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Biochemical and structural study on a S529V mutant
acid a-glucosidase responsive to pharmacological
chaperones

Youichi Tajima1,2,7, Seiji Saito3,7, Kazuki Ohno4,8, Takahiro Tsukimura5, Seiichi Tsujino6 and
Hitoshi Sakuraba1,5

Recently, pharmacological chaperone therapy for Pompe disease with small molecules such as imino sugars has attracted

interest. But mutant acid a-glucosidase (GAA) species responsive to imino sugars are limited. To elucidate the characteristics

of a mutant GAA responsive to imino sugars, we performed biochemical and structural analyses. Among cultured fibroblast

cell lines derived from Japanese Pompe patients, only one carrying p.S529V/p.S619R amino acid substitutions responded to

1-deoxynojirimycin (DNJ), and an expression study revealed that DNJ, N-butyl-deoxynojirimycin and nojirimycin-1-sulfonic

acid increased the enzyme activity of the S529V mutant GAA expressed in Chinese hamster ovary cells. The results of western

blotting analysis suggested that these imino sugars facilitated the intracellular transportation of the mutant GAA and stabilized

it. Among these imino sugars, DNJ exhibited the strongest action on the mutant GAA. Structural analysis revealed that DNJ

almost completely occupied the active site pocket, and interacted with amino acid residues comprising it through van der Waals

contacts and hydrogen bonds. This information will be useful for improvement of pharmacological chaperone therapy for Pompe

disease.
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INTRODUCTION

Acid a-glucosidase (GAA, acid maltase; EC. 3.2.1.20/3) is an enzyme
belonging to a group of family 31 glucosyl hydrolases that catalyze
hydrolysis of the a-1,4- and a-1,6-glucosidic bonds of oligosaccharides
and glycogen in lysosomes. The enzyme, encoded by the GAA gene
located on chromosome 17q25, is synthesized as a preproprotein
composed of 952 amino acid residues, transported into the lumen of
the endoplasmic reticulum, and subsequently N-glycosylated, which
results in a 110 kDa precursor glycoprotein. Then, it undergoes further
modification of its sugar chains in the endoplasmic reticulum and
Golgi apparatus. Finally, it is transported to lysosomes, where it is
modified into a 76 kDa mature enzyme and a minor 70kDa compo-
nent via a 95 kDa intermediate.1–4

A genetic defect in the enzyme causes the accumulation of glycogen
in lysosomes and an abnormality of autophagy,5 thereby leading to
Pompe disease (glycogen storage disease type II; OMIM 232300). The
disease exhibits a wide range of clinical phenotypes, from the early-
onset severe ‘infantile form’, which is characterized by cardiomegaly,

hepatomegaly, hypotonia and muscular weakness, to the late-onset
slowly progressive ‘juvenile/adult form’, which shows a predominance
of muscular disorders.1

In Pompe disease, close to 300 disease-causing mutations have been
identified, the majority of them being missense ones.1,6–8 The mutant
enzymes having single amino acid substitutions, regardless of
their activity competency, are misfolded and degraded by the endo-
plasmic reticulum’s quality control system before being transported to
lysosomes.9

In use as therapy for Pompe disease, a recombinant human GAA
produced in Chinese hamster ovary (CHO) cells is available.10 Despite
its efficacy, replacement therapy with this enzyme has some problems,
that is, the high cost, and its low uptake by the brain and skeletal
muscles.1,11 Recently, pharmacological chaperone therapy with small
molecules has attracted interest. Low molecular weight chemicals are
expected to selectively interact with mutated but enzymologically
active proteins, stabilize them and facilitate their transport to lyso-
somes.12 As such, potential pharmacological chaperones for GAA,
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imino sugars including 1-deoxynojirimycin (DNJ) and N-butyl-deox-
ynojirimycin (NB-DNJ) are known.13,14 However, mutant GAAs
responsive to these imino sugars are restricted to a limited group
with specific amino acid substitutions, and the enhancing effects of
the imino sugars available are not so strong.13–15 For further improve-
ment of pharmacological chaperone therapy for Pompe disease,
detailed information on mutant GAAs responsive to small molecules
is required.
In this study, we examined the interaction of a mutant GAA with

imino sugars, biochemically and structurally, and determined its
characteristics.

MATERIALS AND METHODS

Chemicals
DNJ, NB-DNJ and nojirimycin-1-sulfonic acid (NSA) were obtained from

Toronto Research Chemicals (North York, Ontario, Canada). 4-Methylumbel-

liferyl-a-D-glucopyranoside was purchased from Calbiochem (La Jolla, CA,

USA). The compounds used were of reagent grade.

Primary Pompe fibroblast cell lines and culture
As a preliminary study, cultured fibroblast cell lines from 10 Japanese patients

with Pompe disease (five infantile form patients and five late-onset ones) from

different families6,16–18 were examined to identify the ones responsive to DNJ.

Information on the cells is summarized in Table 1. The cells were treated for 7

days with or without 50mM DNJ, and then GAA activity was determined.

Among the cell lines, only F660 (phenotype, late-onset; genotype, p.S529V/

p.S619R) responded to DNJ. DNJ did not exhibit any effect on the activities

of other lysosomal enzymes including a-galactosidase A, b-galactosidase,
b-glucosidase, a-mannosidase and a-fucosidase, under the conditions exam-

ined here (data not shown). Considering this finding, F660 was used as a

sample for the following examinations. F664 (late-onset; p.R437C/p.R437C)

and Fw (healthy; wild type/wild type) were used as pathological and normal

controls, respectively. The study involving the cultured human fibroblasts was

approved by the Ethics Committee of our institute.

The cells were cultured in Ham’s F-10 medium containing 10% fetal calf

serum and antibiotics at 371C in a humidified incubator flushed continuously

with a 5% CO2–95% air mixture.

Assaying of GAA and protein determination
GAA activity was determined fluorometrically using 4-methylumbelliferyl-a-D-
glucopyranoside as a substrate, as described previously.19 Briefly, 10ml of a cell
homogenate was added to 40ml of a substrate solution comprising 4mM

4-methylumbelliferyl-a-D-glucopyranoside in 0.2M citrate buffer, pH 4.0. The

reaction mixture was incubated at 371C for 30min, and then the reaction was

stopped by the addition of 950ml of 0.2M glycine buffer, pH 10.7. Then the

fluorescence intensity was measured with a Wallac 1420 ARVO MX multilabel

counter (Perkin-Elmer, Waltham, MA, USA) at excitation and emission

wavelengths of 355 and 460nm, respectively. Protein concentrations were

determined with a Micro BCA Protein Assay Reagent Kit (Thermo Scientific,

Rockfold, IL, USA), bovine serum albumin being used as a standard.

Examination of the effects of imino sugars on primary Pompe
fibroblasts
The cell lines F660, F664 and Fw were cultured for 7 days in medium

containing various concentrations (0, 50, 100 and 300mM) of DNJ, NB-DNJ

or NSA. The cells were collected with trypsin-EDTA and washed twice with

phosphate-buffered saline (PBS), and then homogenates of them were used for

protein determination and GAA assaying.

Preparation of mutant GAA constructs
Human GAA cDNA (Open Biosystems, Huntsville, AL, USA) was used as a

template. The coding region for the GAA was amplified by PCR using the

following primers: sense, 5¢-CCCAAGCTTATGGGAGTGAGGCACCCGCCC-3¢
and antisense, 5¢-GGGAATTCCTAACACCAGCTGACGAGAAA-3¢, the itali-

cized nucleotides being the HindIII and EcoRI sites, respectively. A PCR

fragment of the coding region of GAA was digested with HindIII and EcoRI,

and then introduced into the pEE14.4 expression vector (Lonza Biologic,

Allendale, NJ, USA). Site-directed mutagenesis was performed as previously

described.20 Then, the GAA construct described above was used as a template

to prepare expression vectors for mutant GAAs. The following primer sets were

used to generate expression vectors for S529V and S619R mutant GAAs,

respectively: sense, 5¢-CGTTGAGGACGGCTGCCCCAACAAT-3¢ and antisense,

5¢-CCCCTGATGAAGTTGGAAGGCTCGT-3¢ for S529V; and sense, 5¢-AGATC
CTGGGAGCAGCTCGCCTCCT-3¢ and antisense, 5¢-CCACACGTCCCCCGTC
CAGTGGCCG-3¢ for S619R. The mutations were confirmed by nucleotide

sequencing analysis.

Generation of CHO cells expressing the wild type and mutant
GAAs, and determination of the effects of imino sugars on GAAs
expressed in the cells
CHO-K1 cells were cultured in a-modified Eagle’s medium supplemented with

10% fetal bovine serum and antibiotics at 371C in a humidified incubator

flushed continuously with a 5% CO2–95% air mixture. Transfection was

performed with 1mg plasmid expressing the S529V or S619R mutant GAA,

or the wild-type one, as a control, per 12-well plate using Lipofectoamine LTX

and Plus reagents (Invitrogen, Carlsbad, CA, USA) according to the manu-

facturer’s instructions. Mock transfection was performed with the vector alone.

After transfection, the cells were cultured for 5 h in the same medium, which

was then replaced by medium containing various concentrations (0, 10, 50 and

300mM) of DNJ, NB-DNJ or NSA. After 72h, the cells were collected with

0.125% trypsin–EDTA and washed with PBS, and then the cell pellets were

sonicated in 50mM 2-(N-morpholino) ethanesulfonic acid buffer, pH 6.0, as

described previously.19 The cell homogenates were used for protein determina-

tion, GAA assaying and western blotting analysis.

Western blotting analysis
Ten-microgram aliquots of protein in the transiently transfected CHO-K1 cell

extracts were each denatured in a one-fourth volume of 4�NuPAGE lithium

dodesyl sulfate sample buffer (424mM Tris-HCl, pH 8.5, 292mM lithium

dodesyl sulfate, 4.36M glycerol, 2mM EDTA and 50mM dithiothreitol) at

701C for 10min. Then, they were separated on a Bis-Tris polyacrylamide gel

(NuPAGE 4–12%; Invitrogen), and electrotransferred to a polyvinylidene

difluoride Immobilon-P membrane (Millipore Corporation, Bedford, MA,

USA). For western blotting, each membrane was blocked with 5% non-fat

skim milk in PBS/0.1% Tween-20, and then incubated overnight with rabbit

polyclonal antibodies to human GAA (1:500 diluted) in blocking buffer.19

Subsequently, the blot was washed in PBS/0.1% Tween-20, and then

reacted with peroxidase-conjugated donkey anti-rabbit secondary antibodies

(GE Healthcare Bio-Sciences, Piscataway, NJ, USA) and an ECL plus Western

Blotting Detection System (GE Healthcare) as a chemiluminescent substrate.

Table 1 Cultured fibroblasts derived from Japanese patients with

Pompe disease

Cells Phenotype Genotype References

F91 Infantile p.C103X/p.C103X 6

F239 Infantile Undefined New case

F297 Late-onset Undefined New case

F366 Infantile Undefined New case

F415 Late-onset Undefined New case

F659 Infantile p.M439K/undefined 18

F660 Late-onset p.S529V/p.S619R 16,17

F661 Infantile p.R600C/undefined 18

F663 Late-onset p.R608X/undefined 18

F664 Late-onset p.R437C/p.R437C 17
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The resulting bands were visualized with an LAS-4000 Luminescent Image

Analyser (GE Healthcare).

Structural modeling of mutant GAAs
Structural models of the S529V and S619R mutant GAAs were built by means

of homology modeling. At first, a structural model of the wild type human

GAA was built with Molecular Operating Environment (CCG-Chemical

Computing Group, Montreal, Quebec, Canada), using the crystal structure of

the N-terminal subunit of human intestinal maltase-glucoamylase (PDB: 2QLY)

as a template, followed by energy minimization, as described previously.21 The

root mean square gradient value was set at 0.05 kcalmol�1 � Å. Then, structural
models of the mutant GAAs were built with TINKER,22–23 using the modeled

structure of the wild-type GAA as a template.21

Calculation of numbers of atoms influenced by amino acid
substitutions
Each mutant model was superimposed on the wild-type GAA structure on the

basis of the Ca atoms by the least-square mean fitting method. We defined that

the structure was influenced by an amino acid substitution when the position

of an atom in a mutant structure differed from that in the wild-type one by

more than 0.15 Å, based on total root mean square distance, and the numbers

of influenced atoms in the main chain and the side chain were calculated, as

described previously.24

Determination of root mean square distance values of all atoms in
the mutant GAA structures
The root mean square distance values of all atoms in the S529V and S619R

mutant GAAs were determined according to Weiner’s method, as described

previously.24

Determination of solvent-accessible surface area (ASA) values of
amino-acid residues in the mutant GAA structures
The ASA value of each residue in the wild-type GAA was calculated using

ACCESS,25 and the position of each substituted amino acid residue in the

S529V and S619R mutant GAAs was determined, as described previously.24

Coloring of the atoms influenced by amino acid substitutions
Coloring of the influenced atoms in the three-dimensional structures of the

S529V and S619R mutant GAAs was performed for the corresponding amino

acid substitutions as to the distance between the wild-type and mutant ones,

as described previously.24

Structural modeling of the complex of the S529V mutant GAAwith
DNJ bound to its active site
Previously, we built a structural model of the catalytic domain of GAA by means

of homology modeling using the structural information on a-glucosidase MalA

from Sulfolobus solfactrics (PDB: 2G3N), and predicted the structure of the wild

type GAA/DNJ complex.26 In this study, we used a new structural model of

the human GAA described above as a template, and predicted the structure of

the complex between the mutant GAA and DNJ. AutoDock 4.0 (Molecular

Graphics Laboratory, La Jolla, CA, USA), a grid-based docking program, was

used to dock DNJ to the S529V mutant GAA according to the method described

previously.27

RESULTS

Effects of imino sugars on GAA activity in primary Pompe
fibroblasts
The effects of imino sugars including DNJ, NB-DNJ and NSA on GAA
activity in cultured fibroblasts from two Japanese patients with Pompe
disease harboring p.S529V/p.S619R and p.R432C/p.R437C, respec-
tively, and a healthy control were examined. The results are shown in
Figure 1.
DNJ treatment of F660 resulted in an apparent increase in endo-

genous GAA activity (fourfold increase with 50mM DNJ), and that
of NSA a moderate one (twofold increase with 50mM NSA). The
enhancement occurred dose-dependently under the experimental
conditions used. NB-DNJ did not show any enhancement. This
suggests that the S529V and/or S619R mutant GAA proteins respond
to DNJ and NSA. The imino sugars did not cause any clear enhance-
ment for F664. For Fw, both NB-DNJ and NSA rather inhibited it.

Effects of imino sugars on the mutant GAAs expressed in
CHO-K1 cells
To assess the response to imino sugars, the S529V and S619R mutant
GAAs generated by site-directed mutagenesis were transiently
expressed in CHO-K1 cells.
The cells were cultured in medium containing various concentrations

(0, 10, 50 and 300mM) of DNJ, NB-DNJ or NSA for 72h, and then the
GAA activity in the cells was measured. The results are shown in Figure 2.
DNJ treatment apparently increased the enzyme activity of the S529V

mutant GAA, as in the case of the wild type, with DNJ at 10 and 50mM,
although a high concentration (300mM) of DNJ rather decreased the
enzyme activity. No response was observed for the S619R mutant GAA.
As to NB-DNJ and NSA, only the S529V mutant GAA responded to

them, at 10 and 50mM, but these chemicals decreased the enzyme

Figure 1 Effects of imino sugars on acid a-glucosidase (GAA) activity of primary Pompe fibroblasts. F660 (genotype, p.S529V/p.S619R), F664 (p.R437C/

p.R437C) and Fw (wild type/wild type) were cultured for 24h in medium containing various concentrations of 1-deoxynojirimycin (DNJ), N-butyl-

deoxynojirimycin (NB-DNJ) or nojirimycin-1-sulfonic acid (NSA). Then, GAA activity in the cells was measured.

S529V mutant GAA responsive to chemical chaperones
Y Tajima et al

442

Journal of Human Genetics



activity of the wild-type GAA. The S619R mutant GAA did not exhibit
any response to them.
To determine whether these imino sugars improve the stability and/

or processing of the mutant GAAs or not, western blotting analysis
was performed. The results are shown in Figure 3. The 110 kDa
precursor isozyme was detectable in all untreated cells. However, the
76kDa mature isozyme was not or only faintly detected for the S529V
and S619R mutant GAAs, although it was clearly detectable in the case
of the wild type. The total amounts of GAA protein as well as the
95kDa intermediate and 76kDa mature isozymes were increased by
treatment with these imino sugars for the S529V mutant GAA, as in
the case of the wild-type one. The S619R mutant GAA did not show
any response to the imino sugars.
These results suggest that imino sugars including DNJ facilitate the

transportation and processing of the S529V mutant GAA and stabilize
it, resulting in an increase in GAA activity in cells.

Structural change in GAA for each amino acid substitution
Human GAA is composed of five domains; a trefoil type-P domain, an
N-terminal b-sandwich domain, a (b/a)8-barrel domain, which includes
catalytic residues D518 and D619 as the nucleophile and acid/base,
respectively, with two inserted loops, a proximal C-terminal domain and
a distal C-terminal domain, as reported previously.

To determine the structural changes in GAA for S529V and S619R,
we constructed structural models of them. Then, the number of
atoms affected by the amino acid substitution was determined for
each model, and the root mean square distance and ASA values
were calculated (Table 2), followed by coloring of the affected atoms
(Figure 4).
S529 is located in the first loop in the (b/a)8-barrel domain, which

suggests that the S529V amino acid substitution causes a moderate
conformational change near the surface of the molecule far from the
active site.
On the other hand, S619 is located in the (b/a)8-barell domain,

which suggests that the S619R amino acid substitution leads to a large

Figure 2 Effects of imino sugars on enzyme activity of acid a-glucosidase (GAA) proteins expressed in Chinese hamster ovary (CHO) cells. The S529V

and S619R mutant GAAs, and the wild-type one were expressed in CHO-K1 cells, and then the effects of imino sugars including 1-deoxynojirimycin (DNJ),

N-butyl-deoxynojirimycin (NB-DNJ) and nojirimycin-1-sulfonic acid (NSA) on the enzyme activities were examined.
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Figure 3 Western blotting profiles for acid a-glucosidases (GAAs) expressed in CHO-K1 cells and effects of imino sugars on them. The S529V and S619R

mutant GAAs, and the wild type one were expressed in CHO-K1 cells, and then the cells were treated with 1-deoxynojirimycin (DNJ), N-butyl-deoxynojirimycin

(NB-DNJ) or nojirimycin-1-sulfonic acid (NSA), followed by western blotting analysis.

Table 2 Structural changes in the GAA proteins

Number of affected atoms

Amino acid substitution Main chain Side chain RMSD (Å) ASA (Å2)

S529V 25 30 0.031 14

S619R 119 127 0.110 11

Abbreviations: ASA, accessible surface area; GAA, acid a-glucosidase; RMSD, root mean square
distance.
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conformational change of the molecule and thereby affects the active
site pocket structure.

Structural model of the complex of the S529V mutant GAA with
DNJ bound to its active site
To elucidate the interaction between DNJ and the S529V mutant GAA,
a structural model of DNJ bound to the active site of the mutant

enzyme was built. Figure 5a shows the docking structure of the mutant
enzyme protein and DNJ complex. Residues D282, W376, D404,
D405, I441, W481, M519, W613, D616 and F649 of the enzyme
molecule are thought to be in van der Waals contact with DNJ
(Figure 5b). Furthermore, residues D518, R600 and H674 are pre-
dicted to form hydrogen bonds with DNJ (Figure 5c). DNJ almost
completely occupies the active site pocket.

Figure 4 Coloring of the influenced atoms in the three-dimensional structures of the mutant acid a-glucosidases (GAAs). The distributions of the influenced

atoms in the S529V and S619R mutant GAAs are shown. Each atom is colored according to the distance between the atom in the mutant structure and the

corresponding one in the wild type. The colors show the distance, as follows: light greeno0.15 Å, 0.15 Åpcyano0.30 Å, 0.30 Åpgreeno0.45 Å,

0.45 Åpyellow, 0.60 Åporange o0.75 Å, and red X0.75 Å. The total structure is shown as a ribbon model, and the atoms comprising a substituted amino

acid are shown in black. Arrows indicate the active site.

Figure 5 Docking model of the S529V mutant acid a-glucosidase (GAA)/1-deoxynojirimycin (DNJ) complex. (a) Overview: locations of DNJ (stick model) and

V529 (green), (b) DNJ and amino acid residues that are in van der Waals contact with DNJ, and (c) DNJ and amino acid residues that form hydrogen bonds

with DNJ. Each backbone is shown as a light green ribbon model. The substituted amino acid is shown in green.
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DISCUSSION

Recently, pharmacological chaperone therapy has been investigated
as a potential treatment for Pompe disease. This therapy is based on
the concept that imino sugars including DNJ and NB-DNJ interact
with mutant GAA proteins, and thereby improve their stability and
transportation to lysosomes.13,14,28 However, these imino sugars are
potent inhibitors of a-glucosidases including GAA and intestinal
maltase-glucoamylase, and the administration of an excess dose results
in intracellular storage of glycogen,29 and glucosylated and galactosy-
lated oligosaccharides.30 So, it seems to be difficult to determine the
proper doses of these chemicals for pharmacological chaperone
therapy, and inadequate doses of them would worsen Pompe disease
and might lead to diarrhea. Furthermore, the mutant GAA species for
which imino sugars are effective are limited.13,14,28 Hence, character-
ization of mutant GAAs responsive to imino sugars, and detailed
information about the complex formation of a mutant GAA and an
imino sugar are strongly required for improvement of pharmacologi-
cal chaperone therapy.
As far as we know, there are about 80 Japanese Pompe patients. Out

of them, at least 22 cases have been examined as to gene mutations,
and five missense mutation species were identified in more than two
Japanese Pompe families; p.S529V (4/44 alleles), p.R600C (8/44
alleles), p.S619R (6/44 alleles), p.D645E (3/44 alleles) and p.R672Q
(3/44 alleles).
In this study, we examined the effect of DNJ on primary cultured

fibroblasts obtained from 10 Japanese Pompe patients. Among them,
only a strain carrying the p.S529V/p.S619R mutations responded to
imino sugars. DNJ and NSA increased its enzyme activity approxi-
mately four- and twofold at 50mM, although a high dose of the
chemicals rather inhibited the enzyme activity. A previous study on a ‘
pseudodeficiency of GAA’ revealed that residual enzyme activity, that
is, 10–20% of the normal control level, could prevent glycogen
storage.19 So, even a small increase in GAA activity on the adminis-
tration of these imino sugars would be expected to improve the
symptoms of Pompe disease. NB-DNJ did not show any apparent
enhancement under the conditions examined here.
To determine which ones are responsive to imino sugars, mutant

GAAs carrying the S529V and S619R amino acid substitutions were
separately expressed in CHO-K1 cells, and then the response to imino
sugars was examined. The results revealed that only the S529V mutant
GAA was responsive to DNJ, NB-DNJ and NSA. Considering the
results of western blotting, these imino sugars should facilitate the
transportation and processing of the S529V mutant GAA, and stabilize
it. Recently, Flanagan et al.28 reported that 16 species of mutant GAAs,
including p.S529V, responded to DNJ, and that 60 species including
p.R600C, p.S619N, p.D645E and p.R672Q did not. Here we examined
the characteristics of the S529V mutant GAA from a structural aspect.
The results revealed that a small structural change occurred in the
first loop in the (b/a)8-barrel domain, which did not affect the active
site pocket. Even such a minor conformational change should be
detected by the endoplasmic reticulum’s quality control system and
the mutant GAA should be quickly degraded before being transported
to lysosomes.
We examined the interaction of the S529V mutant GAA with DNJ,

which exhibited the strongest action on the mutant GAA, by building
a structural model of the complex. DNJ should occupy the active
site pocket, and bind strongly to amino acid residues comprising it
through van der Waals contacts and hydrogen bonds.
For development of pharmacological chaperone therapy, it is

important to confirm that the administration of an imino sugar
reduces the glycogen content in a patient’s cells. As glycogen does

usually not accumulate in cultured Pompe fibroblasts, cultured
myocytes derived from a Pompe patient carrying the mutation
responsive to imino sugars would be suitable for the above purpose.
Skeletal muscle tissue is one of the main tissues affected in Pompe
disease, and there could be subtle tissue-specific differences in the
glycogen metabolism and/or the modulation of the residual GAA
activity between skeletal muscles and other tissues. Unfortunately, we
could not obtain biopsied muscle tissues from the patient because the
procedure is invasive. In the future, it is desirable to generate a Pompe
mouse carrying the mutation responsive to imino sugars to examine
the effects of chemicals on glycogen cleavage.
In conclusion, we examined the characteristics of the S529V mutant

GAA responsive to imino sugars biochemically and structurally. The
results provide us with a lot of information for improving the
pharmacological chaperone therapy for Pompe disease.
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