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Abstract We investigated mutations of the iduronate-
2-sulfatase (I2S) gene and structural characteristics of I2S
to clarify genotype/phenotype relationships in 18 Japa-
nese patients withmucopolysaccharidosis type II. The I2S
gene was analyzed in five patients with a severe phenotype
and in 13 patients with an attenuated phenotype. The
tertiary structural model of the human I2S was con-
structed by homology modeling using the arylsulfatase
structure as a template. We identified four missense
mutations and a nonsense mutation in the severe pheno-
type; four missense, two nonsense, three frame shifts, and
one each of splice and amino acid deletion in the attenu-
ated phenotype. Seven of them (L73del, Q75X, G140R,
C171R, V401 fs, C422 fs, and H441 fs) were novel
mutations. Structural analysis indicated that the residues
of the mutations found in the severe phenotype would
have direct interactions with the active site residues or

should break the hydrophobic core domain of I2S,
whereas residues of the missense mutations found in
the attenuated phenotype were located in the peripheral
region. In addition, effects by deletion or frameshift
mutations could also be interpreted by the structure.
Structural analysis of mutant proteins would help in
understanding the genotype/phenotype relationships of
Hunter disease.

Keywords Mucopolysaccharidosis type II Æ Hunter
disease Æ Iduronate-2-sulfatase Æ Mutation Æ Protein
structure Æ Phenotype/genotype relationship

Introduction

Mucopolysaccharidosis (MPS) type II (Hunter disease)
is the most prevalent subtype among Japanese MPS
patients; about half of patients with MPS in Japan have
Hunter disease (Yamada et al. 1993). Hunter disease is
characterized by systemic manifestations including short
stature, joint contracture, dysostosis multiplex, typical
facial appearance, thick skin and hirsutism, conductive
and sensorineural hearing difficulty, ophthalmic prob-
lems such as retinitis pigmentosa, respiratory problems
due to obstructive airways, congestive heart failure due
to valvular diseases and cardiomyopathy, umbilical
hernia, and hepatosplenomegaly (Neufeld and Muenzer
2001). Mutations in the iduronate-2-sulfatase (I2S) gene
residing in Xq28 result in the primary cause of the dis-
ease, and the enzyme defect leads to an accumulation of
dermatan sulfate and heparan sulfate in the body and
increased excretion of these substances into urine
(Neufeld and Muenzer 2001).

Patients with a severe clinical phenotype manifest
clinical symptoms from infancy and develop central
nervous system disorders. These severe patients usually
do not survive their second decade of life, whereas those
with an attenuated form gradually develop clinical
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manifestations later in childhood, show normal intelli-
gence, and can survive up to middle age, although the
attenuated form includes patients with a wide range of
severity. Residual activity of I2S or the amount of
excretion of glycosaminoglycans cannot predict the
severity of the disease.

Gene mutations in Hunter disease were first reported
in 1990 (Wilson et al. 1990). Since then, a broad spectrum
of mutations has been reported (Sukegawa et al. 1992;
Kim et al. 2003). However, the molecular mechanisms of
genotype/phenotypes have not been elucidated. Here, we
have clarified I2S gene mutations in 18 Japanese patients
with Hunter disease, seven of which were novel muta-
tions. We also discuss genotype/phenotype relationships
in Hunter disease from results of the structural analysis
of the I2S gene and the effects of several mutations on the
three-dimensional (3D) structure of I2S.

Materials and methods

Subjects and enzyme activity

Clinical findings and enzyme activity of I2S are shown in
Table 1. The I2S activity was measured by the procedure
of Voznyi et al. (2001) with minor modification. Briefly,
homogenates were prepared by sonication of cell mate-
rial in water, and the concentration was adjusted by
dilution with pH- and heat-denatured bovine serum
albumin (BSA) solution (0.2%). Ten microliters of the
homogenate (10 lg protein for fibroblasts or 15 lg for

leukocytes) was mixed with 20 ll 1.25 mmol/l 4-meth-
ylumbelliferyl-[alpha]-iduronate 2-sulphate (MU-[al-
pha]Ido-2S, Moscerdam Substrates, Rotterdam, The
Netherlands) in 0.1 mol/l sodium acetate buffer, pH 5.0,
containing 10 mmol/l lead acetate. The reaction mix-
tures were incubated for 4 h 37�C, whereafter 40 ll
concentrated McIlvain’s buffer, pH 4.5 (0.4 mol/l Na-
phosphate/0.2 mol/l citrate), and 10 ll of LEBT solu-
tion (purified lysosomal enzymes from bovine testis)
were added, and a second incubation of 24 h at 37�C
was carried out. Reactions were terminated by the
addition of 200 ll 0.5 mol/l Na2CO3/NaHCO3, pH 10.7,
and 0.025% Triton X-100. The fluorescence of 4-meth-
ylumbelliferone was then measured.

DNA preparation and sequencing

Using the GFX Genomic Blood DNA Purification Kit
(Amersham Biosciences, Uppsala, Sweden), genomic
DNA from peripheral leukocytes was extracted from 18
Japanese patients with Hunter disease (five patients with
the severe phenotype and 13 patients with the attenuated
phenotype) after obtaining their informed consent. Ten
fragments of the I2S gene, exons and exon/intron
boundaries, were amplified by polymerase chain reaction
(PCR) using primers listed in Table 2 (Bunge et al. 1993;
Rathmann et al. 1996; Isogai et al. 1998; Gort et al.
1998). The PCR reaction was carried out in a total
volume of 50 ll containing 1.25 units of ExTaq poly-
merase, 10 nmol dNTPs, genomic DNA (100 ng), and

Table 1 Clinical profile of the patients

Case Age
(years)

Classificationa IQ (DQ)b Height (cm) Joint ROMc

elbow/knee
Hearing ability
(dB, R/L)

Valvular disease
AR/MRd

Livere

(cm)
I2S
activityf

1 4 Severe 40 102 132/130 40/40 None/slight 3.5 ndg

2 5 Severe 43 112 130/130 80/40 None/moderate 4 nd
3 5 Severe <20 113 143/130 80/50 Mild/mild 4 nd
4 7 Severe (<10) 104 96/136 90/90 Mild/slight 8 nd
5 16 Severe (<10) 121 10/100 70/95 None/mild 6.5 nd
6 3 Attenuated (100) 97 140/140 0/0 None/none 0 nd
7 4 Attenuated 73 103 120/131 60/55 None/slight 8 nd
8 7 Attenuated 94 108 118/122 65/70 None/mild 7 nd
9 10 Attenuated 86 123 97/140 0/�10 Slight/mild 8 nd
10 11 Attenuated 53 122 100/130 80/65 Mild/moderate 7 nd
11 18 Attenuated 88 118 68/65 65/70 None/mild 9 nd
12 18 Attenuated 55 115 86/72 80/65 Mild/moderate 6 nd
13 18 Attenuated 61 123 86/76 70/80 None/mild 10 nd
14 19 Attenuated 62 130 80/65 90/70 None/mild 8 nd
15 22 Attenuated 68 118 94/86 80/85 Severe/severe 6 nd
16 26 Attenuated 81 120 72/71 90/110 Severe/slight 8 nd
17 31 Attenuated 89 129 80/80 95/80 Mild/mild 9 nd
18 39 Attenuated 106 148 76/105 75/85 Moderate/mild 10 nd

aClinical phenotype was classified based on the clinical features such as progressive mental retardation and skeletal changes (Hiraizumi
1989; Sukegawa et al. 1995)
bIQ(DQ) intelligence quotient (developmental quotient)
cROM range of motion
dAR/MR aortic valve regurgitation/mitral valve regurgitation
eLiver size on physical examination
fI2S activity enzymatic activity of iduronate-2-sulfatase
gnd not detectable; detection limit of the experiment was 1.6 nmol/mg protein/4 h; normal range 58.4–114 nmol/mg protein/4 h
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the respective primers (0.5–2.0 lM). The PCR condi-
tions were 10 cycles of 94�C for 30 s, 65–55�C for 30 s
(with 1�C step-down by one cycle), and 72�C for 1 min,
followed by 25 cycles of 94�C for 30 s, 55�C for 30 s, and
72�C for 1 min. Amplified products were precipitated,
electrophoresed, extracted by RECOCHIP (Takara
Bio, Otsu, Japan), and directly sequenced using the
ABI PRISM 3100-Avant Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). Human Genomic
DNA (Clontech, Palo Alto, CA, USA) was used as
control.

Structural analysis

To investigate the effects of mutations determined in
this study on clinical phenotypes, the tertiary structure
of the human I2S was constructed using the arylsulfatase
structure as a template by homology modeling (Shi

et al. 2001), and effects of mutations on the tertiary
structural model of the human I2S protein were as-
sessed.

Results

Enzyme activity

The I2S enzyme activities of patients were all under
detection limits, and there was no relationship between
severity of the disease and residual activity of I2S
(Table 1).

Genetic analysis of I2S gene

We performed mutational analysis by PCR but did not
perform Southern blot analysis in this study. However,

Table 2 List of primers in this study

Exon Forward primer Reverse primer

I GCGGCTGCTAACTGCGCCAC AGAGATGGCAGGGAGGGCGT
II TTAGTAACCTAGCACCTACC CCATCTGACAATAGCTGAAG
III GCTGTGGCGATGCTTACCTCTG AAGAGAACCCAGACTCTGGACA
IV GTGGGGTGTTGAAAGACTCATC TGGTATATAACCAGCTTCACAG
V TGTGTAGCCTTCATGGCTTC CCCTCAACAAACAACACAGC
VI GAGTGACAACTTTGTGGCTT TGTCCAATACATCCCCAAAC
VII GGCAAGCATTATCTCTGTATGC CACACCCATGTTTATGTCAATG
VIII GATGAGTTTCTACTTCCTCTGG CTGGCTCCATCAACTGTGAGGC
IXA TGCCTGGCCATGGCAGGCTT GGGATACTGGCTATAGGCAA
IXB TCCGTACCTCCCTGGTAATC AGCACATCACATTTGCCATC

Table 3 Results of mutation analyses

Case Classification Exon Mutation Effect on
I2S protein

Nucleotide Amino acid

1 Severe IX c.1402C>T R468W Modification of active site
2 Severe V c.671G>A G224E Impairment of hydrophobic core

of catalytic domain
3 Severe VIII c.1007G>A G336V Modification of active site
4 Severe II c.223C>T Q75X Premature termination (N-terminus)
5 Severe IX c.1403G>T R468L Modification of active site
6 Attenuated V c.511T>C C171R Minimized on the surface, nonconservative

change
7 Attenuated I c.36G>A W12X Premature termination (N-terminus)
8 Attenuated IX c.1201-1202del V401fs Frameshift preserving catalytic domain
9 Attenuated III c.418G>A G140R Minimized on the surface, nonconservative

change
10 Attenuated IX c.1266del C422fs Frameshift preserving catalytic domain
11 Attenuated VIII c.1122C>T G374G Splice out of the nonconserved loop
12 Attenuated V c.680A>T K227M Minimized, catalytic domain but peripheral
13 Attenuated IX c.1322-1323insT H441fs Frameshift preserving catalytic domain
14 Attenuated IX c.1322-1323insT H441fs Frameshift preserving catalytic domain
15 Attenuated VII c.922G>A D308N Minimized on the surface, conservative

change
16 Attenuated II c.217-219del L73del Minimized, catalytic domain but

peripheral
17 Attenuated VIII c.1122C>T G374G Splice out of the nonconserved loop
18 Attenuated IX c.1591C>T Q531X Premature termination (C-terminus)
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the results indicated that the causative mutations should
be substitutions, small deletions, or small insertions, but
not large genomic rearrangements.

Mutations found in the severe phenotype

Results of mutation analyses are summarized in Table 3.
Four missense mutations (G224E, G336 V, R468 W,
and R468L) and a nonsense (Q75X) mutation were
identified in patients with the severe phenotype. The
Q75X nonsense mutation was found in the most severe
patient (case 4), who had manifested severe mental
retardation from infancy, hydrocephalus at the age of
7 years (which led to gait and visual disturbances), and a
large hepatomegaly.

Mutations found in the attenuated phenotype

Four missense mutations (G140R, C171R, K227 M, and
D308 N), two nonsense mutations (W12X, Q531X),
three frameshift mutations (V401 fs, C422 fs, and
H441 fs), and one each of splice site mutation (G374G)
and an amino acid deletion (L73del) were found in pa-
tients with the attenuated clinical phenotype. Case 18,
the oldest patient with the highest IQ, had a nonsense
mutation Q531X near the C-terminus of I2S. Three
frameshift mutations, V401 fs, C422 fs, and H441 fs,
also resided near the C-terminus. These termination and
frameshift mutations were presumed not to affect the
catalytic active site of I2S. However, as with case 7, a
nonsense mutation W12X, which resided very close to
the N-terminus, was found in patients with the attenu-
ated form. Seven of the mutations identified in this
report (L73del, Q75X, G140R, C171R, V401 fs,
C422 fs, and H441 fs) were novel mutations. Six of the

seven novel mutations were identified in the attenuated
form.

3D structural analysis of I2S

The 3D structure of I2S protein revealed that putative
active site residues were Asp45, Asn46, Cys84, Arg88,
Lys135, His138, Asp334, His335, and Lys347, which
corresponded to highly conserved residues in the sulfa-
tase family (Fig. 1, orange spheres). Eukaryotic sulfat-
ases contain a unique posttranslational modification in
their active site, a formylglycine residue generated from
a cysteine, and the active site is characterized by the
presence of a cluster of conserved residues surrounding
the Cys84 residue family (Fig. 1, yellow sphere) (Sukeg-
awa et al. 2000). Positions of mutations in the 3D
structure of I2S are indicated in Figs. 1 and 2, and ef-
fects on the I2S protein are summarized in Table 3.

Mutations found in the severe phenotype

The G224 is a part of the hydrophobic core of the
protein structure (Fig. 1, no. 1), and the change from a
hydrophobic residue, glycine, to a highly negatively
charged large residue, glutamate, is extremely noncon-
servative. So, mutation G224E should result in the
disruption of the tertiary structure itself due to
impairment in the hydrophobic core formation. G336 is
adjacent to the active site residues, D334 and H335.
The G336 V, that is, the change from a small hydro-
phobic residue, glycine, to a large hydrophobic residue,
valine, should result in modification of the active site
geometry and reduce enzymatic activity (Fig. 1, no. 2).
The R468 is adjacent to the positively charged active
site residue, K347, forming a favorable electrostatic

Fig. 1 Mutation in the I2S structure. The red and cyan spheres
represent the mutated residues in missense mutations or one amino
acid deletion. The active site center, C84 residue, is shown by a
yellow sphere. Putative active site residues are represented by an

orange sphere. Red spheres indicate residues (1) G224, (2) G336,
and (3) R468 related to the severe phenotype. Cyan spheres indicate
residues (4) G140, (5) C171, (6) D308, (7) L73, and (8) K227 related
to the attenuated phenotype
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field for substrate entrance into the active site cavity.
So, R468L or R468 W, that is, the changes from the
positively charged residue, arginine, to large hydro-
phobic residues, leucine or tryptophan, should result in
modification of the active site geometry and also in a
significant change in substrate affinity (Fig. 1, no. 3).
G75X results in early termination of enzyme protein,
leading to loss of enzyme activity. These mutations
found in severe patients should have strong effects on

the tertiary structure of I2S represented by the loss of
enzymatic activity.

Mutations found in the attenuated phenotype

The G140, C171, and D308 are surface-exposed residues
(Fig. 1, nos. 4–6, respectively) and are distant from the
active site. The G140R and C171R, that is, the changes

Fig. 2 Effects of deletions on the I2S structure. Intact
region of the mutant is colored in cyan, and the deleted
part is colored in yellow. a Q531X with a loss of 20
amino acids, b H441 fs with a loss of 110 amino acids,
c C422 fs with a loss of 129 amino acids, d V401 fs with
a loss of 150 amino acids
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into the hydrophilic residue, arginine, and D308 N, the
conservative change, should not alter the overall struc-
ture, and the effects of mutations on the enzymatic
activity can be minimized. The L73del mutation involves
the loss of one amino acid of the beta sheets, and it
occurs on the peripheral part of the IDS protein (Fig. 1,
no. 7), so changes could preserve the protein structure
and activity.

The K227 is one residue on a loop region between
beta strands near the active site, but the side chain of
K227 stretches toward the opposite side of the active site
(Fig. 1, no. 8). The lysine residue has a positively-
charged nitrogen atom on the top of the side chain, but
it has a long hydrophobic root with similar size to the
side chain of methionine. The change K227 M should
not alter the overall structure or active site geometry
significantly, but partial structure of the protein could be
more influenced than that observed after changes in
surface-exposed residues. This could explain why case 12
with this mutation had a relatively severe mental retar-
dation (IQ of 55) and severe dysostosis multiplex com-
pared with other patients with the attenuated
phenotype.

The deletion mutant, Q531X, would produce poly-
peptides with a loss of 20 amino acids in the C-terminus,
but the deleted part contains only two short helices and
short loops in the subdomain of I2S (Fig. 2a). The
mutant protein should have most of its catalytic domain
and subdomain preserving a residual enzymatic activity.
The W12X would produce only a short N-terminal part
of the I2S structure, resulting in no active enzyme for-
mation.

The frameshift mutation H441 fs looses the C-ter-
minal 110 amino acids of I2S and has an additional four
residues. The C422 fs looses the C-terminal 129 amino
acids of I2S and has an additional 17 residues, but the
sequence is very similar to the corresponding part of the
native protein. The V401 fs looses the C-terminal 150
amino acids of I2S and has an additional 28 residues.
Structural analysis indicated that these frameshift mu-
tants loose most of the subdomain structure but preserve
the main catalytic domain of I2S (Fig. 2b–d). In addi-
tion, modeling analyses of mutants with additional
polypeptides caused by frameshifts indicated that the
additional polypeptides do not alter overall protein
structure (data not shown). Previous study of the
mutation R443X found in an attenuated form of Hunter
disease also suggested the milder effect on the protein by
the deletion of the subdomain (Sukegawa et al. 1992).

The G374G does not change amino acids; however, it
is considered to activate a cryptic splice site resulting in
an in-frame deletion of 20 amino acids, E375–G394
(Bunge et al. 1993). The authors suggested that the
mutant with this deletion should preserve its enzymatic
activity because the deletion occurred in the long non-
conserved region among the sulfatase family (Bunge
et al. 1993). In the 3D structure, the deletion would have
occurred in a surface loop region between the beta
strands, which are distant from the active site of the

main catalytic domain. Therefore, the remaining part of
the enzyme may have sufficient I2S activity to result in
the observed mild clinical phenotype.

Discussion

Since 1990, a number of mutations in the I2S gene have
been identified in patients with MPS-II. Some of these
mutations are related to the severity of the disease, while
genotype/phenotype relationships still remain unclear
because of the presence of many complex factors be-
tween them. Recently, the 3D structure of N-acetylga-
lactosamine-6-sulfate sulfatase has been used for
analysis of genotype/phenotype correlations in patients
with MPS IVA (Sukegawa et al. 2000). Structural
analysis of the enzyme could clearly indicate molecular
effects on protein structure and function of mutations
such as those observed in the present study.

Previous genetic studies of the I2S gene showed some
relationships between common mutations and pheno-
types. Missense mutations at R88 (R88C, R88G, R88H,
R88L, and R88P) have been commonly reported in
Europe and Russia (Rathmann et al. 1996; Froissart
et al. 1998; Karsten et al. 1998; Balzano et al. 1998;
Filocamo et al. 2001). These R88 mutations related to
the severe phenotype. According to structural analysis,
the R88 residue itself is one of the most important active
site residues. This finding suggested that any type of
amino acid substitution would affect enzymatic activity
in the severe phenotype as observed in patients.

The P86L was identified in Japan, Europe, and South
Africa and was related to the severe phenotype (Isogai
et al. 1998; Froissart et al. 1998; Vafiadaki et al. 1998;
Balzano et al. 1998). One of the authors speculated that
this missense mutation activated a cryptic splice accep-
tor site and produced a truncated mRNA. However, this
substitution could directly alter the geometry of the ac-
tive site residues. This observation indicated that effects
of the mutation should also be considered from struc-
tural aspects.

The S333L is one of the most common mutations
among various ethnicities, and it relates to the severe
form (Sukegawa et al. 1995; Olsen et al. 1996; Isogai
et al. 1998; Vafiadaki et al. 1998; Froissart et al. 1998;
Karsten et al. 1998; Li et al. 1999). The S333 residue is
adjacent to the active site residues, D334 and H335.
Substitution from serine to leucine at this position
should alter the active site geometry as seen in G336 V
mutation observed in this study.

In addition to these missense mutations, a unique
point mutation, c.1122C>T (G374G), has been found
in many other ethnicities, European countries, Russia,
and Korea (Bunge et al. 1993; Rathmann et al. 1996;
Gort et al. 1998; Balzano et al. 1998; Vafiadaki et al.
1998; Karsten et al. 1998; Hartog et al. 1999; Filocamo
et al. 2001). This common mutation appears to relate
mainly to the attenuated phenotype, as indicated in our
structural analysis, but some patients showed severe
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manifestations. It was previously indicated that a small
amount of correctly spliced mRNA was also produced
(Bunge et al. 1993). The synthesis of the small amount of
normal I2S could explain the differences between clinical
phenotypes.

In contrast to the above mutations, W12X found in
this study, which was also reported in Italy (Filocamo
et al. 2001), could not be explained by structural anal-
ysis. This mutation and many other mutations in exon I
were nonsense or frameshift mutations (R8X, R8 fs,
W12X, A23 fs, and L24 fs), and they should result in
nonactive short polypeptides. However, they were re-
lated to the attenuated form. These findings indicate the
limitation of structural analysis of the protein and also
the necessity for further genetic or biochemical studies.

In addition to the above genetic and structural as-
pects, precise correlation between genotype and pheno-
type should be reassessed about the definitions of the
clinical phenotypes. For example, the mutation A85T is
widely found in the world, but there has been no clear
phenotype/genotype relationship (Rathmann et al. 1996;
Gort et al. 1998; Froissart et al. 1998; Li et al. 1999).
Reasons for the discrepancy would be partly due to the
manner of classifying the severity of Hunter disease. The
conventional classification has been defined mainly
according to the severity regarding intelligence (Young
et al. 1982). However, some patients with severe mental
disability have relatively mild somatic manifestations,
and vice versa (Table 1). In addition, the natural history
of Hunter disease is still not well delineated. Previous
study using the classification according to the severity
regarding intelligence and the skeletal findings could
suggest the more precise phenotype classification,
including an intermediate type (Hiraizumi et al. 1989),
but it required an experienced examiner. Recently, new
disability scores such as the Functional Independence
Measure, which can be easily applied by the general
physician, have been used to delineate the complex
phenotype classification in genetic diseases (Colvin et al.
2003; Chung et al. 2004). Further molecular investiga-
tions with a reliable disability score should be performed
to better understand genotype-phenotype correlation for
future therapeutic approaches.
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