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Homologous nonallelic recombinations between
the iduronate-sulfatase gene and pseudogene
cause various intragenic deletions and
inversions in patients with
mucopolysaccharidosis type II
Susanna Bunge1, Michaela Rathmann1, Cordula Steglich1, Marie-Louise Bondeson2,
Anna Tylki-Szymanska3, Ewa Popowska4 and Andreas Gal1
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About 20% of patients with mucopolysaccharidosis type II (MPS II) have gross
structural rearrangements involving the iduronate-sulfatase (IDS) gene in
Xq27.3–q28. A nearby IDS pseudogene (IDS-2) promotes nonallelic recombina-
tion between highly homologous sequences. Here we describe major rear-
rangements due to gene/pseudogene recombination. In two unrelated
patients, partial IDS gene deletions were found joining introns 3 and 7 of the
IDS gene together with gene to pseudogene conversion in the area of
breakpoints. In a third patient, a junction between intron 3 of IDS-2 and intron
7 of IDS was seen that was due to a deletion and inversion of the 5' part of the
gene. Characterisation of breakpoints in six patients with large inversions
revealed that all recombinations of this type occurred in the same area of
homology between IDS and IDS-2; they were molecularly balanced, and
accompanied by gene conversions in most cases. Apart from diagnostic
implications, such naturally occurring recombination ‘hot spots’ may allow
some insight into general features of crossover events in mammals.
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Introduction
Mucopolysaccharidosis type II (MPS II, Hunter syn-
drome) is an X-linked storage disorder caused by
deficiency of the lysosomal enzyme iduronate-2-sulfa-
tase (IDS). Due to accumulation of partially degraded

dermatan and heparan sulfates patients present with
hepatosplenomegaly, skeletal deformities, connective
tissue abnormalities, and mental retardation.1 Since
characterisation of the IDS cDNA and gene,2–4 disease-
causing mutations have been described for many
unrelated patients.5,6

In more than 80% of patients with MPS II, impair-
ment of enzyme function is caused by point mutations
or deletions/insertions of less than 20 base-pairs.5

About 20% of all patients have total or partial gene
deletions or other major gene rearrangements. Detec-
tion of an IDS pseudogene (IDS-2 or IDSψ)7,8 located
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in inverted orientation 20 kb telomeric to the functional
gene9 offers a likely explanation of complex mutational
events by intrachromatid recombination between two
highly homologous regions.10 A high frequency intra-
genic inversion has been reported in patients of
different ethnic origin.11,12 In Southern analysis of
HindIII digested genomic DNA, all cases presented
with a characteristic and identical pattern consisting of
two junction fragments of about 3.2 and 12.9 kb. This
finding was unexpected for MPS II, an X-linked
disorder genetically lethal for males, as such traits
usually show an extreme allelic heterogeneity with
most of the mutations being ‘private’.

We describe here determination of breakpoints in six
unrelated patients with inversions and in three patients
with partial deletions and show that, on the molecular
level, the three latter rearrangements are different. A
model is proposed of how gene/pseudogene inter-
actions may lead to recurrent intragenic deletions.

Materials and Methods
Patients with complex rearrangements investigated in this
study belong to a collective of more than 70 patients with
MPS II from different European countries among whom we
have performed IDS gene mutation screening. Table 1 lists the
patients analysed and their countries of origin. All patients
presented with the classical severe form of MPS II. Prelimi-
nary data on some of the patients were presented in previous
studies (see Table 1).

DNA and RNA was extracted from whole blood samples or
cultured skin fibroblasts according to standard procedures.
Southern blots of HindIII and StuI digested genomic DNA
were hybridised with the IDS cDNA as described.12 Construc-
tion of restriction maps and assignment of exons to Southern
blot fragments was performed by using the published IDS
gene and pseudogene sequences.9 RT-PCR amplification of
IDS coding sequence from mRNA in four overlapping
fragments was done as described.13 A schematic draw of
RT-PCR fragments is given by Bunge et al.13 In addition,
primers in the 5'- and 3'-regions of the cDNA were combined
to analyse transcripts with internal deletions. Amplification of
exons was done with intron-specific primers as described
previously.6,14 IDS exon 3-forward and exon 8-reverse primers
were used to generate a 2.8 kb junction fragment that
included both the proximal breakpoints of inversions and
internal deletion breakpoints. Primers IDS62 and IDS63
(similar to 60033-F and 58740-B in ref. 15) were used to
amplify a 1.3 kb gene intron 7-fragment, IDS64 and IDS65
(similar to 97690-F and 98855B in ref. 15) for a 1.3 kb IDS-
2-specific intron 7-fragment. Localisation of these primers is
given in Figures 1 and 3. Primer pairs IDS62/IDS65 and
IDS64/IDS63 produced amplicons containing the distal and
proximal inversion breakpoints, respectively. Amplification
products were purified with microcon 100 concentrators
(Amicon, Witten, Germany) and sequenced with the Dye
Terminator cycle sequencing kit (Perkin Elmer, Weiterstadt,

Germany) on an ABI Prism™ sequencer. To obtain the
complete sequence of the 2.8 and 1.3 kb fragments, internal
sequencing primers were used. Sequences were compared to
the published IDS gene and pseudogene sequences. To
analyse the second recombination breakpoint of patient 16,
the Universal Genome Walker Kit (Clontech, Heidelberg,
Germany) was used. Briefly, genomic DNA of the patient was
digested with different restriction enzymes and ligated to
adaptor primers. Using a combination of adaptor-specific and
IDS gene-specific primers in a nested PCR, it was possible to
characterise the sequence that follows gene intron 3 in patient
16’s genome.

Results
Characterisation of Partial
Deletions/Complex Rearrangements
Table 1 summarises the genomic blot and PCR data on
four patients with partial gene deletion.

In patient 9 (P9), all exons except 5 and 6 were
detected by PCR, and the sequences corresponding to
exons 5 and 6 were also absent in the cDNA. Both the
StuI and HindIII restriction patterns of genomic DNA
are consistent with deletion of exons 5 and 6. Attempts
to amplify across the breakpoint with primers located
upstream of exon 5 and downstream of exon 6 were
unsuccessful. The absence of the pseudogene-specific
6.5 kb HindIII band and presence of two novel (most
likely) junction fragments is difficult to explain at the
moment. The patient may carry two deletions. Inver-
sion-specific PCRs did not result in any product, while
IDS and IDS-2 intron 7-fragments of normal size were
amplified from P9’s DNA.

Using genomic DNA of patients P1, JN, and P16, no
amplification products were obtained for exons 4 to 7,
whilst exons 1, 2, 3, 8, and 9 were detectable and
unaltered. Analysis of cDNA revealed transcripts with
internal deletions of exons 4 to 7 in patients P1 and JN.
The StuI hybridisation pattern of P1 and JN was
identical showing a junction fragment of about 2.7 kb,
while P16 had a junction fragment of 4.0 kb. Similarly
HindIII-patterns of P1/JN and P16 were also different.
Unexpectedly, all three patients showed a HindIII
junction fragment migrating like the 3.2 kb junction
fragment of patients with inversions (see below). Also,
genomic PCR with exon 3-forward and exon 8-reverse
primers resulted in products similar in size to the distal
junction fragment of inversion patients. These frag-
ments were sequenced for all three cases (Figure 1). It
turned out that two different types of rearrangements
were present. In patients P1 and JN, there is a junction
between exons 3 and 8 of the IDS gene. The intron
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Table 1 Results of PCR and genomic Southern blot analyses of 10 patients with major rearrangements of the IDS gene

PCR

exons (amplified genomic Southern blot1from genomic proximal distal
Patient Origin DNA) cDNA2 junction junction StuI digest3 HindIII digest4 Reference

P9 PL no amplification 1.1: + – – missing: missing: 4.5 (4,5) 6.5 (ps3), this study
of exons 5 and 6 1.2; 2; 3:– 3.0 (6), 4.4 (4,5) 9.6 (6,7, part 8)

1.2F, 3R: del ex 5, 6 new: ~11.0, 14.0

P1 PL no amplification 1.1: + + – missing: 3.0 (6), 3.2 (7), missing: 2.5 (3), 4.5 (4,5), this study
of exons 4–7 1.2;2;3:– 3.4 (part 1, 2, 3), 4.4 (4,5); 9.6 (6, 7, part 8)

1.2F, 3R: del ex 4–7 new: 2.75 new: 3.2

JN DK see P1 see P1 + – see P1 see P1 12, patient 1; this study

P16 PL see P1 1.1: + + – missing6: 3.0 (6), 3.2 (7), missing: 2.5 (3), 4.5 (4,5), 16, HP16; this study
1.2; 2; 3:– 3.4 (part 1, 2, 3), 4.4 (4,5) 6.5 (ps3),6 9.6 (6,7, part 8)
1.2 F/3R:– new: 4.0 new: 3.2, 12

P10 PL all exons 1.1; 1.2; + + + unaltered compared to missing: 6.5 (ps 3), 9.6 this study
amplified, normal 2; 3: – controls (6, 7, part 8)

new: 3.2, 12.9

P11 PL see P10 see P10 + + see P10 see P10 this study

P17 PL see P10 see P10 + + see P10 see P10 this study; identical to
patient V in 15?

P21 PL see P10 see P10 + + see P10 see P10 this study; identical to
patient IV in 15?

BR DE see P10 see P10 + + see P10 see P10 12, patient 2; this study

PF DE see P10 see P10 + + see P10 see P10 6; this study
1Size of fragments is given in kb, numbers in brackets refer to exons contained in the fragments; 2designation of PCR fragments as given in Ref. 13; 3fragments
detected in blots of control DNA: 0.5, 3.4, 4.4, 3.0, 3.2, 2.7, 11.9 kb (gene) and 2.5 kb (IDS-2); 4fragments detected in blots of control DNA: 1.45, 2.5, 4.5, 9.6, 0.6,
4.7 kb (gene) and 2.8, 6.5 kb (IDS-2); 5the junction fragment was identified by a much stronger hybridisation signal at this position compared with controls; 6a 2.5
kb StuI IDS-2 band is present because the StuI site of IDS-2 intron 7 is replaced by a similar site of IDS intron 7 in the junction fragment; DE=Germany;
DK=Denmark; PL=Poland; 1.2F=forward primer of fragment 1.2; 3R=reverse primer of fragment 3; del=deletion; part=part of exon contained;
ps=pseudogene-specific exon; +=amplification product observed; – =no amplification product observed.
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3/intron 7 deletion junction is similar to the intron
3/intron 7 connection present in wild-type IDS-2.
Whereas the 5' and 3' ends of the intron junction are
identical to the IDS gene sequence, the 922 (P1) or
669 bp (JN) middle part is homologous to IDS-2 as
evidenced by the presence of several pseudogene-
specific sequence variants. As one of the gene/pseudo-
gene transition areas differs between JN and P1, their
gene lesions represent independent mutational events.
In JN and P1, no PCR product was seen with primers
IDS62/65 or IDS62/63, whilst the IDS-2 intron 7 PCR
(IDS64/65) produced a normal fragment. Presence of
IDS-2 in these patients was suggested by pseudogene-
specific bands in Southern blots and the fact that intron
3 PCR (without distinction between IDS and IDS-2)
amplified fragments heterozygous for the MaeII site at
position + 12 after exon 3, which differentiates between
IDS and IDS-2 exon 3.6

Patient P16 carries a different mutation, as there is a
junction between pseudogene exon 3 and gene exon 8.
In this case, it was not possible to amplify the IDS-2
intron 7-region with primers IDS64/65. Exons 1 to 3 of

the IDS gene should be present in correct orientation
with respect to IDS promoter, as transcripts containing
these exons were found in P16. Also, amplification
products of exon 3 with primers not discriminating
between gene and pseudogene were heterozygous in
MaeII restriction. The Genome Walker Kit was used to
characterise the second breakpoint. It turned out that
exon 3 (gene) is followed by 1401 bp intron 3 sequence.
The sequence continues with 17 nucleotides from
intron 7 in inverted orientation (IVS7 + 1685
to + 1669), although it is not possible to determine
whether these nucleotides are of IDS or IDS-2 origin.
After these nucleotides there is a direct link to a
sequence normally located 28 kb distal of IDS (within
‘gene W’, see Timms et al)9. An inversion of the 5' part
of IDS and another 28 kb deletion is probable. Figure 2
shows schematically how homologous sequences of
gene and pseudogene could have paired forming a loop
which contains exons 4 to 7. A Holliday recombination
structure could have been resolved leading to an
internal deletion with or without an additional
inversion.

Figure 1 Schematic summary of IDS deletions/rearrangements. In the upper half, partial maps of IDS-2 (grey box) and IDS (black
box) are given with positions of exons and introns marked below. CTGGT represents the overlap between intron 3- and intron
7-homologous sequences in IDS-2. Sequence and restriction site differences between gene and pseudogene are marked by triangles;
positions of primers IDS62 to IDS65 are also indicated. The first nucleotide of intron 3 of IDS-2 is arbitrarily termed nucleotide 1.
Note that numbering is consistent only for the pseudogene, as intron 3 and intron 7 are linked only in IDS-2. Also, there are some
insertions in IDS-2 when compared with the gene (after nts 660, 709 and 1833). Numbers before brackets indicate how many
differences are found in a small area, numbers in brackets refer to corresponding nucleotides. In the lower section, deletion junction
areas are given for patients P1, JN, and P16, with regions containing possible breakpoints in white.
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Characterisation of Inversions
PCR fragments of normal size and sequence were
obtained for all exons in patients P10, P11, P17, P21,
BR, and PF, when genomic DNA was used as template.
By RT-PCR, only the 5' half of the IDS transcript was
detectable. In all six patients, the StuI pattern of
genomic DNA was unaltered compared with controls,
whereas two wild-type bands were missing in the
HindIII blot but two novel bands occurred (Table 1). In
these patients, no PCR product was obtained with
primers IDS62/IDS63 or IDS64/IDS65. Primer combi-
nations IDS62/IDS65 and IDS63/IDS64 which did not
produce any PCR products in control DNA samples
resulted in amplification of fragments of about 1.3 kb
containing the distal and proximal inversion break-
points in the DNA of the six patients. Also, with exon 3
forward primer and exon 8 reverse primer, junction
products of about 2.8 kb were obtained.

The families of all four Polish patients, P10, P11, P17
and P21, with inversions originate from a small geo-
graphic area in the south-eastern part of the country
(between Starachowice and Lwów). Thus a common
ancestor was suspected. However, whilst the mothers of
three of the patients were carriers, that of P17 was not.
To find out whether the inversion breakpoints are

similar or different, distal and proximal junction frag-
ments were sequenced. Figure 3 gives a schematic
representation of the different junction fragments.
Some of the patients share identical proximal or distal
breakpoints, but only two of them (P10 and BR) are
identical for both. As P10 originates from Poland and
BR from Germany the two gene alterations are likely
to be of independent origin. At first glance, none of the
inversion events can be explained by a simple recipro-
cal strand exchange. The P10/BR inversion could have
resulted from such an event if the pseudogene involved
in the rearrangement had harboured the gene-specific
nucleotide at position 1090 (see Figure 3). Indeed, this
IDS gene-specific polymorphism was found in IDS-2 of
control persons.15 The recombination event in PF can
be explained by an initial double-stranded break at any
position between nucleotides 1344 and 1823 followed
by invasion of single strands into the pseudogene
homologous region, branch migration, and conversion
of the gene part of the distal inversion area between
1078 and 1344 into pseudogene sequence.15 If patient
P21’s ancestor had harboured the gene-specific nucleo-
tide 1090 polymorphism in his pseudogene, a pseudo-
gene to gene conversion would be likely at least for nt
1344 in the distal junction area. Patient P11 shows the

Figure 2 Hypothetic model of intrachromosomal recombination leading to intragenic IDS deletion. Exons are indicated with Roman
numbers, introns are marked by Arabic numbers (asterisks indicate IDS-2 introns). Gene exons are shown as black boxes, IDS-2
exons as grey boxes. Triangles indicate the sequence CTGGT. ‘Deletion’ is the internal deletion present in patients JN and P1; deletion
and (putative) inversion was found in patient P16.
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most complex distal breakpoint area with alternating
gene and pseudogene sequences.

Discussion
Mutations of the IDS gene were determined in our
laboratory in more than 70 patients from different
European countries, with the two largest subgroups
originating from Germany and Poland. Whilst about
80% of them carry point mutations or small deletions/
insertions,6,13,14,16 the remaining 20% have large struc-
tural rearrangements. Two out of 44 German patients
carry an inversion (4.5%), another three deletions of
the whole gene (6.8%), ie 11.3% in total have gross
rearrangements. In contrast, four out of 18 Polish
patients have inversions (22%) and three have partial
gene deletions (16.6%); thus almost 40% bear large
structural aberrations. As the four Polish patients with

inversions originate from a relatively small area in the
south-east of the country, a common ancestor was
assumed. However, characterisation of the inversion
breakpoints strongly suggests that all four gene altera-
tions are of independent origin. It is not clear at present
whether the dissimilar frequency of mutation types in
these two populations is significant, as the number of
Polish patients investigated so far is still small.

Comparison of our data with a recent publication15

showed that P17 and P21 had breakpoints identical to
two patients (nos V and IV) described in that study.
Therefore those patients may be the same as the
individuals studied by us. With our results and the
information from that paper, inversion breakpoints are
now defined for at least 10 unrelated patients with MPS
II. Although most of the inversion junctions have
different sequences and initial double-strand breaks
have probably occurred at different positions, all these
mutations are likely to be due to the same molecular

Figure 3 Schematic representation of IDS/IDS-2 inversion junctions. The top panel is similar to Figure 1 except that a smaller area
bounded by primers IDS62/IDS63 and IDS64/65 is shown here. Below, the different types of proximal and distal rearranged areas
containing the breakpoints are shown. On the right are the initials/numbers of the patients carrying the respective inversion junctions.
Regions containing the breakpoints are white. Asterisks mark nucleotide position number 1090 where IDS-2 may harbour the IDS
gene-specific nucleotide as polymorphism.
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mechanism since they occurred within the same 1.6 kb
area which is 96% homologous between intron 7 of IDS
and intron 7 of IDS-2. Interestingly, there is no
insertion or deletion of nucleotides at the breakpoints
and gene conversion is observed in most cases, which
can be explained by the double-strand breakage model
of recombination.15 Remarkably, an experimental
model used to investigate mechanisms of mammalian
recombination resembles quite well the ‘natural’
recombination hot spot IDS/IDS-2. In the study by
Bollag and Liskay,17 two invertedly positioned genes
bounded by distinguishable markers and defined by
two different mutations were stably introduced into the
genome of mouse cells. The authors found that 94% of
the recombination events observed were nonreciprocal,
ie conversion events, while 6% led to inversions (were
reciprocal) with or without additional conversions.
Indeed, IDS and IDS-2 specific polymorphisms are
observed frequently at distinct positions of the pseudo-
gene and functional gene, respectively15 (and Bunge, S,
1997) unpublished observations), which are suggestive
of frequent conversion events. As there are no differ-
ences in the exonic regions of high homology, such
conversions have no clinical consequence and remain
unnoticed. One may also speculate that conversions are
responsible for maintaining the high degree of homol-
ogy between the related sequences. While in the
experimental system only about one-third of the
inversions showed gene conversions, ‘natural’ IDS/IDS-
2 inversions were accompanied by conversions, ie
nonreciprocal recombination, in most cases. However,
each of the experimental inverted repeats carried only
one mutation,17 whilst there are more differences
between IDS and IDS-2 making detection of conver-
sion more probable.

According to the literature, recombination occurs
more frequently in longer stretches of DNA with high
degree of homology.18 The second 1.3 kb homologous
region of IDS-2 (second half of exon 2 to first half of
intron 3) has an even higher homology to the corre-
sponding region of IDS (98.4%) than has the intron 7
region. As there is no significant size difference
between these two regions, it is surprising that up to
now no inversions involving the exon 3 region have
been observed. Another gene on distal Xq involved in
human disease due to partial regional duplications is
the factor VIII gene. Two inverted copies of a 9.5 kb
region of intron 22 exist about 300 and 400 kb telomeric
to the factor VIII gene.19 In about 50% of all cases with
severe haemophilia A, an inversion due to intra-

chromosomal recombination between intron 22 and
one of the two telomeric copies is found with the more
distant repeat being involved four times more often.19

Although the size of the homologous regions and the
distance between them are quite different when com-
paring factor VIII and the IDS regions, it seems that in
both cases the homologous regions more distant from
each other are the preferred sites of recombination
events. Recently, a third example of a regional duplica-
tion in Xq28 was described involving two 11.3 kb
inverted repeats with 99% sequence identity surround-
ing the emerin and filamin genes.20 Recombination
between these repeats was found not only to result in a
deletion/duplication mutation of a patient with Emery-
Dreifuss muscular dystrophy but also in inversions
present on 18% of normal X chromosomes.21

For the above mentioned regions in Xq28 a higher
frequency of recombinations closer to the telomere
applies, and imperfect pairing of X and Y chromosomes
in male meioses may make intrachromosomal recombi-
nations more likely. Indeed, for the factor VIII gene,
the prevalence of inversions in male meioses was
shown.22 In MPS II, evidence for an elevated male-
to-female mutation ratio was found but most of the
mutations with proven parental origin were point
mutations.6 Extended investigations will be necessary
to determine whether or not inversions and other major
rearrangements occur more frequently in male
meiosis.

One may speculate that the present structure of IDS-
2 arose during evolution after an inverted duplication
of the IDS gene followed by three deletion events, one
at the beginning of the gene (exon 1, intron 1, 5' half of
exon 2), one towards the end (second half of intron 7 to
exon 9), and one internal deletion (2/3 of intron 3 to
intron 7 [5' part] including exons 4 to 7). Recombina-
tion events promoted by very small stretches of
homology have been described for experimental sys-
tems23 and for mutations leading to human disease.24,25

The sequence CTGGT occurs once in intron 3 and
twice in intron 7. It is likely that the multiple presence
of this sequence motif played a role in the stepwise
rearrangement of IDS-2 during evolution, as it repre-
sents the overlap between the intron 3 and intron 7
homologous regions. The fact that in the three patients
analysed here two different types of intragenic dele-
tions result in connecting introns 3 and 7 in the same
way they are joined in the pseudogene makes it very
likely that the pseudogene was involved in the muta-
tional event. A recombination event is proven by the
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fact that regions of 700 and 900 nucleotides were
converted from gene to pseudogene in two patients
with deletions. A third patient presented here has an
even more complex mutation with an inversion of the 5'
part of IDS and presumably a large deletion between
IDS and gene W. Figure 2 shows a model of how a
nonallelic intrachromosomal pairing of homologous
regions of gene and pseudogene with loop formation in
IDS could have resulted in internal deletion or deletion
with inversion. In principle, such a recombination could
have been intermolecular, ie involve sister chromatids
or the homologous X chromosome in female meiosis,
but then dissolving with an additional inversion would
be difficult to explain. A patient described in the
literature26 carries a rearrangement related to the
mutations of the patients P1, JN, and P16. However, as
in that patient pseudogene specific homozygosity was
found at position + 12 in intron 3 where we saw
heterozygosity in our cases, these mutations are not
identical, although all four recombinations arose proba-
bly by the same molecular mechanism.

Certainly the specific genomic constitution that
emerges from the growing number of regions with
different regional duplications in Xq28 is important in
explaining nonallelic recombinations leading to
X-linked diseases. Moreover, naturally occurring intra-
chromosomal recombinations of the types described in
the present study may provide insights into more
general mechanisms of crossover events in mammals.
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