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Summary Introduction

Virtually all mutations causing Hunter syndrome (muco-
polysaccharidosis type II) are expected to be new muta-
tions. Therefore, as a means of molecular diagnosis, we
developed a rapid method to sequence the entire iduronate-
2-sulfatase (IDS) coding region. PCR amplicons represent-
ing the IDS cDNA were sequenced with an automatic
instrument, and output was analyzed by computer-assisted
interpretation of tracings, using Staden programs on a Sun
computer. Mutations were found in 10 of 11 patients stud-
ied. Unique missense mutations were identified in five pa-
tients: H229Y (685C-'T, severe phenotype); P358R
(1073C-4G, severe); R468W (1402C- T, mild); P469H
(1406C-+A, mild); and Y523C (1568A-G, mild). Non-
sense mutations were identified in two patients: R172X
(514C-"T, severe) and Q389X (1165C-+T, severe). Two
other patients with severe disease had insertions of 1 and
14 bp, in exons 3 and 6, respectively. In another patient
with severe disease, the predominant (>95%) IDS message
resulted from aberrant splicing, which skipped exon 3. In
this last case, consensus sequences for splice sites in exon
3 were intact, but a 395C-+G mutation was identified 24
bp upstream from the 3' splice site of exon 3. This muta-
tion created a cryptic 5' splice site with a better consensus
sequence for 5' splice sites than the natural 5' splice site
of intron 3. A minor population of the IDS message was
processed by using this cryptic splice site; however, no
correctly spliced message was detected in leukocytes from
this patient. The mutational topology of the IDS gene is
presented.
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Hunter syndrome (mucopolysaccharidosis type II) is an X-
linked inborn error of lysosomal glycosaminoglycan metab-
olism, resulting from deficiency of iduronate-2-sulfatase
(IDS) enzyme activity (i.e., iduronate-2-sulfate 2-hydrolase;
E.C.3.1.6.13) and the consequent systemic accumulation
of heparan sulfate and dermatan sulfate (for review, see
Neufeld and Muenzer 1989; Hopwood and Morris 1990;
Whitley 1992). All patients with this disorder are believed
to have a defect of a single gene localized to Xq28 (Le
Guern et al. 1990).
Most children with Hunter syndrome have a relatively

severe form with early somatic abnormalities including
skeletal deformities (dysostosis multiplex), hepatospleno-
megaly, and progressive cardiopulmonary deterioration. A
prominent clinical feature is neurological damage that pre-
sents as developmental delay and hyperactivity but pro-
gresses to mental retardation and dementia. Patients with
severe forms of Hunter syndrome die before 15 years of
age, usually as a result of obstructive airway disease or
cardiac failure (Young and Harper 1982; Young et al.
1982). In contrast, those with a relatively mild form of
Hunter syndrome may survive into adulthood, with attenu-
ated somatic complications and often without mental retar-
dation. This phenotypic variability is presumed to reflect
allelic heterogeneity of IDS mutations; however, current
assays for IDS catalytic activity do not distinguish the incre-
ments of residual activity postulated to account for the
variable clinical phenotype.

Recent cloning and sequencing of the human IDS coding
region (Wilson et al. 1990) has made possible the character-
ization of specific molecular genetic defects. Mutations de-
scribed thus far have been heterogeneous as expected for
X-linked recessive, lethal conditions (Haldane 1947). Cu-
mulated results of work in this laboratory and several oth-
ers have suggested that many patients (14 of 62 studied)
have major gene deletions or rearrangements, as detected
by Southern analysis (Wilson et al. 1990; Wilson et al.
1991; Wraith et al. 1991; Beck et al. 1992; Bunge et al.
1992; Gal et al. 1992; Palmieri et al. 1992; Steen-Bondeson
et al. 1992; Wehnert et al. 1992; Annella et al. 1993; Frois-
sart et al. 1993; Schroder et al. 1993; Sukegawa et al. 1993;
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Yamada et al. 1993) or by reverse transcription (RT) linked
to PCR (Crotty et al. 1992; Flomen et al. 1992). Importan-
tly, such major gene defects are found exclusively in pa-
tients with the severe form of disease including brain
involvement. Further genotype-phenotype correlation has
been only anecdotal; however, such information would be
extremely helpful in making decisions regarding manage-
ment, especially when considering high-risk or experimen-
tal treatments (e.g., allogeneic bone marrow transplanta-
tion, enzyme replacement therapy, and gene therapy [Braun
et al. 1993]). To identify mutations efficiently and with
increased sensitivity, we developed a method that is based
on direct sequencing of the entire IDS coding region in
cDNA amplicons. Sequences were read by an automated
instrument, and mutations were identified with computer-
assisted visual scanning of electrophorofluorograms.

Subjects and Methods

Subjects
Blood samples and clinical information were obtained

from patients with Hunter syndrome, who were evaluated
at the University of Minnesota and other institutions. In-
formed consent was obtained according to the policies of
the Institutional Review Board at the University of Minne-
sota. Clinical phenotype was assessed according to estab-
lished clinical criteria that distinguish mild from severe
forms on the basis of neurological involvement (Young and
Harper 1982; Young et al. 1982).

Isolation and RT of RNA
Leukocytes were prepared by differential sedimentation

in dextran (Lichtman 1990). Total cellular RNA was iso-
lated, using the method of Chomczynski and Sacchi (1987),
from leukocytes or lymphoblastoid cell lines (LCL, trans-
formed with Epstein-Barr virus). IDS cDNA was generated
by reverse transcribing the IDS message in an RNA sample
corresponding to -1.2 ml of the original blood. The 20-
p1 reaction contained 1 mM of each dNTP, 50 pmol primer
IDS6 (table 1), 15 U RNasin (Promega), and 10 mM DTT.
Moloney murine leukemia virus RT (200 U) and buffer
were from GIBCO/BRL. Temperature during RT was 370C
for 30 min, followed by a linear gradient from 370C to
550C, over 15 min.

Amplification of IDS cDNA
The cDNA preparation was used as template for PCR, in

order to amplify the entire IDS coding region in a reaction
mixture containing primers IDS5 and IDS6 (50 pmol each)
(table 1), 5 U Taq polymerase, 1 x buffer (Boehringer
Mannheim), and the following conditions: denaturation at
940C for 8 min, followed by 40 cycles of 940C for 1 min,
600C for 1 min 40 s, and 720C for 3 min. Aliquots (5 p1)
of the primary PCR reaction were reamplified in two sepa-
rate 100-jl reactions by using 5 U Taq polymerase, 1
X buffer, and nested primers IDS11 with IDS12 or IDS3

with IDS20, to generate 5' and 3' secondary amplicons,
respectively. PCR conditions were 94°C for 5 min, then 30
cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 2
min 30 s. Secondary amplicons were analyzed by electro-
phoresis of reaction aliquots (8 ,l) in 0.7% agarose gels
containing ethidium bromide (0.5 gg/ml), followed by visu-
alization of products under UV light. Concentrations of
amplicons were determined by comparison with a AHin-
dIII marker (BRL).

Sequencing Techniques
Secondary amplicons were washed twice in 2 ml de-

ionized-distilled H20 by using Centricon-100 centrifu-
gal concentrators (Amicon). Templates (typically, 100
ng) were sequenced using the PRISM Ready Reaction
Dye Deoxy Terminator cycle sequencing kit, which is
based on Taq polymerase cycle sequencing and fluores-
cent dideoxynucleotide terminators (Applied Biosys-
tems). Conditions for sequencing were 25 cycles at 96°C
for 30 s, 50°C for 15 s, and 60°C for 4 min. Products
of sequencing reactions were purified by Biogel P-10
(Bio-Rad) size-exclusion centrifugal column chromatog-
raphy and were fractionated by electrophoreses in a 6%
denaturing polyacrylamide gel. Fluorescent signals from
sequencing gels were read by an Applied Biosystems
373A automated sequencer.

Computer-Assisted Analsis of Sequences
Electronic data (i.e., electrophoretic fluorograms and nu-

cleotide assignments generated by the automated se-
quencer) were transferred to a computer (SunOS, release
4.1.3; SPARC station IPC) and were reformatted by using
the transfer and editing subroutine for further analysis with
the Staden comprehensive sequence analysis package (Dear
and Staden 1991). Sequences were analyzed as described
in Results.

Isolation and Analsis of Genomic DNA
Genomic DNA was isolated from peripheral blood or

LCL cells by using the Puregene DNA isolation kit as de-
scribed by the manufacturer (Gentra Systems). PCR ampli-
fication was carried out by using 1 ,ug genomic DNA as
template, 10 pmol primers (see fig. 2 legend), 5 U Taq
polymerase, and 1 x buffer in 50-pl reactions. Conditions
were 94°C for 5 min, then 30 cycles at 94°C for 1 min,
58°C for 1 min, and 72°C for 2 min 30 s. Aliquots (8 1)
of reactions were analyzed by agarose gel electrophoresis,
as described above.

Results

Generation ofAmplicons Representing the Entire
IDS Coding Sequence
The IDS mRNA containing the 1,650-bp coding se-

quence appears to be an extremely rare species, as expected
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Table I

Locations and Sequences of Oligodeoxynucleotides

Primer Orientation Locationa Sequence Reference

IDS5 ....... Sense -92 to -73 ACGAGGAGGTCTCTGTGGCT This report
IDS11 ....... Sense -65 to -46 CTGCTAACTGCGCCACCTGC Primer C; Flomen et al. 1992
IDS1 ....... Sense -14 to +5 CGCGTCGAAttCGAAATGCCb Crotty and Whitley 1992
IDS16 ....... Antisense +184 to +165 GGGACCTCACCAGC-TATCC Crotty et al. 1992
IDS13 ....... Sense +276 to +295 CACTGGCAGGAGACCTGACA This report
IDS8 ....... Antisense +366 to +347 GTACTGGGGGATGGTGGAGA Crotty et al. 1992
IDS14 ....... Antisense +534 to +515 GAGTTCTCCATCTGGCCCTC Crotty et al. 1992
IDS3 ....... Sense +634 to +653 ATGAAAACGTCAGCCAGTCC Crotty and Whitley 1992
IDS4 ....... Antisense +707 to +688 TTGGGGTATCTGAAGGGGAT Crotty and Whitley 1992
IDS18 ....... Antisense +910 to +891 CAGAGGCAAAGTAGCTCTGG This report
IDS9 ....... Sense +1008 to +1027 GTGGGCTCTAGGTGAACATG This report
IDS12 ....... Antisense +1083 to +1064 GAATATCAGGGGAACATGGG Crotty et al. 1992
IDS7 ....... Sense +1257 to +1276 ACCTCGCTGCCCCGTTCCTT Crotty et al. 1992
IDS10 ....... Antisense +1352 to +1333 GGATCCTCTTCCAAGTCACG Crotty et al. 1992
IDS2 ....... Antisense +1679 to +1660 CAT'T-GCCATggATGGTTGGb Crotty et al. 1992
IDS20 ....... Antisense +1698 to +1679 GCTGGAAGGGAGCACATCAC Primer D; Flomen et al. 1992
IDS6 ....... Antisense +1718 to +1699 TCTAgaTCCTCCTCTCACCAb Crotty and Whitley 1992
SIN2 ....... Sense -53 from exon 3 GGCAGACATGT'lTlTGCTGTG This report
ASIN3 ....... Antisense +60 from exon 3 GAATGCTGGATTCAGACACC This report

a Counting from translation initiation site.
b Lowercase letters represent changes from normal sequence included

for a message encoding a lysosomal enzyme (Wilson et al.
1990). To generate amplicons for direct sequencing, we
reverse transcribed IDS mRNA by using a primer for the
3'-lTR, and the cDNA was subsequently amplified by
using the same primer with the 5'-UTR primer (fig. 1). This
reaction produced a quantity of the 1,810-bp amplicon
insufficient for visualization in ethidium bromide-stained
agarose gels or for sequencing. Therefore, two overlapping
secondary amplicons were generated by using nested prim-
ers and the product of the primary PCR reaction as a
template (fig. 1). This approach consistently resulted in a
unique amplicon (1.0-1.5 pg each) of the correct size
(fig. 2A).

- 6
AAAAAAAAA

Reverse Transcription & PCR
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6 -8 -116 8 14

-W

_-a _0 -12 PCR

4 18

9 7

12 10 2

Figure I Strategy to generate IDS cDNA, which was then amplified
in sequential PCR reactions to generate 5' and 3' secondary PCR products
(examples shown in fig. 2A). IDS coding sequence is represented by black-
ened rectangle, and UTRs are represented by cross-hatched rectangles.
The cDNA is illustrated with a single line, and PCR products are illus-
trated with double lines. Primers used for amplification and sequencing
are indicated with arrowheads and are numbered as indicated in table 1.

for genetic engineering purposes (Braun et al. 1993).

Sequencing of the IDS Coding Region
The secondary amplicons were sequenced directly with

five primers for each of the templates (fig. 1). Each sequenc-
ing reaction generated an average of -270 bp of clearly
interpretable sequence. The 10 sequences combined from
both amplicons represented the entire IDS coding sequence,
with overlapping sequences covering 60% of the region.
However, a substantial number of errors or indeterminate
bases were present in each tracing.
To improve the accuracy of sequencing, electronic files,

containing tracings of the electrophoretic fluorograms and
base sequence "calls" determined by the automated se-
quencer, were transferred to a Sun computer and were
aligned with the normal IDS coding sequence (Wilson et
al. 1990) by using the Staden program. This- computer-
assisted approach allowed for processive scanning of the
entire coding region at each site by relying primarily on
the tracing with the highest quality and by referring to
overlapping sequences from the same patient for compari-
son, as necessary. The heights of individual peaks in the
tracings were variable. However, tracings generated with
the same primer, but using templates from different individ-
uals, were very similar in shape. This comparison of trac-
ings from patients with those of normal individuals greatly
aided interpretation of problematic sequences (fig. 3). An
average of 30 indeterminate bases and sequencing errors
per patient were reviewed this way. This computer-assisted
approach made possible an unambiguous evaluation of the
IDS coding sequence for all 11 patients studied and re-
quired -2 h/patient.

5
6

c -
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Figure 2 Ethidium bromide-stained PCR products visualized after
electrophoresis, as described in Subjects and Methods. A, Two examples
of overlapping 1,148-bp 5' and 1,064-bp 3' secondary PCR products
covering the entire coding sequence (fig. 1). B, PCR products amplified
from genomic DNA around the 5' (1,100 bp) and 3' (422 bp) termini
of the IDS coding sequence, generated by using primers IDS1 with IDS16
and IDS7 with IDS2, respectively. Complete reactions with genomic DNA
template (genDNA) and negative control reactions lacking template (no
DNA) are shown. C, 5' Tertiary PCR products from a patient with
skipping of exon 3, compared with the 548-bp tertiary product of a

normal control. Note the predominant 370-bp product representing mes-

sages with skipping of the entire exon 3 (178 bp) and the minor 522-bp
product resulting from activation of a cryptic splice site in exon 3 (fig.
4). PCR products were generated by using primers IDS1 with IDS14 and
5' secondary PCR products as templates, under conditions for generation
of secondary products described in Subjects and Methods. D, Products
(291 bp) of the amplification of exon 3 and flanking intron sequences in
genomic DNA from a patient with skipping of exon 3 at the mRNA level
and from normal controls for comparison. Primers SIN2 and ASIN3 were

used for the amplifications.

Screening for Large Deletions in the IDS Gene
To confirm extensive deletions involving the IDS gene

in these patients for whom RT-PCR products could not

be generated, we also developed two PCRs that amplified
genomic sequences around the 5' and 3' termini of the
IDS coding sequence. Potential contamination of material
containing the IDS cDNA was avoided by amplifying
across the 0.9-kb intron 1 in generating the 5' product.
The PCRs using genomic DNA as a template resulted in
two products of the correct sizes in normal individuals
and in patients with base-pair substitutions (fig. 2B). No
products were generated from genomic DNA of a patient
previously determined to have a deletion of the IDS gene

(Crotty and Whitley 1992).

Mutation Analysis in II Patients with MPS 11
Using the method described above, we studied 11 pa-

tients with Hunter syndrome (table 2). Secondary ampli-
cons were generated from the IDS message in all instances.

We identified isolated missense mutations in five patients.
Two patients, with mutations in exon 5 (H229Y) and exon

8 (P358R), had severe disease. Three patients with missense
mutations in exon 9 had mild disease (P469H; Y523C;
R468W, previously encountered in one other patient; see

table 2). Two patients had nonsense mutations (i.e., in
exon 5 [R172X; this mutation had also been described
previously in two other patients; see table 2] and in exon

8 [Q389X]). Two patients with severe disease had short
insertions of 1 nt and 14 nt, in exons 3 and 6, respectively.
Both of these insertions caused frameshift and truncation
of the protein. No mutation in the IDS coding sequence

was identified in one patient with severe disease.
The 5' secondary amplicon from one patient was slightly

shorter than the expected length and shorter than the 3'
secondary PCR product (data not shown). Sequencing with
antisense primer IDS14, which hybridized to exon 5, re-

vealed skipping of the entire 178-bp exon 3 in the IDS
message. However, sequencing of this patient's 5' second-
ary amplicon with the antisense primer IDS8, which hy-
bridized to exon 3, resulted in a weak but detectable signal,
representing normal sequence. This demonstrated that a

TAG Stop

CAG Glutamine

1151 1165 1179
T T * I

Patient
Q389X

Control 1

T T C} AT T C CA CCT CA CA GT T G3 AT CG AG C C A
120 130 140

Control 2

Figure 3 Comparison of tracings from different individuals in mu-
tation analysis. Illustrated are tracings generated by the automated se-
quencer using primer IDS9 to sequence a 3' secondary product containing
a mutation (1165C-'T resulting in Q389X) and two different 3' secondary
products (normal sequence controls). The location within the IDS coding
sequence is indicated above the tracings. Note the 1165C-T mutation in
the tracing from the patient and the difference in height of the first down-
stream base 1166A between mutant and normal sequences. Base 1168T
could not be identified in the uppermost tracing. However, all three trac-
ings appear very similar for this base (called "T" in the lower two tracings)
and for the next base downstream (i.e., 1169T), suggesting that base 1168
in the uppermost tracing is also a T. This interpretation was confirmed
by overlapping sequence generated from primer IDS10 (data not shown).
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very minor population of the original IDS mRNA had
contained exon 3 sequences. Further amplification of the 5'
secondary amplicon from this patient, with nested primers
IDS1 and IDS14, produced, in addition to the predominant
370-bp product lacking exon 3, a minor population of a
tertiary amplicon that was slightly smaller than the 548-
bp normal control product (fig. 2C). Direct sequencing of
the tertiary amplicons, with the sense primer IDS13 (which
hybridized to the 5' half of exon 3), revealed aberrant
splicing with activation of a cryptic 5' splice site in exon
3 at position +393 in the coding sequence.
Exon 3 was PCR amplified from genomic DNA of this

patient by using primers hybridizing to flanking intron se-
quences. The resulting amplicon was of correct size (fig.
2D). Sequencing of both strands by using primers SIN2,
IDS13, IDS8, and ASIN3 (table 1) revealed that recognized
consensus sequences for splice sites (Shapiro and Senapathy
1987) in exon 3 were unchanged. However, a single base-
pair change TCG-+TGG was identified at position +395
of the coding sequence, 24 bp from the 3' end of exon 3.
This transversion caused a missense mutation (i.e., S132W).
To understand why the 395C--G mutation was associated
with skipping of exon 3, we applied the method of Shapiro
and Senapathy (1987) to determine how closely 5' splice
sites of the IDS gene (and, in particular, the natural 5'
splice site of intron 3) resembled consensus sequences for
5' splice sites. The 5' splice site of intron 3 was ordinated
relatively low, with a score of 62 (the highest possible score
being 100). This was the lowest score of all 5' splice sites
in the IDS gene, the other 5' splice sites having an average
score of 79. The 395C-+G mutation also generated a se-
quence in exon 3, which resembled consensus sequences
for 5' splice sites more closely than either the normal coding
sequence at that site or the natural 5' splice site of intron
3 (fig. 4). The 395C-+G mutation adversely affected recog-
nition of the natural 5' splice site of intron 3, a site with
a poor consensus sequence for 5' splice sites. With inactiva-
tion of the natural 5' splice site of exon 3, the predominant
form of splicing (>95%) was skipping of the entire exon
3. The open reading frame in this message contained a
frameshift after 80 codons and termination after 152 co-
dons. A minor population of aberrantly spliced message,
which used the cryptic 5' splice site in exon 3, created by
-the 395C-+G substitution, was also present. The coding
sequence in this message contained a frameshift at codon
132, resulting in a truncated 134-amino-acid protein. Pre-
sumably, this patient did not produce any functional IDS
enzyme, consistent with his severe phenotype.

Discussion

Hunter syndrome is an inborn error of lysosomal metab-
olism for which the spectrum of clinical severity is thought
to result from allelic heterogeneity and for which low levels
of residual enzymatic activity in some individuals are be-
lieved to account for the relatively mild form. However,

assays of IDS enzymatic activity have not been sufficiently
sensitive to differentiate the very low activity levels of mu-
tant gene products that would discriminate between mild
and severe disease. IDS enzyme assays are limited for a
number of reasons, including the low concentrations of
artificial substrate used and the presumption that in vitro
conditions cannot adequately simulate the microphysiologi-
cal environment of the lysosome. That current enzyme
assays have not been able to detect IDS activity in patients
with mild disease, therefore, does not weaken the hypothe-
sis that some patients with Hunter syndrome have slight
residual IDS enzyme activity, accounting for the attenuated
phenotype. However, if this hypothesis is correct, there
should be a correlation between the predicted functional
consequences of the mutations on the IDS enzyme and the
clinical course. A further problem is that the inaccuracy of
IDS assays, in combination with random lyonization of X
chromosomes, results in a significant error rate (10%-
20%) in carrier detection (Zlotogora and Bach 1984). An
efficient and reliable method to detect the heterogeneous
mutations in the IDS gene was therefore needed to study
genotype-phenotype correlations further in patients with
Hunter syndrome, as well as to identify more accurately
female carriers of mutant IDS alleles.

Detection of Mutations by Direct Sequence Analysis
Molecular diagnosis on the basis of detection of known

mutations in genes has, for many diseases, moved from
research laboratories into clinical laboratories (Chehab
1993). Currently, unknown mutations in a gene are gener-
ally localized by screening gene segments for SSCP or by
duplex stability analysis (Landegren 1992; Grompe 1993).
These screening methods detect mutations in an indirect
way (i.e., by analysis of physical structure). Each mutation
must be characterized by sequencing the gene segment im-
plicated by the screening study. Interpretation of results
can therefore be difficult, and these methods have limited
sensitivity. Consequently, identification of unknown muta-
tions is still done primarily in research laboratories. This
has limited the applicability of molecular diagnosis in dis-
eases where mutations are very heterogeneous and are often
unique to each patient. This situation typically occurs in
autosomal dominant diseases with high mutation rates and
in X-linked recessive diseases where affected patients have
markedly reduced reproductive fitness. Improved methods
to identify such mutations would be a crucial advancement
in diagnostic medicine.
One goal of this study was to determine whether auto-

mated direct sequencing of coding sequence in amplicons,
in conjunction with computer-assisted analysis of the re-
sults, is an efficient way to identify heterogeneous muta-
tions. By sequencing the entire IDS coding region, we were
able to determine mutations in 10 of the 11 patients stud-
ied. The single patient for whom no mutation was found
awaits further analysis aimed at noncoding elements. Direct
sequencing of the coding region, using this approach,
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Figure 4 A, Diagram of aberrant splicing and exon 3 skipping in
a patient with a mutation 395C-Gi. Exons are illustrated with boxes and
are labeled. The predominant form of splicing is indicated with solid lines,
and the minor population generated by using a cryptic splice site (SS) in
exon 3 is indicated with dashed lines. B, Sequences around the 5' SS of
intron 3. Normal exon 3 sequences are represented by capital letters, and
intron 3 sequences are represented by lowercase letters (Flomen et al.
1993). Locations of splice junctions are denoted with vertical bars. Con-
sensus sequences for 5' SSs, as defined by the method of Shapiro and
Senapathy (1987), for the natural 5' SS of intron 3 and for the fortuitous
5' SS created by the 395C-+G transversion (arrowhead) are indicated with
a bar. Consensus SS scores, determined by the same method, are shown
above each site. The normal sequence corresponding to the cryptic SS
had a score of 67.

should be more sensitive and was, in our experience, more
efficient than diagnostic methods that are based on analysis
of physical structure followed by sequencing of the region
shown to contain a variation. In addition, direct sequencing
of coding regions with this automated system did not use
radioactive materials, an important factor for high-volume
clinical laboratories. The major drawback is the high cost
of sequencing instrumentation. However, increased appi-
cation of molecular diagnostics should result in high-vol-
ume use of the instruments, and, with expected improve-
ments in sequencing technology driven by the Human Ge-
nome Project, the cost of direct sequencing should be
reduced. We have demonstrated here the feasibility of using
automated direct sequencing of the IDS coding region,
combined with computer-assisted analysis, to identify mu-
tations of the IDS gene. We anticipate that this approach
will become more common in molecular diagnosis of other
genetic diseases.

Mutational Topology of the IDS Gene
Mutations described in this laboratory, along with those

described by others, have been compiled in table 2: 22
different missense mutations, 7 nonsense mutations, 10
small insertions/deletions, and 7 mutations causing aber-

rant splicing are shown. In analyzing the different muta-
tions collectively, we made two assumptions. First, we be-
lieve that patients described in the literature are unrelated.
Second, we assumed the causality of the described muta-
tions in obliterating IDS activity. This can only be demon-
strated directly by either finding these mutations repeatedly
in unrelated patients (and never in normal alleles) or by
expression studies of the mutant coding sequences in cul-
tured cells. Currently, the only mutations in the coding
sequence that have been found repeatedly in unrelated pa-
tients are the C-AT transitions in CpG nucleotides at bases
514, 998, 1327, and 1402. The only mutations tested with
expression studies are the missense mutation at R468
(Crotty et al. 1992) and the nonsense mutation R443X
(Sukegawa et al. 1992) and Q531X (Sukegawa et al. 1993).
Mutations were plotted (fig. 5) with respect to the recently
described exon organization of the gene (Flomen et al.
1993; Wilson et al. 1993). Only one mutation each has
been identified in exon 1 (104 bp) and exon 6 (171 bp).
Only two mutations have been identified in exon 2 (137
bp). Exon 1 is very poorly conserved between the human
and the murine IDS genes (Daniele et al. 1993) (fig. 6).
This suggests that many residues in this exon are not critical
for function of the enzyme. In contrast, the relatively low
number of mutations found in exons 2 and 6 cannot be
explained in this way, insofar as these regions are highly
conserved between human and murine coding sequences
(fig. 6). Furthermore, exon 2 contains many residues that
are highly conserved between the various sulfatases (To-
matsu et al. 1991). Most mutations in the IDS gene were
located in 178-bp exon 3 (9 patients), 201-bp exon 5 (10
patients), 174-bp exon 8 (9 patients), and 471-bp exon 9
(13 patients).
We queried whether the severity of disease in patients

with Hunter syndrome corresponds to the location of mu-
tations in the IDS coding sequence. Four missense muta-
tions (where the phenotype was known) in exons 2-8 were
associated with mild disease, four were associated with
intermediate disease, and seven were associated with severe
disease. In exon 9, in contrast, four missense mutations
were associated with mild disease, and only one was associ-
ated with severe disease. Nonsense mutations have been
identified in exons 5, 8, and 9. The four different nonsense
mutations in exons 5 and 8 were all found in patients with
severe disease. Three of four nonsense mutations identified
in exon 9 were found in patients with intermediate disease,
and one was found in a patient with mild disease. Such
point mutations of exon 9 tended to result in mild disease
more often than mutations in other exons. Mutations alter-
ing the length of the coding sequence (i.e., small insertions,
small deletions, or aberrant splicing) were also associated
with various phenotypes (fig. 5). The pattern was compara-
ble to that observed with single base substitutions, insofar
as frameshifts and truncations more localized to 5' in the
gene were more often associated with a severe phenotype
(fig. 5).
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Figure 5 Location and type of mutations in the human IDS gene. The exons of the IDS gene are illustrated with open boxes and numbered 1
through 9. Deletions and insertions in the coding sequence are indicated with thicker bars, above and below the diagram, respectively. Narrower bars
indicate extent of aberrant amino acid residues incorporated 3' of frameshift mutations. Bars representing in-frame deletions are indicated with a
horizontal arrow to the right. Bars representing deletions or insertions resulting from aberrant splicing have a stippled outline. Base substitutions are
indicated as circles, with missense mutations above and nonsense mutations below the diagram. Phenotypes associated with mutations are indicated
with patterns: blackened circles represent severe Hunter syndrome; hatched circles represent intermediate Hunter syndrome; open circles represent the
mild form; and a dotted circle or stippled box denotes that phenotype was not known.

The C-OT transitions in CpG dinucleotides are known
to be relative "hotspots" for mutation, according to the
methylation-associated deamination model (Cooper and
Krawczak 1990). In the IDS gene, C-OT transitions at CpG
dinucleotides occurred 18 times (seven different mutations)
in 46 mutations (57 patients) (i.e., in 32% of the patients)
(table 2). This percentage was comparable to the relatively
high frequency of such mutations in other genes (Cooper
and Krawczak 1990). In addition, hotspots for mutation
in the IDS gene, defined as those that have been identified
in two or more unrelated patients, were all C-OT transitions
in CpG dinucleotides (see table 2, bases 514, 998, 1327,
and 1402; and fig. 5).
We had previously identified two patients with missense

mutations at codon 468 (i.e., R468W [1402C-+T] [Crotty
et al. 1992] and R468Q [1403G-+A] [Whitley et al. 1993]).
Both of these mutations result from C-OT transitions in a
CpG dinucleotide in the template strand or in the tran-
scribed strand, respectively (table 2). In the interim, Hop-
wood et al. (1993) described a patient with the R468G
(1402C--G) mutation, and, in this paper, we identified two
new additional patients with mutations at this site (i.e.,
R468W [1402C-+T] and P469H [1406C-*A]). The patient
with the R468W mutation was unrelated to the first patient
we described. In addition, the coding sequence of our two
R468W patients differed at the C-versus-T silent polymor-
phism at position 438 (Hopwood et al. 1993), further con-
firming the independent origin of these two mutations. In-
terestingly, the R468G and the P469H mutations were not
C-OT transitions in CpG dinucleotides. Thus, codons 468
and 469 constitute a hotspot for mutations, and the corre-
sponding amino acid residues also appear to be critical for
function of the IDS enzyme.

All mutations described to date, except the C422G muta-
tion found in a patient with a very mild disease (Bunge et
al. 1992), involved amino acids that are conserved between
the human and the murine IDS enzymes (fig. 6). In contrast,
missense mutations of the IDS gene generally did not in-

volve amino acid residues previously identified as being
highly homologous among seven sulfatases compared by
Tomatsu et al. (1991). The only exceptions were three of
five missense mutations in exon 3 (fig. 6); however, exon 3
contains the highest number of highly homologous residues
(10) of all the exons of the IDS gene (Tomatsu et al. 1991).
Interesting in this regard is the concentration of four muta-
tions associated with intermediate or severe disease in a
short segment at the 3' end of exon 5, which is unique
among sulfatases to IDS (fig. 6). This segment is fully con-
served between human and murine sequences, and none
of these four mutations involve C-OT transitions of CpG
dinucleotides. Taken together, these findings suggest that
this unique segment in exon 5 is of critical importance for
IDS function.
The 395C-+G substitution resulting in skipping and

aberrant splicing of exon 3 was particularly interesting.
Creation of cryptic 5' splice sites has been described in
other systems (Krawczak et al. 1992). These cryptic 5'
splice sites have in common that the sequence resembles
the consensus sequences for 5' splice sites more closely
than the downstream natural 5' splice sites for which
they substitute. Even more intriguing was the observa-
tion that the 395C-G mutation apparently caused exon
skipping, also. The association of nonsense mutations
with exon skipping has been described and has been
postulated to be associated with recognition of the non-
sense codon before RNA splicing (Dietz et al. 1993).
The association of missense mutations in our patient
and another (Wakamatsu et al. 1992) with skipping of
exons illustrates that exon skipping can be due to mis-
sense mutations, as well, and suggests that changes in
RNA secondary structure resulting from sequence
changes may have contributed to the aberrant splicing.

It has been shown that deletions involving the IDS gene
result in severe disease (Hopwood et al. 1993). All muta-
tions in the coding sequence likely to be "null mutations"
were associated with severe disease, and mutations in pa-
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tients with mild disease were theoretically compatible with
slight residual IDS activity. Importantly, when recurrent
mutations are encountered in unrelated patients, the pheno-
type appeared to be similar. All current information on
mutations of the IDS gene, including mutations of the cod-
ing sequence, is therefore in accordance with the hypothesis
that variation in severity of disease reflects primarily allelic
heterogeneity at the IDS locus. Other possible causes for
variation in clinical manifestations in patients with Hunter
syndrome include microdeletion syndromes with loss of
gene(s) contiguous to the IDS locus, as well as differences in
genetic backgrounds and environmental factors interacting
with mutant IDS alleles. Contributions from these factors,
if any, to the phenotype have not been characterized to
date.
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Figure 6 Interspecies conservation of amino acid residues involved
in missense mutations in patients with Hunter syndrome. Amino acid
sequences (single-letter abbreviation) of human (upper) and murine
(lower) coding regions are shown. Homology plot is modified from
Daniele et al. (1993). Residues R464 and H507 in the murine sequence,
which have no human counterparts, have been deleted. Murine residues
231 and 495 are indicated as alanine and serine, respectively (i.e., as
conserved between the human and murine coding sequences) U. J. Jons-
son, R. Decker, and C. B. Whitley, unpublished data), rather than as
glycine and threonine, as reported by Daniele et al. (1993). Exon (e)
junctions in the human sequence are shown. Sequences unique to human
IDS among the homologous sulfatases as defined by Tomatsu et al. (1991)
are shaded. Missense mutations are displayed above the human sequence,
with phenotype indicated with italic letters as follows: m = mild pheno-
type; i = intermediate phenotype; s = severe phenotype; and u = pheno-
type unknown. Missense mutations involving highly homologous amino
acids, as defined from analysis of seven sulfatase sequences by Tomatsu
et al. (1991), are indicated with an asterisk (*).
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