was considered unusual since the residual activity
tends to be higher in adult GSDII (Mehler and DiMauro,1977; Reuser et al., 1978, 1982,
1987; Van der Ploeg et al., 1987; Hoefsloot ef al., 1990c). Upon further analysis the
synthesis of lysosomal «-glucosidase appeared to be normal, but the phosphorylation of
the precursor was deficient and processing did not occur (Reuser er al., 1985; 1987). In

Chapter 5 it is shown that the molecular mass of the precursor is lower than normal and
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that this is caused by the Jack of one of the glycosylation sites. Sequence amalysis of the
lysosomal c-glucosidase gene of the patient revealed four deviations from the known
sequence, leading to amino acid substitutions. One substitution (Arg-854 — Stop) was
located in a "silent" allele, not expressed at the mRNA level. The other three substitutions
(Asp-645 — Glu, Val-816 — Ile and Thr-927 — lle were located in the second allele.
Since the Thr-927 — Ile substitution eliminates the consensus sequence of the seventh
glycosylation site (see Chaprer 4), it explains the lack of an oligosaccharide chain. The
remaining two substitutions Asp-645 — Glu and Val-816 — Ile are both conservative and
hence it was unpredictable which one would be the disease causing mutation. To make
this distinciion the mutations were introduced individually in the wild type Iysosomal o-
glucosidase cDNA via site directed mutagenesis and expressed in COS cells. The Asp-645
= Glu mutation was found to be responsible for the abnormalities in enzyme realization
and loss of function, whereas the Val-816 — Tle substitution remained without effect. An
increase in the rate of processing of the lysosomal o-glucosidase precursor having the
Thr-927 — Ile substitution was observed but the catalytic function of the enzyme was
unaffected. Hence, Val-816 versus lle-816 and Thr-927 versus Ile-927 are polymorphic
forms of lysosomal w-glucosidase. The results are at variance with those published by
Martiniuk et al. (1991b}. Chapter 6 reports on the occurrence of these polymorphisms
among sevenieen healthy American blacks (Hermans et al., 1993c). The Ie-927 allele
occurred with a frequency of 0.21, and the Ile-816 allele with a frequency of 0.18. Ile-
816 was in each case linked to Ile-927 in the same allele.

Three patients with a similar type of defect in enzyme realization are described in
Chaprers 7 and 8. In Chapter 7 it concerns a comparative study of two Dutch patients,
one with a juvenile and the other with an adult form of GSDII. The patients were known
to have a normal synthesis and phosphorylation of the lysosomal a-glucosidase precursor
in cultured fibroblasts but a virtually complete deficiency of processing. The residual
enzyme activity in the adult patient was low (3%), but twice as high as in the juvenile
patient (Reuser er al., 1985: 1987). By mutation analysis, the juvenile patient turned out
to be a genetic compound. One allele had a mutation resulting in the substitution of Pro-
545 by Leu. The second allele had a one base pair deletion at position 525 (AT-525)
causing a frame-shift and resulting in a premature stop codon at position 660-662. The

adult patient appeared unexpectedly to be homozygous for the allele coding for the Pro-
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545 - Len substitution. When expressed in COS cells the A-325 allele did not result in
any detectable enzyme formation and the Pro-545 - Leu substitution resulted in the
realization of lysosomal c-glucosidase activity at 8% of the normal level. Since the adult
patient has two copies of the Leu-545 allele compared to the juvenile patient who has only
one, the mutation analysis explains why the adult patient has twice as much residual
lysosomal c-glucosidase activity as the juvenile patient. It is therefore concluded that gene
dosage accounts for the different clinical phenotype of the two patients. In Chapter 8 it
concerns another patient with adult GSDII. This patient was identified by mutation
analysis as a genetic compound in spite of the fact that her parents were first cousins
(Trend ez al., 1985). The mutations found are causing the substitutions of Gly-643 by Arg
and Arg-725 by Trp. Also these substitutions were proven not to interfere with the
synthesis of the lysosomal a-glucosidase precursors but with its intracellular transport and
maturation (Hermans ef al., 1993d).

The lysosomal c-glucosidase genotypes of four patients with infantile GSDII are
described in Chapters 9 and 10. The first study (Chapter 9) concerns two siblings of a
consanguineous Indian family from South Africa. Previously it was shown that the
cultured fibroblasts of these patients were completely devoid of lysosomal a-glucosidase
activity, and that the lysosomal a-glucosidase precursor although normally synthesised
had a decreased molecular mass (Van der Ploeg er al., 1989). The patients appeared to be
homozygous for a mutant allele resulting in the substitution of Glu-521 by Lys, three
amino acids downstream from the essential carboxylate at Asp-518 (Chapters I and 3).
The inversion of charge introduced by the Glu-521 to Lys substitution in the catalytic site
domain results in an abnormal electrophoretic mobility of the patient in SDS-PAGE and is
therefore responsible for the decrease in the apparent molecular mass of the precursor.
(Chapter 9) (Hermans et al., 1991b). A third patient with infantile GSDII also appeared
to have an amino acid substitution in the catalytic site domain, namely Met-519 by Thr.
The patient was a genetic compound. The second allele was silent, The detailed results
are described in Chapter 10 which also reports on a fourth patient with infantile GSDII.
Also this patient had one silent allele and one transcribed allele. The mutation identified
in the transcribed allele causes the substitution of Gly-478 by Arg. Expression studies
show that neither the Met-519 — Thr, nor the Gly-478 — Arg substitution affects the

synthesis of the mutant lysosomal c-glucosidase precursor. However, the catalytic
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function is impaired in both cases and the transport from the RER to the Golgi is
probably delayed. As a consequence of the latter the secreted mutant precursor molecules
have more complex type of oligosaccharide structures than usual and their apparent
molecular mass on SDS-PAGE is higher than normal. In all four cases of infantile GSDII
investigated the realizatibn of lysosomal a-glucosidase activity is completely lost in
accordance with the severe clinical phenotype of the patients.

In addition to the mutation analyses described in this thesis (Chapters 5-10) Zhong
et al. (1991) have identified the mutant alleles of a patient with infantile GSDII. Also this
patient was a genetic compound with one silent allele and one allele carrying a point
mutation resulting in the substitution of Met-318 by Thr. This substitution was predicted
to give major changes in the secondary structure and to create a new potential
glycosylation site at Asn-316. It was not investigated whether this pew site was actually
used.

In the context of mutation analysis an interesting observation was made by
Martiniuk er al. (1990b) when analyzing the sequence of the GAA2 allele. This is a
variant allele of human lysosomal «-glucosidase that encodes for an enzyme with a
normal catalytic activity for 4-methylumbelliferyl-a-D-glucopyranoside but a low affinity
for glycogen. It concerns by definition a polymorphism since individuals homozygous for
this allele do not suffer from GSDII (Swallow et al., 1975; 1989). The sequence
alteration compared to the much more frequent GAA1 allele (called wild type sequence in
this thesis) is a substitution of Asp by Asn at amino acid position 91. The finding was
completely unexpected since Asp-91 is located in the amino terminal propeptide of the
lysosomal o-glucosidase precursor, that is no longer present in the mature enzyme.
Nevertheless, it affects the affinity of this mature enzyme for glycogen, suggesting that
the propeptide has an early decisive effect on the final conformation of lysosomal «-
glucosidase (Wisselaar er al., 1993). Figure 3 summarizes the structural and functional
aspects of lysosomal «-glucosidase. The sites of proteolytic processing, the location of the
catalytic base and the glycosylation sites are indicated. Also included in this figure are the
results of mutation analyses. In addition to the mutations shown in Figure 3, silent alleles
were identified, each of which could represent an unique mutation. It is notable that the
mutations identified so far in the lysosomal c-glucosidase gene are all located between the

amino- and carboxylterminal boundaries of the mature enzyme. Considering the striking
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Figure 3: Schematic representation of lysosomal e-glucosidase.

The different processing forms of the enzyme are indicated in kD. The glycosylation sites are
symbolized with G. The amino acid residues are shown in the one letter codes. I, J and A represent
infantile, juvenile and adult GSDII, respectively.



structural and functional homology between lysosomal c-glucosidase, rabbit and human
intestinal sucrase and isomaltase, ghicoamylase from Schwanniomyces occidentalis, and o~
glucosidase from Candida tsukubaensis, it is interesting to note that most of the lysosomal
a-glucosidase mutations identified so far, are located in highly conserved domains. The

allelic constitution of patients with GSDII are summarized in Table 2.

Table 2: Allelic constitution of patients with GSDIL.

Phenotype Genotype Reference

Infantile Lys-521/Lys-521 Hermans et al., 1991b
The-519/silent Chapter 10
Arg-478/silent Chaprer 10
Thr-318/silent Zhong et al., 1991

Juvenile Leu-545/silent (AT-525) Chaprer 7

Adult Leu-545/Leu-545 Chapter 7
Glu-645/silent Hermans e al., 1993b
Arg-643/Trp-725 Hermans et al., 1993d
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The substrate analogue conduritol B epoxide (CBE)
is demonstrated to be an active site-directed inhibitor
of human lysosomal a-glucosidase. A competitive mode
of inhibition is obtained with glycogen as natural and
4-methylumbelliferyl-a-p-glucopyranoside as artifi-
cial substrate. The inactivation of the enzyme is time
and concentration dependent and results in the cova-
lent binding of CBE. Catalytic activity is required for
binding to oceur. CBE-iabeled peptides containing the
catalytic residue of lysosomal a-glucosidase were iso-
lated and identified by mierosequencing and amino
acid analysis. The peptides appeared to originate from
a protein domain which is highly conserved among o-
amylases, maltase, glucoamylases, and transglucano-
sylases, Based on the sequence similarity and the mech-
anism of CBE binding, Asp-518 is predicted to be the
essential carboxylate in the active site of lysosomal a-
glucosidase. The functional importance of Asp-518 and
other residues around the catalytic site was studied hy
expression of in wvitro mutagenized a-glucosidase
eDNA in transiently transfected COS cells. Substitu-
tion of Asp-513 by Glu-513 is shown to interfere with
the posttranslational modification and the intraceilu-
lax transport of the a-glucosidase precursor. The resi-
dues Trp-516 and Asp-518 are demonstrated to be
critical for catalytic function.

The lysosomal enzyme a-glucosidase (EC 3.2.1.3) hydro-
lyzes at low pH (pH 4-5} both «-1,4 and &-1,6 linkages in the
natural substrates glycogen, maltose and isomaltese (Jeffrey
et al,, 1970a, 1970b). Deficiency of this enzyme in human and
animal species results in glycogenosis type I or Pompe's
disease, a recessively inherited lysosomal glycogen storage
disocder (Hers, 1963).

Information on the primary structure of iysosomal c-glu-
cosidase has been obtained via molecular cloning and analysis
of cDNA and genomic sequences (Hoefsloot et al., 1988, 19904,
1990b; Martiniuk et el. 1990). The cDINA codes for & protein
of 852 amino acids with an apparent moalecular mass of 110
kDa. The seven potential glycosylation sites of the precursor
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costs of publication of this articie were defrayed in part by the
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are &ll used,' and some of the carbohydrate chains are phos-
phorylated {(Hasilik and Neufeld, 1980; Reuser et al., 1985) In
addition to glycosylation and phosphorylation, the maturation
of a-glucosidase involves proteolytic pracessing at both the
amine- and the carboxyl-terminal endis. It results in the
formation of two lysesomal species of 76 and 70 kDa (Reuser
et al,, 1985; Oude Elferink et al., 1985; Eoefsloot et al, 1983).
A molecular species of 95 kDa has been identified as a proc-
essing intermediate.

With respect to the functional characteristics of lysosomal
a-glucosidase, it was informative to discover a remarkable
sequence sitnilarity with the disaccharidases sucrase and iso-
maitase. Structural conservation of the active site of the three
enzymes seemed likely because of overlapping substrate spec-
ificities (Hunziker et al., 1986; Hoefsloot et al, 1988). With
this in mind we have tested whether conduritol B epoxide
(CBE},* an active site- directed inhibiter of sucrase and iso-
maltase (QGuaroni et al. 1974) could be used to label the
cataiytic residue of lysosomal a-glucesidase.

CBE is & well known inhibitor of g-glucosidese {Grabowski
et al., 1986; Dinur et al., 1986}, and its mechanism of action
has been described in detail (Legler, 1873; Grabowski et af,
1884). The compound ncts as substrate analogue and binds
covaiently to a carboxylate. Aspartate and glutamate are the
preferential catalytic residues (Herrchen and Legler, 1984;
Dinur et al, 1986). Sucrase and isomaltase are among the few
a-glucosidases shown to be sensitive to inhibition by CBE
(Legler, 1973; Quaroni et al,, 1974). The inhibitor was shown
to bind to isomaltase and sucrase in a ratio of 1 mol of
inhibitor/1 mol of engyme, and more specifically to the §-
carboxyl group of the aspartic acid resicues at positions 505
and 1249, respectively (Quaroni and Semenza, 1976; Hunziker
et al., 1986).

In the present study we have used CBE to identify the
catalytic site of lysosomal a-glucosidase, and we have studied
the role of potentielly important amino acid residues in the
catalytic site region by expressing mutagenized a-glucesidase
cDNA in mammaiian cells,

MATERIALS AND METHODS3

Biochemical Assays—Lysosomal a-glucosidese was purified from
human placenta as described previoualy (Reuser et af, 1985). The
enzymatic activity was mensured with 4-methylumbelliferyi-a-p-glu-
copyranoside (4-MU) (Reuser et al, 1978) and with glycogen (Koster
et al, 1972). Protein concentrations were determined sccerding to
Lowry ez al. (1951).

! M. M. P. Hermans, unpublished results.

“The abbreviations used are: CBE, conduritol B epoxide: 4-MU,
$-methylumbeltiferyl-a-D-glucopyranoside; SDS-PAGE, sedium do-
decyl suifate-polyacrylamide gel electrophoresis; HPLC, high per-
formance liguid chromatography,
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The kinetics of eazyme inhibition hy CBE was analyzed using -
MU and glycogen &s substzates in 0.2 M sodium acetate, pH 4.3, with
150 and 30 ng of purificd placental a-glucosidase, respectively,

To study binding of CBE te human placental a-glucosidase, the
inhibitor was added to LG ug of active or heat-inactivated enzyme in
u final concentration of 10 mM, in 20 mM sodium acetate, pH 4.3.
Heat inactivaticn was perfcrmed for 1 min at 100 “C. After incubation
the different molecular forms of the protein were separated by SDS-
PAGE (Laemmli, 19701, and stained with Coomassie Brilliant Blue,

Isoiation of CBE-labeled Peptides—Placental a-glucosidase was
incubated with CBE {1 xmol/50 ug of protein) in 20 mM sodium
acetate, pH 4.3, for 7 Iy at 37 *C, and then dialyzed against 100 uM
ammeniwm bicarbonate, pH 8.5, The protein was digested with tryp-
sin-L-1-tosyl-amido-2-phenylethyl chloromethyl ketone (Cooper
Biomedical) for 24 h at 37"C. The peptides were recovered by
tyaphilizetion and dissolved in 50% acetonitrile and 0.05% trifluoro-
acetic acid. The samples were subjected to reverse-phase HPLC by
using 8 RP-8 column (Merck). The peptides were eluted with a 0-
100% acetonitrile gradient, at a flow rate of 3.5 mi/min. Fractions
were collected and the selected peptides were recovered by lyophili-
zation. An aliquot of ench sample was used to determine the amino
acid sequence of the peptide. The remainder was divided and dissclved
in 100 gM ammonium bicarbonate, pH 8.5, for incubation with
chymotrypsin {24 h at 37 “C) or in 25 mM ammonium bicarbonate,
pH 7.8, for digestion with V8 protease {16 h at 25 *C followed by 4 h
at 37 *C). The digests were subjected to reverse-phase HPLC as
described above. [solated peptides were sequenced on an Applied
Biosystems Sequencer (477A) on line with a phenylthiohydantoin
analyzer (120A). Peptides were hydrolyzed in 6 N HCI, for 24 h at
106 'C, and the amino acid analysis was corried out on a 420A
Derivatizer (AB I}, on tine with a 130A Separation System using the
precolumn derivatization method with phenylisothiceyanate,

Construction of Mutenis—Site-directed mutagenesis was carried
out using the Muta.Gene™' in vitro Mutagenesis Kit from Bio-Rad
based on the method developed by Kunkel {1985). The oligonuclec-
tides used in this study were synthesized on an Applied Biosystems
38LA DNA synthesizer and are listed in Table 1.

The full-length human lysosamal a-glucosidase cDNA (Hoefsloct
2t al, 1988) cloned inte M13mp12 was used to transform Escherichia
eoli CJ236 {dut”,ung”). Single-stranded DINA containing uracil resi-
dues was isoloted from phoges to serve as template in the mutagenesis
reaction. The phosphorylated oligonucleotides were annealed to the
template. Extension tovk place with T4 DNA polymerase and ligation
with T4 DNA ligase. Small aliguots of the in bizro synthesized double-
stranded DNA were used to transform £. coli DHSaF” {(dut” ung”), in
which the mutagenized strand is replicated preferentially, Twelve
plagues were selected and phages were spotted onto nitrocellulose
filters with a slot-blot apparatus. To identify mutants the filter was
hybridized at room temperature with the *P-labeled oligonucleotide
used for mutagenesis and was washed at two to three degrees below
the estimated melting temperature (Wallace et af., 1981). Mutant
cDNAs were cloned in the eukaryotic expression vector pSG5 (Green
et al., 1988). The presence of the mutation was verified by double-
stranded DNA sequencing with the sequenase™ sequencing kit ac-
cording 1o the instructions of the manufacturer (Pharmecia LKB
Biotechnology Ine.) using as primers oligonuclectides complementary
to the ¢cDNA,

Transient Expression in CO8 Celis—COS-1 cells (Gluzmen, 1981)
were cultered in Dulbecco’s modification of Eagle's medivm supple-
mented with fetal calf serum (10%) and antibiotics under 10% CO;,
a1 37 "C. The transfection protocol was as described before (Hoefsloot

TaBLE {
Oligonucleatides used for mutagenasis

D518 5" ATGTGGATTGACATGAACGAG 3’
G518 5’ ATGTGGAT'T&)ATGAACGAG 3’
Nb18 5’ ATGTGGATT:’LleATGAACGAG 3’
E518 5’ ATGTGGATT&L::ATGMCGAG 3’
R&i6 5 GACGGCATGE?L‘I.»\'ITGACATG 3’
E513 5 GCCC’I‘TCG;A:(;'(?CATGTGGAT 3’

Glu
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et al., 1980a}). The cells and the culture medium were harvested at 80
h after transfection. Cell homogenates were made by repeated freezing
and thawing of cell peilets in distilled water.

Lysosomn! a-glucosidase aetivity in the cell homogenate and the
¢ulture medium was measured with 4-MU and with glycogen substrate
s described above.

Immunoblotting—Polyelonal rabbic antibodies against human ly-
sosomal o-glucosidase were used together with Staphylaceccus aureus
membranes (Bethesda Research Laborateries) or protein A-Sepha-
rese beads {Pharmacia) to immunoprecipitate lysosomal a-glucosi-
dase from the cell homogenate and the culture medivm. When indi-
cated, immunoprecipitated enzymes were incubated with 10 mym CBE
for 7 h et 37°C in 0.2 ¥ sodivm acetate, pH 4.3. The differenc
molecular forms of the procein were separated by SDS-PAGE (Laerm-
mli, 1970) and subsequently blotted onte nitrocellulose filters (Tow-
bin et al,, 1979). Lysosomal a-glucosidase was visualized with poiy-
clonal rabbit antibodies against human lysosomal a-glucosidase in
combination with *1-labeled protein A. The blots were exposed to
Kodak XAR films.

RESULTS

Binding of CBE to Lysosomal a-Glucosidase—The inhibi-
tion of lysosomal e-glucosidase by CBE was studied. Saturable
first order kinetics of inactivation were observed, which in-
dicates that a transient reaction intermediate is formed prior
to the covalent binding of enzyme and inhibitor {Fig. 1). The
Lineweaver-Burk plots show a competitive mode of inhibitien.
The 1/[8} intercept provides the —1/Kn (L+[1)/K) values, in
which iI] represents the inhibitor concentration. The caleu-
lated K value is 11 mm with 4-MU and 7 mg/ml with glycogen
as substrate.

‘The covalent binding of CRE to lysosomal a-glucosidase is
further illustrated in Fig. 2. A 7-h incubation of the enzyme
with the inhibitor at 37 *C resulted in a mobility shift in 8DS-
PAGE. A minor part of the enzyme molecules remained
unmodified. The mobility shift was-not observed when the
enzyme was inactivated prior to incubation with CBE (Fig.
2). This illustrates that the observed effect is not solely caused
by the presence of CBE in the sample mixture but is actually
due to the binding of CBE via a catalytic reaction.

Tsolation of CBE-labeled Peptides—To identify the catalytic,
CBE-binding residue of lyscsomal a-glucosidase, the enzyme
was incubated with the inbibitor and subsequently digested
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Tnpetive |
- 3

CBE - +

Ftg. 2. The effect of CBE binding on the SDS-PAGE mobil-
ity of placental lysosomal a-glucosidase. Active and heat-inac-
tivated placental a-glucosidase were incubated with 19 ms CBE for
7 h. The different samples were compared by SDS-PAGE. The gel
was stained with Coomassie Brilliant Blue. M: molecular weight
markers.

A

Fig. 3. HPLC elution profiles of tryptic peptides from ly-
sosomal a-glucosidase, Human placental a-glucosidase was di-
gested with trypsin before (A ) or after {8) inhibition with CBE. The
resulting peptides were separated by HPLC using a RP-3 column. x
axis, elution time; y axis, absorbance (220 am).

with trypsin. The tryptic peptides were separated by reverse-
phase HPLC (Fig. 38). An equal portion of enzyme was
subjected to the same procedure without CBE trestment (Fig,
34). The elution profiles appeared to differ in only twe
aspects. The elution profile of the tryptic peptides derived
from CBE-inactivated enzyme (Fig. 3B} versus active enzyme
(Fig. 3A} contained an extra peak (marked B} and the area
of peak A was diminished. The peptides A and B from Fig.
328 were isolated, and the sequences of the first seven amino
acids were determined by gas-phase microsequencing. Both
peptides had the same NH,-terminal sequence, corresponding
to position 480-486 of the previously determined amino scid
sequence of lysosomal «-glucosidase (Fig. 4). The appearance
of peptide B in addition to A in the tryptic digest is appatently
caused by the binding of CBE. Based on the amino acid
sequence of lysesomal a-glucosidase and the potential cleav-

T < v ccv
474 & i i LI
OPLIGKVHPGSTAFPDFTHNDPTALAWWEDN
v [+ c vy v c
L 1 ] it 4+ ) 510
VAEFHDQVPFOGHWIDHNETPSHFIRGSE

Fre. 4. Partial amino acid sequence of lysosomal a-glucosi-
dase (Hoefsloot e al., 1888). The predicted cleavage sites for
trypsin (T}, V-8 protease ( V), and chymotrvpsin (€ are indicated.

A B

P
o

J i

F1G. 5. HPLC elution profiles of V-8 protease peptides from
lysosomal e-glueosidase. The tryptic peptides indicated in Fig, 38
with A and B were isolated and digested with V.8 protease. The
resulting peptides were sepacated as described in Fig, 3. The essential
part of the elution profile obtained after digestion of peptide A is
shown in the left panel (marked A ). The elution profile obtained after
digestion of peptide B is illustrated in the right panel (marcked B). x
axis, elution time; ¥ axis: absorbance {220 min).

A B

Fic. 6. HPLC clution profiles of chymotryptic peptides
from lysosomal a-glucosidase. The tryptic peptides indicated in
Fig. 3B with A and B were isolated and digested with chymotrypsin,
The resulting peptides were separated as described in Flg. 3. The
essential part of the elution profile obtained after digestion of paptide
A is shown in the left panel (marked A ). The elution profile obtained
after digestion of peptide B is illustrated in the right panet (marked
B). 2 axis, elution time; ¥ axis, absorbance {220 nm).

age sites for trypsin, the peptides A and B are expected to end
at amino acid residue 527,

Ta zoom in on the region containing the cataiytic residue,
the tryptic peptides A and B (Fig. 38) were further digested
with either V8 protease or with chymotrypsin, and the result-
ing peptides were analyzed by reverse-phase HPLC. Figs. 5
and & show the distinct elution profiles caused by CBE bind-
ing. The amino acid sequences of peptides C and D derived
by V8 protease digestion of peptide A and B, respectively,
were the same (Table I1). Thus, the difference in elution time
of peptides C and D was attributed to the binding of CBE to
peptide . The amine acid sequence of both peptides starts
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TasLE 11
Amino acid sequences of chymotrypsin and V8 proteese peptides

Peptide C FHDQV X FDXM
Peptide D FHXQVX FDGM
Peptide F DGMXI

" X, unidentifiable amino acid residue.

TasLe III
Aming acid composition of peptide F obtained by chymotrypsin
vleavage of tryptic peptide B
No. of residues

Amino acids Estimated from Deduced from
9 compasition® ¢DNA sequence
Asx 4.4 4
Glx® 1.0 i
Ser 0.3 )
Gly 1.4 1
Pro 2.5 1
Mer 0.6 2
tle a7 1
Phe 0.8 1
Trp ND* 1
Ala 1.5 0

? Glx has been taken as 1.
® ND, not determined.

at phenylalanine residue 506 and terminates theoretically at
asparegine 520. Also the chymotrypsin fragments E (derived
from A) and F and G (derived from B) were isolated. Sequence
data were only obtained from peptide F, but more than 4
residues could not be determined due to material wash out at
each consecutive sequencing step (Table II). Peptide F starts
at pesition 513 (Fig. 4). To further characterize peptide F, the
amine acid composition was determined and compared with
the composition as deduced from the ¢DNA sequence {Table
TII). The molar concentration of Glx was set at 1. The ¢on-
centration of some of the amino acid residues was clearly
underestimated. But in combinatior with the sequence data
of peptide F this onalysis indicated that the chymotrypsin
fragment containing the CBE-binding residue starts at Asp-
513 and extends to Fhe-525, Notably, this implies that chy-
motrypsin failed to cleave at the potential cleavage site be-
tween Trp-516 and ile-317 (Wilkinson, 1986). The occurrence
of alanine could not be explained.

En conclusion, the combined sequence data indicate that
the catatytic site of tysosomal w-glucosidase is situated be-
tween residue Phe-512 and Glu-521. The sequence of this
peptide is strongly conserved amoeng lysosomal a-glucosidase,
sucrase, and isomaitase and includes only two carhoxylates,
i.e. at position 513 and 318,

Construction and Expression of Active Site Mutants—in
vitro mutagenesis was employed to further characterize the
role of specific amino acid residues in the catalytic site domain
of lysosemal e-glucosidase. To this end the previously cloned
3.6-kilobase «-glucaosidase eDNA was inserted in the EroRI
site of M13mp14, and specific mutations were introduced with
oligonucleotides (see Table [). Based on the results described
above and the sequence similarity of lysosomal a-glucosidase,
sucrase, isomaltase, und related enzymes (see “Discussion”)
the following amino acid residues were chosen to be modified.
The aspartic acid residue at position 518 was substituted by
glutamic acid, leaving the carboxylate intact. More drastic
changes were the substitutions of Asp-518 by asparagine or
glycine. The second conserved aspartic acid residue in the
chymotrypsin fragment containing the catalytic site (at posi-
tion 513) was altered into glutamic acid. The tryptophan
residue at position 516 was replaced by arginine, a residue

68

present at that position in related proteins.

The effect of the mutations was studied by measuring the
activity of lysosomal e-glucosidase in transiently transfected
COB cells with the artificial 4-MU substrate and with the
natural substrate glycogen. As a negative control, COS cells
were transfected with a bacterial S-gaiactosidase construct,
The tesults are presented in Table Y. Transfection with the
wild-tvpe cDNA resuited in a significant increase of activity
for both substrates. In contrast, no increase of activity was
measured after transfection with the mutant ¢DNA con-
structs. The mutant enzymes were apparently catalytically
deficient. As expected, reversion of Gly-518 to Asp-518 re-
stored the wild-type phenotype. The effect of the different
mutations was zlso evaluated by measuring the e-glucosidase
activity secreted by the celis. Also the secreted mutant en-
zvmes appeared to be catalytically deficient {Table V),

To verify thet mutant proteins were actuaily produced by
COS cells, lysosomal e-glucosidase was immunoprecipitated
from ceil homogenates and culture media and analyzed by
Western blotzing {Fig. 7). Three forms of lysosomal e-gluco-
sidase were detectabie in COS cells transfected with wild-type
¢DNA; a precursor with a molecular mass of 110 kDa, a
processing intermediate of 95 kDa and a mature enzyme of
76 kDa (Fig. 74). A second mature component of 70 kDa
prezent in human placenta was not detectable in the trans-
fected COS cells. The wild-type 110-kDa precursor of a-
glucosidase was secreted in the medium (Fig. 7B). None of
the substitutions of Asp-518 or Trp-516 appeared to affect
the synthesis and posttranslational modification of lysosomal
a-glucosidase, and the precursor was in each case normally
secreted. However, the maturation of the precursor was com-
pletely blocked by substitution of Asp-513 by Glu-513 and
sectetion did not cecur. Furthermore, it was observed that
each single amino acid substitution leading to an alteration
of chacge resulted in a change of electrophoretic mobility (Fig.
7, A and B). This effect was seen when aspartic acid was
replaced by asparagine or glycine and when tryptophan was
substituted by arginine, Back mutation of Gly-518 to Asp-518
restored the wild-type mobility.

In summary, the results obtained with the active site mu-
tants indicate that the tryptophan residue at position 516 and
the aspartic acid residue at position 518 are important for the
catalytic function of lysesomal «-glucosidase. The function of
the sspartic acid residue at position 513 is more difficult to
assess since the substitution by gletamic acid interferes with
the maturation process.

Binding of CBE to Active Site Mutents—It was shown in
Fig. 2 that catalytic activity is required for binding of CBE.

TaBLE IV

Activity of active site mucants of lysosemal a-glucosidase in
transiendy transfected COS cells measured 90 k ofter transfection

Cataiytic activity

Type of mutation

Cells* Medium* Cells®
Wild tvpe 313.7 612 1070
D518 — N518 185 1.1 38
D518 — E518 23.2 08 142
D518 -» G518 23.0 1.2 35
D518 —» G518 — D518 3004 67.9 2736
W56 — R516 283 2.9 133
D513 — E513 TC.8 14 ND*
B-Gal construct 34.6 2.8 290

°The activity is expressed s nanomeles 4-MU/milligram protein/
hour.

®Tha sctivity is expressed as nanomoles of glucose/milligram pro-
tein/hour,

* ND, nat determined.
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Fic. 7. Processing of wild-type and mutant Iyscsomal a-
glucosidase in COS cells. Lysosomal e-glucosidase was immuno-
precipitated from transiently transfected COS cells and from the
culture medium 90 h after transfection and analyzed by Western
blotting after SDS-PAGE. The molecular mass of the wild-type
lysosomal a-glucosidase species is indicated. A, cells. B, medin.

N518

Fi5. 8. The effect of CBE binding on the SDS-PAGE mobil-
ity of wild-type and mutant lysosomal «-glucosidase in COS
cells, Lysosomal a-glucosidase was immunoprecipitated from tran-
siently transfected COS-cells and from the culture medium 90 h after
transfection and incubated with 10 mat CBE for 7 h. The different
samples were compared by SDS-PAGE. The molecular mass of the
wild-type lysosomal e-glucosidase species is indicated.

Therefore, ail active site mutants should lack CBE binding
capacity. This assumption was verified (Fig. 8). As expected,
the electrophoretic mobility shift due to CBE binding was
only observed for the catalytically active wild-type enzyme.
Interestingly, the binding of CBE appeared to be restricted to
the 35- and the 76-kDa processed forms of lysosomal a-
glucosidase.

DISCUSSION

Two different approaches were taken to identify the cata-
Ivtic site residues of human lysosomal c-glucosidase, The
substrate analogue and active site-directed inhibitor condur-
itol B epoxide was used to iabel the essantial carboxylate. in
this way the catalytic residue was found to be located in a
peptide extending from Asp-513 to Asn-320. The second ap-
proach involved site-directed mutagenesis to establish the
identity of the presumed catalytic residue more definitively.

We demonstrate that CBE inhibits the activity of lysosomal
a-glucosidase toward 4-MU-e-D-glucopyranoside and glyco-
gen in a competitive manner. The inactivation is time and
concentration dependent and foilows Michaelis-Menten ki-
netics. Using the artificial 4-MU substrate, a K of 11 mu was
measured, A much lower dissociation constant of 0,17 mM has
been reported by Grabowski et al (1986) who studied the
effect of CBE on the hydrolysis of 4-MU.8-D-glucapyranoside
by human glucocerebrosidase (§-glucosidase). Alsa other stud-
ies point out that CBE has a higher affinity for 8~ than for -
glucosidases (Legler, 1973; Quaroni and Semenza, 1976; Leg-
ler and Harder, 1978; Bause and Legler, 1980).

The reaction mechanism has been studied in detail (Legler,
1873; Braun et al, 1977). It is assumed that a protonated
epoxide is formed as a transient intermediate before the
epoxide ring of CBE is opened by a carboxylate {Asp or Glu)
and a covalent ester bond is established.

The existence of a covalent bond between CBE and lyso-
somal ce-glucosidase is demonstrated by the stability of the
bond under strongly denaturing conditions such as used for
SDS-PAGE. The mobility shift caused by CBE binding did
not cccur when heat-inactivated a-glucosidase or catalytically
defective mutants were incubated with CBE (Figs. 2 and 8).
Thus, catalytic activity is essential for CBE hinding. From
the fact that the electrophoreric mobility of the wild-type
intracellutar 110-kDa precursor is not attered by CBE, we
conclude that this precursor is catatytically inactive.

The covalent attachment of CBE te the catalytic site resi-
due enabled us to isolate the peptide to which CBE was bound.
The HPLC profiles obtnined after tryptic digestion of native
and CBE-iractivated a-glucesidase appeared to differ by the
position of a single peptide. This peptide was identified by
microsequencing and was found to start at residue Val-48G.
The primary sequence deduced from the cloned cDNA pre-
dicts that it ends at Arg-527. It inciudes a region of o-
glucosidase which is highly conserved in sucrase and isemal-
tase, and it contains several aspartic acid and glutamic acid
residues which are common binding sites for CBE (Legler,
1973; Quaroni et al., 1974; Herrchen and Legler, 1984; Dinur
st al., 1986; Grabowski et al., 1986}. By subsequent digestion
of this tryptic peptide with V8 protease and with chymotryp-
sin, the number of potential binding sites couid be reduced to
two, i.e. Asp-513 and Asp-518. The region containing bath
these residues is almost identical in lysosomal a-glicosidase
and in intestinal sucrase and isomaltase {Fig. 9). For rabbit
sucrase and isomaitase it was shown that CBE binds to the

Lyscacoal a-glucoaidase @ 513 DGHR IDHHKEPSHF 525

Huoan isomaltase : 500 DG LY IBDMREVS SF 512

Rabbit isomaltasa 1500 PGLWIDKNEVYS S F 512

Rabbit sucrama ML PG LHIQDKNEPS S F 1156

Fio. . Amine acid homology around tle catalytic site of
rahbit sucrase and isomaltase. The amino acid sequences of
|vsosomal a-glucesidase (Hoefsloot et al., 1888), human isomaltase
(Green er o, 1987), and rabbit sucrase and isomaltase (Hunziker et
al.,, 1986) are aligned. The essential carbaxylotes of rabbit suerase
and isomaltase are underlined (Quaroni sand Semenza, 1976).
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g-carboxylgroup of the aspartic acid residues Asp-305 (iso-
maltase) and Asp-1249 (sucrase) in mutually homologous
positions. By analogy we expect residue Asp-518 to be the
CBE-binding catalytic residue of lysosomal «-glucosidase.
Binding of CBE to Asp-518 can possibly explain why chy-
motrypsin failed to cleave after Trp-516 (one of the favored
cleavage sites), whereas it does hydrolyze the peptide bond
hetween Phe-512 and Asp-513. Steric hindrance may be the
cause.

Te obtain more girect information on the role of potentially
impaortant residues in the catalytic site region, amina acid
substitutions were mude by site-directed mutagenesis at the
positions Asp-513, Trp-516, and Asp-518. The nature of all 3
amino acid residues turned out to be critical for catalytic
function. Cne of the most subtle changes, the substitution of
Asp-513 by Glu-513, had the most dramatic effect. Both the
posttranslational medification and the intracellular transport
of e-glucosidase were blacked. The mutant precurser appeared
to be synthesized normally but was neither secreted nor
converted to mature enzyme. The reason remains obscure as
the predicted secondary structure {Chou and Fasman, 1978)
and the surface probuability {(Emini et af., 1985) of the wild-
type and the mutant protein do not differ significantiy.

The substitutions of Trp-316 by Arg-516 and of Asp-518 by
Glu-518, Asn-518, or Gly-518 were more informative, since
these mutations did not interfere with enzyme maturation.
Considering the mechanism of inactivation (Legler, 1973), the
loss of activity caused by the isosteric substitution of Asp-518
by Asn-518 and by the alteration of Asp-518 to Gly-518 can
be explained by the loss of the essential carboxyl group.
However, it was somewhat unexpected that even the minor
change from Asp-518 to Glu-518 deprived a-glucosidase from
its catalytic funetion. This suggests that the spatial confor-
matien of the g-carbioxyl group at position Asp-518 is of
crucial importance. Elongation of the side chain may prevent
substrate binding by ateric hindrance. Alternatively, the loss
of activity may be caused by the higher pK, value of glutamic
acid compared to aspurtic acid which might prevent glutamic
acid to act as catalytic base at the enzyme's optimal pH of
4.3. Also, the substitution of Trp-516 (aromatic) by Arg-516
{basic) leads to loss of catalytic function. However, it is
virtually excluded that the enzyme inactivation is caused by
the covalent binding of CBE to this particular residue. Tryp-
topbhan has a non-polar side chain and practically no acidic
or basic properties. The inactivation is more likely due to an
aitered charge distribution. In this context it is notable that
Trp-518 is anly conserved among the enzymes most related
to lysosomal a-glucosidase such as sucrase, isomaltase, and
glucoamylages, whereas the «-amylases, maltase, and trans-
glucanosylases have un arginine in their hemologous active
site regions, In contrast, the carboxylate is conserved through-
out (Bvensson, 1988).

In conclusion, our results stzongly indicate that Asp-518 is
the catalytic base of lvsosomal a-glucosidase. A second aspar-
tic or glutamic acid residue is expected to act as proton donor.
This hypothesis is in line with the recently published data of
Onodera ¢t al. (1989) showing that rabbit lysesomal a-gluco-
sidase has only ane cstalytic center with twe ionizable groups
with pK, values of 3.6 and 6.1, respectively.
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N-linked glycosylation is one of the important events in the
post-translational moedification of human lysosomal a-
glucosidase. Phosphorylation of mannose residues ensures
efficient transport of the enzyme to the lysosomes via the man-
nose 6-phosphate receptor. The primary structure of lysosomal
a-glucosidase, as deduced from the cDINA sequence, indicates
that thers are seven potential glycosylation sites. We have
climinated these sites individually by site-directed mutagenesis
and thereby demanstrated that all seven sites are plycosylated.
The sites at Asn-882 and Asn-925 were found to be located in a
C-terminal propeptide which is cleaved off during maturation,

Evidence is presenzed that ar least two of the oligosaccharide
side chains of human lysosomal z-glucesidase are phosphoryl-
ated, Elimination of six of thc scven sites does not disturb
cnzyme synthesis or function. However, removai of the second
glycosylation site at Asn-233 interferes dramatically with the
formation of mature enzyme. The mutant precursor is
synthesized normally and assembles in the endoplasmic
reticulum, but immunoclectron microscopy reveais a deficiency
of a-glucosidase in the Golgl complex and in the more distal
compartments of the lysosomal transpost pathway.

INTRORUCTION

Lysosomai a-glucosidase (EC 3.2.1.3} is a glycoprotein like the
other acid hydrolases that pecform their Tuaction in the
Iysosomes. The functicn of a-glucosidase is degradation of
glycogen to glucose. Enzyme deficiency leads to plycopenosis
type II, an inherited glycogen-storape disorder (Hers, i963).
Several patients have been described with a defect in the synthesis
or post-translational processing of lysosomal a-glucosidase
(Reuser and Kroos, 1982; Beratis et al., 1983; Reuseret al., 1985,
1987; Martiniuk et al., 1986, 1990a; Van der Ploeg et al.. 1989:
Hermans et al., 1991a; Zhong et al,, 1991),

During translation, lysosomal enzymes enter the endoplasmic
reticulum where glycosylation is assumed to start even before the
protein is completcly folded (Rothman et al., 1978). Asparagine
residues in the sequence Asn-Xaa-Ser/Thr (Xaa all but Pro) are
the potential sites for attachment of N-linked carbohydrate side
chains which are transferred en dloc fram dolichoi pyrophosphate
(Marshall, 1972; Kornfeid and Kornfeld, 1985), However, not
all potential giycosylation sites are used. Studies by Bause and
Legler {1981} indicate that a proper protein conformation is
required {or recognition and glycosylation ofa site. After removal
of the three terminal giucose residues of the oligosaccharide
precuzsor chain in the endeplasmic reticulum (Kornfeld et al.,
1978; Hubbard and Robbins, 1979), most lysosemai enzymes
obtain a mannose §-phosphate recognition marker a5 lysosomal
targeting signal (Creek and Sly, 1984). This is accomplished by
the transfer of M-acetylglucosamine 1-phosphate from UDP-N-
acetylglucosamine to particular mannose residues (Reitman
and Kornfeld, 1981; Waheed et al,, 1981), and the subsequent
uncovering of the phosphate by a phosphodiesterase which is
probably localized in the mid-Goigi {Lazzarine and Gubel,
1988). Transport to the lysosomes continues via the trans-Golgi
cisternae 10 the trans-Golgi reticuium. Binding to the mannose
6-phosphate receptor in this parz of the transport pathway is
essentiai for lysosomal targeting. Lysosomal enzymes are then

transported to the late endosomes (Grifliths and Simons, 1986),
where a fall in pH causes the ligand to dissociate from the
receplor. The enzymes continue their way to the lysosomes and
the receptor cycles back to the Golgi complex (Brown et al.,
1986; Von Figura and Hasilik, 1986).

Lysosomal a-glucosidase is known to follow this transport
route and is subject to several post-translational medifications
involving both the carbohydrate chains and the protein back-
bone. The enzyme is synthesized as a glvcosylated precursor of
approximately 110 kDa, which is phosphorylated. The aming
acid sequence of lysosomal a-glucosidase, as derived from the
cloncd cDNA, indicates tha: there are seven potential
glycosylation sites (Hoefsloor et al., 1988; Martiniuk et al.,
1990b). Proteolytic processing gives rise to o 95 kDa intermediate
form and results finally in the formation of two lysosomal
enzyme species of 76 kDa and 70 kDa (Hasilik and Neufeld,
1980; Reuser et al., 1985). The latter two forms of lysosomal -
glucosidase have been purified and analysed with respect to their
sugar content and carbohydrate chain structure. It was estimated
that lysosomal z-glucosidase from human placenta and liver
coRtains an average of four to five carbohydrate chains (Belenky
et al., 1979; Mutsaers et al., 1987).

The aim of this study was to establish the actual number of
glycosylation sites and to determine the role of each site in the
transport and catalytic function of lysoscmal a-glucosidase, The
approach that was taken was to eliminate the poicntial sites by
site-directed mutagenesis and to study the effect by ¢xpression of
the mutant ¢DNA constructs ir witre and in transiently
transfected COS cells.

MATERIALS AND METHODS

Constructian of mulants

The Muta-Gene in vitro mutagenesis kit Irom Bio-Rad
(Richmond, CA, U.S.A.) was used to carry out site-directed
mutagenesis, as described by Kunkel (1985). The oligonucleotides

Abbrevialions used: 4-ML), 4-methylumbetlilaryl &-o-glucopyranoside; DMEM, Duibecco's modilication of Eagle's medium: FCS, fetal call serum,

* To whom correspondance and tepfint requests should ba addeessed.
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leotides used for

Table 1 Ollg
The allered nucleolidss arg urderlined.

Mutant Ongancelentice

AGH 5AAGCTGGAGCAGC TGAGLCTCC Y
AG2 8- GTOCTOCTGEAGACGACGGTGY
AG63 §-GTGGTGGAGCAGATGACCAGG-3"
a64 5“TTCATCACCCAGGAGACCEGL-Y
AGS §-TTCCTGGGCLAGACCTCAGAGY
AGE §-CTGGCCAGGCAGARCACGATCY
AGT §-CCTGTCTCCCAGTTCACCTACY

used to alter the seven potential glycosylation sites are listed in
Table i. They were synthesized on an Applied Biosystems 38 1A
DNA synthesizer.

Site-directed mutagenesis and cloning of the mutanl cDNAs in
the cukaryotic expression vector pSG3 (Green et al., 1988} were
performed exuctly as described previously (Hermans et al..
1991b).

Transleat expression in COS cells

COS-1 cells (Gluzmzn, 1981) were cultured in Dulbesco’s
madification of Eagle's medium {DMEM) supplemented with
109 fetal call serum (FCS) and antibiotics at 37 °C. The
transfection protocol was as described previously (Hoefsloor gt
al., 1990). The culture medium was collected and the cells were
harvested 90 h after transfection, Cell homogenates were made
by repeated [reezing and thawing of cell pellets in distilled water.

The activity of lysesomal a-glucosidase in the czll homogenate
and the culture medivm was measured with 4-methylumbelliferyl
a-D-glucopyrancside (4-MU) us described previcusly (Reuser et
al., 1978). The protein concentrations of cell homogenates were
determined with the use of the BCA protein assay kit (Pieree).

Lysosomal a-glucosidase was immunoprecipitated from cul-
ture media using a rabbit polyclonal antisertm against human
lysosomal x-glucosidase in combination with Staphvfococcus
aurens membrunes (Bethesda Research Laboratories) and
analysed by immunoblotting (Reuser et al., 1987), To characterize
the intracellular forms of iysosomal x-glucosidase. COS cells
were tabelled for 2h  with [H]leucine (190 2Ci/mmol)
(Amersham U.K.) 65 h after transfection, and lysosomal z-
glucosidase was immunoprecipitated either directly (pulse) or
after 16 h of chase. The different molecular species of lysosornal
z-glucosidase were separated by SDS/PAGE (8%, acrylamide,
| 4 cross-link unless indicated otherwise) as described (Rewser et
al., 1985).

Phosphorylatton of iysosomal «-glusosidase

COS cells were transfected as described above, After 90 h the
cells were preincubated for | h in phosphate-free DMEM 10
which FCS, dialysed against 0.995 NaCl, was added in a final
concentration of 4. The medium was then replaced with fresh
medium and carrier-free [**P]P, (Amersham) was added a1 a
concentratien of 80 uCi/ml. The cells were pulse-labelled for 6 h
and harvested either directly or atter a subsequent chase of 12 b,
Lysosomal a-glucosidase was immunoprecipitated from cell
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extracts as described (Reuser et al., 1985) and analysed by
SD5/PAGE.

Transcription and (ranslation in vifre

Wild-type and mutant ¢DINAS cloned in the expression vector
pSG5 were linearized with Bglll and used as a template in the
transeription reaction. The T7 promoter was used for iran-
scripion. The reaction was allowed to proceed for 1.5 hat 40 °C
in 40 mM Tris/HCI, pH 7.5, containing 6 mM MgCl,, 2 mM
spermidine. 10 mM NaCl, 10mM dithiothreitol, | unit of
RMAase inhibitor (Promega), 0.8 mg/ml BSA, 500 uM ATP,
CTPand UTP. 50 u GTP. 500 pbd dGpppG and 1 pg of DNA
template witt 28 units of T7 polymerase {Boehringer Mannheim).
The template was removed by adding 1 unit of RNAase-free
DMAase (Boehringer Munnhgim}. The excess of nucleotides was
remaved by Sephadex G-30 filtration,

A 0.2 ug sample of RNA was used for transiation iz vitro in a
rabbit reticulocyte lysate system {Promega) containing 54 xCi of
[*S]methionine (1130 Ci/mmol: Amersham International) in the
presence of canine panereatic micresomal membranes, according
to the instructions of the manufacturer. Radioactively labelled
lysosomal «-glucosidase was immunoprecipitated and separated
by SDS/PAGE as described above.

Iminunocyiochemistry

Immunccylochemistry on transiently transfected COS cells was
performed exactly a5 deseribed previously {Hocfsloot et al.,
1990).

RESULTS

In lysosomal a-glucosidase, asparaging residues in the recognition
sequence for N-lnked glvcosylation, Asn-Xaa-Thr/Ser (Xaa can
be any residue except Pro), are found at seven positions, namely
at Asn-140, -233, -390, -470, -652. -882 and -925 (Hoefslool et al,,
1988 : Martiniuk et al., 1990b) (EMBL entry number Y00839).
These potential glycosylation sites were climinated one by one to
determine which sites were actually used. and to vxamine the
importance of individual sites for enzyme function and lysosomal
targeting. To this end the recognition consensus sequence of

12— -110

Flguze 1 Translatlon fm vilro of humen lysosomal a-glucosidase

Wildype (W and mutant {AG2} cONAs wer Iranstiibed /7 vivg and the MRNAS were
translzted 1n a rabhil reliculocyte Iysate in Ihe presence ¢f caning pancrealic micrasemes. The
proieing wese Izballed with {**S]metnionine, immuneprecipilated 2nd separateo by SDS/PAGE.
tang 3, wid type: lang 2, muiant AGZ. The molecular masses {k0a) of the unglycosylated and
qglycosylated Iysosamal zx-glucosidass protursers ave ingicaled.
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Flgure 2  Synthesis and processing of witd-type and mulant lysesemal
«-glucesidase In €OS cells

COS celts hranstested wilh wild-type (W11 and matani cDNA constructs were lbelles lar 27
with {*H]levcine and harvesten dirgclly (Pulse} or altat 3 subsequent period of 15 h (Chase),
Lysosomar x-glucosidase was immunopresipitated and analysaq by SDS/PAGE. The moecular
masses (kDa} of wild-type ang mulani lysosomat a-glucosidase specles are indicated.

Figure 3  Sacretfon of wild-fype and mutant lysomal «-glucosidaze by
lranstently transfected COS cells

Lys050Mmal a-plucesidase was Immuaoprecipitated from the cullute media 2l 9T h After
translection and analysed by Western blotting afler SDS/PAGE. ¥he moecular masses {kDa)
of wild-type (¥ and mutan tysosomal ax-glucesilase species are indicated,

each potential site was altercd by site-directed mutagenesis of the
lysosomal a-glucosidase cDMNA inserted in M13mp!9. The codon
for Asn was replaced by one coding for the very similas amina
acid residue Gln, using the oligonucleotides listed in Table |, The
mutants, each missing a different glycosylation site, were

designated AGI-AG7 in order of appearance lrom the N-
terminus.

Transcription and {ranslatian in vitro

The use of glycosylation sites was tested by cloning the wild-type
and mutant cDNAs in the eukaryetic expression vector pSGS
allowing in piire transctiption and subsequent translation of the
mRNAs in the presence of dog pancreat:c microsomes. Trans-
latien of wild-type mRNA resulted in the lormation ol 1wo
molecular species, u translocated and glycosylated precursor of
112 kDa and an ungiycosylated precursor of 97 kDa (Figure 1:
and Vao der Horst et al., 1987). The glycosylation sites are easily
identified by this method. Figure 1. for instance, shows that the
substitution of Asn-233 by Gln-233 (AG2) results in a 2 kDa size
decrense in the glycosylated precurser, whereas the apparent size
of the unglycosylated wild-type and mutant precursor remains
the same (97 kDa),

Translent expressien in GOS cells

The functicnal consequence of the removal of glycosylation sites
was investigated by following the synthesis and maturation of -
glucosidase in transiently transfected COS celis. [*H|Leucine-
labelled wild-type and murant lysosomal x-glucosidase species
were immunoprecipitated from cell hormogenates after a 2h
pulse period or afier a subsequent chase of 16 b, and analysed by
SDS/PAGE (Figure 2). The secreted form of lysosomal x-
glucesidase was immunoprecipitated from the culture media and
analysed by Western blotting (Figure 3). [n cells transfected with
wild-type ¢cDNA the lysosomal x-glucosidase precursor of
110 kDa is synthesized {pulse} and converted into a 95 kDa
intermediate and a 76 kDa mature species (chase) (Figure 2). The
cofture medium contains only the secreted 110 kDa precursor
{Figure 3). All mutant precursoer proteins (isolated from celis and
media) missing one potential glycosylation sitc appeared to have
a slightly lower molecular mass (108 kDa) than the wild-type
precursor, This indicates that all seven potential glycesylation
sites of lysosomal z-glucosidase arc used. For the mutants
lacking the first, third. fourth or fifth glycosylation site (AGI,
AGA, AG4 and AGS), the lower malecular mass is maintained
during the maturation precess leading 1o the formation of a
93 kDa processing intermediate and a 74 kDa mature cnzyme
species {Figure 2, Chase). A different eflect was observed with the
mutants AG6 and AG7. The precursor and the processing
inlermediate were smaller (93 kDa} than the comparable wild-
type speeies, but the final maturatien products of AG6 and AG?
(76 kDa} and wild-type lysosomal z-ghucosidase were of the
same size (Figure 2, Chase), This indicates that a C-terminal
peptide containing the glycosylation sites at Asn-882 and Asn-
925 is cleaved off when lysosomal e-glucesidase matures from 95
1o 76 kDa.

The only glycosylation site which has a severe effect on the
biosynthesis of z-glucosidase when eliminaled is Asn-233 (Figure
2). The mutant precursor of 108 kDa is evidently formed during
the 2h pulse, but the 93 kDa processing intermediate and the
74 kDa mature enzyme are clearly deficient in the chase. The
AG2 precursor is not secreted into the culture medium, in contrast
with all other mutant precursors which are scercted normally
(Figure 3.

To investigate the cffect of glycosyletion on the cataiytic
activity of lysosomal z-glucosidase, cell homogenates and cuiture
media of transfected COS cells were assayed for enzyme activity.
COS cells reansfected with Eschericha colf 8-galactosidase cDMNA
were taken as a reference. The data of a :ypical transfection
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Table 2 Actlvity of the yiy tants of ly | z-glucesid
In franslently trenstocted €OS cells measusred 90 h after transfection

The achwity is expressed as nmot gf 3-MU/ gar mg of proten. The aclivilles camparea wlh
wiid-type at2 given wilhin pareraheses as percemages + SEM. (= 1—).

Catalylic actwily (nmel/h per mg)

Type ol mulation Cells Medium
Wile-typa 960 100y 406 (106}
AG1 663 B1.F 7.9 175 {26455
AG2 16 50423 15 21+09
AG3 783 (77.9+9.0) 307 (89.2£15.7)
AG4 G711 169.8) A% (67.4)
AGS 845 (68.8+6.6) 152 (833430
AGE EIEIL R R 304 {75.3+5.2)
AGT 1027 11092489 1 Mmss=0)
#Gal conshiuct 50 (0 (1]
O - - T T R T B
g a
g 888883
I (| I 1 1 I
kD
110--

95 ’“% el fof

chase

Flgera 4  Phosphorytalloa of wild-type and mutant Iysosomal o-glucos-
Idase in COS cells

COS cells ranslected wih wild-type (V1) and mutani cONA constrvcls were lbelled fot 6 h
wilh E”F!P‘ and havesied dieclly (pulse) or after a subsequenl period of 12 h {ghase).
Lysosamal was in ipi from e cell and separated by
SOS/PAGE [10% acrylamida, 1% cross-link). Tha molecular masses of the wid-lyp2 lysosomal
a-Qlucosidase species aie indicated.

experiment and the average outcorme of the different experiments
are given in Table 2. When compared with wild-type, ail
glycasylation-site-defuctive  mutants  except AG2  exhibited
intracellularly a sim:lar activity of tysosomal x-glucosidase. AG2
was different in that only 3% of wild-type activity was measured
in the cell homogenates and less than 3% in the medivm, Near-
normal levels of lysosomai a-glucosidase were secreted by COS
cells sransfected with the other mutant constructs (Table 2).

Phosphorylatlon of lysosomal «-glucasidase

To determine which of the seven oligosaccharide chains of
lysosomal a-glucosidase were phosphorylated, we transfecred
COS cells with the wild-type and mutant cDNA construgts and

76

Figure §  Locallzallon af glycosylation-site-deflcient lysasamal ee-glucos-
idases In transtected COS celis siudied by llaht microssepy

Trans:enlly Uianslecied cens wete lned and incubated wilh 3 rabbit palyclonal antiserum 2gainst
TuMm3n Sysosamal ce-giucosidase. Immune complexes were visualized wilh qoal anti-rabiit g5
conjugated 1o fustescein. {a) AGS, (b) AG2. Magnfications: (a} x 227, (h) =« 567.

labelled the cells with [“P]P,. After a 6h labelling peried,
phosphorylated precursor and intermediate forms of lysesomal
a-glucosidase were obscrved in cells expressing either wild-1ype
ar mutant enzyme (Figure 4). The mature forms of lysosomal 2-
glucosidase became detectable after a subsequent chase of 12 h,
except in cells expressing AG2. The **P-labelling procedure
appeared sensitive enough to demonstrate conversion of the AG2
precursor into the 93 kDa intermediate but the formation of
mature {74 k[Da) enzyme remained undetectable, When [*PIP -
labelied wild-type lysesomal z-glucosidase was incubated with
endogiycosidase F, before SDS/PAGE, no phosphorylated pro-
tein could be detected, indicating that the [**P]P, was linked 10
the mannose residues of the carbohydrate side chains (results not
shown).

Intracelivlar fransport

The intraceitular localization ¢f the mutant z-glucosidase species
missing one glycosylation sitc was invesligated using
immunocyiochemistry. As observed in earlier studies, the
formation of mature enzyme was in all instances correlated with
a typical punctate lysosomal labelling pattern. Figure 5(a), for
instance, illustrates the lyscsomal localization of AG4,
Transfection of COS§ cells with AG2, showing an apparent
maturation defect, resulted in a diffuse network of labelled
structures spreading from the nucleus into the cytoplasm {Figure
3b). The exact intraceliular localization of AG2 was revealed by
immunecleciron microscopy (Figure 6). Labelling of the nuclear
envelope and the endoplasmic reticulum was obtained but the
enzyme could not be detected in the Goigi complex nor in the
trans-Golgi reticuium or the lysosomes. The latter compartments
were labelled after transfection with the wild-type cDHNA con-
struct (results not shown).
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Flgure &
by Immunaelectran misroscopy

Intvacellular Incallzailon of AG2 in franstected COS cells studled

Ultraihiin eeynsections were incubated with rabbil potyzioral artiserum against human iysosomat
=-glucosicase and subsequentiy with goat anli+2abit kG coupied 16 colloal golg. Muiznt
lysesomal c-glucosigase was found at the augleas dasgiope (3) and I the cndapasmic
relleulum (b). tut gt in ke Gaigi complex (c1, of e lysosomes () M. ruttus: M.
migcnandrion; R, rougn endapRsmec cebculum; G. Goigi cempler; L. ysosemes
Magniticalions: (a} = 37400, (b1 x 33160, (6} x 31905, {d) x 26550,

DISCUSSION

Site-dirccted muragenesis was applied to  determine the
glycosylation sites of lysesomal z-glucosidase and to define their
significance for enzyme function and lysosomal targeting. The
removal of one high-mannose type ol carbohydrate chain is
expected to result in a meleculur mass decrease of approximasely
2kDa and to lead to a comparable increase in clecirophoretic
mobility on SDS/PAGE. This effect was observed on deletion of
cach of the seven potential glycosylation sites of the 110 kDa
precursor. The mobility shift in the more mature forms of -
glucosidase is informative with respect to the sites of proteolyiic
processing. The 2 kDa size decrease is maintained after lermation
of the 85 kDa processing intermediate irrespective of the deleted
giycosylation site. This implies that the peptides that are cleaved
off during the conversion of 110 kDa inlo 95 kDa do niot contain
a glycosylation site, Since the seventk giycosylation site is located
just 31 residues from the C-terminus of the |10 kDa precursor
(Hoefsloot et al., 1988), we conclude that the proteolytic con-
version occurs mainly ac the N-terminus of the precursor, On
further maturation of the enzyme to 76 kDa. the mutaais lacking
the sixth and the scventh glycosyiation sites at Asn-882 and Asn-
925 are no longer smaller than the wild-type species whereas the

other mutants are still deereased in size. Thus the maturation
from 93 to 76 kDa involves C-terminal processing zl a site
upstream of Asn-882. On the basis of the N-tesminal sequence of
the 76 kDa form of lysosomal z-glucosidase and the sequence of
C-terminal tryptic peptides (Hoefslool et al., 1988), we estimate
that the site is located between amino acid residues 820 and §80.

According to the amino acid sequence of lysosomal a-
glucosidase, the first glycosylation site is iocated between the N-
termini of the 76 and 70 kDa species purified from human
piacenta. This lcaves four sites eccupied in the 70 kDa species.
These findings are in line with the earlier estimates of Mutsaers
et al. (1987) on the number of carbohydrate chains attached to
human placental lysosomal z-glucosidase. A fipure of four to five
side chains per polypeptide molecule was obtained for a prep-
aration containing cquimoiar amounts of the 76 and 70 kDa
species.

Six of the seven mutants, each facking a different glycosylation
sile, arg transported to the lysosomes and are catalytically active.
Alse the proteolytic processing and sccretion of these mutants is
normal. However, elimination of the second plycosylation site at
Asn-233 has a dramatic effect. The precursor (108 kDa) is
synthesized normally but the intermediate and mature forms of
z-glucosiduse are severely decreased in amount. The relative
persistence of the AG2 precursor during the 16 h chase (Figure 2)
suggests a delayed transport of the mutant precurser from the
endoplasmic retieulum to the Golgi. This suggestion is sustained
by the fact that the immunogold labelling of the endoplasmic
reticulum for lysosomal w-ghucosidase is quantitatively normal,
whereas the Golgi complex and the more distai comparuments of
the fysosemal transport route are clearly deficient in lysosomal -
glucosidase. This explains why transfection of COS cells with
AG2 does not lead to a significant increase in the lysosomal a-
glucosidase activity.

Mutation analyses of the glveosylation sites of a few other
lysosomal proteins have been reported. For example, site-directed
mutagenesis was uscd to determine the ussential plycosylation
sites ol human p-hexosaminidase B (Sonderfeld-Fresco and
Proia, 1989). In this enzynie four of the five potential sites were
found to be glycosylated. Elimination of cach site individually
had no cffect on lysosomal targetting or catalytic function. [n
addition to these studies, two naturally occureing glycosylation-
site mutations in lysosomal proteing have been reported. One
concerns arylsulphatase A. Normally, twe of the three potential
sites are glycosylated, but individuais carrying the pseude-
deficiency allele have lost one of the two utilized sites by a
mutation changing Asn-350 to Ser (Givsclman et al., 1989),
However, the intreduction of this muwtation into wild-type cDINA
did not affect the catalytic function or the stability of the enceded
enzyme, The decreased arylsulphatase A activity Icading to this
pseudoedeficiency s caused by a mutation abolishing the first
polyadenylation signal. As a consequence. Lthe mRMA species is
labile which explains the severely diminished rate of enzyme
synthesis (Gieselman et zl., 1989). The second mutation of a
giycosylation site was found in sapos:n B. The mutation changes
Thr-23 to lle which eliminates the only possible site. The mutant
protein is believed to be rapidly dearaded (Rafi et al., 1990; Kretz
ct al., 1990). These examples and our own cxperiments dem-
onstrate the differential function of glycosylation sites.

The incorporation of [**P]P, in the differ=nt biosynthetic forms
of lysosomal a-glucosidase allows us to muke an estimate on the
minimal number of carbohydrate chains that are phosphorylated.
Although cach mutant is missing a different glycosylation site, it
appeirs that ail mutant precursor proteins are phosphorylated.
From this we conclide that at lzast iwo of the seven carbohydrate
chains contain the mannose 6-phosphate recognition marker.

77



M. M. P. Hermans and others

Furthermore, itis evidznt that at least oae of the five carbohydrate
chains located within the boundaries of the 76 kDa polypeptide
is phosphorylated. sirce the mature enzyme is also phosphate-
labeiled. The maturation defeet of mutant AG2 prevents the
assessment of phespherylation at site Asn-233 and thereby
hampers a more detailed analysis of the phosphorylation
sites by site-directed mutagenesis. Further identification of the
phesphorylation sites via sequence analysis of phosphorylated
peptides s n progress.

We Ihack Aldn Ghan lor technicdl assistance. Lies Hoefsloo! and Marianne
Hoogeveen-Weslenield for stimulaling discussion and Tom de Yries Lentsch for the
preparalion of photograpsic -lusirations.
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CHAPTER 5

CONSERVATIVE SUBSTITUTION OF ASP-645 - GLU IN
LYSOSOMAL o-GLUCOSIDASE AFFECTS TRANSPORT AND
PHOSPHORYLATION OF THE ENZYME IN AN ADULT
PATIENT WITH GLYCOGEN STORAGE DISEASE TYPE IIL
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The conservative substitution Asp-645 — Glu in lysosomal «-glucosidase
affects transport and phosphorylation of the enzyme in an adult patient with

glycogen-storage disease type [l

Manique M. P. HERMANS, Esther de GRAAFF, Marian A, KROOS, Hefeen A. WISSELAAR, Rob WILLEMSEN, Ben A. Q0STRA

and Amold J. J. REUSER"

Department of Cell Biology and Genetics, Erasmus Universily, P-0. Box 1738, 3000 DR Retterdam, The Netherlands

Glycogen-storage disease type 11 (GSDID) is caused by the
deficicney of lysosomal a-glucosidase (acid maltase). This paper
reporfls on the analysis of the mutant alleles in an American
black patient with an adult form of GSDII (GM 1935} The
lysosomal «-glucosidase precursor of this patient has abnermal
molecular features: (i) the molecular mass is decreased, (ii) the
phosphorylation is deficient and (jii} the proteolytic processing
is impaired. Sequence unalysis revealed four mutations leading
Lo amino acid aiterations: Asp-645 — Glu, Val-816 — [le, Arg-
854 — Stop and Thr-927 — Ile. By using allele-specific oligo-
nucleotide hybridization on PCR-amplified ¢cDNA we have
demonstrated that the Arg-854 — Stop mutation is lecated in
one allele that is not expressed, and thal the other allele
contains the remaining three mutations. Each of the mutations
was introduced in wild-type cDNA and expressed in COS cells

1w analyse the effect on  biosynthesis, transport and
phospherylation of lysosomal a-glucosidase. The Val-816 — Iz
substitution appeared to have no significant cffect in contrast
with results [Maruniuk, Mehier, Bodkin. Tzall, Hirshhorn,
Zhong and Hirschhom (1991) DNA Cell Biol. 16, 631-687] and
was therefore defined as a polymorphism. The Thr-927 — [l¢
substitution deleting one of the seven glycosylation sites was
found to be responsible for the decrease :n molecular-mass, but
not [or the deficient proteolytic processing and phosphorylation.
It did not cause the enzyme deficiency either. The third
mutation leading to the Asp-645 — Glu substitution was proven
to account in full for the observed defects in transport,
phosphorylation and proteolytic processing of the newly
synthesized «-glucosidase precursor of the patient.

INTROBUCTION

Lysosomal glycopen is normally degraded by lysosomal -
glucosidase {acid maltase: EC 3.2.1.3). and accumulates when
this enzyme is deficient (Hers, 1963). The disease, known as
glycogenasis type 11 or glycogen-storage discase type 1L (GSDID),
is inherited as an autosomal recessive trait. The clinical
manifestations can vary considerably with respect Lo time of
onset and severity of symptoms (McKusick, 1990).

Apart from clinical heterogeneity, there is also a high degree of
biochemical and moiecular heterogeneity. A multitude of mutant
alleles has been suspected from the molecular abnormalities of
the lysosomal x-glucosidase species in cultured fibroblasis and
muscle ceils from several patients (Reuser et al., 1978, 1985,
1987, Beratis et al., 1978, 1983; Reuser and Kroos, 1982; Van
der Ploeg et al., 1989 Hoefsloot et al., 1990a). Genctic hetero-
geneity has been demonstraled more directly by Southern-
and Northern-blot analysis (Martiniuk et ai, 1986, 1990a:
Hoefstoor et al., 1988; Reuser ct al., 1988),

The first two reports on mutation analysis in GSDI] have
appeared recently (Hermans et al., [1991a; Zhong et al., 199]), In
both cases it concerned a patient with a severe infantile form of
the disease. We discovered in two sibs from a consanguincous
couple a glutamic acid to lysine substitution at position 521 in
the homozygous form. The mulation was confirmed to be
responsible for the increased clectrophoretic mability of the
mutant enzyme precursor, the deficient proteolytic processing
and catalytic activity, and the defective intracellular transport

(Hermans et al., 1991a). Substitution of threonine for methionine
at amino acid pesition 318 was found by Zhong ct al. {1991) in
one of the two lysosomal a-glucosidase alleles of their patient.
The mutation gives major changes in the predicted secondary
structure and creates a potential N-linked piycosylation site, but
it remains 10 be investigated whether the new site is actually used.
The second allele of the patient was not zxpressed.

Ln this study we report on a case of adult GSDII, which was
deliberately chosen for its interesting complexily. Fibroblasts
from this American black patient (cell line GM1933) were
originally investigated by Beratis et al, (1983). The residual
activity of lysosomal x-glucosidase was “ound to be unusually
low compared with the relatively mild clinical phenotype of the
patient. When we studicd the biosynthesis of lysosomal o
glucosidase in cell line GMI1935, two molecutar abnormalities
were observed (Reuser et al., 1985, 1987). First, the 110 kDa
Iysosomal a-glucosidase precurser was not processed lo mature
enzyme. Second, phosphorylation of the precursor was deficient.
The latter abnormality prevents formation of the mannose §-
phosphate recognition marker which is assumed to be essential
for lysosomal targeting {Crcck and Sly, 1984). Indeed, the
amount of enzyme in the lysosomes was found to be extremely
low.

In an attempt ta explain these findings we have now analysed
the genelic phenotype of the patient. Diiferent muations were
detected in the two lysosomal a-glucosidase alleles. One mutant
aliele with a premature stop codon was found to be silent. The
second allele appeared to harbour two polymorphisms in addition

Abbrevialions used: GSOI, glycogan-starage disease type II: 4-MU, 4-methylumbelliteryl a-o-glucopyranaside; 1 x SSC. 0.15 M NaCl/0.015 M sadium

citrate: 1 x SSPE, 15 mM NaCl/10 mM NaH,FO,/1 mM EOTA,

* To whom correspondence and reprinl requests should be addressed.
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1o the mutation causing the abnormal properties of the patient’s
lysosomal x-glucosidase.

The sume patient was studied independently by Martiniuk cial.
(1993) who reported on thesilent ailele and ascribed the lysesomal
x-glucosidase deficiency Lo a Val - e substitution at amine acid
position 316, Two other substitutions in the same allele {Asp-
643 — Glu and Thr-927 — [le) were identified as polymorphisms,
The analysis described in this paper. howevar, predicts the Asp-
645 — Glu substitution to be the mutation and the Val-816 — lle
substitution e be @ pelymorphism.

MATERIALS AND METHODS
Pulse—hase experlmeats

The fibroblast cell lin: GM 1935 was obtained from the Human
Mutant Cell Repository [nstitute for Medical Research, Camden,
NI, US.A. The control eell line from a healthy individual was
from Dr. M. F. Niermeijer, Department of Clinical Genetics,
University Hospital, Rotterdam, The Netherlands,

Cells were coltured in Dulbecco's modification of Eagle's
medinm, supplemented with 102 felal call'serum and antibiotics,
under 109 CQ,, at 37 °C. Labelling conditions with ["H]leucine
or carrier-free [**PiP, were as described by Reuser et al. (1985).
Cells were pulse-labelled for 2 or 6 h and harvested either directly
or alter a subsequent chase of 9h. In some experiments,
tunicamyein (final concentration 10 pg/mi) was added 1 b before
labelling and during tabelling o inhibit glycosylation of newly
synthesized proteins. Lysosomal z-glucosidase was immuno-
precipitated from cell extracts and analysed by SDS/PAGE
as described (Hasilitk and Neufeld. 1980, Reuser et al., 1985).

DNA amplificatlon and sequencing

DMA and RN& were extracted from cultured fibroblasis by
standard procedures (Sambrook ct al., 1989). cDNA synthesis
was carried out using Amersham’s cDINA Synthesis System Plus
and oligo(dT) primers. PCR amplification using intronic or
cxonic primers specific for lysosomal a-glucosidase was as
deseribed (Hermans et al., 1991a). Each 100 gl of PCR reaction
mixture contained approx. 0.3 ug of DNA, 100 pmol of wach
primer and 2 units of Tag polymerase {BRL) in the standard
PCR buffer recommended by Sambrook et al (1989).
Amplification was performed in 2 Perkin-Elmer Cetus DNaA
amplifier. The first cycle was: 5 min denaturaiion at 94 °C, 5 min
anncaling at $9°C and 5 min DNA synthesis at 72 °C. Sub-
sequent cyeles (25-30% consisted of 2 min at 94 °C, 2 min at 39 °C
and 5 min at 72 °C. The DNA-synthesis step of the final cvele
was extended to 15 min, In some instances, PCR-amplified DNA
fragments were cloned in a T-wailed Blueseript plasmid vector.
This so-called T-vecter was construcied as deseribed by Marchuk
et al. (1991). DNA fragments were sequenced using the T7
polymerase scquencir.g kit {Pharmacia LK.B Biotechnology fnc.)
with appropriate prirners.

Slot-blot analysis and allele-specific oligonucisotide hybridization

PCR products were denatured in 0.4 M NaOH/25 mM EDTA
for 10 min and applied directy to Hybond N* membranes using
a slot-blot apparatus, The filiers were air-dried, prehybridized
for 1 h at 42°C in 5= §SPE/1%, SDS/50 pg/ml salmon sperm
DINA, and subsequently hybridized for 3 h in the same solution
10 *P-labelled ofigonucleotides. The filiers were washed in
6 x SSC for 3 min at 2-3 °C below the estimated melting tem-
perature (Wallace et al., 1981).
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Site-directed matagenesls

Site-clirected mutagenesis was carried out as described by
Hermans ot al. (1991b). The following oligonucleotides,
synthesized on an Applied Biosystems 381A DNA synthesizer.
were used: Glu-645, TCGGGGCCGAAGTCTGCGGCT:
lle-816, ACACCATCAACATCCACCTCC; Stop-859, TGGA-
GAGGCCTGAGGGGAGCT; [le-927, TCCAACTTCATC-
TACAGCCCC.

Translent expression in COS cells

Wild-type und mutant ¢DNAs were ¢loned in the cukaryotic
expression plasmid pSG3. The transfection of COS cells was
carried out as described by Hoefsloot et al. (1990b). The activity
of lysosomal z-plucosidase in the cell homopgenates and the
culture media was measured with 4-methylumbelliferyl z-b-
glucopyranoside (4-MU) and with glycogen as described by
Hermans et al. (1991b). Radioactive labelling and analysis of
lysosamal z-glucosidase expressed in COS cells was as mentioned
above.

Immunocytochemistry

[mmunocytachemistry on transiently transfected COS cells was
performed exactly as described before (Hoefsloot et al., 1990b).

RESULTS AND DISCUSSION
Delinzation af the molecular phenotype

The iysosomal z-ghlucosiduse activity in the fibroblast cel} line
GM1933 derived from a black American adult with GSD1] is
I-3", of the average control value (Beratis et al,, 1983; Reuser
et al. 1985, 1987). Figure L(a) reveals the molecutar nature of
the cnzyme deficiency. In control fibroblasts, the enzyme is
synthesized as a precursor of approximately 110 kDa, and js
proteolytically processed to a long-lived 95 kDa intermediate. In
4 Tuter stage, mature enzyme of 76 and 70 kDa is formed {Hasilik
and Neufeld, 1980; Oude Elferink et al., 1985; Reuser et al.,
1985). These major molecular forms of lysosomal «-ghicosidase
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Figure 1 Laheling of lysosomal =-glucosidase (a} and lysosomal g-
hexgsaminidage {bj wilh [Hlleucine or [2F]P, in conlrol and G31935
fibroblasis

The fibroblasts were fabeted for 6 h with [*H]leuting or [VPIP, ana harvested directly.
Lysssomat z-glucesidass (a) or g i (b} were P fram the cell
hormagznales and analyses by SUS/PAGE. Tre molecular masses (50a} ol wild-iype and mutant
protein spacies arg ingicated.




Point mutations in adult géycogenosis type Il

are labelled in u 6 b pulse period with [*H}leucine (Figure la, lane
1). The Figure reveals, in addition, short-lived processing
intermediates with molecular masses between L10kDa and
95 kDa, which are not always observed. Frem Figure 1{2) i1 is
evident that the pest-translationat modification of the lysosomat
z-glucosidase precursor is impaired in cell line GM1935. The
mutant precursor is, in addition. about 2kDa smaller than
normal {108 kDa). & deficicnt phosphorylation of the mutant
precursor became appacent when the labelling was performed via
incorporation of **P into the mannose 6-phosphate recognition
marker. A phesphorylation defect was not observed when the
[FHleucine and [*PIP, incorporation were compared for the
reference lysosomal enzyme j-hexosaminidase {Figuze 1b).
[t is therefore an intrinsic feature of the mutant lysosomal
z-glucosidase precursor.

These results confirm our earlicr findings except that the
decrease in moleenlar mass of the mutant precursor escaped our
attention in the high-percentage polyacrylamide gels used pre-
viously (Reuser et al.. 1985).

A decrease in the appirent molecular mass of palygeptide
can have several causes. 1t can result [rom a deletion. an aSerrant
splicing of the truascript or 2 point mutation introducing a
premature siop codon. Also a mulation causing the loss of a
glycosylation site has to be considered. We have demonstrated
recently that even a single amino acid substitution can give rise
to a sigaificant difference in the eiectrophoretic mob:lity of
lysosomal z-glucosidase on SDS/PAGE (Hermans ¢t al.
1991a,b). The possible lack of a glycesylation sile was assessed
by comparing the size of the unglycosylated aad glvcosvlated
wild-type and mutant precursors. To this end, glycasylation was
inhibited with tunicamycin. Figure 2 iltustrates that the wild-1ype
and mutant lysosomal -glucosiduse precursors are the same size
(97 kDa) when synthesized in the presence of tunicamycin, On
the basis of these results our working hypothesis was that the
lysosomal a-glucosidase precursor of mutant GM 1933 lacks onc
of the seven glycosylation sites. In the preceding paper (Hermans
et al., 1993), we have demonstrated by site-directed muiagenesis
that individual elimination of six of these scven sites does not
lead 10 defective processing and loss of enzyme lunction. Only
the loss of the glycosylation site at amino acid position 233 was
found to interfere with enzyme maturation 2nd transpert, but
the phosphorylation was not affected. Therefore we conclude
that the lack of a glycosylation site alone canno? account far the
abnormalities observed in cel! line GM1935.

u e
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Figure 2 Labelling of Iysosomal x-plucosidesa with [*Hlleucine In the
presance or absence of lunlcamycin

Tre hbrotlasts were laballeo far § b wik {JH]!eu:rne in Ihe gresence ¢+ of absencs (—)
O unCaMmyCin ard harvesied directly. Lysosemal x-glucosidess was immunoprecipitated fram
e cell sgmogenates and analysed by SOS/PAGE. The molecular masses (kDat of wild-typa
and mulant lysosomal x-glucostdase species ate indicated. |.ares | ang 4. cantigl; lanes 2 angd
3 GM1935. The astensk ingicates a maleculze species of o krgwn igerdily that is only farmed
it the presence of tunicamycia

Sequence analysls

To identity the mutations responsible for the molecular pheno-
type of GM1935, we PCR-amplified alt exonic regions of the
lysosomal z-glucosidase gene. Most PCR products were
sequenced directly. In some instances. however, it was necessary
i0 clone the PCR fragments before sequencing, |n these cases at
least four clones were analysed.

Sequence analysis of the complete coding region revealed
several differences from the wild-type e DNA sequence {Floefsloot
et al. [988; Martiniuk ¢t al.. 1990b)} (EMBL entey number
YON839). All these differences were heterozymous, indicating that
GMI1935 carrics wwo distinct lysosomal z-glucosidase alleles.
Besides several known and two new polymorphisms, we
discovered four mutations leading 1o an amine acid zlteration:
an Asp to Glu substitution at amino acid position 645 in exon 14,
a Val 10 Ye substitution at position $16 in exon 17, a Thr to lle
substitution a1 position 927 in exon 19, and a premature stap at
position 854 in exon I8 (Table 11. Except for the last mutation,
the same substitutions were reported by Martiniuk et al. (1991).

Siace several mutations were found, the alleles had te be
defined more precisely. We started out with the Val-816 — [le,
the Arg-854 — Stop and the Thr-927 — [le mutations., Exens

Table 1 Base-pair subslitutions: parison with the ly | x-glucasldasa cDNA In EMBL/Ganbank (Y00839}
Hucleotide posdior is courted fom i inibaliv cedon of e precursor. Relerences: 1. Hoelsion: et 3t (1930b); 2, Mactiniuk &t al. (19904,
Hucleate Aming acid
posdian Exon CONA G935 alteration Refarence
Mutations
1835 14 c A Asg-645 — Glu
2446 17 G A Val-816 — [lg
2560 18 ¢ T Arg-854 — Stop
2780 19 c T Th-827 — lig
Po'ymorphisms
556 3 G A AlQ-189 == His 1.2
1200 g ES G -
1374 a c T -
1581 11 A G - 1,2
2553 18 A G - 12
2862 0 G ) Hen-coding
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Flgure 3  Allele-specific ofgonucleatide hyxridizallon of PCR-amplified
sONA

PGR products were denzhered arg applizd 4 Hyband N* membeangs using a slabbic:
apparztus and paocee wilh PP-zcelzo aligeugizatioes tor the presarce of aitner normal (W
0: mularl cBNA sequznces

16-19 containing the latter three mutations were PCR-ampiified
in one fragment from genomic DNA and this fragment was
cloned, Six different clanes were scquenced. Three were found to
have the Arg-354 - Stop mulation in combination with a wild-
type sequence at position 816 and 927, The other three clones
were wild-type at position 854, but contained both the Val-816
=+ lle as well as the Thr-927 - e mutation. From these resulls
we conclude that the Vai-316 - He and the Thr-927 — I} muia-
tions are located together in one allele, and the Arg-834 — Stop
mutation in the other.

The substitution of e for Thr-927 eliminates the conseasus
sequence (Asn-Phe-Thr) for N-linked glycosylation of the seventh
glycosylation site. Therefore this mutation is expected (o be
respensible for the lower moiecular mass of the GMI1935
lysosomal =z-glucesidase precursor. The mutation resulting in the
premature stop of enzyme synthesis a1 amino acid position ¥54
leads hypothetically to o prowin of approximately 98 kDa.
becavse 98 amino acids und two glvcosylation sites are lacking.
We did not deteel & lysosomal z-glucosidase poiypeptide of this
size in cell line GM1935, but such 4 mutant protgin might be
unstable. Another reason for the absence of a 58 kDa pelypeptide
in GM 1933 couid be that the allele carrying this mutation is not
expressed.

To investigate whether both alleles of G 19335 were expressed.
we extracted RNA from the cells and reverse-transeribed it into
eDNA, We then PCR-zmplified a fragment spanning all four
mutations. Allele-specific oligonucleotide hybridization of slot-
blots was performed to screen for the presence of the murtations.
cDNA from GM 1933 was found to hybridize with the Glu-643
and the [le-927 oligonueleotides, but not with the Stop-854
oligonucleotide. When oligenucleotides complementary to the
wild-type sequences at positions 645, 8§54 and 927 were uscd.
hybridizition was only obrained at position 854, cDNA amplified
from RNA extracted from human HepG2 cells hybridized only
with the wild-type oligonucleotides (Figure 3). Assuitable positive
and negative controls for hybridization conditions, piasmid
constructs containing the wild-type and mutant sequences were
used (results not shown). Two conclusions ¢an be drawn from
these results. First, the GM1935 allele characterized by the Arg-
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854 — Stop mutation is not expressed, Second, the allele which
we found to harbour the Val-816 — le and the Thr-927 — [lc
mutitions zlso contains the Asp-645 — Glu mutation, and is
cxpressed at the RNA level. Thus this second allele must encode
the mutant protein. This is in agreement with the results repocted
by Martiniuk et al. {1991} which were obtained with a different
methodology.

The question remains of which of the mutations is respansible
for the defect in post-translational modification. The Thr-927 -
[l mutation ¢liminating the glycosylation site at Asn-925 seems
unlikely. since we have demanstrated that the loss of this site
does not interfere with enzyme processing or function (Hermans
et al. 1993). Moreaver, the Chou-Fasman and the Garnier
algorithms did not predict a significant change in the secondary
structure of the protein {Chou and Fasman, 1978; Garnier et al.,
1978). No significant differences were observed either when the
Val-816 —+ [le substitution was analysed. In contrast, the re-
placement of Asp-645 by Glu disturbs a f-strané according to
the Chou--Fasman algorithm.

The mutatipns and thelr effects

To study the effects of the various mutations on the biosynthesis
and funetion of lysosomal x-glucosidase, they were intredueed in
the wild-type ¢DNA by site-directed mutagenesis and expressed
in COS cells. Besides single amino acid substitutions, a double
mutant was made containing both the Asp-645 — Glu and the
Thr-927 — Hle substtutions. At least two independent clones of
each construct wers tested,

COS cells were harvested 60 h after transfection and the
Iysosomal z-glucosidase activity was determined with the
artificial 4-M U substrate and with the naturad substrate glycopen,
At least three transfection experiments were performed for cach
mmuration, Typical results of one such experiment are given in
Table 2 which also includes data on the average outcome of three
indepandent experiments. COS cells transfected with Escherichia
coli p-galactosidase ¢cDNA were used as a negative control.
Transiection with the wild-type, the Val-816 — lie or the Thr-
937 — lle cDNAs resulted in a significant expression of activity
lor both substraws, indicating that these substitutions represent
polvntorphisins rather than mutatons. In contrast. the activity
measured after transfection with the Asp-645 — Glu or the
double-mutant construct was hardly above background. The
small additive effect of the Thr-927 — [l on the Asp-645 — Glu
substitution was not significant. No increase in activity was
medsured aller wansfection with ¢cDNA containing the Arg-
§54 — Stop mutation.

Qur resulls are at this point at variance with those reported by
Marzinivk et al, (1991) whe expressed their construets in $V40-
immortalized human fibroblasts. In the one experiment they
repori on, the The-927 — fle substitution was without effect, the
Asp-645 — Glu substitution resuited in a 679, decrease in
lysosomal x-glucasiduse activity, and the enzyme activity in
fibroblasts iraasfected with the Val-816 — [le mutant cDNA was
not above background,

The synthesis and proteolytic processing ol the wild-type and
mutant lysosomal c-glucosidase species were assayed by
pulse-chase labelling a1 60 h afier transfection, The results are
llustrated in Figure 4. In COS cells transfected with either the
wild-typt ¢cDNA or the ¢cDNA containing the Val-816 — lle
mutation, the usuval {10 kiDa precursor was synthesized ina 2h
pulse with [*H}leucine. CCS cells transfected with the Thr-927 —
lie mutant tDNA produced a 108 kDa precursor. Transfeclion
with the Asp-645 — Glu mutant construct resulled in the syn-
thesis of an appatently normmal 110 kDa precurser in the 25
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Table 2 Catalylic activities of lysosomal =x-glucosidase mwianis Jn
transiently transfected COS cells 60 h after transfection

Tna aclivity i expressed as amal of 4-MU/R per mn af aratgin with MU as substra'e o amal
ol giucose/n par mg of prolein with glycogen 25 substrate The activilies compared with the
wild-ype 2re given within pareniheses s percentages = S.EM. (7 = 3).

Cataiyi¢ zelwily

.MU Blytagen

Type of mutation {nmal/1 per mq) mal/h per ing:

COS cens 1968 360 9
wWild-type 582.7 (100 2180

Asp-635 ~+ Glu 1338 3

ValB16 = llg 535.6 1832

Mig-B54 — Stap 113.0 20

Thr-927 — ile 255.2 1430 (724184
ASp-643 — Gl/Thi-827 — Ha 1224 40 0.5+0.5
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Figure 4 Synthesis and processing of wild-lype and mutant Iysosomal
x-glucosidase specles In tr d COS cells

COS cells translected wilh wilt-typ2 of mulant cONA constructs were lzbelled fof 27 with
[*Hlleucine ang harvested directly (pulse) or ahiar @ subsequenl perind of eitner © or 30 h
ichase), Lysosomal x-glucosidase was immunag from the ¢ell q ane
analysed by SDS/PAGE. To sludy secretion, iysosomal x-glucasidase was immunopracipitated
Itam the chase mega. The molecu'dt masses (kDa) of wild-lypz and Frulant tysosoma: &
glucosidase species aie ‘ndicated.

pulse. The double-mutant precussor was decreased in size like
the Thr-927 - Ile mutant (Figure 4. puise).

Within 9 h of the chase, the wild-type precursor was converted
into the 95 kDa intermediate and the 76 kDa mature form of
lysosomal a-glucosidase (Figure 4, chase 9h). Also the Val-
816 — Ile precussor was normally processed ta 95 and 76 kDa.
confirming our earlier conclusion that the replacement of Val by
Tle is a polymorphism. The 108 kDa Thr-927 —Ile mutant
precursor was converted into a 93 kDa intermediate whereafter
a 75kDa mature species of nomal size was formed. This
processing confirms our conclusions in the preceding paper that
the glycesylation site a1 Asn-925 is located jn a C-terminal
propeptide that is cleaved off when the 93 kDa intermediate
malures to 76 kDa, When Thr-927 was replaced by He the rate of
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Figure 5 Labelling of wild-type and mulant lysosomal x-glucosidase
specles In franslected COS celfs wilth [*Hlleucine and wilh PP,

COS cells tiansfected with wild-lype of mutant cONA constrecis were Izbelled for 6 b with
[*H]leugine or [P, and harvested direcily. Lysasomal z-gliros-gase was immunoprecipitated
lram the cell hamogenates and analysed by SDS/PAGE. The molecalar masses (kDa) of wilg-
Iypa ang mulant lysosomal x-glucosidase species are ncicaled.

maturation from 93 kDa to 75 kDa seemed slightly inercased.
The same effect was observed when this glycosylation site was
deleted by an Asn-925 — Gln substitution (Hermans et al., 1993),
The proteolytic processing of the precursor containing the Asp-
645 - Glu substitution was delayed as wits the processing of the
double mutant precursor. (The respective 11 kDDa and 108 kDa
precursor species were still visible after S h of chase.)

A comparable picture was obtained aftzr 30 h of chase, except
thal the Glu-345 and double mutanl precursor were no lonper
detectable (Figure 4, chase 30 h). The mutant species are ap-
parently degraded since they are not converted into mature
enzyme and ol secreted either {Figure 4, secretion).

The biosynthesis of lysosomal z-glucasidase containing the
Arg-§34 - Stop mutation is ilustrated in Figure $ {leucine
incorporation). In a & h pulse peried a iruncated precursor of
98 kDa was formed. This 98 kDa species is not synthesized in cell
line GM 19335 since it is derived from the one ailele that is not
expressed,

Labelling with [**P]P, was performed to determine whether it
was the single Asp-643 — Glu, the singl: Thr-927 — [le or the
combination of both mutations that intwerfered with
phosphorylation {(Figures 5 and 6), The incorporation of
phosphate into A-hexosaminidase was taken as a reference.
Phosphoryiation of all mutant precursors was detectable but the
degree of phosphate incorporation was low for the Asp-645 —
Gluand the double mutant. Itis evident that the phosphorylation
defect is caused by the Asp-643 — Glu substitution rather than
by the loss of the glycosylation site at Asn-925. Figure § shows
that the truncated lysosomal a-glucosidase species also lailed to
incorporate phosphate. In eell line GM 1915, the phosphorylatien
defect seems to be complete in contrast with that observed in the
transfected COS cells. However, the expression of lysosomal -
slucosidase in the transient transfection system was much higher
than in fibroblasts. Therefore it could very well be that
phosphotylation of the lysosomal a-glucosidase precursor also
oceurs in cell line GM1935 but remains undetectable.
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B g Table 3 Quanlitative data an the lysosamal z-glucosidase labelling of the
@ @ . w B . lysasames in GOS cells Iransienlly translecled with wild-type and mutant
£ % 38 £ & 28 ¢DHA construcls
L v The ums for [ysssamal latelling ate Ihe number of gald particles pet Iysosome (A == 313,
kD L Resuls ar¢ means £ 5EM.
™ Lysosamal
110 - @l oy Type of Autation 1ateting
- [ ]
Wiilg-type 43521
. The-927 == e 3
a-glucesidose B-hazosaminkiasa Asp-B45 — Gy
Daublz murant
Figure 6 Labelling of fysosomal x-g and g-h il

with {*PIP, in COS cells transfected with wild- Iype or mutant tysospmal
LS glucosldase species

COS cells were labelled fer 3 1w ih [¥P)P and haniested directly. Lysosomal a-gratosidase

ang gh WaLR iptated from tne cell homogenales and analysed by

SOS/PAGE. The moleculer masses (kDa) of witd-tyre and mutant lysosomal ceolucesidase
@I ale ingicaled,

Figura 7 Locaiization of mutant ly I a-glu in fransfected
COS cells studied by light microscopy

Transiently transfecled COS celis were fixed and incubaled with 2 rabbil palyclonal antiserum
against human lysosemal z-gluCosidase. ImMmung compidees were visualized wilh goal ante
1atbil 196 conjugated “o Bugresctin. {3} Thr-827 — lie: (b} Asp-545 — Gly,

Summarizing the results presented in Table 2 and Figures 46,
we conclude tharitis the double murant thar mimics the molecuiar
defect in cell line GM 1936, but the deleteriouns effect on enzyme
biosynthes:s and luaction is caused by the Asp-645 — Glu rather
than the Thr-927 -+ lle substitulion.

Suhcellular tocallzation

Immunocytochemistry was perlermed to study the intracellular
lecalization of the mutant proteins in the transiently transfected
COS cells. Typical punciate lysosomal Jabeliing was obtained for
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Flgure 8 Subceliular localizalion of the Asp-645 — Glu mulant geotein in
transfecled COS cells studied by immungeleciran microscopy

Ultizthin ceycsect:0ns were incubated with reabil palycfonal antiserum against human lyspspmal
a-glucoskas2 and subseguently with goal anii-rabbit 196 coupled to colloidal gotd. Mutant
prolein was fund in agremal amounts ir the erdaplasmic reticulum {R) hut very fittle enzynie
was detectabie in 1ha lysosemes (L) B4 mtachgrdrian. Bar is 0.1 gm. {a) Lysosome; ()
encoplasmic reficulem,

lysosomal z-glucosidase with the Thr-927 — Il subsiitution
(Figure 7a}, but expression of lysosomal a~glucosidase with the
single Asp-645 — Glu or the double mutation resulted in a
labelling pattern  characweristic of endoplasmic  reticulum.
Lysosomal labelling was barely detectable (Figure 7b).
Semiguantitative data on the lysosomal labelling were obtained
by immunoelectron microscopy on uitrathin cryosections. To
this end. the number of’ gekl particles per lysosome was counted
in 3! randomly chosen lysosames. The results are presented in
Table 3. The amount of label in the lysosomes was not
significantly different in cells expressing the wild-type lysosomal
z-glucosiduse compared with cells  expressing  lysosomal
a-glucosidase with the Thr — fe substitution at position 927.
However, lysosomal labelling was significantly lower when Asp-
645 was replaced by Gl or when the Asp-643 — Glu and the
The-927 — lle substituwions were preseat simultanecusly. Both
the wild-type and the Thr-927 — [le-substituted lysosomal a-
glucosidases were not only present in the lysosomes but also in
the various compartments of the glycoprotein-transport pathway,
including the endopiasmic reticulum, the Golgi cisternac and the
trans-Golgi network (results not shown). The Asp-645 — Glu
and the double-mutant x-glucosidase precursors were mainly
lecalized in the endoplasmic reticulum (Figure 8), This abnormal
enzyme distribution suggests thal the mutant preeursor s trans-
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potted inefficiently from the endoplasmic reticulum o the
Golgi. This is in line with the observed phosphorylation defges.
The N-acetylglucosaminyl phosphotransferase responsible for
the incorporation of P in the lysosomal z-glucesidase precursor
is thought to be located in the ¢is-most Golgi cisternae (Lazzarino
and Gabei, 1988, 1989). I[nefficient transfer of the mutant
precursor to this comparimenlt will therefore avtomatically lead
to an apparent phosphorylation defect. On the basis of our
present findings, we consider it less likely that the nmusation in
this patient affects the N-acetylglucosaminy] phosphotransferase-
recognition site directly. The dramatic cffect of the Asp 10 Glu
substitution at position 643 is possibly czused by the change in
secondary structure, as predicted by the Chou-Fasman algor-
ithm. There arc several examples in the literature of mutant
proteins that do not exit the endoplasmic reticulum because of
wrong foiding (Pelham, 1989).

We have no explanation for the apparent discrepancy between
our results and those reported by Martiniuk et al. (1991}, where
it concerns the cffect of the amino acid substitutions. The
cxperimental appreach is only different in the sense that
Martiniuk et al, (1991) used SV40-immortalized Rbroblasts
from a patient with GSDII for transient expression af lysosomal
a-glucosidase ¢DNA whereas we used COS-1 cells. We have,
however, not experienced a difference in the biosynthesis. the
post-transiational modification and the intracellular location of
wild-type and mutant {orms of lysosomal a-glucosidase in
transfected COS-1 cells compared with human fibroblasts [com-
pare Figures 1(a) and 4, and Hocfsloot ¢t al, (19%0b), Hermans
et al. (1991a)]. Our conclusions are nol solely based on the assay
of lysosomal «-glucosidnse activity but we have demonstrated in
addition that the Asp-645—Glu substitution accounts for
delayed intraceliular transport and deficicnt phosphorylation
and proteolytic processing. The notion of Martiniuk et al. [1991)
that the secondary structure of lysosomal «-glucosidase is not
affccted by the Asp-645 — Glu mutation is not in 2¢cordance
with the Chou-Fasman analysis performed by us.

The most difficult to explain is the clinical phenotype of the
patient. The mutation analysis has shown that only one allele is
expressed and that this allele does not produce a substantial
amount of functional lysosomal a-glucosidase. The results are in
this respect no different from those obiained with fibroblasts
from the patient. The low level of residual activity is typical for
patients with an infantile form of glycogenosis type 1l. The
relatively slow progression of the disease in this black aduk
palient remains an enigma, unless the biosynthesis of this mutant
lysosomal a-glucosidase is different in muscle from that in
fibroblasts or transfected COS cells.

We thank 4. van Oosten and M. Hoogeveen-Westerveld lor technical assistance
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CHAPTER 6

THE LOSS OF A POLYMORPHIC GLYCOSYLATION SITE
CAUSED BY THR-927 - ILE IS LINKED TO A SECOND
POLYMORPHIC VAL-816 — ILE SUBSTITUTION IN
LYSOSOMAL a-GLUCOSIDASE OF AMERICAN BLACKS.

{Adapted from Genomics, in press as a Brief Report)






THE LOSS OF A POLYMORPHIC GLYCOSYLATION SITE CAUSED BY THR-
927 — ILE IS LINKED TO A SECOND POLYMORPHIC VAL-816 - ILE
SUBSTITUTION IN LYSOSOMAL a-GLUCOSIDASE OF AMERICAN BLACKS

M.M.P. Hermans, L.P. Svetkev™, B.A. Oostra, Y.T. Chen’ and A.J.J. Reuser

Department of Cell Biology and Genetics, Erasmus University, P.O. Box 1738,
3000 DR Rotterdam, The Netherlands, Department of *Medicine, “Pediatrics,
Duke University Medical Center, Durham, North Carolina.

Summary. DNA of 17 healthy, unrelated, American black individuals was screened for
the occurrence of two amino acid polymorphisms which were found recently in an
American black patient with glycogenosis type II (GSDII). One polymorphism, a Thr-
927 - Ile substitution deleting the most carboxyl-terminal glycosylation site of lysosomal
a-glucosidase, was found in this population with a frequency of 0.21. The second
polymorphism being a Val to Ile substitution at positien 816 was found with a frequency
of 0.18 and was linked to the Thr-927 — Ile mutation in the same allele. The Asp-645 —
Glu substitution, responsible for the lysosomal o-glucosidase deficiency in the American
black patient was not detected amongst the 17 healthy individuals.

Inherited deficiency of the lysosomal hydrolase c-glucosidase (acid maltase) causes
the lysosomal accumulation of glycogen, a condition known as glycogen storage disease
type II (GSD ID(McKusick, 1990). The clinical phenotype is heterogeneous, and
heterogeneity also exists at the molecular level (Reuser ef al., 1985). Point mutations
were recently identified in two cases of severe infantile and one case of adult
glycogenosis type II (Hermans ef al., 1991; 1993a; Zhong er al., 1991; Martiniuk er al.,
1991). Besides mutations with a deleterious effect on enzyme function, several
polymorphisms have been documented. Interesting are those polymorphisms that relate to
racial differences, but they can pose a problem when mutant alleles are being analyzed.
An example for this was an American black patient with an adult form of GSD II
(GM1935). Mutation analysis revealed three amino acid substitutions that were not
encountered in the Caucasian population. The three substitutions were Asp-645 — Glu
(exon 14), Val-816 — Ile {exon 17) and Thr-927 — Ile (exon 19), and they were linked to
the same allele (Martiniuk ef al., 1991; Hermans ef al., 1993a). The Thr-927 — Ile

substitution deleting the most carboxyl-terminal N-linked glycosylation site was found to
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have no effect on enzyme function (Martiniuk et al., 1991; Hermans et al., 1993a) in
agreement with our studies on the role of the individual glycosylation sites (Hermans er
al., 1993b). There were different opinions, however, with respect to the effect of the
other two substitutions. The Val-816 — Ile substitution was reported by Martiniuk et al.
(1991) to cause the lysosomal a-glucosidase deficiency, but we concluded on the basis of
more extensive studies that the Asp-545 — Glu substitution was actually the deleterious
mutation and the Val-816 — Ile substitution a polymorphism (Hermans ef af., 1993).

In this report we have determined the incidence of the Val-816 — Ile and the Thr-
927 — Ile substitutions among 17 healthy, unrelated American blacks. DNA was extracted
from white blood cells or cultured fibroblasts., The exons 16-17 and 18-19 were PCR
amplified, and allele specific oligonucleotide (ASO) hybridization was performed as
described (Hermans er al., 1993a). Cell line GM1935 was used as a positive control. The
PCR primers were 18.2 (CCCATCCCATTCATCACCCG), 19.2 (AGAAGCCCACCTGG
CCTCTC), 23 (AGGACGCCCAGCACCTTCTG) and 24 (TGAGAATTCCTCCACCAG
GGTGGGGATGA) (Figure 1). ASO hybridization was performed with the following
probes: Val-816 (ACACCATCAACGTCCACCTCC), Ile-816 (ACACCATCAACATCCA
CCTCC), Thr-927 (CAACTTCACCTACAGCCCCGA) and Ile-927 (TCCAACTTCATC

7 8
—_
I
C-A

Asp-845 - Gilu

18.2 44-2 19,2 24 41-2 23

— [——23 ~— — E— I ]

—
G l A c .I. T

Val-816 - lle Thr-927 - lle

Figure 1: Schematic representation of the human lysosomal «-glucosidase gene.

The boxes represent exon 14 - 19. The arrows above the gene represent the various primers used.
Solid arrows symbolize intron primers and open arrows show primers in which the terminal 3'-
nucieotide is allele specific.
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TACAGCCCC). Of the 17 individuals 10 were homozygous Thr-927/Thr-927, and 7
were heterozygous Thr-927/11e-927. All of the first 10 individuals and 1 of the latter
seven were homozygous Val-816/Val-816, whereas the remaining 6 individuals were
heterozygous Val-816/11e-816. The frequency of Thr-927 amongst the 17 individuals was
0.79. Ile -927 occurred with a frequency of (.21. The frequency of Val-816 and of Ile-
816 was 0.82 and .18, respectively (Figure 2).

The 17 DNA samples were also screened for the occurrence of the Asp-645 — Glu
substitution (exon 14), associated with adult GSDII (GM1935). This substinution is caused
by a C — A transition which abolishes an Aatll restriction site (Martiniuk er al., 1991).
The Aatll digestion was done on a PCR fragment spanning exons 14 and 15 obtained by
using the primers 7 (TCACTAGGCCTGAGCTGGCTC) and 8 (CACTCAGCGGGATCC
TGCTG) (Figure 1). Figure 3 shows that the Aatll restriction site is missing in one of the
two alleles of patient GM1933. Loss of the Aatll site was not observed in any of the 17

individuals indicating that none of them carried the Asp-645 — Glu substitution. This

valgie lle 816

Figure 2: Allele specific oligonucleotide hybridization of PCR amplified DNA of American blacks.
PCR products were denatured, applied on Hybond N membranes via a slot blot apparatus and
hybridized with [*P]-labelled ailele specific probes as indicated below the panels. DNA from cell line
GM1935 is indicated with an asterisk. DNA in the remaining slots represent 16 of the 17 healthy
individuals.
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Figure 3; Analysis of the Asp-645 - Glu substitution by Aatll digestion.

Exons 14 - 15 were PCR amplified, the fragments were digested with Aatll and applied onto a 1.5%
agarose gel. Lanes 1-16: healthy American blacks, lane 17: patient GM1935, lanes M: lambda DNA 1
kb marker {Gibco BRL).

sustains our previous conclusion that the Asp-645 — Glu substitution is responsible for the
lysosomal a-glucosidase deficiency in GM1935. If the Val-816 — Ile substitution would
have been associated with GSDII, as suggested (Martiniuk er al., 1991), the prevalence of
the disease amongst American blacks would have been 1 in 31 which is far higher than
the estimated incidence (1:100.000)(Hers, 1989).

To investigate whether the Val-816 — [le and the Thr-927 — Ile substitutions
observed in 6 individuals were associated with the same allele as in cell line GM1935, we

applied the "amplification refractory mutation system” {ARMS) of Newton et al. (1989).

1234?678?1{0

M i

Figure 4: Specific amplification
(ARMS) of the Ile-816/11e-927
atlele.

An aliquot of the PCR amplifica-
tion reaciion was applied directly
onto a 1% agarose gel. Lanes 1-6:
carriers of both the 1le-816 and the
1le-927 substitutions, lanes 7-8:
individuals homozygous for the
Val-816/Thr-927 allele, lane 9:
carrier with only the Ile-927
substitution, lane 10: patient
GM 1935, lanes M: lambda DNA 1
kb marker (Gibco BRL).
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ARMS has been designed to allow the rapid detection of point mutations via PCR
amplification. It uses a PCR primer in which the terminal 3’-nucleotide is allele specific.
Only if the primer matches the desired allele at the 3’-end an amplified product is
produced, while a mismatched allele is not detected. A sense primer was designed (44-2)
with the 3’-nucleotide matching the Iie-816 sequence (CCCCCTGGACACCATCAACA)
and an antisense primer (41-2) with the 3’-nucleotide matching the I1e-927 sequence
(CTTGGTGTCGGGGCTGTAGA) Figure 1). PCR amplification can only occur if lle-816
and Ile-927 are encoded by the same allele. Figure 4 shows that the expected PCR
fragment of 1380 bp was only obtained with DNA from the six individuals carrying both
substitutions and of cell line GM1935 and proves that the substitutions were linked. The
association of the Asp-645 — Glu mutation with the relatively rare Ile-816/11e-927 in stead
of the more common Val-816/Thr-927 allele suggests that a linkage disequilibrium may
exist. This can be tested with additional black GSDII patients.
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Summary. Glycogen storage disease type II (GSDII, M. Pompe) is caused by an
inherited deficiency of the Iysosomal enzyme o-glucosidase. In this paper we report on
the identification of the mutant alleles of two unrelated Dutch patients, one with a juvenile
and the other with an adult form of the disease.

Sequence analysis revealed that the juvenile patient was a genetic compound. One
lysosomal «-glucosidase allele was characterized by a deleterious C to T transition at
position 1644 causing the substitution of Pro-545 by Leu in lysosomal o-glucosidase. The
second allele of this patient had a characteristic one base pair deletion at position 525
(AT-525) introducing a premature stop codon at position 660-662. The adult patient was
shown to have two copies of the T-1644 allele.

The mutations were introduced in wild type ¢cDNA and expressed in COS-1 cells to
analyze their effect. Expression of the AT-525 allele did not resuit in the formation of an
immunologically detectable polypeptide whereas the Pro-545 - Leu substitution allowed
normal synthesis. The substitution did cause, however, a delay in the maturation of the
lysosomal e-glucosidase precursor and did result in a 92% net reduction of enzyme
activity. The residual lysosomal o-glucosidase activity of the adult patient was twice as
high as that of the juvenile patient as predicted by the different allelic constitution of the
two patients. The results are strongly suggestive for a direct correlation of genotype and
phenotype.

INTRODUCTION

Glycogen storage disease type II (GSDII; M. Pompe) was the first lysosomal
storage disorder recognized as such by the discovery of acid maltase (Iysosomal o~
glucosidase; EC. 3.2.1.3) deficiency in liver, heart and skeletal muscle of affected
individuals (1). The ensuing search for lysosomal enzyme deficiencies in pathologically
related diseases has resulted over the past three decades in the idemiification of the
primary enzyme defect in more than 30 other lysosomal storage diseases (2). GSDII is an

autosomal recessive trait with a broad clinical spectrum (3). At the one side of this
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spectrum there are patients presenting at birth with massive accumulation of glycogen in
muscle, heart and liver, and with a life expectancy of less than 2 years. Cardiorespiratory
insufficiency is the major cause of death in this condition which is usually referred to as
infantile GSDII (4). At the opposite side of the spectrum there are patients who are free
of clinical symptoms for most of their life but who develop finally a slowly progressive
myopathy. The first manifestation is often a weakness of the limb and girdle muscles, but
patients may also present first with respiratory insufficiency (5). An extreme example of
this so called adult form of GSDH is the patient described recently by Chancellor ez af.
(6). This patient was first diagnosed at the age of 68.

The molecular cause of clinical diversity in GSDII is not fully understood but
there is a clear correlation between the progression of the disease and the extent of
glycogen storage. The latter parameter seems to correlate inversely with the level of
residual lysosomal o-glucosidase activity (7-12). But this correlation is not strict and
exceptions have been encountered (9, 13). The exploration of the genetic basis for
phenotypic variation has started ever since the Iysosomal q-glucosidase ¢DNA and
genomic sequences were cloned (14-16), The first reports on mutation analysis have
appeared but the information is still limited compared to the published list of mutations
that occur in the more commonly studied lysosomal storage diseases such as Gaucher
disease and Tay-Sachs disease (17-22). It has nevertheless become clear that GSDII is not
only at the protein level but also at the DNA level an extremely heterogeneous disease (9,
11-14, 16, 23-27). A further inventory of the mutations in the lysosomal e-glucosidase
alleles of patients with distinct clinical phenotypes will help to evaluate the contribution of
allelic diversity towards the clinical heterogeneity as opposed to variations in the genetic
background and the possible influence of epigenetic factors. This type of information is
potentially useful when therapeutic intervention is going to be undertaken in future,

In this study we have analyzed the lysosomal a-glucosidase genotype of two Dutch
patients, one with a juvenile and the other with an adult form of GSDII. The two cases
were studied in combination for reason that a normal synthesis but a defective maturation
of lysosomal c-glucosidase had been observed in fibroblasts of both patients. The residual
enzyme activity in the cells amounted to approximately 1.5% for the juvenile and 3% for
the adult patient. These activities were considered to be exceptionally low in comparison

with those of other patients with a similar clinical phenotype (9, 25).
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The genetic analysis described in this paper reveals that the two patients share a
mutant allele which has the potential capacity to produce lysosomal a-glucosidase activity
up to 8% of the normal level. The adult patient has two copies of this allele, the juvenile
patient only one. Since the second mutant allele of the latter patient is functionally silent,

these data present a good example of a genotype-phenotype correlation in GSDII.

MATERIALS AND METHODS

Case reports. Fibroblasts cell line 84RD390 was derived from an adult female with signs
of glycogen storage disease type II. The patient was 42 years old when she was
diagnosed. Her complaints were that she had difficulty in climbing stairs. Her pelvic
muscle and muscles of the proximal upper and lower limbs were found to be weakened.
Motor conduction velocities were normal. The level of serum creatine kinase was
increased till 540 U/L (110 U/L is normal). A muscle biopsy was taken from the biceps,
and considerable variation in fiber size was noted. Vacuoles with PAS-positive material
were present in many of the fibers and the acid phosphatase activity was increased. The
glycogen content of the muscle (78 ug/mg protein) was within the normal range (30 - 120
pg/mg protein). The lysosomal c-glucosidase activity was decreased in the muscle biopsy
species, in the leucocytes and in cultured fibroblasts of the patient. The patient is at
present 50 years old.

Fibroblast cell line 124LAD was derived from a juvenile female who was examined at the
age of 13 years. She had a progressive weakness of the proximal limb muscles. At the
age of 6 years she was still able to walk and swim, Neurological examination revealed a
severe weakness of the neck flexors and tensors as well as of the scapular and limb girdle
muscles. The scapular muscles were atrophic. Little atrophy was noted of the lower
limbs. There was no hypertrophy. Reflexes were symmeitrically normal. The serum
creatine kinase was elevated (231 U/L). A muscle biopsy was taken from the left
quadriceps femoris, and most fibers had an abnormal structure. One or more vacuoles of
varying size were seen in cross sections and some fibers were necrotic. The material
contained in the vacuoles was PAS-positive, and all vacuoles showed a strong activity of
acid phosphatase. The vacuoles were identified as being lysosomes by immuno-electron
microscopy. The lysosomal o-glucosidase activity in the muscle biopsy specimen, in
leucocytes and fibroblasts of the patient was severely deficient. The patient died at the age
of 18 years.

DNA amplification and sequencing. DNA and RNA were extracted from cultured
fibrobiasts following standard procedures (28). PCR amplification using intronic primers
specific for lysosomal «-glucosidase was as described (17). DNA fragments were
sequenced using the T7 polymerase sequencing kit (Pharmacia LKB Biotechnology Inc.)
with appropriate primers.

Site directed mutagenesis. Site directed mutagenesis was carried out as described before
(29). The following oligonucleotides, synthesized on an Applied Biosystems 381A DNA
synthesizer were used: Leu-545 CCCTACGTGCTTGGGGTGGTT and AT-525 ATGATG
GAGACGAGAACCGCC.
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Transient expression in COS-1 cells. COS-1 cells were cultured in Dulbecco’s
modification of Eagle’s medium (DMEM) supplemented with 10% fetal calf serum (FCS)
and antibiotics, at 37 °C. The transfection protocol was as described before (30). The
cells were harvested at 90 h after transfection. Cell homogenates were prepared by
repeated freezing and thawing of cell pellets in distilled water. The activity of lysosornal
o-glicosidase in the cell homogenates was measured with 4-methylumbelliferyl-g-D-
glucopyranoside (4-MU) or with glycogen as substrate (29).

To study the synthesis and post translational modification of lysosomal e-glucosidase,
COS-1 cells were labelled for 2 h with [*H}-leucine (190 pCi/mmole)(Amersham U.K.) at
65 h after transfection, and lysosomal wo-glucosidase was immunoprecipitated either
directly (pulse) or after 16 h of chase. The different molecular species of lysosomal o-
glucosidase were separated by SDS-PAGE as described (25).

The intracellular location of the biosynthetic forms of lysosomal e-glucosidase in the
transfected COS-1 cells was established with the use of immunocytochemical procedures
as described before (30).

Southern blotting. Restriction enzyme digests were performed on 10-20 pg of DNA in
the appropriate buffers, DNA fragments were separated on 0.7% (w/v) agarose gels and
subsequently blotted onto Zeta-Probe blotting membranes (Biorad). Filters were
hybridized with lysosomal e-glucosidase cDINA using standard protocols (28).

Fluorescent In sitx hybridisation (FISH). Metaphase spreads were obtained from
peripheral blood Iymphocytes following standard techmigues (31). In situ hybridisation
was performed essentially as described by Van Hemel er al., 1992 (32). A centromere
specific alphoid DNA probe pl7H8 (33) was used for the identification of chromosome
17. For the labelling of the lysosomal a-glucosidase gene we used the three genomic Bgl
II fragments of 14, 10.5 and 8.5 kb cloned in piasmid pTZ19, which represent the
complete gene (15). The probes were labelled by nicktranslation using the BioNick system
{Gibco BRL). The hybridization mixture contained 30 ng of each of the «-glucosidase
probes, 4 ng of pI7H8 and 1 pg of Lot-1 DNA (Gibco BRL) as competitor. The probes
were dissolved in 10 pl of 50% deionized formamide, 10% dextran sulphate, 1% Tween
in 2xS8C, pH 7.0. The probes and the chromosome spreads were denatured separately.
Reassociation of repeat sequences was allowed for 1 h at 37 °C, whereafter 10 ul of the
probe mixture was applied to the chromosome spreads. Hybridization was performed
overnight at 37 °C.

Immunocytochemical detection of the probes was achieved by successive incubation with
fluorescein conjugated avidin (avidin-FITC; Vector. LAB.), biotinylated goat anti avidin
and again avidin-FITC. Slides wers mounted in meditm containing propidium iodide for
counterstaining. The chromosome spreads were examined under a Leitz Aristoplan
microscope.

RESULTS

DNA sequence analysis was performed to tdentify the mutations in the lysosomal

a-glucosidase gene {(GAA) of two unrelated Dutch patients, one with a juvenile (124LAD)
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Figure 1: Mutations in the genomic sequence of the lysosomal a-glucosidase gene of patient 124LAD
with juvenile GSDII.

Sequence analyses were performed directiy on PCR amplified genomic DNA. The deletion of a single
T at position 525 in exon 2 and the C to T transition at position 1644 in exen 11 are indicated with
arrows. The wild type sequence occurs along with the mutant sequence at both marked positions
demenstrating that 124LAD is heterozygous for both mutations.

and the other (84RD390) with an adult form of GSDII. The DNA was isolated from
cultured fibroblasts, and the exons of the gene were PCR amplified and sequenced
directly. One point mutation was discovered in exon 11 and a second in exon 2 of the
GAA gene of the more severely affected juvenile patient (1241.AD). The mutation in exon
11 concerned a C to T transition at position 1644! resulting in the substitution of Pro-545
by Leu, The mutation in exon 2 was a one base pair deletion at position 525 (AT-525)
introducing a premature stop codon at position 660-662. The patient was heterozygous for
both mutations since the normal lysosomal o-glucosidase sequence occurred along with
the mutant sequence at each of the two positions (Figure 1). The AT-525 and the C-1644
— T mutation were considered to represent each a different mutant allele.

To study the effect of both these mutations on the biosynthesis and fanction of
lysosomal c-glucosidase they were introduced in the wild type ¢cDNA by site directed
mutagenesis and expressed in monkey kidney cells (COS-1). Two independent clones of
each mutant construct were tested, The COS-1 cells were harvested 90 h after transfection

and the activity of lysosomal e-glacosidase was assayed using glycogen as the natural and

'counting the A of the initiation codon as position §
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Table 1: Catalytic activities of lysosomal c-glucosidase mutants in transiently
transfected COS-1 cells 90 h after transfection.

Type of mutation Catalytic activity

4-MU" Glycogen®
COS-1 cells 395 +-4.2¢ 286 + 33
Wild type 357.5 + 30.0 4951 + 481
AT-525 376 = 1.8 252 + 19
Pro-345 - Leu 67.8 + 4.8 641 + 27

The activity is expressed as * nmol 4-MU/ mg protein/ h o7 as * nmol glucose/ mg protein/ h.
¢ Indicated is average + SEM of 4 assays.

4-methylumbelliferyl o-D-glucopyranoside as an artificial substrate (Table 1). To have a
negative control COS-1 cells were transfected with E. coli B-galactosidase cDNA.
Expression of the wild type lysosomal a-glucosidase cDNA in COS-1 cells resulted in a
10 to 20 fold increase of enzyme activity compared to the negative control, whereas only
a 2 to 3 fold increase of activity, depending on the substrate used, was measured upon
expression of lysosomal a-glucosidase containing the Pro-545 — Leu substitution. No gain
of activity was measured in COS-1 cells transfected with the AT-525 mutant construct.

To investigate the molecular nature of the enzyme deficiency, we followed the
synthesis and maturation of the mutant lysosomal a-glucosidase species. The results of a
pulse-chase labelling study performed at 60 h after transfection are illustrated in Figure 2.
After two hours of [*H]-leucine incorporation (pulse) a normal synthesis of the 110 kD
precursor of lysosomal c-glucosidase was registered in the COS-1 cells transfected with
either the wild type ¢cDNA or the mutant ¢cDNA encoding Lev-545. The truncated
lysosomal o-glucosidase precursor encoded by the AT-525 cDNA was not detectable.
After 16 h (chase) the usual 95 kD processing intermediate and the 76 kD mature enzyme
had formed from the wild type precursor. In contrast, the precursor containing the Pro-
545 — Leu mutation was still present and only minute amounts of the 95 kD and 76 kD
species had forrned. These results point to a delay in transport of the mutant precursor to
the prelysosomal and lysosomal compartments where the proteolytic maturation is known

to occur (34).
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Figure 2: Synthesis and processing of wild type and mutant lysosomal a-glucosidase species in
transiently transfected COS-1 cells.

CO5-1 cells transfected with wild type or mutant ¢cDNA constructs were labelled for 2 h with [*HJ-
leucine and harvested directly (pulse) or after a subsequent period of 16 h (chase). Lysosomal o-
glucosidase was immunoprecipitated from the cell homogenates and analyzed by SDS-PAGE. The
molecular masses (kD) of wild type e-glucosidase species are indicated.

Figure 3. Lysosomal localization
of the Pro-545 -» Leu mutant
protein in transfected COS-1 cells
studied by immuno-electron
microscopy.

Ultrathin  cryosections  were
incubated with rabbit polyclonal
antiserum against human lysosomal
a-glucosidase and  subsequently
with goat anti-rabbit IgG coupled
to colloidal gold. Magnification:
98000 x.
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Table 2: Quantitative data on the lysosomal c-glucosidase content of the lysosomes
in COS-1 cells transiently transfected with wild type and mutant cDNA constructs.

Type of mutation lysosomal Iabelling” SEM
Wild type 43 4
Pro-345 = Leu 22 5

* Average number of gold particles per lysosome (n=31)

To obtain supportive evidence for this view we studied the intracellular location of
lysosomal a-glucosidase using immuno-electron microscopy. The wild type and Leu-545
mutant lysosomal a-glucosidase were present in equal amounts in the ER of transfected
COS-1 cells but the mutant enzyme was quantitatively reduced in the Golgi and lysosomal
compartments. A representative lysosome is shown in Figure 3. Semiquantitive data on
the lysosomal labelling revealed a significantly lTower amount of lysosomal c-glucosidase
in cells transfected with the mutant compared to the wild type cDNA (Table 2).

The abnormalities in the biosynthesis, the transport and the function of the mutant
lysosomal o-glucosidase species expressed in COS-1 cells mimic those reported to occur
in cultured fibroblasts of patient 124LAD (25).

To our surprise the milder affected unrelated adult patient (84RD390) appeared to
have the same Leu-545 mutant allele with the deleterious C — T transition at position
1644. But, there was no indication for this patient to be a genetic compound., On the
contrary, the patient seemed to be homozygous for the Leu-345 allele (Figure 4). There
was reason, however, to be suspicious since consanguinity was not known in the patients
family. It was realized that a complete lack of the second allele or the deletion of exon 11
and surrounding intron sequences would have gone undetected in the PCR based method
that was used to amplify the exons of the GAA gene. To check for the possible
occurrence of a deletion we performed Southern blot analysis on genomic DNA from the
patient. DNA from her healthy son was taken as a control. Figure 5A shows that the
Hind III fragments of the patient are of the right size, while a deletion of exon 11 shouid
have caused a change in the size of the 4.6 kb fragment. The existence of deletions did
not become evident either from the Bgl II restriction fragment pattern covering also the
complete GAA gene (Figure 5B). Finally, we performed in sitw hybridization on

metaphase chromosomes to demonstrate unequivocally the presence of the GAA alleles on
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Figure 4: Muwcon in the genomic
sequence of the lysosomal o-
glucosidase gene of patient
84RD390 with adult GSDII and in
the gene of her heaithy son
91RD244.

Sequence analyses were performed
directly on PCR  amplified
genomic DNA. The C to T
transition at position 1644 s
indicated with an arrow. 84RD390
. is homozygous for the C to T
—T = el PR g transition whereas O1RD244  is

i heterozygous.
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Fipure 5: Scuthern blot analyses of genomic DNA from patient 84RD390 and her healthy son
(91RD244).

Genomic DNA was digested with HindIlI (A) or with Bglll (B) and analyzed by Southern blotling
using cDDNA probes of lysosomal a-glucosidase covering the complete gene. The estimated length of
the DNA fragments is given in kilo bases (kb).
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both chromosomes 17. Cloned fragments of the gene were used as a probe. The results
are illustrated in Figure 6. Chromosome 17 is easily recognized by the centromere
staining. Fluorescent dots marking the location of the GAA gene were seen at the end of
the long arm of both chromosomes 17, Using two highly polymorphic markers (VNTR
probes, pl44-D6 and pYNH37-3) of chromosome 17 (35, 36) we were able to
demonstrate that the patient, homozygote for the Leu-545 allele, had not inherited both

her chromosomes 17 from the same parent (Figure 7).

DISCUSSION

In this report we have identified the mutations in the lysosomal a-glucosidase
alleles of two Dutch patients suffering from GSDII. The older patient with an onset of
symptoms in the fourth decade of live was demonstrated to have two copies of a mutant
allele with a Pro-545 — Leu causing C-1644 to T transition in exon 11 of the GAA gene.

The younger patient with onset of symptoms in the first decade of life was
identified as a genetic compound. One of her alleles appeared to be the same as that of
the adult patient, the other had a characteristic AT-525 mutation. The product of the AT-
525 allele with a predicted size of 24 kD was not detectable upon transient expression in
COS-1 cells. A polypeptide of this size was similarly lacking in cultured fibroblasts of the
patient (25). The change of primary structure and conformation of the AT-525 protein
could possibly lead to instability of the polypeptide or to loss of antigenicity. But it may
also be that the mRNA containing the premature stop codon is unstable (37).

The Leu-545 precursor expressed in COS-1 cells was not distinguishable from the
110 kD wild type precursor when analyzed by SDS-PAGE. But the maturation of the
mutant precursor was delayed and inefficient as it was in cultured fibroblasts of both
patients (9, 25). As a net result the Pro-545 — Leu substitution limits the formation of
mature 76 kD enzyme.

The delay in maturation of the Leu-545 precursor could be due to improper
folding since the Chou & Fasman algorithms for secondary structure prediction show a
disruption of a protein turn and a reduction of a B-pleated sheet (38). As proper folding is

believed to be a prerequisite for exit of proteins from the ER (39, 40) the mutation may
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Figure 6: /n situ hybridization of metaphase chromosomes of patient 84RD390.
Metaphase chromosomes were hybridized with a chromosome 17 centromere probe (p17H8) and with
probes derived from the lysosomal a-glucosidase gene. The fluorescent dots marking the GAA gene
are indicared with arrows.

84RD390 91RD244
| [

p144-D6 [

pYNH373 [

Tagl

Figure 7: Identification of chromosomes 17 of patient 84RD390 and her healthy son (31RD244).
Genomic DNA was digested with Tagl and analyzed by Southern blotting using the VNTR probes
pl44-D6 and pYNH37-3 to identify the different chromosomes 17. Two fragments differing in size
are revealed by both probes.
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very well lead to the observed accumulation and degradation of the lysosomal -
glucosidase precursor. Obviously, a portion of the molecules escapes degradation, enters
the Golgi complex and is finally delivered to the lysosomes, where proteolytic processing
to 95 and 76 kD accurs (34). This lysosomal pool of enzyme is apparently active and
accounts for the residual lysosomal e-glucosidase activity of 8% as measured in the
transfected COS-1 cells.

Variabiiity of the clinical phenotype is a hallmark of lysosomal storage diseases
and can be ascribed in order of importance to i) ailelic diversity, ii) variability of genetic
background and iii) epigenetic factors. The contribution of the latter two factors is the
most difficult to evaluate, but cannot be ignored. This is indicated by the fact that for
instance in Gaucher disease the severity of clinical symptoms can vary considerably even
when siblings carry the same Asn-370 — Ser mutation in both their glucocerebrosidase
alleles (20, 41}. The occurrence of allelic diversity has been documented in several of the
more than thirty different lysosomal storage diseases and has given an insight in the
genotype-phenotype correlation. Mutations causing gene disruption, splice defects or
instability of mRNA. lead predictably to complete loss of lysosomal enzyme function and
are in homozygous form consistently associated with a severe form of disease. Several
examples of these types of mutation have been reported (42-45). The effect of point
mutations is in general more difficult to predict since point mutations can interfere with
enzyme function as well as with posttranslational modification and transport. The most
reliable parameter for predicting the clinical phenotype is, therefore, the level of residual
enzyme activity. This has been demonstrated by now in a number of lysosomal storage
diseases including GSDII. Patients with GSDII present consistently the most severe
infantile phenotype when lysosomal e-glucosidase mRNA is undetectable. Patients with a
normal synthesis of mRNA but with a complete deficiency of functional enzyme are also
severely affected (11, 14, 16, 17, 19, 23). One of these patients from a consanguineous
family was reported to have a Glu-521 — Lys substitution preventing the intraceflular
transport and maturation of the mutant lysosomal «-glucosidase precursor (17). Milder
affected patients with later onset and slower progression of symptoms have virtually
always a certain percentage of residual lysosomal a-glucosidase activity. This percentage
varies mostly from 10 to 25% among patients with adult GSDII but can be as low as 3%

in some exceptional cases to which 84RD390 belongs (9, 18).
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We were fortunate to find in our studies a nice example of a genotype-phenotype
correlation in GSDII. Patient 124L.AD with a juvenile subtype and a residual lysosomal
e-ghicosidase activity of 1.5% in cultured fibroblasts was found to have two different
mutant alleles. The one with the characteristic AT-525 mutation was shown to be
functionally silent, the other (Leu-543) capable to maintain a low level of catalytically
active lysosomal e-glucosidase. The adult patient (84RD390), earlier reported to have
twice as much residual activity as patient 1241.AD was demonstrated to have two copies
of the Leu-545 allele. It, thus seems that gene dosage accounts fully for the difference in
residual lysosomal a-glucosidase activity and the clinical phenotype of the iwo patients.

The data presented in this study may provide an explanation for the apparent
discrepancy between the exceptionally low residual lysosomal o-glucosidase activity of
patient 84RD390 and her relatively mild clinical phenotype. When expressed in COS-1
cells the Leu-545 mutant allele produces lysosomal o-glucosidase at 8% of the normal
activity level which is more than twice as high as in in vifro cultured fibroblasts and
muscle cells of the patient (9). This indicates that the mutant allele is not expressed at full
capacity in the in vitro cultured cells of the patient. Recent results from our laboratory
suggest that the maximal capacity is exploited, however, in vivo in storage prone muscle
fibers of the patient (Willemsen, unpublished results).

The finding of the same Leu-545 mutant allele in both patients is remarkable since
sporadic mutations predominate in rare genetic disorders like GSDII. The underlying
cause may be a founder effect since both patients, although not known to be related, are
of Dutch origin. Also the fact that patient 84RD390 was homozygous for the Leu-545
allele while there was no record of consanguinity in the family points in this direction.
For this reason we have started to screen a larger collection of Dutch patients with the

juvenile or aduit form of GSDII for the possible occurrence of the Leu-345 mutant allele.
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Summary. The autosomal recessive glycogen storage disease type I is associated with a
deficiency of Iysosomal o-glucosidase (acid maltase). This paper reports on the mutations
in the lysosomal c-glucosidase alleles of an adult patient. A G-1927 to A transition was
discovered in exon 14 causing the substitution of Gly-643 by Arg and a second C-2173 to
T transition in exon 15 resulting in the substitution of Arg-725 by Trp. Each of the
mutations was located in a different allele, The mutations were introduced in the wild
type lysosomal o-glucosidase cDINA and expressed in COS cells. Both mutations had a
similar effect. The synthesis of the mutant enzyme precursors was not disturbed but the
intracellular transport and maturation was impaired. As a result there was an overall
deficiency of catalytic activity.

INTRODUCTION

Lysosomal c-glucosidase (acid maltase, EC 3.2.1.3) is an acid hydrolase required
for the degradation of glycogen. Deficiency of this enzyme results in glvcogen storage
disease type II (GSDII), an autosomal recessive disorder (McKusick, 1990). The disease
is clinically heterogeneous. When signs of cardiomegaly and generalized hypotonia
present shortly afier birth, the patients usually die within the first two years of life. In
other cases, however, the disease may become manifest only after the patients have
reached adulthood and the symptoms remain limited to skeletal muscle weakness (Engel,
1986). The variation in clinical phenotype is thought to relate to the occurrence of
different mutations, each of which may have a distinct effect on the functional capacity of
the mutant enzyme.

Indirect evidence for allelic variation in GSDII was obtained by studying the

Iysosomal a-glucosidase expression in fibroblasts and muscle cells of clinical variants
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(Reuser et al., 1978, 1985, 1987; Beratis et al., 1978, 1983; Martiniuk et al,, 1986,
1990a; Hoefsloot et al., 1988, 1990a; Van der Ploeg et al., 1988). Recent

characterization of mutant alleles has provided direct prove of genetic heterogeneity
(Hermans et al., 1991a, 1993; Zhong et al., 1991).

In this paper we describe the identification of point mutations in each of the
lysosomal c-glucosidase alleles of a patient with an adult form of GSDII (Trend et al.,
1985, Case I). The patient who was previously reported to have a very low residual
enzyme activity of 1-2% (Trend et al., 1985, Reuser et al., 1987) is shown to be a
genetic compound. A point mutation leading to an amino acid substitution was found in
each of the two alleles. The mutations were introduced in the wild type lysosomal o-
glucosidase cDNA by site directed mutagenesis and were proven to account for the

molecular defect observed in the patients fibroblasts.

MATERIALS AND METHODS

DNA amplification and sequencing. DNA was extracted from cultured fibroblasts
following standard procedures {Sambrook et al., 1989), PCR amplification using intronic
primers specific for lysosomal a-glucosidase was as described (Hermans et al., 1991a).
Each 100 al PCR reaction contained approximately 0.5 pg of DNA, 100 pmol of each
primer and 2 units of Taq polymerase (BRL) in the standard PCR buffer recommended by
Sambrook et al. (1989). Amplification was performed in a Perkin-Elmer Cetus DNA
amplifier. The first cycle was: 5 minutes denaturation at 94 °C, 5 minutes annealing at 59
°C and 5 minutes DNA synthesis at 72 °C. Subsequent cycles (25-30) consisted of 2
minutes at 94 °C, 2 minutes at 59 °C and 5 minutes at 72 °C. The DNA synthesis step
of the final cycle was extended to 15 minutes. In some instances PCR amplified DNA
fragments were cloned in a T-tailed Bluescript plasmid vector. This so called T-vector
was constructed as described by Marchuk et al. (1991). DNA fragments were sequenced
using the T7 polymerase sequencing kit (Pharmacia LKB Biotechnology Inc.) with
appropriaie primers.

Site directed mutagenesis. Site directed mutagenesis was carried out as described before
{(Hermans et al., 1991b). The following oligonucleotides, synthesized on an Applied
Biosystems 381A DNA synthesizer, were used: Arg-643 GCCTCTGGTCAGGGCCGAC
GT and Trp-725 GACCGTGGCCTGGCCCCTCTT

Transient expression in COS cells. Wild type and mutant cDNA constructs were cloned
in the eukaryotic expression vector pSG5 (Green et al., 1988) and transfected to COS
cells as described (Hoefsloot et al., 1990b). Lysosomal a-glucosidase activities in the cell
homogenates and the culture medium were measured with 4-methylumbelliferyl-a-D-
glucopyranoside (4-MU) as an artificial substrate and with glycogen as the natural
substrate as described (Hermans et al., 1991b).

To study the biosynthesis and processing of lysosomal c-glucosidase, COS cells were
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labelled for 2 h with Tran-[*S]-methionine (ICN) or for 4 h with carrier-free [**P]-
phosphate (Amersham) at 60 h after transfection, and Iysosomal o-glucosidase was
immunoprecipitated using a polyclonal antiserum raised in rabbits against human placental
a-glucosidase together with protein A-Sepharose beads (Pharmacia) either directly (pulse)
or after a 7 or 30 h chase. SDS-PAGE analysis was performed as described (Hasilik and
Neufeld, 1980a, 1980b}.

RESULTS AND DISCUSSION

To identify the mutations responsible for the adult form of GSDII in this patient
we decided to PCR amplify all the exons of the lysosomal o-glucosidase gene and to
determine their sequence. Most PCR products were sequenced directly. In some
instances, however, the PCR fragments were cloned prior to sequencing, and four
separate clones were analyzed.

Seven base pair alterations were found in the coding region of the lysosomal o-
glucosidase gene when compared with the wild type sequence published by Hoefsloot et
al. (1988) (EMBL entry number Y(0839) (Table 1). The patient was heterozygous for all

Table 1: Base pair substitutions (Comparison with the lysosomal a-glucosidase
¢DNA sequence in the EMBL/Genbank {Y00839).

nuclectide position® exon ¢DNA patient amino acid reference
alteration
Mautations
1927 14 G A Gly-643 — Arg
2173 15 T Arg-725 -+ Trp
Polymorphisms
642 3 C T - 1
921 5 A T -
1374 9 C T - 2
1581 11 A G - 1,2,3,4
2133 15 A G - 1

® Nucleotide position counted from the initiation codon of the precursor.
(1) Martiniuk et al., 1990b; (2) Hermans et al., 1993; (3) Hoefsloot et al., $590c;
(4) Hermans et al., 1991a.
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seven alterations, five of which were polymorphisms, not resulting in a change at the
amino acid level. The A to T transition at position 921 had not been described before.
Both the G-1927 — A transition in exon 14 and the C-2173 — T transition in exon 15
were marked as the potential disease causing mutations since they result in amino acid
substitutions: Gly-643 — Arg and Arg-725 - Tip, respectively. To define whether both
mutations were located in the same allele or in different alleles we PCR amplified the
exons 14 and 15 as one fragment from genomic DNA and we cloned this fragment. Two
clones were found to have the Gly-643 — Arg mutation in combination with the wild type
sequence for Arg-725. Two other clones had the wild type sequence for Gly-643 but
contained the Arg-725 — Trp mutation. From this we conclude that the patient is a
genetic compound with one mutant aliele characterized by the Gly-643 —» Arg substitution
and the other by the Arg-725 — Trp substitution. It is noteworthy that the parents of this
patient are first cousins (Trend et al., 1985, Case I). Thus, this patient was more likely to
have the same mutation in both alleles than to be a genetic compound.

To confirm that the Gly-643 — Arg and the Arg-725 — Tip mutations were
responsible, indeed, for the lysosomal o-glucosidase deficiency of the patient, we
introduced both mutations separately in the wild type lysosomal a-glucosidase cDNA by
site directed mutagenesis. Two independent clones of each mutant construct were
expressed transiently in COS cells and the activity of lysosomal c-glucosidase was

measured at 96 h after transfection (Table 2). A transfection with lysosomal a-glucosidase

Table 2: Catalytic activities of lysosomal o-glucosidase mutants in transiently
transfected COS cells 96 h after transfection.

Type of cDNA Catalytic activity
construct
Cells® Medium® Cells®
antisense 42.3 + 3.6° 7.1+ 04 115 + 15
Wild type 663.6 + 32.6 276.7 £ 10.9 4118 + 201
Gly-643 — Arg 817 £ 2.1 50+ 04 260 + 8
Arg-725 - Trp 85.7 4+ 1.3 6.6 +0.7 268 4+ 5

The activity is expressed as * nmol 4-MU/ mg protein/ h or as * nmol glucose/ mg protein/ h. ©
Indicated is average + SEM of 6 assays.
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cDNA in antisense orientation was performed as a negative control. As shown in Table 2,
both mutant enzymes were severely defective in their ability to hydrolyse 4-
methylumbelliferyl-a-D-glucopyranoside as well as glycogen. The results are in
accordance with the low level of residual lysosomal e-glucosidase activity in the patients
fibroblasts (Trend et al., 1985; Reuser et al., 1987).

To identify the defect more precisely, we have studied the biosynthesis of
lysosomal «-glucosidase. The enzyme is known to be synthesized as a precursor of 110
kD which is transported from the endoplasmic reticulum to the Trans Golgi Network.
From this compartment the major part of precursor molecules is transporied to the
lysosomes and proteolytically converted to 76 kD and finally to 70 kD via a long lived
intermediate of 95 kD. A minor part of precursor molecules is transported to the
plasmamembrane and secreted. The secreted precursor as well as the 95 kD, 76 kD and
70 kD intraceliular forms of lysosomal o-glucosidase are catalytically active (Wisselaar et
al,, 1993). A pulse chase labelling was performed at 60 h after transfection to study the
synthesis and fate of the mutant enzyme species. The results are illustrated in Figure 1.
The 110 kD precursor of lysosomal o-glucosidase and the long lived 95 kD intermediate
were detectable in COS cells transfected with both the wild type and the mutant cDNA’s
after a 2 h pulse. After 7 h of chase practically all wild type precursor molecules were
converted to 95 kD> and 76 kD species. In contrast, the Gly-643 — Arg or the Arg-725 —
Trp precursor molecules were still present, and processed forms of Iysosomal o-
glucosidase were hardly detectable. After 30 h of chase the molecular patiern of the wild
type species was very much the same as after 7 h. The mutant enzyme species, however,
had disappeared almost completely. A further difference between the wild type and the
mutant enzyme species was that only the wild type precursor was secreted into the culture
medium. From the deficiency of lysosomal «-glucosidase in both the lysosomal and
secretory pathway we infer that the biosynthesis derails before the precursor leaves the
Trans Golgi Network from where these two pathways divert. Export from the
endoplasmic reticulum is probably the limiting step since the phosphorylation of mannose
residues, which occurs in the cis Golgi cisternae, is diminished (Figure 2). Since the
mutant precursor molecules do not accumulate in time but disappear, we have to presume
that they are subjected to degradation.

A similar kind of defect was observed in two other cases of adult GSDII (Hermans
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Figure 1: Synthesis and processing
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. B kL . ce-glucosidase  species in  trans-
S : ) fected COS cells.

COS cells transfected with wild

lype and mutant cDNA constructs

— Wt
~anti 8

~ Arg-Ba3
— Trp-725
- Wt

— anti 8.

1;2: were labelled with Tran-[*S]-
methionine and harvested directly
(pulse) or after a subsequent
period of either 7 or 30 h (chase).
Lysosomal e-glucosidase was
immunoprecipitated from the cell
pulse homogenates and analyzed by
(@n) SDS-PAGE. To swdy secretion
the enzyme was immunoprecipi-
tated from the culture medium
collected after 7 h of chase. The
: molecuiar mass (kD} of the wild
"~ .- type and mutant lysosomal -
% - fucosidase species is indicated
76— i & P )
chase
{3ch)
9 o
é $ N
E « D A
T 2 < F
T
kD
110-

Figure 2: Phosphorylation of wild
type and mutant lysosomal o-
glucosidase in COS cells.

COS cells were labelled for 4 h
with [*P]-phosphate and harvested
directly. Lysosomnal a-glucosidase
was immunoprecipitated from the
cell homogenates and analyzed by
SDS-PAGE. The molecular mass
of the wild type lysosomal -
glucosidase precursor is indicated.
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et al., 1993; Hermans, unpublished results), in which the residual lysosomal -
glucosidase activity was unusually low in the patients fibroblasts. Suggestive evidence for
a higher residual activity in muscle tissue was obtained in one of these cases (Willemsen
et al., 1993). A difference in the expression of the mutant enzyme in muscles compared
to fibroblasts could explain also the clinical phenotype of the patient described in this
paper.

In conciusion, we have demonstrated that this patient with an adult form of GSDII
is a genetic compound. The Gly-643 ~ Arg and Arg-725 ~» Trp mutafions impair the
transport and maturation of lysosomal c-glucosidase in a similar way and they result both
in a severe enzyme deficiency. Arg-725 is conserved in the homologous human and rabbit
enzymes sucrase and isomaltase, in glucoamylase from Schwanniomyces occidentalis and
in e-glucosidase from Candida tsukubaensis pointing to an essential role (Hunziker et al.,
1986; Dohmen et al., 1990; Kinsella et al., 1991; Chantret et al., 1992). With respect to
the effect of the Gly-643 — Arg substitution it is notable that defective transport was also
found in another case of aduit GSDII in which an Asp to Glu substitution had occurred at
the nearby position 645 (Hermans et al., 1993). It remains to be clarified how these
mutations exert their effect since they are not predicted to change the secondary structure

significantly {Chou and Fasman 1978).
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Summary. Two patients in a consanguineous Indian family with infantile glycogenosis
type II were found to have a G to A transition in exon 11 of the human lysosomal a-
glucosidase gene. Both patients were homozygous and both parents were heternzygous
for the mutant allele. The mutation causes a Glu to Lys substitution at amino acid
position 521, just three amino acids downstream from the catalytic site at Asp-518. The
mutation was introduced in wild type lysosomal o-glucosidase ¢cDNA and the mutant
construct was expressed in vitro and in vive. The Glu to Lys substitution is proven to
account for the abnormal physical properties of the patients lysosomal a-glucosidase
precursor and to prevent the formation of catalytically active enzyme. In homozygous
form it leads 10 the severe infantile phenotype of glycogenosis type II. ¢ 1991 acagemac

Press, Inc.

Lysosomal a-glucosidase (EC 3.2.1.3) deficiency leads to glycogenosis type IT
(GSDII), a disease inherited as an autosomal recessive trait (1), The clinical phenotype
of GSDII varies. Severe infantile and mild, late onset, forms of disease oceur (2).
Heterogeneity exists also at the malecular level. Partial or complete deficiencies of
lysosomal «-glucosidase mRNA have been reported (3-6), and studies on the expression
of lysosomal &-glucosidase in fibroblasts and muscle cells of patients have indicated the
existence of allelic diversity (7-15). The human lysosomal a-glucosidase gere is in
addition polymorphic (16-27).

In this paper we report on the identification of a mutant ailele which we discovered
previously in a consanguineous Indian family from South Africa (14, Family C). Two
siblings were born with the severe infantile form of GSDIL Lysosomal e-glucosidase

activity was undetectable in cultured fibroblasts of the patients, and processed forms of
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lysosomal a-glucosidase were found to be fully deficient, The lysosomal e-glucosidase
precursor seemed to be about 5 kD smaller than the normal 110 kD wild type precursor,
as judged from the mobility on SDS-PAGE. This apparen: difference in size was
demonstrated to reside in the prowin backbone rather than in the carbohydrate side
chains. Both patients were homozygous whereas both parents were heterozygous for the
size abniormality (14).

The molecular analysis, described below, reveals the point mutation in the lysosomal
a-glucosidase gene that causes the physical abnormality of the mutant enzyme precursor,
and the lack of proteolytic processing and catalytic activity. It explains the severe clinical

phenotype of the patients.

MATERIALS AND} METHODS

DNA amplification. Genomic DNA was extracted fron cultured fibroblasts by following
standard procedures, (.5 pg DNA was PCR amplified using sense and antisense primers
complementary to intron sequences of lysosomal e-glucosidase {unpublished resulis),
These primers were designed to amplify all coding sequences. PCR was performed
according to the method described by Sambrook et al. {28). To generate dsDNA
fragments, 100 pmot of each primer was used. ssDNA was obtaired by asymmetric PCR
using 0.5 pmol of one and 50 pmol of the other primer and the dsDNA fragments as
starting material. DNA fragments were amplified in 30 cycles using optimal denaturation,
annealing and extension temperatures. DNA fragments were sequenced after a
Centricon-100 purification step (Amicen) using the T7 polymerase sequencing kit
{Pharmaciz LKB Biotechnology Inc.) and appropriate primers.

Construction of mutants, Site-direcied mutagenesis using the method of Kunkel (29) was
carried out as described before (30). The following oligonucleotides, synthesized
on an Applied Biosystens 381A DNA  synthesizer, were used: Lys-521
TGACATGAACAAGCCTTCCAA; Asp-521 ACATGAACGACCCTTCCAACT and
GIn-521 TGACATGAACCAGCCTTCCAA.

Transient expression in COS cells. Wild type and mutant cDNA constructs were cloned
in the eukaryotic expression vector pSGS {31) and transfected to COS celis as described
(32). Lysosomal a-glucosidase activity in the cell homogenates was measured with 4«
methylambelliferyl-a-D-glucopyranoside (4-MU) and with glycogen as deseribed (30).
The COS cells were labeled with [PH}-leucine (Amersham UK} at 65 h after
transfection and lysosomal e-glucosidase was immunoprecipitated 4 h later (puise) or
after 4 I labeling followed by 17 h chase, and analyzed by SDS-PAGE as described (9).
In vitro transcription/translation, Wild type and mutant ¢cDNA constructs in pSG3 were
linearized and used as templates in a transcription reaction. In vitro transcribed RNA was
used for i virro wranslation as described (32).

Immunocytochemistry, The procedure described by van Dongen et al. (33) was used for
the immunocytochemical localization of lysosomal e-glucesidase in trapsiently transfected
COS cells.

RESULTS AND DISCUSSION

To identify the mutation causing infantile GSDII in this consanguinecus Indian

family it was decided to PCR-amplify all the excnic regions of the lysosomal a-
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Fig, 1. Partial DNA sequence of exon 11 of the lysosomal e-glucosidase gene from
members of a consanguineous Indian family with GSDIL.

The order of the lanes is G, A, T, C. The position of the G to A and A to G transitions
are indicated with fat arrows. Wt is the wild type sequence which corresponds to the
aucleotide sequence 1775 1o 1805 in ref. 19 and with the sequence 1556 to 1586 in ref.22.

glucosidase gene (19) of one of the two affected siblings and to determine the sequence.

We had sequenced about 20% of the coding regions when two mutations in exon 11
were found (Fig. 1). The first concerns a transition of G to A and the second a transition
of A to G. The patient was homozygous for both mutations, as can be expected in a
consanguineous family. Subsequent analysis of the corresponding genomic region of the
other affected sibling and the parents revealed the same mutations. But, both parents
were heterodgous for the mutations, whereas the second affected sibling was
bhomozygous like her sister (Fig. 1).

The A to G transition is a known DNA polymorphism and does not give tise to an
amino acid alteration at position Arg-527 (19,22). However, the G to A transition results
in an amino acid change. The negatively charged amino acid residue Glu-521 is replaced
by Lys having a positive charge. The mutation is situated only three amino acids
downstream from the catalytic site at Asp-518 (30).

It was not immediately evident how a single amino acid substitution in the middle
of the primary structure could lead to the formation of a precursor with a seemingly

lower than normal molecular mass (14). But, a similar effect had been observed when
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Migrosomes: - +

Fig. 2. fn vitro translation of lysosomal a-glucosidase.

Wild type and mutant cDNA's were transcribed i vitro and the mRNA’s were translated
in a rabbit reticuioeyte lysate in the presence or absence of canine pancreatic
microsomes, The proteins were labeled with [¥S]-methionine, Lysosomal a-glucosidase
was immunoprecipitated and analyzed by SDS-PAGE. Wt stands for wild type (Glu-323).
The amino acid residues are indicated in the one-letter code: X is Lys and Q is Gln.

the catalytic site residue Asp-518 was substituted by Asn or Gly (30). Also then, the
remaval of a single negative charge had resulted in an increased electrophoretic mobility
of the precursor of lysosomal a-glucosidase upon SDS-PAGE. Thus, we reasoned the
substitution of Glu-521 by Lys 10 be responsible for the physical and functional
abnormalities of lysosomal e-glucosidase in this particular case of GSDIIL.

The first experiment to sustain our assumption was 10 introduce the Glu-521 o Lys
mutation in the wild type ¢cDNA and to perform in vitro transcription and translation. In
addition, Glu-521 was altered to Gln. The results are illustrated in Fig. 2. The Lys-521
fn vitro translation product runs approximately 5 kD ahead of the Glu-521 witd type
precursor, both in unglycosylated (without microsomes) and glycosylated form (with
microsomes). This mimics the results that were obtained when the synthesis of the
lysosomal e-glucosidase precusor in the patients fibroblasts was studied with or without
inhibition of glycosylation by tunicamycin (14). The Gln-521 mutant precursar, with a less
drastic alteration of charge, has an intermediate mobility. Thus, the single amino acid
substitution of Glu-521 by Lys accounts, indeed, for the 5 kID shift in electrophoretic
mobility.

To eonfirm the effect of the Glu-521 to Lys mutation on the biosynthesis, the
proteolytic processing and the function of lysosomal e-glucosidase, the wild type and
mutant <DNA constructs were transiently expressed in COS cells. In this experiment, one
additional mutation was introduced 1o evaluate the influence of the charge of the amino

acid residue at position 521, It concerns the substitution of Glu-521 by Asp whereby the
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Fig. 3. Synthesis and processing of wild type and mutant lysosomal a-glucosidase species
in transiently transfected COS celis.

COS cells transfected with wild type and mutant cDNA constructs were labeled for 4 b
with [*Hj-leucine and harvested directly (pulse) or after a subsequent period of 17 h
{chase). Lysosomal a-glucosidase was immunoprecipitated and analyzed by SDS-PAGE.
The relative motecular mass of wild type and mutamt lysosomal a-glucosidase species is
indicated. Wt stands for wild type (Glu-521). The amino acid residues are indicated in
the one-letter code as in Fig. 2, D is Asp. pGA293 is the E. coli B-Gal construet.

negative charge is maintained. The biosynthesis of lysosomal e-glucosidase was assayed
at 65 h after transfection. The results are illustrated in Fig. 3. In a 4 h pulse period the
ugual 110 kD precursor (32) is synthesized by COS cells transfected with the wild type
<DNA construct. COS cells transfected with the mutant Lys-521 ¢DNA produce 2 105
kD precursor. Thus, the apparent size reduction is the same as in the patients fibroblasts
{14). The mutant GIn-521 precursor has an intermediate mobility as in the in vitro
transation system. The substitution of Glu-521 by Asp has no effect on the
electrophoretic behaviour. The wild type precursor is converted within 17 h of chase to

a 95 kD intermediate and a 76 kD mature species. The mutant Lys-521 precursor is not
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Table 1. Catalytic activities of lysosomal a-giucosidase
mutants in transiently transfected COS cells measured
90 h after transfection

Type of mutation Catalytic activity

cells” cells™
Wild type 567.9 2901.0
Giu-521 — Lys 312 2954
Glu-521 -+ Gin 40.4 3333
Glu-521 - Asp 68.0 497.5
B-Gal construct 384 358.8

The activity is expressed as * nmol 4-MU/
mg protein/ h or as ** nmol glucose/ mg
protein/ h.

processed, but degraded. Also this lack of proteolytic processing reflects fully the
molecular defect observed in the patients fibroblasts. The Gln-521 and Asp-521
mutations do not interfere with the maturation process. The altered electrophoretic
mobility of GIn-521 is maintained during proteolytic processing.

The lysosomal e-glucosidase activity in the transfected COS cells and in the culture
media are given in Table 1. COS cells transfected with E. coli B-galactosidase cDNA
were taken as a reference. No activity above background was measurable afier
substitution of Glu-521 by Lys. This was as expected since activity was not measurable
either in the patients fibroblasts {14). Also substitution of Glu-521 by Gln resulted in a
complete loss of activity. It is surprising that even the homologous akteration of Glu to
Asp deprives lysosomal e-glucosidase for more than 90% of its activity. This may be
related to the close proximity of Glu-521 to the catalytic site at Asp-518 (30).

Finally we investigated the intracellular localization of the Lys-521 mutant protein
in transfected COS cells using immunocytochemistry, COS cells expressing the Lys-521
c¢DNA showed a diffuse network of labeled structures extending from the nuclear
envelop instead of the normal lysosomal labeling pattern (data not shown). This indicates
that the mutant precursor is not transported to the lysosomes.

In conclusion, we have demonstrated that the Glu-521 to Lys substitution in exon 11
of the lysosomal a-glucosidase gene prevents the formation of catalytically active enzyme,
Patients homozygous for this mutation are expected to have a severe infantile form of

glycogenosis type IL
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CHAPTER 10

NEW MISSENSE MUTATIONS (GLY-478 - ARG AND
MET-519 - THR} IN LYSOSOMAL o-GLUCOSIDASE
RESPONSIBLE FOR INFANTILE GLYCOGEN STORAGE
DISEASE TYPE II IN TWO DUTCH PATIENTS.






NEW MISSENSE MUTATIONS (GLY-478 - ARG AND MET-519 - THR)
IN LYSOSOMAL «-GLUCOSIDASE INTERFERE WITH TRANSPORT,
DECREASE STABILITY AND RESULT IN SUGAR CHAIN MODIFICATION

Hermans M.M.P., Kroos, M.A., De Graaff E.,
Willemsen R., Qostra B.A. and Reuser A.J.J.

Department of Cell Biology and Genetics, Erasmus University,
P.O. Box 1738, 3000 DR Rotterdam, The Netherlands.

Summary. Inherited deficiency of lysosomal c-glucosidase (acid maltase) results in
glycogen storage disease type II. This paper reports on the identification of the mutant
alleles in two patients both with an infantile form of the disease. Genetic analysis revealed
that in these patients only one allele was transcribed into mRNA and that this allele
harboured in each case a distinct mutation. In one case the mutant allele was
characterized by a G-1432 to A transition in exon 9 of the lysosomal «-glucosidase gene
resulting in the substitution of Gly-478 by Arg. In the other case the mutant allele
contained a T-1556 to C transition in exon 11 causing the substitution of Met-519 by Thr.
Interestingly, Met-519 is adjacent to the catalytic site residue Asp-518.

Each of the mutations was introduced in the wild type lysosomal a-ghucosidase cDNA and
expressed in COS cells to analyze its effect. The synthesis of the mutant precursors was
not disturbed and their phosphorylation was normal, but the formation of mature
lysosomal enzyme was impaired in both cases. As a consequence a much lower lysosomal
c-glucosidase activity was expressed in COS cells transfected with the mutant than the
wild type cDNA’s. The mutant precursors were secreted at 9.4% and 16.5% of the
normal level and were subjected to aberrant sugar chain modifications. These results
suggest that both the Gly-478 - Arg and the Met-519 — Thr mutations delay the transport
of lysosomal c-glucosidase through the Golgi complex.

INTRODUCTION

It is the primary function of lysosomal c-glucosidase (EC 3.2.1.3) to degrade
glycogen which has entered the lysosomes by way of autophagy. Inherited deficiency of
lysosomal o-glucosidase causes glycogen storage disease type II (GSDII, Pompe’s
disease)(McKusick, 1990). The accumulation of glycogen provokes functicnal failure of
heart and skeletal muscle. The disease is clinically and biochemically heterogeneous.

Some severely affected patients were described with a complete deficiency of lysosomal
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ci-glucosidase synthesis. Other patients were reported to have a normal synthesis of the
110 kD> precursor but were impaired in their processing to more mature lysosomal o-
glucosidase species with molecular masses of 95 kD), 76 kD and 70 kD. Mutant lysosomal
e-glucosidase species with abnormal physical properties were found to be rare (Reuser er
al., 1978, 1985, 1987; Beratis et al., 1978, 1983; Reuser and Kroos, 1982; Martiniuk ez
al., 1986, 1990a; Hoefsloot et al., 1988, 1990a; Van der Ploeg et al., 1989).

The distinct defects in the realization of lysosomal ¢-glucosidase activity have
obviously to do with genetic heterogeneity, and evidence for this view is emerging.
Several different mutations have been identified among patients with GSDII (Hermans et
al., 1991a, 1993; unpublished results; Zhong er al., 1991}, So far only one point
mutation has been found more than once among unrelated patients (Hermans et al.,
unpublished results).

In this study we have analyzed the lysosomal e-glucosidase genotype of two
patients, both with an infantile form of GSDII (460LLAD and 75RD100). In cultured
fibroblasts of these patients the residual lysosomal c-glucosidase activity was about 4%
for glycogen and less than 1% for the artificial substrate 4-methylumbelliferyl «-D-
glucopyranoside. The synthesis of the 110 kD precursor was found to be normal, but the
posttranslational processing to be impaired. Only trace amounts of 95 kD and 76 kD
processed forms of the enzyme species were detectable on immunoblots of cell lines
460LAD and 75RD100. Some enzyme was present in the lysosomes (Reuser ef al.,
1987).

The genetic analysis described in this paper demonstrates that both patients are
genetic compounds and that one of their mutant alleles is not transcribed into mRNA. The
second allele of both patients had in each case a different point mutation leading to a
different amino acid substitution. The mutations were introduced in wild type lysosomal
c-glucosidase cDNA by site directed mutagenesis and their precise effect on the

biosynthesis of lysosomal e-glucosidase was studied.

MATERIAL AND METHODS

DNA amplification and sequencing. DNA and RNA were extracted from cultured
fibroblasts following standard procedures (Sambrook et al., 1989). cDNA synthesis was
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carried out using Amersham’s cDNA Synthesis System Plus and oligo (dT) primers. PCR
amplification using intronic or exonic primers specific for lysosomal e-gluicosidase was as
described (Hermans et al., 1993).

Slot-blot analysis and allele specific oligonucleotide hybridization. Slot-blot analysis
and allele specific oligonucleotide hybridization (ASO) were performed exactly as
described before (Hermans ef al., 1993).

Site directed mutagenesis. Site directed mutagenesis was carried out as described before
(Hermans ef al., 1991b). The following oligonucleotides, synthesized on an Applied
Biosystems 381A DNA synthesizer were used: Arg-478 GCCGCTGATTAGGAA
GGTATG and Thr-519 TGGATTGACACGAACGAGCCT.

Transient expression in COS cells. Wild type and mutant ¢cDNAs were cloned in the
eukaryotic expression vector pSG5 (Green ef al., 1988). The transfection of COS cells
was carried out as described before (Hoefsloot er al., 1990b). The activity of lysosomal
a-ghucosidase in the cell homogenates and the cultire media was measured with 4-
methylumbelliferyl-o-D-glucopyranoside  (4-MU) and with glycogen as described
(Hermans er al., 1991b).

Labelling conditions with Tran-[**S]-methionine (ICN), or carrier-free [*2P}-phosphate
(Amersham) were as described (Reuser et al., 1985). Cells were pulse-labelled for 2 or 4
h and harvested either directly or after a subsequent chase of 7 or 30 h. Lysosomal a-
glucosidase was immunoprecipitated from the cell extracts and the culture media and
analyzed by SDS-PAGE as described (Hasilik and Neufeld, 1980a, 1980b; Reuser et al.,
1985). Some samples were deglycosylated with endoglycosidase H, endoglycosidase F or
N-glycanase according to the instructions of the manufacturer (Boehringer/ Sanbio).

In vitro transcription/translation, Wild type and mutant cDNA constructs in pSG5 were
linearized with Bgl I and used as templates in a transcription reaction. fn vitro
transcribed RNA was used for in virro translation as described (Hoefsloot er al. 1990a).
Immunocytochemistry. Immunocytochemistry on transiently transfected COS cells was
performed exactly as described before (Hoefsloot et al. 1990b).

RESULTS

Sequence analysis
Genomic DNA was isolated from cultured fibroblasts of two unrelated patients

both with a severe infantile form of GSDII, and the exons of the lysosomal c-glucosidase
gene (GAA) were PCR-amplified to determine the molecular lesions. Most PCR products
were sequenced directly, but some were cloned prior to sequencing. In the latter case four
separate clones were anaiyzed,

In patient 460LAD two transitions were found in the coding region of the
lysosomal a-glucosidase gene when compared with the wild type sequence published by

Hoefsloot et al. (EMBL entry number Y00839): G-1432 to A, and C-2808 to T. Only the
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G to A transition resulted in an amino acid alteration, being a substitution of Glu-478 by
Arg. The silent C to T transition represented a new polymorphism (Table 1). The patient
was heterozygous for both these transitions, since the normal lysosomal o-glucosidase
sequence occurred along with the mutant sequence,

Also in patient 75RD100 only one mutation was found in the coding region that
resulted in an amino acid change. The T-1556 to C transition was causing the substitution
of Met-519 by Thr. Interestingly, this mutation was located in the active site of lysosomal
a-glucosidase, only one amino acid downstream from the catalytic site at Asp-518
(Hermans e al., 1991b). A second base pair change found in 75RD100 was a silent C-
642 to T transition and was described before as a polymorphism (Table 1) (Martiniuk et
al., 1990). Patient 75RD100 was heterozygous for both these transitions. Thus, the
sequence analysis uncovered in each patient only one mutant allele.

Since the patients presented with a severe infantile form of GSDII we investigated
whether perhaps the alleles with the wild type sequence were not expressed. To this end
RNA was extracted from cultured fibroblasts of the patients and reverse-transcribed into
cDNA. Fragments spanning the mutations were then PCR-amplified and analyzed on slot-
blots for the occurrence of the wild type and mutant sequences by allele-specific
oligonucleotide hybridization. The ¢DNA fragments of both patients were found to
hybridize only with the mutant and not with the wild type oligonucleotides whereas the

corresponding cDNA fragments from a healthy individual hybridized only with the wild

Table 1: Base pair substitutions (Comparison with the lysosomal «-glucosidase
cDNA sequence in the EMBL/Genbank (Y00839).

nucleotide position’ exon cDNA patient amine acid reference
alteration
460LAD
1432 9 G A Gly-478 — Arg
2808 20 C T none
75RD100
642 3 c T none 1
1556 11 T C Met-519 - Thr

" Nugleotide position counted from the initiation codon of the precursor. (1) Martiniuk et al., 1990b.
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type oligonucleotides (Figure 1). These results demonstrated that in both patients only the
lysosomal a-glucosidase allele with the defined mutation was expressed, and that this
allele resulted in a Gly-478 — Arg substitution in patient 460LAD and in a Met-519 —
Thr substitution in patient 75RD100,

Synthesis of mutant [ysosomai e-glucosidase

To study the effect of the Gly-478 — Arg and the Met-519 — Thr substitutions on
the biosynthesis and function of lysosomal a-glucosidase, the corresponding mutations
were introduced in the wild type ¢DNA sequence by site-directed mutagenesis and
expressed in COS cells. Two independent clones of each construct were tested. The
enzymatic activities of lysosomal o-glucosidase measured in the COS cells at 90 h after
transfection are given in Table 2. An antisense ¢DNA construct served as a negative
control. Transfection with the wild type ¢cDNA resulted in a signmificant increase of
activity for both the artificial 4-MU substrate and the natural substrate glycogen. Both

mutated enzymes were expressed at about 5% of the wild type activity level irrespective
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Table 2: Catalytic activities of lysosomal a-glucosidase mutants in transiently
transfected COS cells 96 h after transfection.

Type of mutation Catalytic activity
Celis® Medium® Cells®
COS cells 423 £ 3.6° 7.1 + 0.4 115 + 15
Wild type 663.6 + 32.6 276.7 + 10.9 4118 + 201
Gly-478 - Arg 75.9 + 04 34 +£ 0.1 278 + 10
Met-319 - Thr 87.8 + 4.1 52402 265 + 16

The activity is expressed as * nmol 4-MU/ mg protein/ h or as * nmol glucose/ mg protein/ h. ©
Indicated is average 4 SEM of 6 assays.

of the substratz used. No activity above background was measured in the culture medium
of COS cells transfected with the mutant cDNA constructs whereas lysosomal -
glucosidase was secreted at approximately 40 times the background level by COS cells
transfected with wild type lysosomal a-glucosidase cDNA.

The synthesis and proteolytic processing of the wild type and the mutant Arg-478
or Thr-519 lysosomal a-glucosidase species were assayed by pulse-chase labelling at 48 h
after transfection (Figure 2). In COS cells transfected with either the wild type cDNA or
the mutant cDNA’s a normal 110 kD lysosomal a-glucosidase precursor was synthesized
in a 2 h pulse period with Tran-[**S]-methionine. Within 7 h of chase, practically all wild
type precursor molecules of 110 kD were converted to 95 kD and 76 kD species. In
contrast, only minute amounts of the 95 kD> and 76 kD species had been formed from the
mutant precursors. The mutant precursor proteins were still present although they were
severely reduced in amount after 7 h of chase. After 30 h of chase the molecular pattern
of the wild type species was almost the same as after 7 h of chase. However, the mutant
enzymes species had disappeared almost completely. Secretion of the mutant precursors
could be demonstrated but was less than normal (16.5% for the Arg-476 and 9.4% for the
Thr-519 precursor), and the apparent molecuiar mass of the secreted mutant precursor
species was slightly higher than of the wild type species.

Labelling with [*?P]-phosphate was performed to determine whether the mannose

6-phosphate recognition marker was formed properly. The degree of phosphorylation of
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Figure 2: Synthesis and processing of wild type and mutant lysosomal o-glucosidase species in

transfected COS cells.

COS cells transfected with wild type and mutant ¢cDNA constructs were labelled with Tran-[*$]-
methionine and harvested directly (pulse} or after a subsequent period of either 7 or 30 h (chase).
Lysosomal a-glucosidase was immunoprecipitated from the cell homogenates and analyzed by SDS-
PAGE. To study secretion the enzyme was immunoprecipitated from the culture medium. The
molecular mass (kD) of the wild type lysosomal a-glucosidase species is indicated,
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Figure 3: Phosphorylation of wild
type and mutant lysosomal o-
glucosidase in COS cells.

COS cells were labelled for 4 h
with [*P]-phosphate and harvested
directly. Lysosemal c-glucosidase
was immunoprecipitated from the
cell homogenates and the culture
medium and analyzed by SDS-
PAGE. The molecular mass of the
wild type lysosomal c-ghucosidase
precursor is indicated.
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the intracellular wild type and mutant enzyme species was the same (Figure 3, cells), but
there was much less phosphorylated mutant than wild type precursor secreted in the

medium (Figure 3, medium).

Glycosylation of mutant lysosomal a-glucosidase

The intracellular Arg-478 and Thr-519 precursor species had the same apparent
molecular mass as the wild type species. However, the mutant precursor molecules that
were secreted into the culture medium appeared to have a higher molecular mass than the
secreted wild type precursor. It is known that the intracellular precursor of lysosomal o-
glucosidase contains exclusively high mannose type of oligosaccharide chains whereas the
secreted precursor has obtained several complex type of chains. The switch from high
mannose to complex glycosylation may result in an increase of the apparent molecular
mass (Wisselaar er @l., 1993). Hence it was considered that the mutant precursors were
subjected to aberrant sugar chain modification. To investigate this possibility the secreted
precursors were digested with endoglycosidase H (Endo H), endoglycosidase F (Endo F)
or N-glycanase (Glyco N). Figure 4 shows that Endo H treatment did reduce the
molecular mass but that it did not eliminate the difference between the wild type and
mutant species. Complete deglycosylation with endo F and Glyco N was not obtained but
there was a clear additional mass reduction compared to Endo H treatment. More
important, the molecular mass difference between the Arg-476 and the wild type
precursor disappeared and the difference between the Thr-519 and the wild type precursor
became extremely small. This indicates that aberrant glycosylation is responsible for the
decreased electrophoretic mobility of the secreted mutant precursors. The primary amino
acid changes seemed to contribute hardly. This was confirmed by SDS-PAGE of the
unglycosylated wild type and mutant precursor proteins produced in an in vitro
transcription and (ranslation system (Figure 5). The apparent molecular mass of all three

naked proteins was essentially the same.

DISCUSSION

The two severely affected patients, analyzed in this study, were found by sequence
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Figure 4: Deglycosylation of
secreted wild type and mutant
lysosomal o-glucosidase species.

Transfected COS  cells were
Iabelled with Tran-[*8]-methionine
as described in the fegend of
Figure 2. The enzyme immuno-
precipitated from the culture
medium was treated with Endo H,
Endo F or Glyco N. The molecu-
lar mass of the wild type lysoso-
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Figure 5: In vitro translation of
lysosomal e-glucosidase,

Wild type and mutant cDNA's
were transcribed in virro and the
mRNA’s were translated in a
rabbit reticulocyte lysate. The
proteins were labeied with [*S]-
methionine. Lysosomal «-glucosi-
dase was immunoprecipitated and
analyzed by SDS-PAGE. The
molecular mass of the wild type
unglycosylaied lysosomal «-
glucosidase precursor is indicated.

147



analysis to have each only one mutation in the coding region of the lysosomal o-
glucosidase gene that could be responsible for the disease. For patient 460LAD it
concerned the G-1432 to A transition in exon 9 resulting in the substitution of Glu-478 by
Arg. The mutation in cell line 75RD100 was the T-1556 to C transition causing the
substitution of Met-519 by Thr. The patients were heterozygous, which implies that they
had one allele with the identifted mutation and a second allele without mutations in the
coding region. The promoter region of the gene and the complete intron sequences were
not analyzed for the possible occurrence of mutations, but we did study whether both
alleles of each patient were transcribed. The PCR fragments obtained after reverse-
transcription of mRNA were proven by allele specific oligonucleotide hybridization to
represent only the alleles with the defined mutations. It was therefore concluded that the
patients were genetic compounds. Since the patients were suffering from a severe infantile
form of GSDII it was anticipated that the Gly-478 — Arg and the Met-519 — Thr
substitutions would have a drastic effect on enzyme function.

This was confirmed by the expression of the mutant lysosomal a-glucosidase
species in COS cells. Neither of the two amino acid substitutions had an obvious effect on
the formation of the 110 kD precursor. Also the incorporation of phosphate was normal
demonstrating that the mannose 6-phosphate recognition marker was formed correctly.
Thus, transport of the mutant precursor from the endoplasmic reticulum to the Golgi
complex was not disturbed. However, there was less than normal secretion of the
precursors and less than normal maturation to 95 kID and 76 kD species. This suggests
that a defect in the biosynthesis of lysosomal c-glucosidase occurs before segregation of
the lysoscmal and secretory pathways; this is before exit of the Trans Golgi Reticulum.
The nature of this defect could be delayed transport. This explains why only little mature
enzyme is formed and only a low residual lysosomal o-glucosidase activity is realized in
the COS celis,

It was not purely coincidental that the Gly-478 — Arxg and the Met-519 - Thr
mutations were found to have a similar effect. The cell lines 460LAD and 75RD100 were
studied in combination since a great similarity had been observed in the clinical
presentation of the patients and the molecular nature of the lysosomal o-glucosidase
deficiency (Reuser et al., 1987). What went unnoticed in these earlier studies on cultured

fibroblasts was the apparently increased molecular mass of the secreted precursors. The
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removal of high-mannose type of sugar chains by Endo H treatment did not eliminate this
abnormality but the difference between wild type and mutant precursors virtually
disappeared by Endo F and Glyco N treatment. We therefore conclude that the apparent
molecular mass difference is caused by altered carbohydrate processing resulting in an
increase of the number of sialic acid residues.

It is notable that no molecular mass difference exists between the intracellular
mutant and wild type precursors, neither in the patients fibroblasts (Reuser ef al., 1987),
nor in the transfected COS cells (Figure 2). Also the 95 kD and 76 kD processed forms
of the mutant enzyme had a normal molecular mass. Based on these findings it is our
hypothesis that delayed transport through the Golgi complex favours complex
glycosylation the same way as when exit of glycoproteins from the Golgi is prevented by
Brefeldin A. This complex glycosylation will result in the addition of more sialic acid
residues than usual and this may aversely affect binding to the mannose 6-phosphate
receptor. As a consequence there may be selective transport of normally glycosylated
precursor molecules to the lysosomes, while the highly sialylated molecules are
preferentially secreted.

Although it is impossible to correlate the observed abnormalities in the
biosynthesis of lysosomal a-glucosidase directly to the Met-519 — Thr substitution there
are a number of interesting findings. The Met-519 — Thr substitution found in patient
75RD100 is located immediately adjacent to Asp-518, the essential carboxylate in the
catalytic site of lysosomal o-glucosidase. Studies on the role of potentially important
amino acid residues in the catalytic site region have shown that the primary structure is
very critical for proper enzyme function (Hermans ef al., 1991b). Also the Met-519 —
Thr substitution affects the catalytic activity. While the amount of secreted molecules is
reduced to 9.4%, the catalytic activity is abolished completely. Furthermere, the Met-519
— Thr substitution interferes with intracellular transport in analogy to other natural and
artificially introduced mutations in the catalytic site region. The latter is likely to be
caused by a change in secondary structure of the protein since the substimution eliminates
an e-helix (Chou and Fasman, 1978).

The Gly-478 — Arg substitution of patient 460LAD is present in a region of
lysosomal «-glucosidase of which the specific function is not yet known. However, the

region containing Gly-478 is highly conserved in enzymes that show homology with
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lysosomal c-glucosidase like rabbit and human isomaltase, Schwanniomyces occidentalis
glucoamylase and Candida tsukubaensis a-glucosidase (Hunziker ef al., 1986; Dohmen et
al., 1990; Kinsella ef al., 1991; Chantret ef al., 1992). Apparently, conservation of this
region is of functional importance. The Chou & Fasman algorithms predict the creation of
an extra (-pleated sheet by the Gly-478 — Arg substitution (Chou and Fasman, 1978).

In conclusion, we have demonstrated that both the Gly-478 ~ Arg and the Met-
519 — Thr substitutions prevent the formation of sufficient amounts of catalytically active
enzyme. In combination with a null allele, both these mutations lead to the severe
infantile form of GSDILI.
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GENERAIL CONSIDERATIONS

A large number of mutations have been identified in lysosomal enzymes over the
past few years (for review see Hoefsloot, 1991; Neufeld, 1991). A major part of the
experimental work described in this thesis focuses on the identification and
characterization of mutant alleles of the lysosomal a-glucosidase gene. Furthermore the
aim of the experimental work was to provide more insight in the structure-function
relationships of lysosomal c-glucosidase. The results presented in this thesis provide
definite proof that GSDII is genetically heterogeneous as anticipated from earlier studies
on the biosynthesis of lysosomal o-glucosidase in clinical variants. Consistent with the
fact that GSDII is a rare genetic disorder, the majority of the mutations discovered so far
is unique. All but two patients are genetic compounds. Even patients previously classified
on a clinical and biochemical basis as belonging to the same group (Reuser ef af. 1987)

appeared i have distinct mutant alleles (see Chapter 2, Table 2).

Types of mutations and their effect

Mutation events are the driving force of evolution. They provide for biological
variation and are subjected to selective forces resulting in species which fit best into their
natural environment. In a clinical context, however, it is more natural to regard mutations
as processes that threaten the integrity of the (human} organism. If deviations from the
common nucleotide sequence are found, the significance of these variations has to be
assessed.

The majority of mutations are of little consequence to the organism since they
oceur in parts of the genome which lack coding capacity. When aberrations are present
within regions of the genome that code for a protein, they may have functional
consequences and can lead to a state of disease.

Each mutation has its own specific effect on the function of the protein in question
and has informative value for predicting the clinical phenotype. In Table 1 an attempt has
been made to predict the clinical consequences of different types of mutations in the genes

coding for lysosomal enzymes. Using Table 1 it is important to realize that the lysosomal
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Table 1: Effects and consequences of different kind of mutations on lysosomal enzymes.,

domain mautation Primary effect Consequence Clinical
outcome
gene complete ro mRNA/ no protein severely
deletion affected
promoter none none healthy
reduced rate of reduced amount of mRNA and Hog'?
deletion transcription protein
insertion
. . severel
point mutation | Ne transcription ne mRNA and no protein affectcg
introduction of a new aberrantly sized mRNA and severely
initiation codon protein affected?
3" untranstated none none healthy
region
none healthy
deletion reduced amount of mRNA and Ho>g?
. . protein
Insertion loss of polyadenytation
point mutation (.. normal amount of mRNA, no severely
protein affected
. . severely
no mRNA and no protein affected
intron nene none healthy
stable, aberrantly sized
mRNﬁ%, but (pariial) lossfg_ain Hoog*
of coding sequences combined
with frame shift
stable, aberrantly sized
mRNA, but (partial) loss/gain
of coding sequences combined | H-»8*
with in-frame change of
deletion number of amino acids
insertion | exon skipping and labile, aberrantly sized
POIRt MWALION | gafective splicing mRNA, but (partial) loss/gain | . o
of coding sequences combined
with frame shift
labile, aberrantly sized
mRNA, but {partial} loss/gain
of coding sequences combined | H~»5*
with in-frame change of
number of amino acids
. severely
no mRNA and no protein affected

156



. . . Clinical
domain mutation Primary effect Consequence outcome
exon (partial) loss/gain of coding
sequences combined with in- .
H-S
frame change of number of
aberrantly sized amino acids
mRNA
(partial) loss/gain of coding
deletion sequences combined with H-»§*
insertion. frame shift
unstable mRNA nladuced amount of aberrantly Hog
sized protein
. severely
no mRNA no protein affected
none none healthy
(partial) loss/gain of coding
sequences combined with H-»5?
frame shift
intraduction or - . -
deletion splice site (partial} loss/gain of coding
sequences combined with in- 1
H-§
frame change of number of
amino acids
none healthy
point mutation reduced enzyme activity
uastable protein
abnormal processing and /or H—52
transport of precursor
amino acid alteration | 1o55/pain of a glycosylation
site
loss of initiation codon
H-S
loss of stopcodon
introduction premature Horg
stopcodon

! H—8, ranging from healthy to severely affected. 2 Severity is dependent on the critical threshold of the
enzyme involved. * Results in loss of signal sequence. * Severity is dependent on the position of the
mutation in the coding region of the gene.

storage diseases, with the exception of Hunter disease and Fabry disease, are autosomal
recessive disorders and that two mutant alleles contribute equally to the clinical

phenotype,
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Table 1 shows that a direct prediction of the clinical phenotype can only be made
when the gene is completely deleted. In all other cases the effect of the mutations needs
to be investigated on the mRNA or protein level. Some illustrative examples of mutations
and their effects are discussed in the next paragraphs.

Complete gene deletions have been reported in X-linked Hunter disease
(mucopolysaccharidosis type H, a-L-iduronate sulphate sulphatase). As expected, the two
patients concerned were severely affected (Flomen er al. 1992; Beck ef al. 1992). In
autosomal recessive lysosomal storage diseases complete gene deletions are disastrous
only if the patient is a homozygote. Such homozygous patients have not yet been
identified. Small mutations in the promoter regions of lysosomal genes have not been
reported either but a large deletion, including the promoter region, was found in the
hexosaminidase-oc gene (Myerowitz and Hogikyan, 1987). A French Canadian patient
with the classical (severe) form of Tay-Sachs disease had a 7.6 kb deletion in both alleles
which included part of intron 1, all of exon | and extended 2 kb upstream past the
putative promoter region of the gene. mRNA and protein were undetectable.

An interesting example of a mutation in the 3’ untranslated region (3'UTR) of a
lysosomal gene was found in aspartylglucosaminuria, a disease enriched in the genetically
isolated Finnish population. A severely affected patient was shown to be homozygous for
a 876 base pair deletion in the 3UTR of the aspartylglucosaminidase mRNA, which
leaves the coding region intact. Despite the lack of all three putative polyadenylation
sites, the transcript is polyadenylated. Allernative sites upstream of the deletion
breakpoint are probably used. A normal amount of aberrantly sized mRNA was
synthesized but enzyme could not be detected in the patients fibroblasts. Interestingly, an
enzymatically active enzyme could be synthesized in an in vitro iranslation system (Ikonen
et al., 1992),

When a point mutation in a splice site results in a complete deficiency of mRNA it
will lead to the most severe clinical phenotype. Such a mutation was for instance found in
Tay-Sachs disease. It concerns a G — C transition in the first nucleotide of intron 12 of
the hexosaminidase-o gene (Arpaia er al., 1988; Ohno and Suzuki, 1988).

An insertion or deletion does not always result in an enzyme deficiency. The
sphingolipid activator protein (SAP-1) presents a nice example. Several healthy

individuals have a 9 base pair insertion between nucleotides 777 and 778 of the
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prosaposin precursor (Nakano et al., 1989). The in-frame change of the amino acid
sequence does apparently not interfere with the activator function of SAP-1. On the other
hand when the 9 base pair insertion extends to the 5° site into a 33 base pair insertion it
leads to partial loss of function. A metachromatic leukodystrophy (MLD) patient
homozygous for this 33 base pair insertion had an intermediate form of MLD and died at
the age of 22 (Zhang er al., 1990).

A deletion or insertion which does give rise to a frame shift leads mostly to a
premature stop of protein synthesis. Chaprer 7 shows that a single base pair deletion in
exon 2 of the lysosomal c-glucosidase gene does not allow the formation of lysosomal o-
glucosidase. The effect of a frameshift or a premature stopcodon on enzyme function is
position dependent, Hunter disease is illustrative. Two patients were described with a
point mutation introducing a premature stopcodon, A patient with a stopcodon at amino
acid position 172 of the 550 amino acid residues long sequence of ¢-L-iduronate sulphate
sulphatase had a severe form of Hunter disease whereas a patient with a premature stop at
position 443 was diagnosed with a milder intermediate form of the disease (Flomen er al.,
1992; Sukegawa ef al., 1992).

Mutations introducing or deleting glycosylation sites have in general an
unpredictable effect. For instance deletion of the seventh glycosylation site of lysosomal
o-glucosidase does not affect enzyme function (Chapters 4 and 5) and occurs as a
polymorphism among American blacks (Chaprer 6), whereas deletion of the second
glycosylation site is deleterious (Chapter 4). In arylsulfatase A the loss of one of the three
glycosylation sites does not have any effect on the enzyme’s function, whereas loss of the
only glycosylation site of SAP-1 results in rapid degradation of the enzyme (Gieselmann
et al., 198%; Kretz et al., 1990; Rafi et al., 1990),

Genotype-phenotype correlation

The identification of characteristic mutations is to some extent predictive for the
clinical phenotype. In the Ashkenazi Jewish population, Niemann-Pick disease types A
and B (acid sphingomyelinase deficiency) occur in a relatively high frequency. Type A is
a severc neurodegenerative disease while type B is characterized by a later age of onset

and little or no neurological involvement. Two mutations were identified which point to a
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genotype-phenotype correlation. An Arg-496 — Leu substitution in homozygous form is
associated with the A subtype whereas patients presenting with the nonneurological B
subtype are either homozygous for an Arg-608 deletion (AArg-608) or are heterozygous
{Arg-496 — Lew/ AArg-608) (Levran et al., 1991a; 1991b).

A genotype-phenotype correlation also has been proposed in MLD. A point
mutation destroying a splice donor site was shown to prevent the formation of
arylsulfatase A mRNA, and a Pro-426 — Leu substitution to result in the formation of an
active but unstable enzyme (Polten er al., 1991). Gieselmann er al. (1991) screened a
number of patients for the occurrence of these alleles and found that patients homozygous
for the splice site mutation suffered from the late infantile form of MLD. Homozygotes
for the Pro-426 — Leu allele manifested either the juvenile or the adult phenotype.
Heterozygotes have the intermediate form of MLD.

Also in GSPIl an example of a genotype/phenotype correlation was found
(Chapter 7). A juvenile patient had two different Iysosomal o-glucosidase alleles, one
with a single base pair deletion (AT-525) which was functionally silent and the other with
a Pro-545 — Leu substitution capable to produce a low level of catalytically active
enzyme. An adult patient was found to be homozygous for the Pro-545 — Leu allele.
These results suggest that gene dosage accounts for the different clinical phenotypes of
these two patients with GSDIL

A problem with a seemingly straightforward prediction of the clinical phenotype is
found in Gaucher disease (glucocerebrosidase deficiency) in which three clinically
different subtypes (I, II, and III) can be distinguished according to age of onset and
neurological involvement. The most common mutation in Gaucher discase among the
Ashkenazi Jews is an Asn-370 — Ser substitution. It accounts for ~ 75% of disease
producing alleles in this population (Beutler, 1992). Patients homozygous for this allele
always have the relatively mild type I phenotype. There is, however, a large variability
within this group of patients with respect to the age of onset of this disease. The average
onset is at 27 years but some individuals can have serious problems at a much earlier age
while others remain free of symptoms. Variability is seen even between siblings which
makes the prediction of the clinical phenotype of the homozygous Asn-370 — Ser
mutation impossible.

The above examples illustrate that there is a clear genotype-phenotype correlation
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in some of the lysosomal storage diseases but that such correlation lacks in others. The
lack of correlation could be due to the variation in genetic background and epigenetic
factors which contribute to the ultimate effect of the mutant gene.

These secondary factors are expected to be most influential when the residual
activity of the mutant enzyme comes close to the critical threshold. This critical threshold
was defined by Conzelmann and Sandhoff (1983/1984) as the level of residual activity just
high enough to degrade all the substrate that enters the lysosomes. In Tay-Sachs disease
the critical threshold for §-hexosaminidase activity was estimated to be around 10 - 15%
of the average control value (Leinckugel ef al., 1992). For lysosomal a-glucosidase the
critical threshold is estimated to be around 25% (Reuser et al., 1987).

Taking the clinical diversity among Asn-370 — Ser homozygotes in Gaucher
disease it can be assumed that the residual activity of the Ser-370 form of
glucocerebrosidase is close to the critical threshold. When the level of residual activity
reaches the critical threshold the capacity of the defective lysosomal enzyme to prevent
the accumulation of substrate is going to depend on the influx rate of substrate into the
lysosomes. This rate is determined by the large number of genes, directly or indirectly
controlling the overall metabolic status of the cell and a complex of cellular (transport)
processes. For the lysosomal system these processes include specifically lipid flow,
autophagy and heterophagy.

It are these parameters controlled by the genetic background that contribute to the
ultimate clinical phenotype. The contribution of the genetic background in the
development of the clinical phenotype is emphasized by the cell-type specific expression
of lysosomal pathology.

Finally, the clinical course of a disease may be influenced by epigenetic factors
such as diet and exercise which can modify the metabolic stams of the cell and the
organism as a whole.

In conclusion, mutation analysis per se is mostly not sufficient for prediction of
the clinical phenotype of a patient unless the in vivo effect of a mutant allele or
combination of alleles is known from family studies and the residual performance of the
mutant protein is significantlty below or above the critical threshold. However, mutation
analysis can reveal important information on the structure-function relationship of

lysosomal enzymes and proteins in general.
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SUMMARY

Lysosomal o-gluicosidase is capable of degrading glycogen compleiely to glucose
by hydrolysing both the o-1,4 and «-1,6 linkages. Inherited deficiency of lysosomal a-
glucosidase results in the lysosomal accumulation of glycogen, a condition known as
glycogen storage disease type I (GSDII, Pompe’s disease). Different clinical forms of
this disease have been reported varying in time of onset, cardiac and liver involvement,
severity of muscle weakness and life expectation. Genetic heterogenzity has been
predicted by the variety of abnormalities observed in the biosynthesis of lysosomal o-
glucosidase in fibroblasts and muscle cells of the patients. This thesis deals with the
structure-function relationship of lysosomal «-glucosidase and the identification of
mutations in GSDII.

Chapter 1 gives an overview of the c-glucanases to which class of enzymes
lysosomal a-glucosidase belongs. The general reaction mechanism of the w-glucanases is
described and the structural and functional homologies of the different a-glucanases are
discussed.

Chapter 2 starts with an introduction about the synthesis, the intracellular transport
and the proteolytic processing of lysosomal enzymes in general and of lysosomal o-
glucosidase in particular. The role of the emzymes involved in the glycogen metabolism
and the related storage diseases is outlined. Special attention is paid to glycogen storage
disease type I1. The second part of Chapter 2 refers to the experimental work described in
Chapters 3 to 10. Tt focuses on the functional analysis of the catalytic site domain of
lysosomal o-glucosidase, and the glycosylation sites, and further on the analysis of
mutations in the lysosomal a-glucosidase gene that cause glycogen storage disease type II.

Chapter 3 reports on the characterization of the catalytic site of lysosomal o-
glucosidase, The catalytic base was labelled using the active site-directed inhibitor
conduritol B epoxide and was identified as Asp-518. The functional properties of several
amino acid residues in the catalytic site domain were studied in more detail.

In Chapter 4 it is demonstrated that all seven potential glycosylation sites of
lysosomal e-glucosidase are used, and that two sites are located in a C-terminal peptide
that is cleaved off during maturation. It is shown that only the loss of the second

glycosylation site at Asn-233 interferes with the transport and maturation of lysosomal o-
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glucosidase.

The Chapters 5 to 10 deal with the molecular characterization of the mutant alleles
of patients with GSDII. An American black patient with adult GSDII is described with
two different mutant alleles. One is silent and the other codes for three amino acid
substitutions. The Asp-645 -> Glu substitution is proven by expression studies to be
responsible for the deleterious effect on enzyme function (Chapter 5). The two other
amino acid substinitions, Val-816 — Ile and Thr-927 — Ile (deleting the seventh
glycosylation site of lysosomal c-glucosidase) are shown to be common polymorphisms
among American blacks (Chapter 6),

Two other cases of adult and one case of juvenile GSDII are discussed in the
Chapters 7 and 8. In Chapter 7 it concerns two unrelated Dutch patients, one with a
juvenile and the other with an adult form of GSDII. The patients were found to be
homozygous (adult) and heterozygous {juvenile) for a Pro-545 — Leu substitution. The
second allele of the juvenile patient was functionally silent, since a one base pair deletion
at position 525 resulted in a premature stop of protein synthesis. The Pro-545 — Leu
substitution does not lead to a complete loss of function. Expression in COS cells shows
that 8% of the normal capacity of lysosomal c-glucosidase is maintained. Since the adult
patient has two copies of this allele compared to the juvenile patient only one, these data
are an excellent example of a genotype-phenotype correlation in GSDII.

The molecular genotype of a third adult patient is reported in Chaprer 8. The
patient is a genetic compound, with a Gly-643 — Arg substitution encoded by one mutant
allele and an Arg-725 — Trp by the other. Both mutations have a similar effect when
expressed in COS celis, they impair the transport and maturation of lysosomal «-
glucosidase and are thereby responsible for the severe enzyme deficiency of the patient.

The molecular genotypes of three cases of infantile GSDII are described in
Chapters 9 and 10. Two novel alleles with a mutation in the catalytic site domain of
lysosomal w-glucosidase were found. The first concerned the substitation of Glu-312 —
Lys (homozygous) in two siblings of a consanguineous Indian family from South Africa.
The other mutation was a Met-519 — Thr substitution. The patient carrying this mutant
allele was a genetic compound with a second silent allele. The third patient with infantile
GSDII was also a genetic compound with a silent allele and an allele coding for Arg-478

in stead of Gly. When these mutant alleles were expressed in COS cells, all three amino
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acid substitutions appeared to have a drastic effect on the maturation and function of
lysosomal e-glucosidase in accordance with the severe clinical phenotypes of the patients.
The general considerations in Chapter 11 are focused on the type of mutations in
lysosomal genes and their possible effect and on the value of mutation analysis for
predicting the clinical phenotype.
The studies described in this thesis have expanded the knowledge about the
structure-function relationship of lysosomal a-glucosidase and have given a first real view

of the genetic heterogeneity in GSDII.
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SAMENVATTING

Het lysosomale enzym o-glucosidase is in staat glycogeen volledig af te breken tot
glucose door zowel de a-1,4 als de «-1,6 verbindingen te hydrolyseren. Een erfelijke
deficiéntie van dit enzym leidt tot een lysosomale stapeling van glycogeen, een
aandoening die bekend staat onder de maam glycogeen stapelingsziekte type II of te wel de
ziekte van Pompe (in dit proefschrift wordt de afkorting GSDI gebruikt). Er zijn
meerdere klinische vormen van deze ziekte bekend, die verschillen wat betreft de leeftijd
waarop de symptomen zich manifesteren, het optreden van hart en lever pathologie, de
ernst van de spierzwakte en de levensverwachting van de patiént. Genetische
heterogeniteit binnen deze ziekte werd vermoed op grond van de diverse abnormaliteiten
die waargenomen werden m.b.t. de synthese van het lysosomale enzym c-glucosidase in
huid en spiercellen van patiénten. In dit proefschrift wordt de relatie tussen structiur en
functie van het lysosomale enzym o-glucosidase bestudeerd en wordenm mutaties
beschreven die aanleiding geven tot GSDIIL.

Hoofdstuk 1 geeft een overzicht van de a-glucanasen, tot welke klasse van
enzymen ook het lysosomale a-glucosidase behoort. Het reactiemechanisme dat voor alle
c-glucanasen heizelfde is wordt beschreven en de structurele en functionele
overeenkomsten van de o-glucanasen worden besproken.

Hoofdstuk 2 begint met een inleiding over de synthese, het intracellulaire transport
en de proteolytische modificaties van lysosomale enzymen in het algemeen, en van het
lysosomale a-glucosidase in het bijzonder. De rol van de enzymen betrokken bij het
glycogeen metabolisme en de gerelateerde glycogeen stapelingsziekten wordt aangegeven.
Aan GSDH wordt speciale aandacht besteed. Het tweede gedeelte van Hoofdstuk 2
verwijst naar het experimentele werk dat beschreven wordt in de Hoofdstukken 3 tot en
met 10. De nadruk ligt op de functionele analyse van het katalytische centrum en de
glycosyleringsplaatsen van het lysosomale o-glucosidase en op de bestudering van
mutaties in het lysosomale a-glucosidase gen die leiden tot GSDII,

De karakterisering van het katalytische centrum van het lysosomale o-glucosidase
wordt beschreven in Hoofdstuk 3. De katalytische base werd gelabeld met de remmer
conduritol B epoxide en kon worden geidentificeerd als Asp-518. De functionele

eigenschappen van een aantal aminozuren in het katalytische centrum werden uitvoerig
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bestudeerd.

Hoofdstuk 4 laat zien dat alle zeven potenti€le glycosyleringsplaatsen van het
lysosomale q-glucosidase gebruikt worden. Twee van deze plaatsen bevinden zich in het
C-terminale uiteinde van het enzym, dat tijdens de "maturatie" verloren gaat, Uit de
experimenten blijkt dat het transport en de maturatic van het lysosomale o-glucosidase
belemmerd wordt als de tweede glycosyleringsplaats op Asn-233 ontbreekt.

In de Hoofdstukken 5 tot en mer 10 worden mutaties beschreven die gevonden
werden in het lysosomale a-glucosidase gen van patiénten met GSDII. Twee verschillende
mutante allefen werden gevonden bij een Amerikaanse patiént van het negroide ras met de
adulte vorm van GSDII. Van een allel wordt geen mRNA afgeschreven terwijl mutaties in
het andere allel resulteren in drie aminozuur substituties. Het effect van ieder van de
substituties werd bestudeerd door expressie in gekweekte apeniercellen (COS cellen). De
Asp-645 — Glu substitutie blijkt de lysosomale w-glucosidase deficiéntie te veroorzaken
(Hoofdstuk 5. Van de twee andere aminozuur substituties, Val-§16 — Ile en Thr-927 —»
Ile (de laatste leidt tot verlies van de zevende glycosyleringsplaats) wordt aangetoond dat
ze als polymorfisme voorkomen in de Amerikaanse zwarte populatie (Hoofdstuk 6).

In de Hoofdstukken 7 en 8 worden twee andere adulte patiénten en een juveniele
patiént beschreven. In Hoofdstuk 7 betreft het twee niet verwante Nederlandse patiénten.
De adulte patiént bleek homozygoot en de juveniele patiént heterozygoot t& zijn voor een
Pro-545 — Leu substitutie. In het tweede allel van de juvenicle patiént werd een deletie
van één base paar aangetroffen op positie 325, hetgeen een premature stop in eiwit
synthese veroorzaakt. Expressie van de Pro-345 — Leu substitutie in COS cellen laat zien
dat de enzym functie niet volledig verloren gaat maar dat 8% van de normale capaciteit
gehandhaafd blijft. Aangezien de adulte patiént twee kopie€n van dit allel heeft en de
juveniele patiént slechts een, zijn deze resultaten een goed voorbeeld van een genotype-
fenotype correlatie in GSDIL.

Het moleculaire genotype van een derde adulte patiént wordt besproken in
Hoofdstuk 8. De patiént heefi twee verschillende mutante allelen. De mutatie in het ene
lysosomale e-glucosidase allel leidt tot een Gly-643 — Arg substitutie en die in het andere
allel tot een Arg-725 - Trp substitutie. Beide mutaties hebben een vergelijkbaar effect als
de expressie in COS cellen bestudeerd wordt. Ze bemoeilijken het transport en de

maturatie van het lysosomale e-glucosidase en zijn daardoor verantwoordelijk voor de
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enzym deficiéntie.

In de Hoofdstukken 9 en I0 worden de resultaten pepresenteerd van mutatie
analyse in drie gevallen van infantiele GSDII. Er werden twee mutaties gevonden in het
katalytische centrum van het lysosomale e-glucesidase. De eerste betreft de substitutie
van Glu-521 -» Lys (homozygoot) bij twee kinderen uit een consanguien Indiaas gezin
wonend in Zuid-Afrika. De andere mutatie is een Met-519 > Thr substitutie. De patiént
waarbij deze mutatie gevonden werd bleek twee verschillende gemuteerde allelen te
hebben. Van het tweede allel wordt geen mRNA. afgeschreven. De derde patiént had ook
twee verschillende allelen, de een niet resulterend in mRNA en de ander coderend voor
een Arg-478 — Gly substitutie. Expressie in COS cellen toonde aan dat alle drie
aminozuur substituties een ingrijpend effect hebben op de marturatie en de functie van het
lysosomale o-glucosidase conform de ernstige klinische fenotypen van deze patignten.

Hoofdstuk 11 concentreert zich op de verschillende soorten mutaties in lysosomale
genen en hun mogelijke effect, en op de waarde die gehecht kan worden aan mutatie
analyse voor de voorspelling van het klinische fenotype.

De studies in dit proefschrift beschreven hebben het inzicht in de structuur-functie
relatie van het lysosomale o-glucosidase vergroot. Verder is een goed beeld verkregen

van de genetische heterogeniteit in GSDII.
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I
Op grond van de genotype-fenotype correlatie in glycogeen stapelingsziekte type I kan
uitgesloten worden dat de lysosomale a-glucosidase deficiéntie die veroorzaakt wordt door
de Pro-545 — Leu substitutic voorkomt bij patiénten met de infantiele vorm van deze
ziekte,

Dir proefschrift

I
De bewering van Martiniuk ef al. dat de Val-816 — Ile substitutie leidt tot een lysosomale
a-glucosidase deficiéntie is onjuist.
Martiniuk et al. 1991, DNA Cell Biol. 10.681-687
Dit proefschrift

m

Als de negatieve lading van Asp-91 bepalend is voor het ontstaan van een disulfidebrug
op Cys-92 dan kan het ontbreken van deze lading in het GAA2 allel (Asn-91) van het
lysosomale o-glucosidase een verklaring zijn voor de verlaagde affiniteit van dit molecule

voor glycogeen.
Swallow et al. 1975. Ann. Hum. Genet. 38:391-406
Martiniuk et al. 1990. Am. J. Hum. Genet. 47:440-445
Wisselaar et al. 1993, J. Biol. Chem. 268: 2223-2231

v
De grote inviced die de lading van é&én enkel aminozuur kan hebben op de
electroforetische  mobiliteit van een gereduceerd eiwit in SDS-PAGE benadrukt de
relativiteit van het gétal dat met dit systeem aan de moleculaire massa wordt toegekend.
Dit proefschrift

v
Omdat Saccharomyces cerevisiage geen Golgi mannosidases bevat die nodig zijn voor de
Jjuiste structurering van de N-gebonden koolhydraat ketens van glycoproteinen van
zoogdieren kan deze species niet gebruikt worden voor de produktie van voor therapie
geschikte glycoproteinen.
Romanos et al. 1992, Yeast §: 423-458



VI
Een cenvoudige manier om onbekende puntrnutaties in genen op te sporen is nog mniet
gevonden.

VII
Non-identiteit van een identieke vrouwelijke tweeling kan verklaard worden uit allel
specificke verschillen tussen het paternale en het maternale X-chromosoom, die tot uiting
zullen komen wanneer ten gevolge van de random X-chromosoom inactivatie de bijdrage

van het paternale en maternale X-chromosoom niet identiek is in beide embryo's.

VIII
Het begrip penetrantie wordt aangewend om de discrepantie tussen genotype en fenotype
bij autosomaal dominant overervende ziekten aan te duiden. Mechanistisch gezien kan er

ook bij de autosomaal recessieve ziekten sprake zijn van penetrantie ve. non-penetrantie.

X
De stijging van de langjarige gemiddelde temperatuur van de atmosfeer sinds 1880 wordt
in het algemeen in verband gebracht met een door de mens verocrzaakt "broeikaseffect” .
Daarbij wordt voorbij gegaan aan het feit dat de huidige langjarige gemiddelde
temperatuur nog steeds lager is dan die in het jaar 1800. .

Roth 1991, VGB Kraftwerktechnik 71:865-870

X
Bij het becordelen van het milieu effect van een produkt dient niet alleen de
afbreekbaarheid van het produkt maar ook de produktie methode in beschouwing genomen
te worden.

X1
Het gemiddeld aantal telefoonnummers dat door een telefoonbezitter wordt opgezocht in
een telefoonboek rechivaardigt het jaarlijks hernieuwd uitkomen van dit boek niet.

X1t
Géén tijd betekent meestal géén prioritijd!






	Contents

	Objectives

	Chapter 1 - alpha-glucanases
	Chapter 2 - Lysosomal alpha-glucosidase and glycogen storage disease type II

	Chapter 3 - Human lysosomal alpha-glucosidase. Characterization of the catalytic site.
J Biol Chem. 1991 Jul 25;266(21):13507-12. 
	Chapter 4 - Human lysosomal alpha-glucosidase: functional characterization of the glycosylation sites.
Biochem J. 1993 Feb 1;289 ( Pt 3):681-6. 

	Chapter 5 - The conservative substitution Asp-645-->Glu in lysosomal alpha-glucosidase affects transport and phosphorylation of the enzyme in an adult patient with glycogen-storage disease type II.
Biochem J. 1993 Feb 1;289 ( Pt 3):687-93. 
	Chapter 6 - The loss of a polymorphic glycosylation site caused by Thr-927-->Ile is linked to a second polymorphic Val-816-->Ile substitution in lysosomal alpha-glucosidase of American blacks.
Genomics. 1993 Apr;16(1):300-1. 

	Chapter 7 - Genotype-phenotype correlation in a juvenile and adult case of glycogen storage disease type II

	Chapter 8 - Two mutations affecting the transport and maturation of lysosomal alpha-glucosidase in an adult case of glycogen storage disease type II.
Hum Mutat. 1993;2(4):268-73.

	Chapter 9 - Identification of a point mutation in the human lysosomal alpha-glucosidase gene causing infantile glycogenosis type II.
Biochem Biophys Res Commun. 1991 Sep 16;179(2):919-26. 

	Chapter 10 - New missense mutations (GLY-478 -> ARG and MET-519 -> THR) in lysosomal alpha-glucosidase responsible for infantile glycogen storage disease type II in two Dutch patients

	Identification of a point mutation in the human lysosomal alpha-glucosidase gene causing infantile glycogenosis type II.
Biochem Biophys Res Commun. 1991 Sep 16;179(2):919-26. 

	Chapter 11 - General considerations

	Summary - samenvatting

	Curriculum vitae

	List of publications

	Nawoord

	Stellingen 


