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130 kb of DNA Sequence Reveals Two New
Genes and a Regional Duplication Distal to
the Human Iduronate-2-sulfate
Sulfatase Locus

Kirsten M. Timms,' Fei Lu, Ying Shen, Craig A. Pierson,
Donna M. Muzny, Yanghong Gu, David L. Nelson,
and Richard A. Gibbs

Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, Texas 77030

Deficiency of IDS activity results in Hunter Syndrome (mucopolysaccharidosis type II), a fatal X-linked
recessive disorder. We report characterization of 28 cosmids around the IDS locus in Xq28. Four overlapping
cosmids have been sequenced in their entirety generating a 130-kb contig. These studies show the fine
structure of the IDS gene and identify an IDS pseudogene-like structure located 20 kb distal to the active
gene. Two novel genes have also been identified in this sequence, and one of these genes is also locally
duplicated. Both homologs are expressed, and a nhumber of alternative transcript products have been
characterized. The presence of a highly conserved pseudogene-like structure within a larger duplicated region
close to the IDS gene has significant implications for the study of mutations at this locus.

Iduronate-2-sulfate sulfatase (IDS, EC 3.1.6.13)
deficiency results in Hunter Syndrome [muco-
polysaccharidosis type II, (MPS-II)], a lysosomal
storage disorder leading to abnormal storage of
heparin sulfate and dermatin sulfate. The severe
form of this X-linked recessive disorder causes
progressive mental retardation, physical disabil-
ity, and death before the age of 15 (OMIM,
309900). In a few patients the severe metabolic
deficiency is complicated further by the occur-
rence of seizures (Wraith et al. 1991).

The IDS gene maps to the boundary of the
Xqg27.3 and q28 bands of the X chromosome, in
a region that is relatively rich in anonymous
markers. The coding region of the IDS gene has
been sequenced (Wilson et al. 1993), and an ex-
onic structure has been determined by PCR and
direct DNA sequencing (Flomen et al. 1993).
These data have been used for molecular analysis
of IDS patients who exhibit a range of point mu-
tations and deletions. In general, the severity of
the disease correlates with the class of the muta-
tion.

Further diagnostic studies have suggested
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that the molecular organization of the human
IDS locus is more complicated than can be ex-
plained by the occurrence of a single gene. A
number of male patients have been observed
who are apparently heterozygous for a mutation
at the genomic level, whereas only the altered
sequence can be detected in the cDNA (Rath-
mann et al. 1995). Recently, homologous IDS ge-
nomic sequences have been found by PCR (Rath-
mann et al. 1995), and mapping (Bondeson et al.
1995) that suggest the presence of a linked IDS
pseudogene-like structure.

To characterize the complete structure of the
IDS locus, identify new IDS-related sequences,
and search for additional genes in the region, we
have generated 130 kb of contiguous DNA se-
quence from four overlapping cosmids (GenBank
accession no. L43581). In addition to the IDS se-
quences two new genes and evidence for a re-
gional duplication have been found.

RESULTS
Preliminary Studies

Fourteen cosmids that hybridized to an IDS
¢DNA probe were selected from a flow-sorted
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X-chromosome library. Each was analyzed by fin-
gerprinting, and the results were correlated with
data from previous hybridization studies. It was
not possible to determine an unambiguous map
of overlapping cosmids from these data. There-
fore, two different cosmids were selected for anal-
ysis on the basis of their unique restriction diges-
tion fingerprinting patterns and because they
each hybridized to anonymous probes believed
to be a least 200 kb apart. The first cosmid,
112G10 (C2), contained homology to the probe
TH4 (Willard et al. 1994), whereas the second,
169A5 (C6), had been identified by hybridization
to DXS1113 (Willard et al. 1994).

Cosmid Sequencing

Cosmids C2 and C6 were sequenced in their en-
tirety using the random shotgun method and au-
tomated fluorescent DNA sequencers. The se-
quence was edited to 99.99% accuracy and was
entirely covered in both strands. Sequence strat-
egies are discussed in Richards et al. (1994).

Cosmid C2 was shown to contain the entire
IDS gene by comparison to the known cDNA se-
quence. A sequence comparison revealed two
types of similarity between cosmids C2 and Cé6.
First, C6 was found to contain copies of exons 2
and 3 and introns 2 and 7 of the IDS gene. This
pseudogene-like structure showed an overall
>88% homology to corresponding regions in the
bona fide IDS gene. There was no apparent dif-
ference between the homology of exonic versus
intronic regions of the two IDS genes. Second,
the ends of the two cosmids were complemen-
tary, suggesting an unexpected 1-kb overlap to
form a single 76-kb contig. The overlap was con-
firmed by PCR spanning the common region us-
ing two sets of primers from C2 and C6 (data not
shown).

Comparison of C2 sequence with previously
published intron-exon boundaries generated by
PCR revealed one discrepancy. Flomen et al.
(1993) reported a purine-rich tract adjacent to
exon 4 that was not present in our sequence. We
discounted the presence of exon 4 in the IDS
pseudogene-like structure and, therefore, are un-
able to offer any explanation for this difference
between our IDS sequence and the published ver-
sion (Fig. 1).

Cosmid-walking Procedure

To identify minimally overlapping cosmids ex-
tending in both orientations from the C2/Cé6
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contig we utilized a hybridization walking
method (see Fig. 2 and Methods, below). This ap-
proach makes use of the clones generated during
construction of shotgun sequencing libraries to
identify neighboring minimally overlapping
cosmids. Using this approach we were able to
identify cosmids that overlap by as little as 1.8 kb.

Cosmids 145C10(D4) (proximal of C2) and
84H1(F3) (distal of C6) were isolated by this ap-
proach. Each was sequenced in its entirety. D4
overlaps C2 by 1.8 kb. F3 has an extensive over-
lap with C6 but extends the length of the contig
by 15 kb to give a total of 130 kb of complete
genomic sequence (Fig. 1).

Identification of Novel Genes

Computer analysis was carried out on all avail-
able sequence. Two previously unidentified genes
were detected by similarities to entries in the ex-
pressed sequence tags data base (dBEST). The first
(gene X), had similarities ranging from 85%-—
100% to a total of 11 ESTs, whereas the second
(gene Y) identified 6 entries in dBEST. Exhaustive
computer searching, including protein motif and
stringent data base comparisons, failed to reveal
any clues to the functional identity of gene X or
gene Y. Gene Y, however, contains several repeat-
like elements.

To analyze further the expressed sequences
related to gene X, five separate EST clones were
obtained from the laboratories where they were
originally characterized. An additional cDNA was
isolated from a placental cDNA library. Complete
high fidelity sequence was obtained for all six
clones, yielding a total of 6152 bases (GenBank
accession nos.: L43575-143580).

A comparison of gene X genomic sequence
with all of the expressed sequence data is shown
in Figure 3. The cDNAs are in two distinct groups:
(1) four cDNAs identical to the genomic cosmid
sequence, and (2) two sequences that had an ap-
parent similar exonic distribution but with simi-
larities of 85%-99%. These data are consistent
with expression of gene X as well as one or more
separate, related genes (labeled X"). Prediction of
open reading frames (ORFs) from our sequence of
the gene X and X’ transcripts showed a complex
pattern of potential translation products.

dBEST contains six entries with similarity to
genomic sequences of gene Y. Expression of two
exons have been confirmed by RT-PCR. The six
ESTs showing homology to this gene also are not
identical to the genomic sequence (98.5%-99.7%
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Figure 1 Schematic representation of a 130-kb sequence contig from the IDS
region. The IDS gene, IDS pseudogene-like structure, and two additional genes
of unknown function are represented by pink, pale blue, and light brown boxes.
The other colored boxes indicate the positions of repetitive elements. Boxes
above the line represent features oriented toward the telomere; below the line,
toward the centromere. Hatched boxes represent homologous sequence (ho-
mology >88%) in the IDS gene and pseudogene-like structure.
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homologous). These differ-
ences may represent errors
in the single-pass EST data.

Other Sequence Features

Computer analysis of this
contig identified a number
of repetitive elements inter-
spersed within the region.
Overall, there are 19 Alus
and ~18 kb of sequence with
homology to LINE-1 (long
interspersed elements), or
partial LINE-1, elements.
Twelve other regions of
similarity with known re-
peat families were identi-
fied throughout the region
(Fig. 1).

Mapping the Distance from
Gene X to Gene X’

To determine the location of
the duplicated gene, probes,
and PCR primers specific to
either gene X, gene X’ or
both (X + X’) were generated
using the exonic sequences
of greatest divergence. These
were then used to map gene
X’ to a position within 400
kb of gene X.

The X-chromosomal as-
signment was based on
probing a somatic hybrid
panel with probe X + X,
where the hybridization pat-
tern revealed two strong
bands from DNA digested
with the restriction endonu-
clease BamHI (data not
shown). This pattern is con-
sistent with the model of
gene X duplication, as there
is no BamHI site within the
probe that was used.

Finer scale mapping was
achieved by the amplifica-
tion of DNA from a collec-
tion of hybrid clones with
human X-chromosome dele-
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Figure 2 Walking to select cosmids with minimal
overlap. Clones from a shotgun sequencing library
are used to isolate neighboring minimally overlap-
ping cosmids for large-scale DNA sequencing. A de-
tailed description of this technique is given in Meth-
ods.

tions (Suthers 1991). Both
gene X and X’-specific
PCR primers amplified all > 717777
hybrid DNAs except those ~ ¢DNAs:

X-chromosome cosmid:

YAC is ~400 kb in length, then the maximum
distance likely to separate gene X from gene X’ is
~350 kb. These data are summarized in Fig. 4.

DISCUSSION

Genomic DNA sequencing has been used to char-
acterize the region surrounding the human IDS
gene. The sequence reveals the complete struc-
ture of the expressed IDS gene, shows the posi-
tion of an IDS pseudogene-like element, and has
revealed two novel genes within 40 kb distal to
the IDS locus. Highly confident assembly of all
the data was achieved by combining the genomic
sequencing with a hybridization/walking strat-
egy and extensive PCR verification of clones and
genomic sequence. The structure of the entire re-
gion is consistent with the occurrence of one or
more ancestral duplications leading to the
present organization.

defining an ~1 Mb region ESTS00: E2ZZ27ZY YA W2 “/i/Z72Z27) 77 7777777777777 IAAAAA

surrounding the IDS gene.
Finally, the distance
from gene X to gene X' g50512:
was narrowed further by
indirect evidence from 110298:

EST02946:
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some library were isolated EST500&
using the X + X’ hybrid- 10246
ization probe. These were 95051

then divided into X- or X’-  110298:

containing cosmids by 4.0 ¢

PCR and hybridization. 115392

Reference to a local data
base showed two of
the X’-containing cos-
mids were found to have
hybridized to YAC
yWXD1904 (J. Parrish,
pers. comm.). As this YAC
had also hybridized to the

Longest ORFs:
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Y./ 777774 gene X sequence.

97.6% A 97.7% 99,6% 99%
115392: -/\-/\_/\_AAAAA

F———-
— —_— — }identical
}aminoacid
- i }sequence

24% 98.6% | }lunless
I 1 }indicated

IR gene X' sequence.
longest potential ORFs 200bp

i

Figure 3 Alignment of F3 cosmid genomic sequence with gene X/X’ cDNAs.
Exons are drawn to scale; introns are not. Hatching patterns indicate where se-
quence homology is 100%. Homology between gene X’ sequences and F3 cosmid
sequence is indicated above each putative X exon. The longest predicted ORF

distal three of the four from each transcript is shown as either solid or broken lines. Vertical bars represent
cosmids in the 130-kb se- the position of either start or stop codons. The ORFs represented by the solid lines
quence contig, and the have identical amino acid sequence except where indicated.
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covered IDS-like genomic
sequences nearby the cur-
rent region cannot be over-

— ruled.
X' As gene X is also dupli-
— cated at a site within 350
109H10(16) kb, it is possible that the

25E8  greater region evolved
155D6 25H4 . -
174A10 17op11 through a series of duplica-
21384 tions. To understand this
213C8 o
process it will be necessary
to obtain additional ge-

nomic sequence, including

) 126H7 11E3 :
Figure 4 Cosmid map of the IDS region. Boxes indicate known genes; lines that surrounding the gene
represent either cosmids or YAC yWXD1904. A total of 28 cosmids have been X’ exons.

mapped to this region.

The presence of an IDS pseudogene-like
structure only 20 kb distal to the active gene has
important implications for the study of Hunter
Syndrome patients. A number of patients have
mutational lesions that could be best explained
by homologous recombinations and/or deletions
resulting from the proximity of these conserved
sequences (Bondeson et al. 1995; Rathmann et al.
1995). Detailed comparison of junctional se-
quence in these patients should now be possible.

The identification of novel expressed genes
within 40 kb of the IDS gene is also important for
Hunter Syndrome patients. Severely affected pa-
tients showing unusual symptoms might show
loss of these loci. Involvement of these loci in
variants of Hunter Syndrome would also suggest
that alterations in gene X or gene Y might cause
recognizable disease even in the absence of IDS
mutations. These issues can be readily resolved
using the information reported here.

The events that lead to the current molecular
organization are difficult to interpret, but the se-
quence of the pseudogene-like structure gives
some indication of the possible mechanism of
IDS evolution. Both exonic and intronic se-
quences are highly conserved between the two
genes. Presumably if the pseudogene-like struc-
ture arose from the expressed gene, then this
high level of conservation would suggest that it
was a recent event. The presence of unusually
long tracts of LINE-1 sequences near and between
the two IDS gene is also intriguing and may rep-
resent the boundary of an early recombination
event. The possible presence of additional undis-

It is interesting to note
that there are now several
other examples of regional
duplications that have oc-
curred in human evolution.

In addition to well-characterized gene families
such as the globin loci and the color blindness
loci (Nathans et al. 1986) we note the recent re-
port of genomic duplication in the polycystic
kidney disease gene locus (Hughes et al. 1995).
The IDS region now represents an additional ex-
ample of this phenomenon.

Overall, this study represents an example of
how a DNA sequence-based approach can effi-
ciently resolve questions that are based on under-
standing the fine structure of a region. In this
case, the study was hampered by apparent anom-
alies in the physical map and by a paucity of well-
characterized cosmids from the region. Instead of
delaying the study to further articulate the phys-
ical map we chose to press ahead with the ge-
nomic sequencing and continue the mapping as
we proceeded. This led us to develop a hybridiza-
tion-based strategy that uses prior sequence in-
formation to move rapidly from a sequenced
cosmid to a minimally overlapping neighbor for
further analysis. Combining the phases of map-
ping and sequencing allowed a sure path to the
completion of the region and the fastest progress
along the way.

METHODS
Cosmids

All cosmids were derived from the human X chromosome
flow-sorted library prepared at Lawrence Livermore Na-
tional Laboratories (LLNL). The cosmids characterized in
this study are identified using the LLNL nomenclature
(e.g., 112G10); this name can be used to isolate the origi-
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nal clones from the LLNL X-chromosome cosmid library.
Cosmid DNA was isolated and purified using Qiagen Plas-
mid Maxi Kit columns and then purified further by cesium
chloride banding.

Sources of cDNAs

EST500 was from a colorectal cancer cDNA library;
EST02946 was from a fetal brain library; 950512 was a
clone from a Burkitt’s lymphoma library; 48A8 was iso-
lated from a placental library; both 110298 and 115392
were from a fetal liver/spleen cDNA library.

Walking to Select Cosmids with Minimum Overlap

In this scheme individual M13 clones are used to probe a
cosmid library to identify minimally overlapping cosmids.
The position of the M13 probes in the first cosmid are
known from the sequence data. Probe 1 is chosen to be
near to the end of the cosmid insert, and probe 2 is inter-
nal to the first probe. Cosmids from the primary screen
that are found to hybridize to probe 1 are rescreened with
both probes. Cosmids that hybridize to probe 1, but not to
probe 2, overlap minimally and are selected for M13 li-
brary construction and sequencing (Fig. 2).

Shotgun Library Construction and
Template Preparation

M13 shotgun libraries were prepared from nebulized or
sonicated cosmid DNA using an adapter-based strategy
(Andersson et al. 1994). In summary, after shearing,
cosmid DNA was repaired to form blunt ends, ligated to
adaptors generating an 11 bp overhang, and size fraction-
ated to isolate fragments between 1.0 and 2.5 kb. AM13

vector with a complementary 11-bp overhang was pre-
pared as described (Andersson et al. 1994). Inserts were
annealed to vector DNA and transformed into XL-1 Blue-
competent cells (Stratagene). White plaques were picked,
grown for 6 hr, and stored at 4°C. Sequence template was
prepared from these cultures as described (Kristensen et al.
1987). Reverse sequencing template was prepared using a
modified asymmetric PCR protocol (Muzny et al. 1994).

Sequencing

Random and directed sequencing of clones was performed
using fluorescence-labeled primers. Dye primer sequenc-
ing utilizing a Biomek 1000 workstation (Beckman Instru-
ments Inc.) and Perkin-Elmer Cetus (PEC) 9600 thermocy-
clers was performed as described in Civitello et al. (1993).
Reagent kits were supplied by Applied Biosystems (ABI).
Dye terminator sequencing using sequence-specific prim-
ers and M13 templates was performed for gap closure. Re-
agent kits were provided by ABI and reactions were per-
formed on PEC 9600 thermocyclers. Sequence reactions
were electrophoresed on ABI 373A DNA sequencers.

Sequence Assembly

Sequence reads were edited using the software SEQPREP
developed by the Molecular Biology Computational Re-
source Center at Baylor College of Medicine. After editing,
sequence was assembled using the Staden XDAP software
(Dear and Staden 1991). Gap closure was petformed as
described previously (Muzny et al. 1994; Richards et al.
1994).

Computer Analysis Programs

Computer analysis of sequence was via a suite of programs

Table 1. PCR primers used in this study

Gene Y RT-PCR #1
Gene Y RT-PCR #2

Name Sequence Application
IDS #1 5-TCTGGTTCTGAGCTCCGTCTGC-3’ primers used in RT-PCR reactions to
IDS #2 5-CTTGCCTTCTCTGCACAGCTCA-3’ generate an IDS probe

5-CACATGGCGAGTGAGAGAGCAAG-3’  primers used in RT-PCR reactions to
5-CCCTCCAGTACCGTAAACATCAC-3’

confirm the expression of gene Y exons

Gene Y RT-PCR #3
Gene Y RT-PCR #4

Gene X specific #1

Gene X specific #2
Gene X’ specific #1
Gene X’ specific #2
Gene X/X’ #1

Gene X/X" #2

C6 #1
2 #
C2#2

5-GTGATGTTTACGGTACTGGAGGG-3’
5-GGCCAATTCACTCTGACTTCC-3/

5-GGAGGAAACACTCTTCCACTTAGC-3'
5-CAGCTTGGACACTAGCCAGGC-3’
5-GGAGGAAACACTCTTCCACTTGGT-3’
5-CAGCCCTGACACGAGCCGGGT-3’
5-GCTAGGATAGGAAGTAGCTG-3’
5-CTTTGCAATGCCCCGAAGAC-3’

5"-CAGCTCTCAAGCCAGCTAGGG-3’
5-GGTAGGAAGGAGTGAAAAATGG-3'
5-GATGGTGGAAAGGAAAGATG-3’

identified by homology to dBEST entries

PCR primers specific for gene X DNA

PCR primers specific for gene X" DNA

PCR primers which will amplify from
either gene X to gene X" DNA

PCR primers used to confirm the overlap
between C2 and C6 cosmids in reactions
using genomic DNA as a template
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assembled by the Baylor College of Medicine genome in-
formatics core. They include BLAST (Altschul et al. 1990)
via the National Library of Medicine server, GRAIL (Uber-
bacher et al. 1991) and CENSOR (Jurka et al. 1995).

Hybridizations

Standard procedures for Southern hybridization were uti-
lized (Sambrook et al. 1989), except that transfers were
carried out using alkaline conditions. In addition, hybrid-
ization buffer contained 1 M NaHPO, (pH 7.0) and 7% SDS,
and wash buffer contained 0.08-0.2 M NaHPO,, (pH 7.0)
and 1% SDS. Probes were random prime labeled using Re-
diprime kits provided by Amersham, and purified using
NICK columns from Pharmacia.

Fingerprinting

Purified cosmid DNA was digested with restriction en-
zymes and electrophoresed in agarose gels using standard
procedures (Sambrook et al. 1989). Visual comparison of
band sizes between neighboring lanes was carried out to
estimate overlap between cosmids.

PCR

PCR was performed using AmpliTaq DNA polymerase in a
PEC 480 thermocycler. Each 50-ul reaction contained 1.5
mM MgCl,, 50 mm KCl, 10 mm Tris-HCI (pH 8.3), 25 mm
each dNTP, 20 pmoles each primer, and 2.5 units of Am-
pliTag. DMSO [10% (vol/vol)] was included in reactions
where template DNA had high GC content. For template,
~10 ng of cosmid DNA, 100 ng of genomic DNA, or 2 pl of
reverse transcriptase reaction was used. PCR conditions
were 94°C/S min, followed by 30 reaction cycles of 94°C/
30 sec, §5°C/30 sec, 68°C/2 min. After the completion of
the cycle, samples were held at 68°C/7 min and then
cooled to 4°C. Primers used in PCR reactions are shown in
Table 1.
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