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Summary

The mutations underlying Hurler syndrome (mucopolysaccharidosis IH) in Druze and Muslim Israeli Arab
patients have been characterized. Four alleles were identified, using a combination of (a) PCR amplification of
reverse-transcribed RNA or genomic DNA segments, (b) cycle sequencing of PCR products, and (c) restriction-
enzyme analysis. One allele has two amino acid substitutions, Gly409-*Arg in exon 9 and Ter- >Cys in exon 14.
The other three alleles have mutations in exon 2 (Tyr,4-Ter), exon 7 (Gln310-*Ter), or exon 8 (Thr3,66-Pro).
Transfection of mutagenized cDNAs into Cos-1 cells showed that two missense mutations, Thrw-*Pro and
Ter- Cys, permitted the expression of only trace amounts of a-L-iduronidase activity, whereas Gly -9Arg
permitted the expression of 60% as much enzyme as did the normal cDNA. The nonsense mutations were

associated with abnormalities of RNA processing: (1) both a very low level of mRNA and skipping of exon 2
for Tyr64-Ter and (2) utilization of a cryptic splice site for Gln3j0-o.Ter. In all instances, the probands were

found homozygous, and the parents heterozygous, for the mutant alleles, as anticipated from the consanguinity
in each family. The two-mutation allele was identified in a family from Gaza; the other three alleles were found
in seven families, five of them Druze, residing in a very small area of northern Israel. Since such clustering
suggests a classic founder effect, the presence of three mutant alleles of the IDUA gene was unexpected.

Introduction

Deficiency of the lysosomal enzyme a-L-iduronidase
causes mucopolysaccharidosis I (MPS I), a group of au-
tosomal recessive disorders that is divided into three
clinical subtypes (Neufeld and Muenzer 1989). The
best-known and the most severe is the Hurler syn-
drome (MPS IH). It is manifested from late infancy by
dysostosis multiplex, coarse facies, corneal opacities,
cardiovascular disease, hepatosplenomegaly, joint stiff-
ness, and mental retardation; death usually occurs in
the first decade of life. The Hurler/Scheie syndrome
(MPS IH/S) is somewhat milder, permitting normal in-
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telligence and survival to adulthood. The Scheie syn-
drome (MPS IS) is the mildest of the a-L-iduronidase-
deficiency diseases, with normal intelligence and
potentially normal life span. These three subtypes repre-
sent a continuum of clinical severity rather than rigid
categories.
The cDNA and gene encoding a-L-iduronidase have

recently been cloned from human (Scott et al. 1991,
1992a; Moskowitz et al. 1992a, 1992b) and canine
(Menon et al. 1992; Stoltzfus et al. 1992) tissues. Avail-
ability of these cloned reagents permits the analysis of
mutations underlying MPS I both to understand the
relationship of genotype to phenotype and to study the
population distribution of the mutant gene. Two muta-
tions, Trp402-*Ter and Gln70-*Ter, have been recently
found to account for half of the IDUA alleles in MPS
IH patients of predominantly Caucasian, Anglo-Saxon
origin (Scott et al. 1992b, 1992c).
MPS I is a rare disorder; a survey conducted in British

Columbia reported the incidence of 1 case of MPS IH/
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100,000 births and a much lower frequency for MPS IS
(Lowry and Renwick 1971). It is thought not to be
enriched in any particular ethnic group. However, 13
Arab patients but only 1 Jewish patient with Hurler
syndrome have been diagnosed in Israel, where ascer-
tainment of the disorder has been complete for 15 years
(Schaap and Bach 1980). The mutation in the one Jew-
ish patient is described elsewhere (Moskowitz et al.
1993). The Arab patients came from eight families, five
of which were Druze and three Muslim. The Druze and
Muslim Arab populations have been separated by reli-
gion since the inception of the Ismailia or Druze reli-
gion in Egypt in the 11th century A.D., although there
has been some contact in various periods of history. At
present the Druze live in a defined geographic area of
southern Syria, southern Lebanon, and northern Israel;
they maintain an isolated social structure with a high
rate of consanguineous marriages. The Druze popula-
tion in Israel numbers about 60,000. We anticipated
that, in this closed society, MPS I would be caused by
one founder mutation, which might or might not be
shared with the Muslim patients residing in the
surrounding area.
We now describe the surprising finding of four mu-

tant alleles of the IDUA gene in the Arab MPS IH pa-
tients in Israel, three of these among the Druze. A pre-
liminary account of this work has been reported in
abstract form (Moskowitz et al. 1992b).

Subjects, Material, and Methods

Patient Material
We studied the mutations in eight families, five

Druze (D1-D5) and three Muslim (M1-M3). Family M3,
which has been described elsewhere (Kohn et al. 1978),
lives in Gaza. The other seven families live in different
villages in the lower Galilee in an area of about 20 X 20
km; there are no known family ties between them,
though it is possible that the two families who live in
the same village, D4 and D5, might be related.

Five MPS IH patients (D1, D2, D3, M1, and M2) had
been diagnosed, and fibroblast cultures had been initi-
ated, at Hadassah Medical Center. These patients all
had the severe manifestations of MPS IH as described
above. Leukocyte DNA was provided by Dr. Joel Zlo-
togora for the parents and relatives of these patients, as
well as for parents in families D4 and D5; no cells were
available from their affected children, now deceased.
Fibroblasts from M3 and from his mother and father
were obtained from the Human Genetic Mutant Cell
Repository (Coriell Institute for Medical Research,

Camden, NJ), where they are listed as GM 01898, GM
02016, and GM 02017, respectively. Fibroblasts from
other MPS IH patients (GM 00034B, GM 00415, GM
00798, GM 00887, GM 01391, and GM 06214) were
likewise obtained from the repository.
The cells used as control were IMR 90 fibroblasts

and GM 03441 lymphoblasts, also from the Coriell In-
stitute. Some DNA samples used as controls were from
a previous study of GM2 gangliosidosis (Paw et al. 1990).

Cell Culture and Isolation of Nucleic Acids
Fibroblasts and Cos-1 cells were cultured as de-

scribed elsewhere (Paw et al. 1991). Genomic DNA was
isolated from leukocytes or cultured cells by standard
methods (Sambrook et al. 1989). Total RNA was iso-
lated from cultured fibroblasts by acidic phenol-chloro-
form extraction in guanidinium thiocyanate (Chom-
czynski and Sacchi 1987); the isolated RNA was treated
with RNase-free DNase I (Stratagene), extracted with
phenol-chloroform, and reprecipitated. Integrity of the
RNA preparations was determined after electrophore-
sis in 1% agarose NA (Pharmacia).

Cloning and Characterization of cDNA and Gene
Encoding a-L-lduronidase

Canine a-L-iduronidase cDNA (Stoltzfus et al. 1992)
and fragments thereof were used to isolate the human
t-L-iduronidase cDNA and gene. A human testis
cDNA library (Clontech) was the source of the cDNA;
the human cDNA was sequenced on both strands by
the dideoxy termination method (Sanger et al. 1977).
The sequence, 81% identical to that of the canine
cDNA (Moskowitz et al. 1992a), was identical to that
reported by Scott et al. (1991), except for a base substi-
tution attributed to the library construction. To isolate
the gene, size-selected libraries of EcoRI-digested geno-
mic DNA were prepared from the lymphoblast line GM
03441; because of the presence of internal EcoRI sites,
the gene was isolated from both a 9-kb fragment which
contained the first 2 exons and a 17-kb fragment which
contained the downstream 12 exons (S. M. Moskowitz
and E. F. Neufeld, unpublished results). Our results
were in agreement with the structure and sequence of
the human IDUA gene reported by Scott et al. (1992a).

Reverse Transcription and PCR Amplification
Oligonucleotide primers were synthesized on an Ap-

plied Biosystems 391 DNA Synthesizer. The coding se-
quence of Q-L-iduronidase was amplified in seven over-
lapping segments, using the primers listed in table 1,
group 1 (in some experiments, only six segments were
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Table I

Oligonucleotide Primers

Segmenta Oligonucleotide

Group I-primers for RT-PCR amplification
of RNA/cDNA:

1. Exon 1-3:
Sense, -42*-19 ...................
Antisense, 379 *356 ................

2. Exon 3-7:
Sense, 321-*344 ....................
Antisense, 825-*802 ................

3. Exon 6-8:
Sense, 752-*775 ....................
Antisense, 1083--1063 .............

4. Exon 8-9:
Sense, 1037--1057 .................
Antisense, 1341 -*1318 .............

5. Exon 9-10:
Sense, 1293 1313 .................
Antisense, 1524-*1501 .............

6. Exon 10-12:
Sense, 1409--*1432 .................
Antisense, 1727-> 1704 .............

7. Exon 12-14:
Sense, 1651 -> 1671 .................
Antisense, 2008- o1985 .............

Group 11-primers for PCR amplification of
genomic DNA:

8. Intron 1-exon 2:
Sense, -45 o-23..................
Antisense, 276--*254 ................

9. Exon 6-exon 7:
Sense, 752- i775 ....................
Antisense, 972--.952 ................

10. Exon 8:
Sense, 1037-*1057 .................
Antisense, 1124- >1104 .............

11. Exon 8-exon 9:
Sense, 1150*> 1170 .................
Antisense, 1341*> 1318 .............

12. Exon 14:
Sense, 1858-*1878 .................
Antisense, 2054- 2034 .............

Group III-mutagenic oligonucleotides:
13. Thr366-*Pro, 1107--*1084 ...........
14. Gly49*-Arg, 1236- 1213 ...........
15. Ter654-*Cys, 1971*o1948 ...........

5' CAGTGCAGCCCGAAGCCCCGCAGT 3'
5' GGAGCTGGTTCTCCCTGAGAAGGT 3'

5' GAGCTACAACTTCACCCACCTGGA 3'
5' CTGCTCCAGGATGGAGATGGAGCT 3'

5' AGGCGGGCGTGCGGCTGGACTACA 3'
5' CGCGAAGGGGTGCGGGTGGTA 3'

5' TGAGCAACGACAATGCCTTCC 3'
5' GCGGGTGTCGTCGCTCGCGTAGAT 3'

5' CGACGCCTGGCGCGCCGCGGT 3'
5' CTCAGCCGCGCGCATGCGCCGGAA 3'

5' TCTACGTCACGCGCTACCTGGACA 3'
5' TTGGAGCCCACGTGTTCATCCGAC 3'

5' GTCACGCGGCTCCGCGCCCTG 3'
5' CGCTGACTGCCGGTGGAGGTGCAA 3'

5' GCCATGCTGAGGCTCGGGACTGA 3'
5' CCAGTGGGTCCGGACCTGCTTGA 3'

5' AGGCGGGCGTGCGGCTGGACTACA 3'
5' CTTCACCACCATGGCCGCGTA 3'

5' TGAGCAACGACAATGCCTTCC 3'
5' CGGGTGTTGTTGACCTGGAAG 3'

5' AAGCCGGTGCTCACGGCCATG 3'
5' GCGGGTGTCGTCGCTCGCGTAGAT 3'

5' GTTCGAGCCCTGGACTACTGG 3'
5' AAAGGGGGTGATGGGAGGGCA 3'

5' GAAGCGCGCGGGGAGCGTGCGCTG 3'
5' CAGGACGGTCCGGGCCTGCGACAC 3'
5' AGCACAGGCACATGGATTGCCCGG 3'

a Except for intronic oligonucleotide 8 (see footnote b below), the numbers following the sense and
antisense designations refer to the nucleotide positions in cDNA, where 1 is the adenine of the initiator
methionine codon. To convert to the numbering of the published sequence (Scott et al. 1991), it is necessary
to add 88 nucleotides. The abnormal base in the mutagenic oligonucleotides is underlined.

b Numbered from the intron 1/exon 2 junction.

amplified, using the sense primer of the third pair and
the antisense primer of the fourth pair). Total RNA
(1-12 gg) was reverse transcribed with 20 units of avian
myeloblastosis-virus reverse transcriptase (Promega) in

the presence of 50 pmol of antisense primer, 1 mM
each dNTP, 1 mg BSA/ml, 50 mM KCl, 2.5 mM
MgCl2, and 16-20 units of RNase inhibitor (RNA-
guard; Pharmacia) in 20 mM Tris buffer pH 8.3; the
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reaction was incubated at 230C for 10 min and then at
420C for 1 h. After the reverse transcription reaction
was terminated by heating at 950C for 3 min, 50 pmol
of sense primer was added, and the reaction mixture
was adjusted to 0.2 mM each dNTP, 0.2 mg BSA/ml,
and 1.3 mM MgCl2. After preincubation at 720C for 10
min, 2.5 units AmpliTaq DNA polymerase (Perkin
Elmer) was added, and the reaction mixture was sub-
jected to 30 cycles of amplification, using the following
profile: 1.5 min at 970C, 1 min at annealing tempera-
ture, and 1 min at 720C. The annealing temperature
was determined, according to the primers used, to be
4-50C lower than Tm, up to a maximum of 720C. The
high temperature of denaturation was used because of
the high GC content of a-L-iduronidase DNA. Addi-
tional Taq polymerase, 2.5 units, was added after 15
cycles. Reaction products were examined by electro-
phoresis on 5% polyacrylamide gel.
PCR amplification of segments of genomic DNA was

performed essentially as above, using primers designed
to detect specific mutations (table 1, group II). Geno-
mic DNA (1.5 gg) was mixed with 50 pmol of sense and
antisense primers in 50 mM KCI, 0.2 mM dNTP, 20
mM Tris pH 8.3, and 1-4 mM MgCI2 (optimized for
each primer pair). Reaction conditions were as de-
scribed above for amplification of cDNA, except for
extension at 72°C for 1.5 min.

Cycle Sequencing
The PCR products were passed through a Bio-Spin 6

column (Bio-Rad Laboratories) to remove salts and un-
incorporated nucleotides. Amplification primers or in-
ternal primers were radiolabeled at the 5' terminal with
[,y-32P]ATP by T4 polynucleotide kinase (Sambrook et
al. 1989). Cycle sequencing (Smith et al. 1990) was
carried out using ATaq polymerase (version 2 sequenc-
ing kit; United States Biochemicals) and the thermal
profile: 95°C for 1 min, annealing temperature for 1
min, and 72°C for 3 min. The annealing temperature
was determined as described above for PCR amplifica-
tion. The reaction was carried out for 30 cycles and was
terminated by the addition of sequencing dye.

Northern Analysis
Total RNA (15 jg) was loaded onto each lane of a

1.2% agarose gel containing 2 M formaldehyde and was
subjected to electrophoresis for 300 V-h. Nucleic acids
were transferred to a nylon membrane (Nytran;
Schleicher and Schuell) as recommended by the sup-
plier. A 505-bp segment was PCR amplified from
cloned human tL-L-iduronidase cDNA, using primer set

2 (table 1), and was gel purified; it was selected for use
as a probe in preference to full-length cDNA in order to
minimize nonspecific hybridization caused by GC-rich
regions in the cDNA. A cDNA probe encoding the 3'
untranslated region of human P-actin was provided by
Dr. Laurence Kedes. Both probes were labeled with
[a-32P]dCTP by random priming (Multiprime Kit;
Amersham). Membranes were prehybridized and hy-
bridized as described elsewhere (Church and Gilbert
1984), washed once at 55°C (P-actin) or 60°C (cL-L-
iduronidase) for 30 min in 0.2 X SSC and 2% SDS, and
subjected to autoradiography.

Expression of Mutagenized cDNA
Site-specific mutagenesis of codons 366, 409, and

654 was performed by the method of Kunkel et al.
(1987), using the Muta-Gene M13 In Vitro Mutagene-
sis Kit, version 2.0, as recommended by the supplier
(Bio-Rad Laboratories). The mutagenic oligonucleo-
tides are specified in group III of table 1. The normal
and mutagenized a-L-iduronidase cDNAs were sub-
cloned into pSVL (Pharmacia LKB Biotechnology). The
doubly mutagenized cDNA was prepared by ligation at
a BstEII site of an upstream 1.4-kb segment of the
Gly409-*Arg clone to a 750-bp segment of the
Ter-*Cys clone prior to insertion into the pSVL vector.
All mutations and ligations were verified by standard
dideoxy sequence analysis (Sanger et al. 1977).

Transfection by means of LipofectinTM (Bethesda
Research Laboratories) and measurement of CL-L-idur-
onidase expression were performed as described else-
where (Stoltzfus et al. 1992), except that no NH4Cl was
added to the growth medium. Cotransfection with
pXCG5 (Nichols Institute) followed by radioimmunoas-
say for human growth hormone allowed measurement
of transfection efficiency.

Results

The mutations were first identified by reverse tran-
scription PCR (RT-PCR) of the a-L-iduronidase coding
sequence of fibroblast RNA, followed by cycle se-
quencing; they were then confirmed by sequencing of
the corresponding amplified regions of genomic DNA.
As there was no discrepancy between the two sets of
results, only the genomic sequences are shown in figure
1. The entire coding region was analyzed by cycle se-
quencing for all the patients except M1. Additional in-
formation was obtained by restriction analysis of the
amplified genomic segments of DNA from the pro-
bands and their parents.
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Figure I Identification of mutations by sequence analysis of genomic DNA of the Hurler patients. The nucleotide ladder in the region of
the mutation is shown for DNA of the patients (D,, D2, D3, and M3) indicated and for normal control DNA (N). In each case, the mutant
sequence was identical to that of the control, except for the nucleotide indicated by the arrow. Primer sets used for PCR amplification (table 1)
were set 8 for DI, set 9 for D2, set 10 for D3, and sets 1 1 and 12 for the exon 9 and exon 14 mutations, respectively, in M3. The sequence in panel
E is reported as the sense strand, though it was determined in the antisense direction.

A C-UA transversion in exon 2, converting Tyr64
(TAC) to a stop codon (TAA), was identified in patients
D1 (fig. 1A) and M1 (not shown). The mutation destroys
the site at which RsaI cleaves a 163-bp segment to 86 bp
and 77 bp (fig. 2A). Both parents of D1, as well as an
aunt and uncle whose own affected child was deceased,
were heterozygous for this mutation as determined by
restriction analysis (not shown). On a northern blot, the
mutation was associated with a very low level of
mRNA, less than 5% of that of the normal control after
normalization for 13-actin (fig. 3A, lane M1). In addition,
the RT-PCR using primer set 1 resulted in two prod-

ucts, the smaller product predominating (fig. 3B, lane
D1); sequence analysis showed that the smaller product
was a fusion of exons 1 and 3, exon 2 having been
skipped.
A C-OT transition in exon 7, converting Gln310

(CAG) to a stop codon (TAG), was identified in patient
D2 (fig. 1B). There is no restriction site in the area of the
mutation. Both parents were found heterozygous for
the mutation, by sequence analysis (not shown). The
level of mRNA in fibroblasts of the patient was appar-
ently half that of normal, after normalization for n-ac-
tin (fig. 3A, lane D2). The product of RT-PCR amplifi-
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Figure 2 Restriction-enzyme analysis of the mutations. ICR-amplified genomic DNA segments were incubated with or without the
restriction enzymes, as indicated, and the products were analyzed on a 5% or 7% polyacrylamide gel. Standard lanes (Stds) from noncontiguous
areas of the gel are juxtaposed. Negative prints of ethidium bromide-stained gels are presented.

cation with primer set 2 migrated electrophoretically as
a doublet, with the upper band slightly larger than the
normal band of 505 bp (fig. 3C). Sequence analysis (not
shown) demonstrated an admixture of a species with 28
nt of intronic sequence, indicating the utilization of a
cryptic splice site in intron 5.
An A- C transversion in exon 8 was identified in

patients D3 (fig. 1C) and M2 (not shown), converting
Thr366 (ACC) to Pro (CCC). The mutation destroys the
site at which HphI cleaves an 88-bp segment to 50 bp
and 38 bp (fig. 2B). The parents of D3 and M2 were
found heterozygous for the mutation, by restriction
analysis (not shown). In addition, two sets of parents
from families D4 and D5, whose children were not avail-
able for study, were also found heterozygous for this
mutation, by restriction analysis and cycle sequencing
of the amplified DNA segment (not shown). The level
of mRNA in D3 and M2 was three times higher than
that of the normal control (IMR 90) tested concur-
rently (fig. 3A). Transfection of cDNA containing the
Thr366-*Pro mutation into Cos-1 cells resulted in ex-
pression of less than 1% of the a-L-iduronidase activity
obtained on transfection with normal cDNA (table 2).

Six cell strains derived from Caucasian MPS IH pa-
tients of unrelated origin (GM 00034B, GM 00415,
GM 00798, GM 00887, GM 01391, and GM 06214)
were found not to have the above mutations, as deter-
mined by restriction analysis for Tyr64-*Ter and
Thr366-*Pro and by sequence analysis for Gln310-*Ter.
These cell lines were subsequently found to have
the common Caucasian mutations, Gln70--Ter and
Trp402-*Ter (Scott et al. 1992b, 1992c), on 11 of the 12

chromosomes (P. T. Tieu, R. Chan, and E. F. Neufeld,
unpublished results).
Two base substitutions were identified in patient M3

(fig. iD and E). A G-*C transversion in exon 9 converts
Gly409 (GGG) to Arg (CGG), and an A--T transversion
in the termination codon (TGA) converts the termina-
tion codon to a Cys (TGT) residue (fig. lE). The two
mutations were present in homozygous form, indicat-
ing that they occur on the same allele. The cDNA se-
quence predicts an extension of 38 amino acids betore
the next termination codon is reached. The exon 9 mu-
tation creates a CspI restriction site, at which a 438-bp
segment is cleaved to 323 bp and 115 bp (fig. 2C),
whereas the mutation at the termination codon does
not alter any restriction site. Both mutations were
found in heterozygous form in the DNA of each parent
of M3, confirming that they were present on the same
allele. Expression of cDNA mutagenized at one or both
positions showed that Gly409-*Arg caused a reduction
of less than half the CC-L-iduronidase activity, whereas
Ter--Gly reduced activity by 98% compared with ex-
pression of normal cDNA (table 2). Figure 4 summa-
rizes the IDUA alleles found in the Druze and Muslim
Arab MPS IH families.

Discussion

Of the four mutant alleles characterized in this study,
two contained nonsense mutations and manifested
some abnormalities of RNA metabolism. The cells of
Di and M1, Tyr64-*Ter homozygotes (mutation in
exon 2), showed a predominance of exon 2 skipping as
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Figure 3 RNA abnormalities in MPS I cells. A, Northern
analysis of fibroblast RNA from patients indicated and from the IMR
90 control cell strain; "Idu" and "Act" represent ct-L-iduronidase and
P-actin mRNA, respectively. The densitometric ratios of aL-L-iduroni-
dase mRNA/j-actin mRNA, expressed as a fraction of that found
for the IMR 90 control, were (from left to right) 0.4 for D2, 3 for D3,
0.02 for Ml, and 4 for M2. B, Presence of exon 2-less RNA in cells
of D1, demonstrated by RT-PCR amplification using primer set 1; the
normal 421-bp product is present in the patient's cells, but the
smaller, 280-bp product, without exon 2, predominates. C, RT-PCR
amplification using primer set 2, showing a doublet (arrows) in the
cells of D2, in contrast to the single band of 505 bp seen in the normal
control. The bands above the doublet may represent a combination
of heteroduplex and nonspecific PCR products.

seen in RT-PCR analysis. Such skipping may be present
in trace amount in normal cells (Scott et al. 1991). The
cells of M, were also shown to have a very low level of
mRNA as seen on northern analysis. Premature transla-
tion termination has frequently been found associated

with a low steady-state level ofmRNA (e.g., see Baserga
and Benz 1988; Myerowitz and Costigan 1988; Urlaub
et al. 1989; Cheng et al. 1990; Kadowaki et al. 1990). It
may be that the exon 2-less mRNA is the predominant
species in cells of D1 and Ml because it is more stable
than the full-length mRNA with a premature termina-

tion codon. An alternative hypothesis-that a prema-

ture termination codon can actually induce exon skip-
ping by altering splice-site selection-has been recently
proposed (Dietz et al. 1993).
The cells of D2 (Gln310- -Ter, in exon 7) had nearly

half the mRNA of the normal control after normaliza-
tion for f3-actin mRNA; however, part of this mRNA
was spliced at a cryptic site (nt -28) in intron 5. This
alternative splicing creates a frameshift and an open

reading frame until exon 9. Alternative splicing at the
same position of intron 5 had been found previously in

another mutant IDUA allele with premature translation
termination in exon 6 (Moskowitz et al. 1993).
The cells of D3 and M2, homozygous for the

Thr366Pro missense mutation, had qualitatively nor-

mal mRNA present at a level several times higher than
that of mRNA derived from the control IMR 90 cells.
Whether this represents a genuine increase or merely
variability of the normal range is not yet known.
The nonconservative replacement of threonine by

proline, a helix breaker often found at turns (Chou and
Fasman 1978), alters the structure of the enzyme suffi-
ciently to completely prevent expression of a-L-iduron-
idase activity, as shown by transfection of cDNA muta-

genized at that position. Whether the loss of activity is

caused by interference with transport, stability, or cata-

lytic function has not yet been determined. Of the two

Table 2

Expression of a-L-lduronidase Activity by Transfected Cos- I Cells

a-L-IDURONIDASE ACTIVITY
(units/mg cell protein)

TOTAL
TRANSFECTION VECTOR Intracellular Secreted (% of normal)

pSVL ................... 1.9 <.1 0
pSVLldu ................... 19.5 18.4 100
pSVLldu Thr366 - Pro ...... 1.9 .1 <.1
pSVLIdu Gly409 Arg ...... 14.1 9.7 61
pSVLldu Ter654 CYS ...... 2.6 .2 2
pSVLldu Gly409 - Arg } 2.4 .2 2

Ter654 - Cys .
a The activity of endogenous a-L-iduronidase was subtracted before the percentage of normal was calcu-

lated. No correction was applied for transfection efficiency, which was similar in all plates.

A
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19kb

I~~~~~~~~~~~~~~~~~~~~~~~~o*11I1111"1'--'11MEN'11am
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Figure 4 Position of the t)ruze (D) and Muslim (M) Israeli Arab mutations on the 14-exon IDUA gene

substitutions in M3, only Ter- Cys, which predicts an
extension of 38 amino acids at the carboxyl-terminus,
interferes with expression of a-L-iduronidase activity
and may therefore be considered the cause of the dis-
ease; on the other hand, the Gly409-*Arg substitution
appears to be benign, since it permits the expression of
half as much activity as does the normal cDNA. Be-
cause of its proximity to Asp 415, a functional glycosyl-
ation site (A. Matinya and E. F. Neufeld, unpublished
results), and because of its ability to accommodate the
substitution of Gly by the much bulkier Arg, codon 409
may be presumed to lie on the outside of the protein.
The cells of patient M3 (with the double mutation)

are listed in the catalog of the Human Genetic Mutant
Cell Repository as "Hurler/Scheie." However, the pa-
tient at age 6 years had been described as having a typi-
cal MPS IH phenotype except for apparently normal
intelligence (measured across a language barrier), and
his similarly affected brother had died at age 9 years; a
diagnosis of MPS IH/S had been excluded, and yet
another form of a-L-iduronidase-deficiency disease
had been proposed, by Kohn et al. (1978). It seems to us
that the classification of MPS IH is as appropriate for
this patient as is that of MPS IH/S, if not more so. This
instance illustrates the occasional difficulties created by
subdivision of MPS I into three groups which are not as
much rigidly demarcated entities as they are a contin-
uum of clinical phenotypes.
The presence of seven MPS IH families residing in a

very small geographic area would be considered a priori
a classic case of founder effect, with frequent appear-
ance of the mutant allele in homozygous form because
of the frequency of consanguineous marriages. There-
fore the finding of three mutant IDUA alleles in this
population was completely unexpected and is not
readily explained. The three alleles are not common
among Caucasians, as they were not found in fibro-
blasts derived from six Caucasian patients, obtained

from the Human Genetic Mutant Cell Repository.
Whether they are common among Druze and Muslim
Arabs residing in other countries of the Middle East
cannot be determined at this time, for lack of contact.
Regardless of where the alleles might have originated,
their clustering in a small geographic area remains puz-
zling. Selective pressures which would favor mutant
IDUA genes cannot be ruled out, including social pres-
sures which might have driven families with affected
children (whose appearance is quite distinctive) to mi-
grate together and to settle in close proximity to each
other. But, in spite of such proximity, marriages had
not occurred between MPS IH families in neighboring
villages, as is indicated by the absence of compound
heterozygosity among the patients.

Acknowledgments
We thank Dr. Kaushiki Menon for discussions and critical

advice; Dr. Joel Zlotogora (Hadassah Medical Center) for
leukocyte DNA from parents and other family members; Dr.
Laurence Kedes (University of Southern California) for hu-
man M-actin cDNA; Anthony Schmitt for isolation of RNA;
and Larry Tabata for illustrations. This work was supported
in part by a Medical Student Research Training Fellowship
from the Howard Hughes Medical Institute (to S.M.M.) and
by National Institutes of Health grant DK38857 (to E.F.N.).

References
Baserga SJ, Benz EJ Jr (1988) Nonsense mutations in the hu-
man P-globin gene affect mRNA metabolism. Proc Natl
Acad Sci USA 85:2056-2060

ChengJ, Fogel-Petrovic M, Maquat LE (1990) Translation to
near the distal end of the penultimate exon is required for
normal levels of spliced triosephosphate isomerase mRNA.
Mol Cell Biol 10:5215-5225

Chomczynski P, Sacchi N (1987) Single-step method of RNA
isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal Biochem 162:156-159



338 Bach et al.

Chou PY, Fasman GD (1978) Prediction of the secondary
structure of proteins from their amino acid sequence. Adv
Enzymol Relat Areas Mol Biol 47:45-148

Church GM, Gilbert W (1984) Genomic sequencing. Proc
Natl Acad Sci USA 81:1991-1995

Dietz HC, Valle D, Francomano CA, Kendzior RJ Jr, Pyeritz
RE, Cutting GR (1993) The skipping of constitutive exons
in vivo induced by nonsense mutations. Science 259:680-
683

Kadowaki T, Kadowaki H, Taylor SI (1990) A nonsense mu-
tation causing decreased levels of insulin receptor mRNA:
detection by a simplified technique for direct sequencing
of genomic DNA amplified by the polymerase chain reac-
tion. Proc Natl Acad Sci USA 87:658-662

Kohn G, Bach G, Lasch E, El Massri M, Legum C, Cohen
MM (1978) A new phenotype variant of CL-L-iduronidase
deficiency. Monogr Hum Genet 10:7-10

Kunkel TA, Roberts JD, Zakour RA (1987) Rapid and effi-
cient site-specific mutagenesis without phenotypic selec-
tion. Methods Enzymol 154:367-382

Lowry RB, Renwick DHG (1971) Relative frequency of the
Hurler and Hunter syndromes. N Engl J Med 284:221-222

Menon KP, Tieu PT, Neufeld EF (1992) Architecture of the
canine IDUA gene and mutation underlying canine muco-
polysaccharidosis I. Genomics 14:763-768

Moskowitz SM, Dlott B, Chuang PD, Neufeld EF (1992a)
Cloning and expression of cDNA encoding the human lyso-
somal enzyme, a-L-iduronidase. FASEB J 6:A77

Moskowitz SM, Menon KP, Tieu PT, Neufeld EF (1992b)
Architecture of the gene encoding a-L-iduronidase and
some mutations underlying human and canine mucopoly-
saccharidosis I. Am J Hum Genet Suppl 51:A173

Moskowitz SM, Tieu PT, Neufeld EF (1993) A deletion/in-
sertion mutation in the IDUA gene in a Libyan Jewish pa-
tient with Hurler syndrome (mucopolysaccharidosis IH).
Hum Mutat 2:71-73

Myerowitz R, Costigan FC (1988) The major defect in Ash-
kenazi Jews with Tay-Sachs disease is an insertion in the
gene for the a-chain of P-hexosaminidase. J Biol Chem
263:18587-18589

Neufeld EF, Muenzer J (1989) The mucopolysaccharidoses.
In: Scriver CR, Beaudet AL, Sly WS, Valle D (eds) The
metabolic basis of inherited disease, 6th ed. McGraw-Hill,
New York, pp 1565-1587

Paw BH, Tieu PT, Kaback MM, Lim J, Neufeld EF (1990)
Frequency of three Hex A mutant alleles amongJewish and
non-Jewish carriers identified in a Tay-Sachs screening pro-
gram. Am J Hum Genet 47:698-705

Paw BH, Wood LC, Neufeld EF (1991) A third mutation at
the CpG dinucleotide of codon 504 and a silent mutation
at codon 506 of the HEX A gene. Am J Hum Genet
48:1139-1146

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular clon-
ing: a laboratory manual, 2d ed. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, NY

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing
with chain-terminating inhibitors. Proc Natl Acad Sci USA
74:5463-5467

Schaap T, Bach G (1980) Incidence of mucopolysacchari-
doses in Israel: is Hunter disease a "Jewish disease"? Hum
Genet 56:221-223

Scott HS, Anson DS, Orsborn AM, Nelson PV, Clements PR,
Morris CP, Hopwood JJ (1991) Human a-L-iduronidase:
cDNA isolation and expression. Proc Natl Acad Sci USA
88:9695-9699

Scott HS, Guo XH, Hopwood JJ, Morris CP (1992a) Struc-
ture and sequence of the human CC-L-iduronidase gene. Ge-
nomics 13:1311-1313

Scott HS, Litjens T, Hopwood JJ, Morris CP (1992b) A com-
mon mutation for mucopolysaccharidosis type I associated
with a severe Hurler syndrome phenotype. Hum Mutat
1:103-108

Scott HS, Litjens T, Nelson PV, Brooks DA, Hopwood JJ,
Morris CP (1992c) ct-L-iduronidase mutations (Q70X and
P.33R) associate with a severe Hurler phenotype. Hum Mu-
tat 1:333-339

Smith DP, Johnstone EM, Little SP, Hsiung HM (1990) Di-
rect DNA sequencing of cDNA inserts from plaques using
the linear polymerase chain reaction. Biotechniques 9:48-
54

Stoltzfus Li, Sosa-Pineda B, Moskowitz SM, Menon KP,
Dlott B, Hooper L, Teplow DB, et al (1992) Cloning and
characterization of cDNA encoding canine cL-L-iduroni-
dase: mRNA deficiency in mucopolysaccharidosis I dog. J
Biol Chem 267:6570-6575

Urlaub G, Mitchell PJ, Ciudad CJ, Chasin LA (1989) Non-
sense mutations in the dihydrofolate reductase gene affect
RNA processing. Mol Cell Biol 9:2868-2880


