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Abstract We constructed structural models of the cata-

lytic domain and the surrounding region of human wild-

type acid a-glucosidase and the enzyme with amino acid

substitutions by means of homology modeling, and exam-

ined whether the amino acid replacements caused structural

and biochemical changes in the enzyme proteins. Missense

mutations including p.R600C, p.S619R and p.R437C are

predicted to cause apparent structural changes. Nonsense

mutation of p.C103X terminates the translation of acid

a-glucosidase halfway through its biosynthesis and is

deduced not to allow formation of the active site pocket.

The mutant proteins resulting from these missense and

nonsense mutations found in patients with Pompe disease

are predictably unstable and degraded quickly in cells. The

structural change caused by p.G576S is predicted to be

small, and cells from a subject homozygous for this amino

acid substitution exhibited 15 and 11% of the normal

enzyme activity levels for an artificial substrate and

glycogen, respectively, and corresponding amounts of the

enzyme protein on Western blotting. No accumulation of

glycogen was found in organs including skeletal muscle in

the subject, and thus the residual enzyme activity could

protect cells from glycogen storage. On the other hand,

p.E689K, which is known as a neutral polymorphism, little

affected the three-dimensional structure of acid a-glucosi-

dase. Structural study on a mutant acid a-glucosidase in

silico combined with biochemical investigation is useful for

understanding the molecular pathology of Pompe disease.

Keywords Pompe disease � Glycogen � a-Glucosidase �
Gene mutation � Pseudodeficiency � Protein structure

Introduction

Pompe disease (glycogen storage disease type II, acid a-

glucosidase deficiency, acid maltase deficiency; OMIM:
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232300) is an autosomal recessive genetic disorder result-

ing from a deficiency of acid a-glucosidase (EC 3.2.1.20;

Swiss-Prot Entry Name: LYAG_HUMAN, Accession

number: P10253) activity (Hirschhorn and Reuser 2001).

The enzyme defect causes lysosomal accumulation of

glycogen. This disorder exhibits a wide clinical spectrum.

The classic infantile-onset subtype is severe and charac-

terized by systemic manifestations including cardiomegaly,

hypotonia, muscular weakness and hepatomegaly. The

late-onset form of the disease essentially involves the

skeletal muscle and is slowly progressive. The incidence of

this disease varies with the ethnic group. The frequency of

the infantile-onset disease has been estimated to be

1/14,000 to 1/137,000, that of the late-onset disease being

approximately 1/60,000 (Hirschhorn and Reuser 2001).

With the isolation and characterization of human acid

a-glucosidase cDNA (Martiniuk et al. 1986; Hoefsloot

et al. 1988) and the structural gene (Hoefsloot et al. 1990;

Martiniuk et al. 1991), many gene mutations causing a

deficiency of acid a-glucosidase activity, which results in

Pompe disease, have been found (Hirschhorn and Reuser

2001; Hermans et al. 2004; Tsunoda et al. 1996; Tsujino

et al. 2000; Kanazawa et al. 2003). Furthermore, Hwu et al.

reported the results of screening for Pompe disease in

Taiwan, which revealed that there are asymptomatic cases

having considerably low acid a-glucosidase activity. Gene

analysis revealed that they have p.G576S and p.E689K on

their alleles, the latter being a neutral polymorphism (Hwu

WL, Chiang SC, Zhang XK, Keutzer J, Chien YH, Lee NC.

Neonatal screening for Pompe disease: Result from the

Taiwan screening program. The tenth International Con-

gress of Inborn Errors of Metabolism, 13 September 2006,

Makuhari, Japan). As enzyme replacement therapy with

recombinant human acid a-glucosidase has been intro-

duced (Van den Hout et al. 2004; Klinge et al. 2005;

Kishnani et al. 2006), it is very important to clarify the

molecular pathology of Pompe disease at the protein level.

Until now, however, it has been unknown how amino acid

substitutions affect the structure of acid a-glucosidase.

Human acid a-glucosidase cDNA encodes a peptide

composed of 952 amino acid residues, and its sequence

contains seven potential N-glycosylation sites. Previous

studies revealed that a 110 kDa precursor form of acid

a-glucosidase is posttranslationally modified into a 76 kDa

mature form and a minor 70 kDa component via a 95 kDa

intermediate (Hasilik and Neufeld 1980; Wisselaar et al.

1993; Moreland et al. 2005).

Glycosyl hydrolases have been classified into 77 fami-

lies based on amino acid sequence similarity, and human

acid a-glucosidase belongs to family 31 that includes gly-

cosyl hydrolases from mammals to plants (Davies and

Henrissat 1995). Although the crystal structure of human

acid a-glucosidase has not been determined, its catalytic

domain is evolutionarily conserved (Lovering et al. 2005;

Ernst et al. 2006).

Here we performed biochemical analyses on cultured

fibroblasts from patients with Pompe disease and a subject

who was thought to have ‘‘a pseuodeficiency of acid a-glu-

cosidase’’ as samples, and we constructed structural models

of the catalytic domain and the surrounding region of human

acid a-glucosidase with amino acid substitutions. The aim

was to obtain further insight into the molecular pathology of

Pompe disease and to determine the difference between the

disease and a ‘‘pseudodeficiency of acid a-glucosidase.’’

Materials and methods

Patients and cell culture

Cultured skin fibroblasts were obtained from four patients

with Pompe disease (F91, F660, F661 and F664), a subject

having low acid a-glucosidase activity with no glycogen

storage in the organs (F277), and ten controls including

F258 with the agreement of the patients and/or their parents

to use the cells for this study. The ethical committee of our

institute approved the study. The patients’ data including

their phenotypes and genotypes are summarized in Table 1.

All of them were from unrelated Japanese families. Two

patients exhibited the infantile-onset phenotype. One of

them (F91) was homozygous for p.C103X (Hermans et al.

2004), and the other (F661) had p.R600C on one allele, the

mutation on the other allele being unknown (Tsujino et al.

2000). Two patients exhibited the late-onset phenotype.

One of them (F664) was homozygous for p.R437C

(Kanazawa et al. 2003), and the other (F660) was com-

pound heterozygous for p.S529V and p.S619R (Tsunoda

et al. 1996; Kanazawa et al. 2003). One case (F277) was

previously reported to have a Km mutant acid a-glucosi-

dase for glycogen (Suzuki et al. 1988). This male patient

developed cardiac arrhythmia at 12 years of age and died

of cardiac failure at 14 years of age. No skeletal muscle

involvement was observed either clinically or histologi-

cally. No accumulation of glycogen was found in his

organs either pathologically or biochemically. Afterward,

detailed examination by us revealed that the Km values of

acid a-glucosidase for both glycogen and an artificial

substrate were normal, as described below. Gene analysis

revealed that the genotype was p.G576S + p.E689K/

p.G576S + p.E689K (amino acid substitution p.E689K has

already been reported to be a neutral polymorphism; Huie

et al. 1996; Shieh and Lin 1998), and the genotype of the

subject was the same as that found in the asymptomatic

cases in Taiwan reported by Hwu et al. So, it was thought

that the subject occasionally developed an idiopathic car-

diac disorder, but did not have Pompe disease. As far as we
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know, no subjects exhibiting specific manifestations or

signs for Pompe disease have been found among cases

homozygous for p.G576S + p.E689K. So, they are thought

to have a ‘‘pseudodeficiency of acid a-glucosidase,’’

although they should be carefully observed.

The cells were cultured in Ham’s F-10 medium con-

taining 10% fetal calf serum and antibiotics at 37�C in a

humidified incubator flushed continuously with a 5% CO2-

95% air mixture.

Assaying of acid a-glucosidase

Acid a-glucosidase activity was determined fluorometri-

cally in a total homogenate of cultured fibroblasts using

4-methylumbelliferyl a-D-glucopyranoside (MUG) (Sigma,

St Louis, MO) as a substrate. Briefly, 10 ll of the cell

homogenate was added to 40 ll of the substrate solution

comprising 4 mM MUG in 50 mM citrate buffer, pH 4.0.

The reaction mixture was incubated at 37�C for 30 min,

and then the reaction was stopped by the addition of 950 ll

of 0.2 M glycine buffer, pH 10.7. Then, the fluorescence

intensity was measured with a spectrofluorometer (F2000;

Hitachi, Tokyo, Japan) at excitation and emission wave-

lengths of 365 and 450 nm, respectively.

Acid a-glucosidase activity was also measured with gly-

cogen as a substrate using cells of F91 (infantile-onset

Pompe disease), F277 (a ‘‘pseudodeficiency of acid a-glu-

cosidase’’), and F258 (control) as samples. Glycogen-

degrading activity was measured using mussel glycogen

(Sigma-Aldrich, St Louis, MO) as a substrate. Briefly, 12 ll

of the cell homogenate was added to 48 ll of the substrate

solution comprising 62.5 mg/ml glycogen in 0.1 M citrate–

0.2 M sodium phosphate buffer, pH 4.0, followed by incu-

bation for 1 h at 37�C. The reaction was terminated by

heating at 95�C for 2 min. Then, the reaction tube was

immediately cooled on ice and centrifuged. An aliquot of the

supernatant was subjected to quantitative analysis for liber-

ated glucose with Aspergillus niger glucose oxidase (Sigma-

Aldrich) and horseradish peroxidase (Toyobo, Osaka, Japan)

in combination with a sensitive chromogenic compound,

10-N-methylcarbanoyl-3,7-bis (dimethylamino) phenothia-

zine (Kyowa Hedix, Shizuoka, Japan), according to the

method described previously (Okumiya et al. 1998). To

avoid erroneous results due to turbidity of the glycogen

solution and free cellular glucose, the assay was performed

without the cell homogenate and without glycogen, and the

glycogen-degrading activity was calculated after correcting

for the glycogen and sample blanks. As a calibrator for the

measurement of glucose, 200 lM glucose dissolved in

distilled water was used.

Protein determination was performed with a DC assay

kit (Bio-Rad, Richmond, CA), using bovine serum albumin

as a standard.

Determination of the Michaelis–Menten constants

(Kms) of acid a-glucosidase for MUG and glycogen

Apparent Km values of acid a-glucosidase for MUG and

glycogen were determined by means of Lineweaver-Burk

plotting using homogenates of fibroblasts from a case with

a ‘‘pseudodeficiency of acid a-glucosidase’’ (F277) and a

control subject (F258).

MUG-degrading activity was measured according to the

method described above, the substrate concentration in the

assay system being changed (final concentrations: 2, 6, and

10 mM).

Glycogen-degrading activity was measured according to

the method described above, the substrate concentration in

Table 1 Phenotypes, genotypes and acid a-glucosidase activity of the Pompe disease patients and the subject having a ‘‘pseudodeficiency of

acid a-glucosidase’’

Case (cultured fibroblasts) Phenotype Genotype Reference Acid a-glucosidase activity

MUG Glycogen

F91 Infantile-onset p.C103X/p.C103X Hermans et al. (2004) ND ND

F277 ‘‘Pseudodeficiency’’ p.G576S + p.E689K/

p.G576S + p.E689K

Suzuki et al. (1988) 17 0.2

F660 Late-onset p.S529V/p.S619R Tsunoda et al. (1996) and

Kanazawa et al. (2003)

1 –

F661 Infantile-onset p.R600C/undefined Tsujino et al. (2000) ND –

F664 Late-onset p.R437C/p.R437C Kanazawa et al. (2003) 1 –

Acid a-glucosidase activity in cultured fibroblasts was measured using MUG and glycogen as substrates, and is expressed as nmol methyl-

umbelliferone released/h/mg protein and lmol glucose released/h/mg protein, respectively

The values for controls were 108 ± 42 [10] (mean ± SD [n]) for MUG, and 1.9 (F258) for glycogen

Gene analysis of F277 was performed by Dr. Arnold J.J. Reuser

p.E689K has been reported to be a polymorphism (Huie et al. 1996; Shieh and Lin 1998)

ND not detected
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the assay system being changed (final concentrations: 3.1,

6.2, 12.5, 25, 50, and 100 mg/ml), and the reaction was

terminated after incubation for 4 h at 37�C.

Western blot analysis

Cells (F91, F258, F277, F660, F661, and F664) were

sonicated in Milli Q water, and protein concentrations were

determined by the method described above. Then, 10 lg

aliquots of protein in the cell extracts were each solubilized

with an equal volume of sodium dodecylsulfate (SDS)

sample buffer (62.5 mM Tris–HCl, pH 6.8, 2% SDS, 10%

glycerol and 5% b-mercaptoethanol). Then, they were

separated on Tris-glycine polyacrylamide gels (PAG mini;

Daiichi Pure Chemical Co. Ltd, Tokyo, Japan), and elec-

trotransferred to polyvinylidene difluoride (PVDF)

Immobilon-P membranes (Millipore Co., Bedford, MA).

For Western blotting, the blots were blocked in Tris-buf-

fered saline (TBS: 20 mM Tris–HCl, pH 7.5, 100 mM

NaCl) containing 5% skim milk for 15 min at room tem-

perature. Then, they were reacted with rabbit polyclonal

antibodies to human acid a-glucosidase (1:500 diluted)

(Tsuji and Suzuki 1987), washed in TBS three times, and

reacted with peroxidase-conjugated donkey anti-rabbit

secondary antibodies (Amersham Pharmacia Biotech,

Arlington Heights, IL) for 1 h at room temperature.

Finally, the blots were washed in TBS three times and then

developed with ECL (Amersham Pharmacia Biotech) as a

chemiluminescent substrate on HyperfilmTM ECL (Amer-

sham Pharmacia Biotech). Recombinant human acid a-

glucosidase components (110, 95 and 76 kDa) produced in

Chinese hamster ovary cells were used as standards.

Densitometry to determine the amounts of the enzyme

components was performed with a GT-X750 scanner

(Epson, Tokyo, Japan) and Quantity One software version

4.2 (Bio-Rad Laboratories, Hemel Hempstead, UK).

Structural modeling of the catalytic domain

and the surrounding region of human wild-type acid

a-glucosidase and the enzyme with amino acid

substitutions

Structural modeling of the catalytic domain and the sur-

rounding region of wild-type acid a-glucosidase and the

enzyme with amino acid substitutions, including p.R437C,

p.S529R, p.G576S, p.R600C, p.S619R and p.E689K, was

performed using molecular modeling software, SYBYL/

BIOPOLYMER (TRIPOS, St Louis, MO). As a template,

a-glucosidase MalA from Sulfolobus solfataricus (Swiss-

Prot Entry Name: AGLU_SULSO, Accession number:

O59645, PDB ID: 2G3N), which belongs to glycoside

hydrolase family 31 (GH31) (Ernst et al. 2006) was used.

According to sequence alignment, a model of the human

wild-type acid a-glucosidase composed of 452 amino acids

(residues 344–795) was modeled based on the template

MalA (residues 152–604). The amino acid identity of this

region between human acid a-glucosidase and MalA was

30.0%. Because the amino acid identity of the region

corresponding to the residues 1–151 and 605–693 in MalA

are very low, 19.7 and 11.5%, respectively, these regions

were not modeled. The energy minimization procedure was

performed to optimize the conformations and side-chain

rotamers. To determine the influence of an amino acid

replacement on the structure, each mutant model was

superimposed on the wild-type model based on the Ca
atoms by means of the least-square-mean fitting method

(Kabsch 1976, 1978). To compare the influence of the

amino acid substitutions on the three-dimensional structure

between each amino acid substitution and the wild-type

model, the root-mean-square distance (rmsd) value for all

atoms within 8Å, which is the distance used for the cal-

culation of local conformational changes, from the Ca
atom of a substituted amino acid residue was calculated as

a local rmsd value (Weiner et al. 1984; Tripos Bookshelf

7.0, Tripos Inc., St Louis, MO).

Results

Acid a-glucosidase activity in cultured fibroblasts

The results of acid a-glucosidase assaying are shown in

Table 1. In cases F91 (genotype: p.C103X/p.C103X) and

F661 (p.R600C/undefined) with infantile-onset Pompe

disease, acid a-glucosidase activity was absent. Among the

cases of late-onset Pompe disease, very low but residual

enzyme activity was detected in F660 (p.S529V/p.S619R)

and F664 (p.R437C/p.R437C), when sensitive assaying

with MUG was performed. In F277, considerable residual

activity toward both MUG and glycogen (15 and 11 % of

the normal levels, respectively) was detected.

Apparent Km values of acid a-glucosidase for MUG

and glycogen

The apparent Km values of acid a-glucosidase for MUG

and glycogen in cultured fibroblasts were measured. The

apparent Km values for MUG in F277 and F258 were

1.8 ± 0.5[4] and 1.6 ± 0.1[4] mM (mean ± SD[n]),

respectively, and those for glycogen in F277 and F258

were 33 and 36 mg/ml (mean), respectively. The duplicates

did not differ by more than 5%. The average values were

subjected to linear regression analysis, and the Km values

were determined by means of least-square approach. In

J Hum Genet (2007) 52:898–906 901
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both cases, no difference was found between F277 and

F258 in the apparent Km value for either MUG or glyco-

gen. Enzyme assays to determine the Km values for MUG

and glycogen were performed with different concentrations

of substrate in quadruplicate and duplicate, respectively.

Acid a-glucosidase protein in cultured fibroblasts

The results of Western blotting for acid a-glucosidase in

cultured fibroblasts are shown in Fig. 1. Bands corre-

sponding to the 95 kDa intermediate and the 76 kDa major

mature enzyme protein were apparently detected for a

sample from a control subject (F258). The 110 kDa pre-

cursor and 70 kDa minor mature components could not be

detected. Pompe mutants (F91, F660, F661 and F664) did

not give any bands corresponding to acid a-glucosidase

components on Western blotting followed by densitometry

under the experimental conditions used here, and we could

not find any difference between the infantile-onset group

and the late-onset one. On the other hand, the 95 kDa and

76 kDa enzyme components were observed for F277, the

subject having low acid a-glucosidase activity, and no

glycogen storage was observed in his organs. The amount

of the enzyme protein estimated from the results of Wes-

tern blotting almost corresponded to the residual enzyme

activity.

Structural models of the catalytic domain and the

surrounding region of human wild-type acid

a-glucosidase and the enzyme with amino acid

substitutions

To investigate the enzyme defect in Pompe disease from a

structural perspective, we constructed three-dimensional

models of the catalytic domain and the surrounding region

(residues 344–795) of human wild-type acid a-glucosidase

and the enzyme with amino acid substitutions by means of

homology modeling. We used here the crystallographic data

for family 31 glycosyl hydrolase MalA from Sulfolobus

solfataricus (residues 152–604) as a template. First,

according to sequence alignment, we built a model of the

human wild-type acid a-glucosidase composed of 452 amino

acids. Figure 2 shows the sequence alignment between

human acid a-glucosidase (residues 344–795) and the tem-

plate MalA (residues 152–604). The residues responsible for

the enzymatic activity and seven sequence motifs of family

31 glycosyl hydrolases are well conserved (Fig. 2).

The overall superimposed structure of the template

MalA (PDB ID: 2G3N chain-A) and the modeled structure

of the catalytic domain and the surrounding region of

human wild-type acid a-glucosidase is shown in Fig. 3. It

is folded into a (b/a)8-barrel with an active site pocket at

the C-terminus of each b-strand. The structure of the active

site pocket of human wild-type acid a-glucosidase is sim-

ilar to that of MalA. Catalytic nucleophile D320 and acid/

base D416 found in MalA are identical to D518 and D616

in human acid a-glucosidase. Residues D212, R400, D416

and H480, which were deduced to be substrate binding

residues in MalA (Ernst et al. 2006), are identical to

residues D404, R600, D616 and H674 in human acid

a-glucosidase, respectively.

There are three potential sites for N-linked glycosylation

(N–X–S/T) in the catalytic domain. In our model, all the N

residues, i.e., N390 (glycosylation site: N–M–T), N470

(N–E–T), and N652 (N–T–S), are located on the surface of

the molecule, and their side chains are exposed (Fig. 3).

According to the constructed model, there is a disulfide

bond (C647–C658) in the catalytic domain structure. C647

and C658 are located in the loop following Ab-strand and

in Aa-helix, respectively. N652, which is one of the

potential N-linked glycosylation sites, is located in this

region stabilized by a disulfide bond between C647 and

C658. So, this disulfide bond is thought to be very

important for stabilization of the molecule.

The positions of residues where amino acid substitutions

have been detected were mapped in the modeled three-

dimensional structure of the human wild-type acid a-glu-

cosidase (Fig. 4). To determine the influence of the amino

acid substitutions, we constructed amino acid-substituted

models and compared them with the wild-type structure.

The R600 residue is located between the Ab5 and Ab50

strands (Fig. 2) and corresponds to R400 involved in sub-

strate binding in MalA (Ernst et al. 2006). Substitution of

R600 with C affects the main chain of the barrel structure

as well as active site residues D518 and D616 (Fig. 5a).

The local rmsd between the wild-type and p.R600C was

0.23Å (Table 2).

Fig. 1 Western blotting for acid a-glucosidase in cultured fibroblasts

from patients with Pompe disease, a subject having a ‘‘pseudodefi-

ciency of acid a-glucosidase,’’ and a control subject. St (recombinant

human acid a-glucosidase components), F258 (phenotype and

genotype: control, wild-type/wild-type), F91 (infantile-onset type,

p.C103X/p.C103X), F661 (infantile-onset type, p.R600C/undefined),

F664 (late-onset type, p.R437C/p.R437C), F660 (late-onset type,

p.S529V/p.S619R), and F277 (‘‘pseudodeficiency’’, p.G576S +

p.E689K/ p.G576S + p.E689K)

902 J Hum Genet (2007) 52:898–906
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The S619 residue is located in the loop following Aa-

helix (Fig. 2), and its side chain is packed into loop

structures. Substitution of S619 with a larger amino acid

residue, R, is predicted to cause structural changes of the

main chains in the two loops comprising G651–E656 and

L678–P681. The local rmsd between the wild-type and

p.S619R was 0.34Å (Table 2), and the maximum influ-

enced distance was 1.59Å. This substitution is deduced to

cause the largest structural change among the six

mutations.

The R437 residue is located at the N-terminal end of

Ab-strand (Fig. 2). The side chain of R437 is exposed on

the surface of the opposite side of the active site pocket

(Fig. 4). Substitution of R437 with C causes structural

changes of mainly the side chains on the surface (Fig. 5c).

The local rmsd between the wild-type and p.R437C was

0.21Å (Table 2).

The G576 residue is located in Aa4-helix (Fig. 2) and

inside the barrel structure. Substitution G576 with S causes

conformational changes of the side chains on the helix

(Fig. 5d). This structural change is small, and the local rmsd

between the wild-type and p.G576S was 0.18Å (Table 2).

This limited conformational change caused by p.G576S is

thought not to affect active site D518 or binding site R600.

The E689 residue is located at the N-terminus of Aa8-

helix (Fig. 2), and its side chain is fully exposed (Fig. 4).

Amino acid substitution of E689 with K little affected the

three-dimensional structure of acid a-glucosidase (Fig. 5e),

and the local rmsd was 0.06Å (Table 2). p.G576S and

p.E689K do not influence each other because there is 45.4

Å between the Ca atoms of G576 and E689.

The S529 residue is located in B0a1 of the subdomain B0

(Fig. 4). As this region is packed, another subunit in MalA,

the subdomain B0 also might be interacted with other

region of human acid a-glucosidase. However, as the

model constructed here was limited, the region interacted

spatially with S529 of subdomain B0 could not be modeled

(Fig. 4). So, we could not determine the structural influ-

ence of p.S529V based on rmsd in this case.

1’ ’’

Fig. 2 Sequence alignment of human acid a-glucosidase (residues

344–795) and the template MalA (residues 152–604). Catalytic

residues and substrate binding residues are colored cyan and green,

respectively. N-Glycosylation sites and mutation sites are indicated by

blue triangles and red triangles, respectively. Conserved sequence

regions of GH31 are surrounded by boxes. Secondary structure

schemes of MalA are shown with reference to those by Ernst et al.

(2006)

074N

093N
256N

815D

616D

Fig. 3 Superimposed Ca traces of the human wild-type acid a-glu-

cosidase model and the template MalA. The acid a-glucosidase and

MalA are shown in blue and cyan, respectively. Catalytic nucleophile

D518, acid/base D616, and N residues (N390, N470 and N652) at

potential glycosylation sites are shown as a space-filling model
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Discussion

Pompe disease exhibits clinical and biochemical hetero-

geneity (Hirschhorn and Reuser 2001; Hermans et al. 2004;

Reuser et al. 1985, 1987). The details of the molecular

pathology of Pompe disease have not been clarified yet,

although gene analyses have revealed many gene mutations

responsible for this disease. As efficient enzyme replace-

ment therapy for Pompe disease involving recombinant

human acid a-glucosidases has been reported (Van den

Hout et al. 2004; Klinge et al. 2005; Kishnani et al. 2006),

and it has been recognized that there are people whose acid

a-glucosidase activity is low but who do not exhibit any

clinical manifestations of Pompe disease, new knowledge

for further understanding of Pompe disease is desired to

facilitate therapeutic planning.

In this study, we performed structural and biochemical

analyses to obtain further insight into the molecular basis
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Fig. 4 Positions of Pompe

mutations mapped on the

structure of human wild-type

acid a-glucosidase. The

structure of the catalytic domain

is shown as a ribbon model. The

residues involved in the amino

acid substitutions responsible

for Pompe disease (R437, S529,

R600 and S619), a

‘‘pseudodeficiency of acid

a-glucosidase’’ (G576), and a

neutral polymorphism (E689)

are shown as a space-filling

model
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Fig. 5 Predicted structural changes in human acid a-glucosidase

caused by amino acid substitutions. p.R600C (a), p.S619R (b),

p.R437C (c), p.G576S (d), and p.E689R (e). The whole structure is

shown as a ribbon model colored cyan. We defined the structure as

being influenced by an amino acid replacement when the position of

an atom of the mutant differed from that of the wild-type by more

than the average total rmsd value (0.10Å). The influenced residues of

the wild-type (magenta) and mutants (yellow) are shown as sticks

Table 2 Local root mean square distances for all atoms within 8Å of

the a carbon of substituted amino acid residue in the mutant models

Amino acid substitution Local rmsd (Å)

R437C 0.21

G576S 0.18

R600C 0.23

S619R 0.34

E689K 0.06
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of this disease and to determine the difference between the

disease and a ‘‘pseudodeficiency of acid a-glucosidase.’’

F91 was homozygous for p.C103X. As such a nonsense

mutation at the N-terminal end of a protein should cause

loss of the active site and thus result in destabilization of

the enzyme protein and/or a decrease in the amount of acid

a-glucosidase mRNA, enzyme activity was absent.

F661 had a missense mutation, p.R600C, the second

mutation being as yet undefined. As a different Pompe

disease patient who was homozygous for p.R600C had the

infantile-onset form and did not exhibit any acid a-gluco-

sidase activity (Tsujino et al. 2000), p.R600C is thought to

seriously affect acid a-glucosidase. Considering the results

of enzyme assaying and Western blotting, the expressed

mutant enzyme protein with p.R600C is thought to be

unstable and to undergo degradation. Structural analysis

revealed that p.R600C affects the barrel structure as well as

the active site, and this finding is not inconsistent with that

on biochemical analysis that acid a-glucosidase activity

was absent. As no bands corresponding to the enzyme

protein were detected for F661 on Western blotting, the

second mutation would not allow the production of any

protein or only allow the expression of a very unstable one.

F660 was genotypically compound heterozygous for

p.S529V and p.S619R. Our structural study revealed that

p.S619R causes a large structural change around residue

S619, which results in dislocation of N652, which is one of

the potential N-glycosylation sites. This structural change

is thought to affect the stability of the protein and to result

in a deficiency of acid a-glucosidase activity.

S529 was deduced to be located in B0a1 of the subdo-

main B0, which is packed another subunit in MalA.

Unfortunately, the region closing around S529 spatially

was not modeled here, and thus we could not discuss the

local rmsd value between the wild type and p.S529V. A

previous report suggested that p.S529V leads to late-onset

Pompe disease (Tsunoda et al. 1996). The subdomain B0,
which S529 is located on, is conserved among the majority

of GH31 enzymes and is adjacent to the catalytic pocket.

Then, the subdomain B0 may have a critical role in sub-

strate binding (Ernst et al.2006). Considering the results of

Western blotting, the amount of the mutant enzyme protein

was apparently decreased, and p.S529V may also cause

destabilization of the molecule.

F664 is genotypically homozygous for p.R437C. Our

structural analysis revealed that p.R437C causes a struc-

tural change on the surface of the molecule. This would

allow very low residual enzyme activity.

F277 was genotypically homozygous for p.G576S +

p.E689K. Structural analysis revealed that p.E689K, which

is known to be a neutral polymorphism, hardly affects the

three-dimensional structure of acid a-glucosidase and does

not affect p.G576S structurally. As p.G576S causes a small

conformational change of side chains and does not affect

the active site of the enzyme, it is thought that the

expressed protein is unstable, but exhibits considerable

residual activity and normal affinity for substrates. This

considerable residual enzyme activity probably prevents

the accumulation of glycogen.

Thus, mutations causing apparent structural changes in

acid a-glucosidase are thought to lead to a decrease in the

enzyme activity, resulting in Pompe disease. We could not

detect any difference between the infantile-onset group and

the late-onset one on Western blotting followed by densi-

tometry. As preliminary studies revealed that the antibodies

against acid a-glucosidase used here could not detect\2.5

nanograms of the antigen (data not shown), it is thought

that the very small amounts of residual enzyme protein in

F660 and F664 could not be detected on Western blotting

under the experimental conditions used. On the other hand,

mutation p.G576S responsible for a ‘‘pseudodeficiency of

acid a-glucosidase’’ causes a small conformational change

that results in considerable levels of enzyme protein and

residual activity.

In conclusion, we constructed a structural model of the

catalytic domain and the surrounding region of human acid

a-glucosidase, and investigated the structural consequences

of amino acid substitutions in acid a-glucosidase to

increase our molecular understanding of Pompe disease.
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