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Summary

Mutated cDNA clones containing the entire coding sequence of human glucocerebrosidase were isolated
from libraries originated from Gaucher patients. Sequence analysis of a mutated cDNA derived from a
type II Gaucher patient revealed a C-to-G transversion causing a substitution of an arginine for a proline
at residue 415. This change creates a new cleavage site for the enzyme Hhal in the mutated cDNA. Allele-
specific oligonucleotide hybridization made it possible to show that this mutation exists in the genomic
DNA of the patient. From a ¢cDNA library originated from a type I Gaucher patient, a mutated allele was
cloned that contains a T-to-C transition causing a substitution of proline for leucine at residue 444 and
creating a new Ncil site. This mutation is identical to that described by S. Tsuji and colleagues in genomic
DNA from type 1, type II, and type III patients. Since the new Ncil site generates RFLP, it was used to test
the existence of this mutated allele in several Gaucher patients by Southern blot analysis. This allele was
found in type I (Jewish and non-Jewish), type II, and type IIl Gaucher patients. These findings led us to

conclude that the patient suffering from type II disease (denoted GM1260) carried both mutations de-
scribed above. Any one of the amino acid changes described reduces the glucocerebrosidase activity as
tested by transfection of COS cells with expression vectors harboring the mutated cDNAs. The base
changes in the two mutated cDNAs do not affect the electrophoretic mobility of the corresponding poly-

peptides on an SDS polyacrylamide gel.

Introduction

Gaucher disease is a genetic disorder inherited as an
autosomal recessive trait. It is due to the presence of
an inactivated form of the lysosomal enzyme gluco-
cerebrosidase, which in turn causes accumulation of
the substrate glucocerebroside. The disease is hetero-
geneous and has been subdivided into three different
groups: type I, the chronic adult form of the disease
which does not correlate with any neurological involve-
ment; type II, the acute type which is associated with
neurological disease and produces death in early child-
hood; and type III, which causes a neurological disease
but permits survival to adulthood (Brady et al. 1965;
Frederickson and Sloan 1972; Hirschhorn and Weiss-
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mann 1976; Brady and Barranger 1983). The hetero-
geneity in phenotypes and the clinical variation within
the different subtypes suggest the existence of several
different mutations, each of which may have a different
effect on the activity of the enzyme. Therefore, homozy-
gosity for any mutated allele or combinations of two
mutated alleles may result in different manifestations
of the disease.

Here we report the isolation and characterization of
two mutated glucocerebrosidase cDNAs. One contains
a T-to-C transition substituting proline for leucine at
position 444 (of the mature glucocerebrosidase), and
the other contains a C-to-G transversion substituting
arginine for proline at position 415. One type Il patient
was found to be heterozygous for both mutations.

Material and Methods

Cells
GM1260, GM372, GM1607, GM2627, GM877,
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and GM4394 are primary human skin fibroblasts from
Gaucher patients (NIGMS Human Genetic Mutant Cell
Repository, Camden, NJ). They were grown in Dul-
becco’s modified Eagle’s medium (DMEM) supplied
with 20% FCS (Beth-Haemek, Israel) at 37°C with 5%
CO3. One-hundred-sixty-two are Gaucher B cells
transformed with Epstein-Barr virus (EBV) (a gift from
Dr. G. Lenoir, International Agency for Research on
Cancer, Lyon, France). They were grown in RPMI +
20% FCS at 37°C with 5% CO,.

RNA Preparation

A total of 2 x 107 cells were washed twice with PBS
and collected in 0.2 M NaCl, 10 mM Tris pH 7.5, 1.5
mM MgCl,. NP40 was added to a final concentration
of 0.5%, and after 10 min at 4°C the suspension was
centrifuged for 5 min at 2,000 g in an International
centrifuge. The nuclear pellet was discarded, and an
equal volume of 7 M urea, 0.3 M NaCl, 1% SDS, 10
mM EDTA Tris pH 7.5 was added to the cytoplasmic
fraction. The RNA was extracted with phenol-chloro-
form and precipitated in ethanol. After centrifugation
the RNA was fractionated through an oligo (dT) cellu-
lose column (Aviv and Leder 1972).

cDNA Preparation

Five micrograms of poly(A) containing RNA was
resuspended in 100 pl of water and treated with methyl
mercury at a final concentration of 1 mM for 10 min
at room temperature. One microliter of 2-mercap-
toethanol was added, and the RNA was precipitated
in ethanol in the presence of 0.3 M sodium acetate.
The RNA was washed in 70% ethanol, and cDNA was
prepared as described elsewhere (Watson and Jackson
1985).

After addition of EcoRI linkers and digestion with
an excess of EcoRI, the cDNA was precipitated in eth-
anol and resuspended in 8 pl of 10 mM Tris pH 8.0,
1 mM EDTA. After addition of 4 pl deionized forma-
mide and 4 pl of a dye marker, the mixture was heated
to 55°C for 3 min and loaded on a 5% acrylamide gel.
Electrophoresis was for 2 h at 100 V. At the end of
the run the gel was stained with ethidium bromide and
visualized with a UV lamp. cDNA larger than 0.5 kb
was collected by electrophoresis into a dialysis bag at
70 V for 7-10 h. After passage through an Elutip-D™
column (Schleicher and Schuell) the cDNA was precipi-
tated in ethanol.

Preparation of Agtl0 Arms
Agtl0 DNA was prepared as described elsewhere
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(Davis et al. 1980). Ten micrograms of DNA was
digested with EcoRI (100 units) for 3 h at 37°C, fol-
lowed by the addition of more enzyme (50 units) for
3 more hours. The DNA was extracted with phenol-
chloroform and precipitated in ethanol in the presence
of 2 M ammonium acetate.

Ligation and In Vitro Packaging

One microgram of EcoRI-digested Agtl0 arms was
added to 50 ng of cDNA in ethanol. After precipita-
tion and washing in 70% ethanol, the mixture was
resuspended in 50 mM Tris pH 8.0, 10 mM MgCly,
1 mM ATP, and 10 mM DTT. After heating at 70°C
for 3 min the mixture was incubated for 15 min at 37°C.
One-half microliter of T4 DNA ligase was added (400
units of New England Biolabs ligase or 0.7 units of
BRL ligase). The recombinant DNA was packaged in
vitro (Gigapack; Stratagene, San Diego), and the phages
were plated on the HAA150 strain of E. coli (Huynh
et al. 1984).

Library Screening

The screening of the library was performed as de-
scribed elsewhere (Benton and Davis 1977) with the
normal cDNA previously cloned by us as a probe (Reiner
et al. 1987).

In Vitro Transcription

In vitro transcription reactions (Melton et al. 1984)
were carried out with an Amersham kit as described
elsewhere (Reiner et al. 1987).

In Vitro Translation

The in vitro—transcribed RNA (Pelham and Jackson
1976) was precipitated in ethanol, centrifuged, and
resuspended in 10 ul of water. Five microliters of the
RNA was added to a mixture containing 8 mM phos-
phocreatine, 0.4 mM DTT, 20 mM Hepes pH 7.4, 70
mM potassium acetate, 0.3 mM spermidine, 20 ug crea-
tine kinase/ml, 6 pul reticulocyte lysate, 100 ng tRNA/
ml, 50 mM MgCl, and 3 pl 35S-methionine (50-75
uCi; Amersham) in a total volume of 25 ul. In vitro
translation was for 1 h at 37°C.

Southern Blot Analysis

Southern blot analysis was carried out as described
elsewhere (Southern 1975; Reiner et al. 1988).
DNA Sequencing

Maxam and Gilbert sequencing (Maxam and Gil-
bert 1980) was performed on DNA fragments that were
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labeled at their 3’ end with the Klenow enzyme as de-
scribed elsewhere (Reiner et al. 1988). For the chain
termination sequencing technique (Sanger 1981), the
sequel SS/KF kit (International Biotechnologies, Inc.)
was used.

5-End Labeling of Oligonucleotides

Twenty picomoles of the 19-mer (synthesized by Dr.
Ora Goldberg at the Weizmann Institute) were labeled
with 40 pmol of y-32P-ATP (3,000 Ci/mmol; Amer-
sham) by T4 polynucleotide kinase (NEN) in 100 mM
Tris pH 7.5, 10 mM MgCl,, 20 mM mercaptoethanol,
0.1 mM spermidine, and 0.1 mM EDTA for 1 hat 37°C.
The mixture was electrophoresed through 15% acryl-
amide-7 M urea gel, and the labeled probe was eluted
at 37°Cin 10 mM Tris pH 8.0, 1 mM EDTA for 16 h.

Preparation of Gels and Hybridization to
Labeled Oligonucleotides

DNA (10 pg) digested with the appropriate restric-
tion enzyme was electrophoresed through a 0.7%
agarose gel for 16 h in a Tris/borate electrophoresis
buffer. The DNA was denatured in situ by being treated
with 0.5 M NaOH, 0.15 M NaCl at 4°C for 30 min
while being gently shaken, and was then neutralized
with 0.5 M Tris pH 8.0, 0.15 M NaCl at 4°C for 30
min while being shaken gently. The gel was dried un-
der vacuum for 1 h at room temperature and for an
additional 2 hour at 60°C with a Hoefer gel dryer. The
gel was then hybridized with the appropriate labeled
oligonucleotide (10° cpm/pg) for 2 h at 57°Cin 6 x
SSC, 10 x Denhardt’s solution, and 0.05% sodium
pyrophosphate. After hybridization the gels were washed
in 6 x SSC, 0.05% sodium pyrophosphate as follows:
4 x 30 min at room temperature, then 5 min at 57°C
for the mutant probe and 10 min at 57°C for the nor-
mal probe. The gel was exposed to an X-ray film XAR-
5; Kodak) for 4 d with an intensifying screen.

Transfection

Transfection of COS-Mé6 cells (Gluzman 1981;
Horowitz et al. 1983) was carried out as described else-
where (Sompayrac and Danna 1981). In essence, 10 pg
of DNA in DMEM containing 0.05 M Tris pH 7.3 and
200 pg DEAE-dextran/ml (mol wt > 1 x 106; Phar-
macia) was applied to 1-2 x 10 cells for 8 h at 37°C.
The medium was aspirated, and, following several
washes with DMEM, fresh medium containing 10%
FCS was added to the cells.
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Enzymatic Activity

Seventy-two hours after transfection, cells were
washed twice with PBS and collected with a rubber
policeman in 1 ml of PBS. The cells were precipitated,
resuspended in 1 ml of sterile water, and frozen im-
mediately at —70°C. Samples containing a known
amount of protein, as determined by the Bradford tech-
nique (Bradford 1976), were tested for enzymatic ac-
tivity with 4-methylumbelliferyl glucopyranoside as a
substrate, as described elsewhere (Reiner et al. 1987).

Results

Characterization of a Mutated Allele from a Type Il
Gaucher Patient

A cDNA library in Agt10 was constructed from RNA
originating from a patient with type II Gaucher disease
(designated 1260). A total of 8 x 10° plaques from
the original nonamplified library were screened using
the cDNA clones previously prepared by us (Reiner et
al. 1987) as probes. Five positive clones were obtained,
of which two contained the entire glucocerebrosidase
coding region. Their inserts were subcloned in pUC13,
and the plasmids were designated p12-1-§ and p10-2-5.
pl2-1-5 was sequenced using the Maxam and Gilbert
sequencing technique and the chain termination tech-
nique (Maxam and Gilbert 1980; Sanger 1981), as
shown in figure 1A. A single base substitution was re-
vealed at amino acid 415 (amino acid number 1 is the
first amino acid of the mature protein, namely, alanine).
A C-to-G transversion substitutes the amino acid argi-
nine for proline (CCC to CGC, figs. 1B, 1C) and creates
a new Hhal site (GCGC). To ensure that the mutation
did not result from an error during cDNA synthesis
by reverse transcriptase, the second cDNA clone (p10-
2-5) was tested for the existence of the new Hhal site
as well. The two plasmids (p12-1-5 and pl0-2-5), as
well as a plasmid containing the normal cDNA (p7-
2-1), were digested with BamHI, and the fragments were
labeled at their 3’ ends with the Klenow enzyme in the
presence of 32P a-dGTP. A 1.6-kb BamHI fragment
was isolated (see map, fig. 1A), digested with the re-
striction enzyme Hhal, and electrophoresed through
a 5% polyacrylamide gel. Since the Hhal site is located
180 bp upstream from the distal BamHI site (see fig.
1) of the cDNA, the presence of the new Hhal site should
be evident by the appearance of an ~180-bp fragment
on the gel. The results (fig. 2) clearly demonstrate that
such a band is indeed present. Thus, both cDNAs con-
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Figure | A, Strategy of sequencing the mutated allele 12-1-5 and sequence around the mutation. The arrows indicate the sequenced

fragments. Hatched arrows = sequence done by the dideoxy chain termination method. Solid arrows = sequence done by the Maxam
and Gilbert technique. R = EcoRI; H = HindIll, B = BamHI; P = Pstl, N = Ncol; K = Kpnl; Hc = Hincll; Hh = Hbal; Sc = Sacl.
The positions of the glucocerebrosidase initiation and termination sites are marked by arrows. B, Sequence around the mutation. The stars
mark the borders of the catalytic site (17). The BamHI site in the sequence is the distal site of this enzyme shown on the map in panel
A. C, Sequence of the normal cDNA (7-2-1) and the mutated allele (12-1-5) showing the C-to-G transversion.

tain a new Hhal site that does not appear in the normal
cDNA, which suggests that the mutation found is
authentic and does not represent a cDNA cloning error.

To prove unequivocally that the mutation is indeed

present in the gene, allele-specific oligonucleotide hy-
bridization was performed. To that end, genomic DNA
was prepared from either normal embryonic tissue or
tissue from patient 1260, from which the mutated cDNA
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Figure 2  Digestion of the mutated cDNA clones with Hhal.
Two different mutated glucocerebrosidase cDNA inserts isolated from
anonamplified 1260 cDNA library as well as a normal glucocerebrosi-
dase cDNA clone were digested with the restriction enzyme BamHI
for 1 h at 37°C. One microliter of 3*P-a-dGTP was added with S
units of the E. coli DNA polymerase [ Klenow fragment for 1 h at
37°C. At the end of the incubation, the DNA was electrophoresed
through a 5% polyacrylamide gel, and a 1.6-kb fragment (see fig.
1 for map) was electroeluted and precipitated in ethanol. The frag-
ment was resuspended in 30 pl of 50 mM Tris pH 8.0, S mM MgCl,,
0.5 mM DTT and was digested with the restriction enzyme Hbal,
after which it was electrophoresed through a 5% polyacrylamide gel
and autoradiographed. N.D. = nondigested (12-1-5) DNA; A = 12-
1-5 DNA; B = 10-2-4 DNA; NORMAL = normal cDNA (7-2-1);
M = markers.

clones were derived. Ten micrograms of DNA were
digested with BamHI and electrophoresed through an
agarose gel. The gel was dried and hybridized to syn-
thetic oligonucleotides bearing either the normal or the
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mutated sequence. The results (fig. 3) demonstrate that
the “normal” oligonucleotide hybridized to two bands
representing the two genes. There are two human
glucocerebrosidase genes— one is an active gene desig-
nated 6-1 and the other, which is a pseudogene, has
been designated 10-2 (Reiner et al. 1988). Since they
differ in size, their cleavage with BamHI and hybridiza-
tion with the oligonucleotide yield different size frag-
ments. The “mutated” oligonucleotide hybridized only
to the mutated gene present in patient 1260 but not
in the normal embryonic DNA.

Isolation of a Mutated Allele from a Type |
Gaucher Patient

A cDNA library in Agtl0 originating from a type I
(GM4394) Gaucher patient was constructed and screened.
Several phages containing the entire glucocerebrosidase
coding sequence were obtained, and one designated
p8-1-1 was analyzed, its insert being sequenced by
means of the chain termination reaction (fig. 4A). As
shown in figure 4B, one base change was found at a
position corresponding to amino acid 444. This tran-
sition (T to C) causes substitution of leucine for pro-
line (CTG to CCG) and creates a new Ncil site. Two
silent changes were found as well: ATT to ATC at amino
acid 260 and GTG to GTC at residue 431.

Southern Blot Analysis of Mutated DNAs

Both mutations described above create new restric-
tion sites, for Hhal and Ncil, which should be very use-
ful for identifying these mutated alleles in different
Gaucher patients. However, the sequence GCGC, which
constitutes the Hhal recognition site, appears to be
highly methylated in genomic DNAs. Since Hhal does
not recognize methylated sequences, the mutation which
creates a new Hbal site at residue 415 cannot be diag-
nosed simply by following RFLP. On the other hand,
the transition from a T to a C at residue 444 creates
anew Ncil site, which can be digested. Several genomic
DNAs from Gaucher patients were digested for 48 h
with Ncil. The samples were electrophoresed through
a 0.7% agarose gel, blotted, and hybridized with an
appropriate probe (see fig. SA, 5B). As shown in fig.
4C, the normal active glucocerebrosidase gene (6-1)
should yield a 2.6-kb Ncil fragment when hybridized
to the probe. The other gene, (10-2), which is a pseu-
dogene (Horowitz et al., in press), should yield two frag-
ments of 1.4 and 1.0 kb, since it normally contains an
Ncil site at a position corresponding to residue 444 (M.
Horowitz, unpublished data). However, if the normal
gene (6-1) is mutated at residue 444 such that there is
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TAGAACATGCGCTGTTTGT
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B. NORMAL PROBE
TAGAACATGGGCTGTTTGT

N M

1260 C

<«— Gene 6-|
<«— Gene 10—-2

Hybridization of oligonucleotide probes to gels containing genomic DNA. Ten micrograms of human embryonic DNA or

DNA extracted from skin fibroblasts of patient 1260 was digested with BamHI for 16 h at 37°C and electrophoresed through a 0.7% agarose
gel for 16 h. EcoRI digests of 100 pg p7-2-1 (normal cDNA in pUC) and of p12-1-5 (the mutated cDNA in pUC) were also included in
this gel. The gel was processed and hybridized to the end-labeled oligonucleotides as described in Material and Methods. A, Hybridization
to the mutated probe. B, Hybridization to the normal probe. The arrows indicate the fragment deriving from the two human glucocerebrosi-
dase genes. C = control embryonic DNA; 1260 = DNA from patient 1260; M = p12-1-5; N = p7-2-1.

a new Ncil site, two fragments, one 1.6 kb and one
1.0 kb in size, are expected (fig. 5C). Therefore, the
appearance of a 1.6-kb fragment is diagnostic of the
existence of the “Ncil” mutation in the active gluco-
cerebrosidase gene. As shown in figure 5A, the 1.6-kb
fragment indeed appears in the patients designated
GM1260 and GM877 (type II), GM372 (type III),
GM1607 (type I, Jewish), and GM4394 and 162 (type
I, non-Jewish). As described above, GM1260 contains
also the other mutation (the “Hbal” mutation). Thus,
GM1260 is a compound heterozygote. Table 1 summa-
rizes the results concerning the existence of the Hhal
or the Ncil mutations in different patients.

Transient Expression of the Mutated cDNAs
in COS-M6 Cells

To prove that the amino acid substitutions described
above alter the enzymatic activity of the corresponding
proteins, the mutated cDNAs were coupled to the SV40
late promoter in an SV40 shuttle vector (pSVL; Phar-

macia). The vectors were used for transfection of COS-
M6 cells. Seventy-two hours after transfection, cell ly-
sates were prepared and glucocerebrosidase activity was
assayed with 4-methylumbelliferyl glucopyranoside as
a substrate. As shown in figure 6, in COS-M&6 cells trans-
fected with the normal cDNA, glucocerebrosidase ac-
tivity increased 180% compared with nontransfected
cells, while in cells transfected with the mutated cDNAs
the glucocerebrosidase activity was below that for the
nontransfected control cells.

In Vitro Transcription-Translation of the Mutated cDNAs

Recently, the catalytic site of the human glucocere-
brosidase has been mapped with the use of the inhibi-
tor conduritol B-epoxide, which is known to bind cova-
lently to acidic amino acids in the catalytic sites of
glucosidases (Dinur et al. 1986). The catalytic site spans
the region encompassed by amino acids 430 and 461.
Therefore, the mutation at position 415 (the “Hbal”
mutation) maps upstream from the catalytic site, though
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Figure 4

Strategy of sequencing the mutated allele designated 8-1-1. A, The arrows indicate the sequenced fragments. Sequencing was

performed by the dideoxy chain termination technique. R = EcoRI; H = Hindlll; B = BamHI; P = Pstl; N = Ncol; Nc = Ncil; K

= Kpnl; He

Hincll; Sc = Sacl. B, Sequence around the mutation in the allele 8-1-1. The stars mark the borders of the catalytic site

(A). The BamHI site in the sequence is the distal site of the enzyme shown in 4A. C, Sequence of the normal cDNA (7-2-1) and the mutated

allele (8-1-1) showing the T-to-C transition.

in its close vicinity, while the mutation at position 444
(the “Ncil” mutation) maps within the catalytic site.
These two mutations, which substitute arginine for pro-
line and proline for leucine, respectively, may change
the tertiary structure of the protein and therefore its
catalytic activity. Changes involving proline residues
have been shown to affect the mobility of the protein
on polyacrylamide-SDS gels (Harris et al. 1987; Mat-
lashewski et al. 1987). It was therefore interesting to
test whether the electrophoretic mobilities of the pri-
mary products of the mutated glucocerebrosidase al-
leles are also changed. To do so, the mutated cDNAs
(12-1-5 and 8-1-1), as well as the normal counterparts
(12-1-5/N and 7-2-1), were coupled to the SP6 poly-

merase promoter in the vector Gemini-2 (Promega;
USA) and RNA was transcribed from these plasmids.
The RNAs were translated in vitro in the reticulocyte
cell-free lysate system (Pelham and Jackson 1976), and
the products were electrophoresed through a 10%
polyacrylamide-SDS gel (Laemmli 1970). As shown in
fig. 7, the mobility of the nascent mutated polypep-
tides was indistinguishable from that of the normal
counterparts.

It is worth mentioning that the glucocerebrosidase
mRNA has two in-frame ATGs, which may be used in
vivo for translation initiation, although the first ATG
is not preceded by a typical (Kozak) consensus sequence
(Fig. 7B) (Sorge et al. 1985; Kozak 1986). The two
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Figure 5  Southern blot analysis of genomic DNAs. Ten micrograms of normal placental DNA or DNA extracted from an embryo
(EMB. DNA) or DNA extracted from different Gaucher cells was digested with the restriction enzyme Ncil for 48 h at 37°C. The digests
were electrophoresed through a 0.7% agarose gel for 20 h at 30 V. Following denaturation and neutralization the gel was blotted onto
nitrocellulose paper (Hybond C™; Amersham) for 18 h. The filter was baked for 2 h at 80°C, prehybridized for 2 h at 42°C in 50% formamide,
5 x SSC, 5 x Denhardt’s solution, 50 mM sodium phosphate pH 6.8, and 50 ug denatured salmon sperm DNA/ml, and hybridized for
48 h at 42°C with a 3?P-labeled probe prepared from an appropriate M13 clone (14). A, Hybridization with a 180-bp BamHI-Hbhal frag-
ment derived from the allele 12-1-5 (see fig. 1). N] = non-Jewish; ] = Jewish. B, Hybridization with a 450-bp BamHI-KpnI fragment derived
from the normal glucocerebrosidase cDNA. C, Map of the Ncil fragments expected from the two glucocerebrosidase genes (designated
6-1 and 10-2) and the mutated counterpart of the gene 6-1. The arrow denotes the 1.6-kb fragment, specifying the Ncil mutation.



Table |

Summary of Mutations Found in Different Patients

Type of

Patient - Disease Mutation(s) Source of Sample, Reference
GM1260 ...... II Ncil/Hhal Skin fibroblast, cell repository, New Jersey
GM4394 . ..... I(NJ) Neil Skin fibroblast, cell repository, New Jersey
GM372 ....... 11 Necil Skin fibroblast, cell repository, New Jersey
GM2627 ...... 1 e Skin fibroblast, cell repository, New Jersey
GM877 ....... I Necil/Ncil Skin fibroblast, cell repository, New Jersey
GM1607 ...... I(J) Ncil Skin fibroblast, cell repository, New Jersey
355 ..., I(J) . Blood, Tel-Hasomer, Israel
356 .......... 1(J) e Blood, Tel-Hasomer, Israel
162 .......... I(N]) Neil EBV-transformed B cells, G. Lenoir

NoTe.—N]J = non-Jewish; J = Jewish.

moles/mg/hr

pSVL 15-2 (wt) 4436
40} -
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H
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Figure 6  Expression of the mutated cDNAs in COS-M§6 cells. The mutated cDNAs (12-1-5 and 8-1-1) or the normal cDNA (15-2,
a cDNA recently cloned and sequenced by us) were coupled to the SV40 late promoter in the pSVL vector (Pharmacia) at the Smal site.
Ten micrograms of the different pSVL-derived vectors was used to transfect COS-M6 cells by the DEAE-dextran method as described in
Material and Methods. Seventy-two hours later, cell lysates were prepared and glucocerebrosidase activity was assayed as described in Material
and Methods.
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Figure 7  SDS-PAGE of in vitro translated proteins. A, Five micrograms of Gemini-2 derived plasmids containing normal or mutated
glucocerebrosidase cDNAs were linearized with the restriction enzyme Smal, extracted with phenol-chloroform, and ethanol precipitated.
The DNAs were resuspended in 5 pl water and transcribed in vitro according to the Amersham protocol for 1 h at 37°C. After precipitation
in ethanol the RNA was resuspended in 10 pl of water, and 5 ul was added to an in vitro translation mix, as explained in Material and
Methods. After an incubation of 1 h at 37°C, 10 ul of dye was added. The mixture was boiled for 3 min and electrophoresed through
a 10% polyacrylamide-SDS gel for 3 h at 120 V. The gel was stained, destained, dried, and exposed to an X-ray film (Curix, Agfa) for
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cDNAs mentioned above (12-1-5 and 12-1-5/N) have
only the second ATG, which was used efficiently, as can
be anticipated from figure 7. However, when longer
cDNA clones (7-2-1 and 8-1-1) containing both ATGs
were used for the in vitro transcription-translation reac-
tions, both initiation codons were efficiently utilized
by the translation machinery.

Discussion

We report here the finding of two mutated cDNAs
derived from Gaucher patients. One allele isolated from
a type II Gaucher patient (designated 1260) contains
a C-to-G transversion at codon 415, which causes sub-
stitution of arginine for proline and creates a new Hhal
restriction site. The other mutation is a T-to-C transi-
tion at codon 444, a transition that causes a substitu-
tion of proline for leucine and creates a new Ncil re-
striction site. This mutated allele was isolated from a
type I non-Jewish patient (GM4394). The Ncil muta-
tion has been reported recently by Tsuji et al. (1987),
who cloned a mutated gene from a patient. They found
the “Ncil” mutation in either a homozygous or a het-
erozygous state in type II and type III patients and in
a heterozygous state in type [ patients, and suggested
that it may serve as a marker for patients suffering from
the neurological disease.

The creation, by mutations, of new restriction sites—
and, therefore of new restriction fragments—enables
easy diagnosis of such mutations in genomic DNA sam-
ples. It turns out that total human DNAs are digested
fairly well with Ncil, but it is practically impossible
to digest them satisfactorily with Hhal. The latter
difficulty probably reflects the fact that the sequence
GCGC, which is the recognition signal for Hhal, is
highly methylated in genomic DNA and therefore can-
not be cleaved by this methylation-sensitive enzyme.
Therefore, the new restriction site for Hbal cannot be
easily used for diagnostic purposes. However this mu-
tation can be diagnosed easily in genomic DNA by a
combination of the allele-specific oligonucleotide hy-
bridization and in vitro amplification of genomic se-
quences by using the polymerase chain reaction (Saiki
et al. 1985; Mullis and Faloona 1987). Using the Ncil
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site as a diagnostic marker, we discovered several
Gaucher patients that have this mutation, and they in-
clude type I non-Jewish (162 and GM4394), type I Jew-
ish (GM1607), type II (GM1260 and GM877), and Type
III (GM372) patients. Moreover, with a combination
of the polymerase chain reaction DNA amplification
technique and the allele-specific oligonucleotide hybrid-
ization we are able to discriminate between homozy-
gosity and heterozygosity for the Ncil mutation (data
not shown). We found that the patients designated 1607,
1260, 372, and 4394 are heterozygotes, while patient
877 is homozygous for the Ncil mutation. The muta-
tions described above map within the active site (the
Ncil mutation) or close to it (the Hhal mutation). Since
the substitutions exchange proline for leucine and ar-
ginine for proline, they may change the tertiary struc-
ture of the polypeptide and therefore its catalytic activity.

The amino acid substitutions resulted in proteins with
nondetectable enzymatic activity. The human gluco-
cerebrosidase synthesized in COS-M6 cells transfected
with the mutated cDNAs coupled to the SV40 late pro-
moter was inactive compared with the enzyme directed
by the normal cDNA coupled to the SV40 late pro-
moter in the same shuttle vector. Tsuji et al. (1988)
showed that, in COS cells transfected with another hu-
man mutant glucocerebrosidase cDNA coupled to the
SV40 early promoter, there was no significant increase
in glucocerebrosidase activity, while, in cells transfected
with the normal cDNA clone, there was a 155% in-
crease in the glucocerebrosidase activity. The elec-
trophoretic mobilities of the mutated nascent polypep-
tides were not changed in comparison with those of
their normal counterpart. In the human p53 proteins
which are encoded by the same gene (Harris et al. 1987;
Matlashewski et al. 1987) a similar base change from
G to C substitutes arginine for proline. However, in this
case the two proteins have different mobilities on a
polyacrylamide-SDS gel.

The glucocerebrosidase mRNA contains two ATGs
in frame which are 19 amino acids apart (Sorge et al.
1985). It is interesting to note that both of them are
efficiently translated in vitro (see fig. 7 and Sorge et al.
1987), although the first one is not preceded by a typi-
cal consensus sequence (Kozak 1986). The same ob-

24 h. 8-1-1 = The mutated cDNA containing the “NciI” mutation; 12-1-5 = the mutated cDNA containing the “Hbal” mutation; 7-2-1
= the normal cDNA that contains two ATGs in frame (14, 19); 12-1-5/N = the normal cDNA that contains exactly the same 5’ end as
12-1-S. B, Nllustration of the sequence of the different SP6-derived vectors, depicting the SP6 transcription start, the 5’ ends of the different
cDNA clones (7-2-1, 8-1-1, 12-1-5, 12-1-5/N), the two ATGs (the ATG at position —38 is the first one in frame, the second one is at position
-19), and the termination codon TGA. The arrow denotes the cleavage site of the leader. The first amino acid downstream from this cleavage

site is residue 1.
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servation has been made for the human chronic granu-
lomatous disease (CGD) gene (Dinauer et al. 1987).
The CGD cDNA isolated contains two potential initi-
ator codons. On the basis of consensus rules for selec-
tion of functional ATGs (Kozak 1986), only the second
ATG is compatible. However, both ATGs were used in
in vitro translation systems.

In addition to the mutations described in the present
work, several other single-base differences have been
found between independent isolates of glucocerebrosi-
dase cDNAs (Sorge et al. 1985; Tsuji et al. 1986). These
differences include: GGA instead of GGT at residue 13
(no amino acid change), GCC instead of GCA at resi-
due 164 (no amino acid change), CCT to CTT at resi-
due 470 (changing proline to leucine), and CAT to CGT
at residue 495 (changing histidine to arginine). These
changes are most probably due to polymorphism in the
normal human glucocerebrosidase gene, since both
clones were derived from non-Gaucher cells. In addi-
tion, both published cDNAs were biologically active
on transfection of different cells with expression vec-
tors harboring them (Choudary et al. 1986; Sorge et
al. 1986).

The finding of several mutations in Gaucher patients
located in different domains of the enzyme may enable
us to explain the phenotypic heterogeneity found in this
disease. Moreover, it may serve as a useful tool for di-
agnosis and accurate typing of the disease.

Acknowledgments

We thank Dr. M. Oren for a critical reading of the manu-
script. This research was supported by the Fund for Basic
Research administered by the Israeli Academy of Sciences and
Humanities, the National Gaucher Foundation, and the Leo
and Julia Forchheimer Center for Molecular Genetics at the
Weizmann Institute of Science. M. H. is an incumbent of the
Charles H. Revson Foundation Career Development Chair.
N. E. is a recipient of the Sir Charles Clore postdoctoral fel-
lowship.

References

Aviv, H., and P. Leder. 1972. Purification of biologically ac-
tive globin messenger RNA by chromatography on oligo-
thymidylic acid-cellulose. Proc. Natl. Acad. Sci. USA 69:
1408-1412.

Benton, W., and R. Davis. 1977. Screening of A-gt recom-
binant clones by hybridization to single plaques in situ.
Science 196:180-182.

Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing

Wigderson et al.

the principle of protein-dye binding. Ann. Biochem. 72:
248-254.

Brady, R. O., and ]J. A. Barranger. 1983. Glucosy! ceramide
lipidosis: Gaucher’s disease. Pp. 842-856 in J. B. Stanbury,
J. B. Wyngaarden, D. S. Frederickson, M. S. Brown, and
J. L. Goldstein, eds. The metabolic basis of inherited dis-
ease. McGraw-Hill, New York.

Brady, R. O,, J. N. Kafner, and D. Shapiro. 1965. Metabo-
lism of glucocerebrosides. II. Evidence of an enzymatic
deficiency in Gaucher’s disease. Biochem. Biophys. Res.
Commun. 18:221-225.

Choudary, P. V., J. A. Barranger, S. Tsuji, J. Mayer, M. E.
Lamarca, C. L. Cepko, R. C. Mulligan, and E. L. Ginns.
1986. Retrovirus-mediated transfer of the human gluco-
cerebrosidase gene to Gaucher fibroblasts. Mol. Biol. Med.
3:293-299.

Davis, R. W., D. Botstein, and J. R. Roth. 1980. A manual
for genetic engineering. Pp. 106-107 in Advanced bacterial
genetics. Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY.

Dinauer, M. C., S. H. Orkin, R. Brown, A. J. Jesaitis, and
C. A. Parkos. 1987. The glycoprotein encoded by the
X-linked chronic granulomatous disease locus is a compo-
nent of the neutrophil cystochrome b complex. Nature
327:717-720.

Dinur, T., K. M. Osiecki, G. Legler, S. Gatt, R. J. Desnick,
and G. A. Grabowski. 1986. Human acid B-glucosidase:
isolation and amino acid sequence of a peptide containing
the catalytic site. Proc. Natl. Acad. Sci. USA 83:1660-1664.

Frederickson, D. S., and H. R. Sloan. 1972. Glucosyl-ceramide
lipidosis: Gaucher’s disease. Pp. 730-759 in J. B. Stanbury,
J. B. Wyngaarden, and D. S. Frederickson, eds. The meta-
bolic basis of inherited disease. McGraw-Hill, New York.

Gluzman, Y. 1981. SV40-transformed simian virus cells sup-
port the replication of early SV40 mutants. Cell 23:175-182.

Harris, N., E. Brill, O. Shohat, M. Prokocimer, D. Wolf, N.
Arai, and V. Rotter. 1987. The molecular basis for hetero-
geneity of the human p53. Mol. Cell. Biol. 6:4650-4656.

Hirschhorn, R., and G. Weissmann. 1976. Genetic disorders
of lysozomes. Pp. 49-101 in A. G. Steinberg, A. G. Bearn,
A. G. Motulsky, and B. Childs, eds. Progress in medical
genetics. W. B. Saunders, Philadelphia, London, and To-
ronto.

Horowitz, M., C. L. Cepko, and P. A. Sharp. 1983. Expres-
sion of chimeric genes in the early region of SV40. J. Mol.
Appl. Genet. 2:147-159.

Horowitz, M., S. Wilder, Z. Horowitz, O. Reiner, T. Gel-
bart, and E. Beutler. The human glucocerebrosidase gene
and pseudogene: structure and evolution. Genomics (in
press).

Huynh, T. V., R. A. Young, and R. W. Davis. 1984. Con-
struction and screening cDNA libraries in gt10 and gtll.
Pp. 49-78 in D. Glover, ed. DNA cloning techniques: a
practical approach. vol. 1. IRL, Oxford.

Kozak, M. 1986. Bifunctional messenger RNAs in eukary-
otes. Cell 47:481-483.



Gaucher Disease Mutations

Laemmli, U. K. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680-68S5.

Matlashewski, G. ]J., S. Tuck, D. Pim, P. Lamb, ]J. Schneider,
and L. V. Crawford. 1987. Primary structure polymorphism
at amino acid residue 72 of human p53. Mol. Cell. Biol.
7:961-963.

Maxam, A. M., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavage. Methods En-
zymol. 65:499-560.

Melton, D. A., P. A. Krieg, M. R. Rebagliati, T. Maniatis,
K. Zinn, and M. R. Green. 1984. Efficient in vitro synthe-
sis of biologically active RNA and RNA hybridization
probes from plasmids containing a bacteriophage SP6 pro-
moter. Nucleic Acids Res. 12:7053-7056.

Mullis, K. B., and E. A. Faloona. 1987. Specific synthesis of
DNA in vitro via a polymerase-catalyzed chain reaction.
Methods Enzymol. 155:335-350.

Pelham, H. R. B., and R. J. Jackson. 1976. An efficient mRNA-
dependent translation for reticulocyte lysate. Eur. J. Bio-
chem. 64:247-256. '

Reiner, O., M. Wigderson, and M. Horowitz. 1988. Struc-
tural analysis of the human glucocerebrosidase genes. DNA
7:107-116.

Reiner, O., S. Wilder, D. Givol, and M. Horowitz. 1987.
Efficient in vitro and in vivo expression of human glu-
cocerebrosidase cDNA. DNA 6:101-108.

Saiki, R., S. Scharf, F. Faloona, K. Mullis, G. Horn, H. Er-
lich, and N. Arnheim. 1985. Enzymatic amplification of
B-globin genomic sequences and restriction site analysis
for diagnosis of sickle cell anemia. Science 230:1350-1354.

Sanger, F. 1981. Determination of nucleotide sequences in
DNA. Science 214:1205-1210.

Sompayrac, L. M., and K. J. Danna. 1981. Efficient infection

377

of monkey cells with DNA of simian virus 40. Proc. Natl.
Acad. Sci. USA 78:7575-7578.

Sorge, J., W. Kuhl, C. West, and E. Beutler. 1986. Gaucher’s
disease: retrovirus-mediated correction of the enzymatic
defect in cultured cells. Cold Spring Harbor Symp. Quant.
Biol. 51:1041-1046.

Sorge, J. A., C. West, W. Kuhl, L. Treger, and E. Beutler. 1987.
The human glucocerebrosidase gene has two functional
ATG initiator codons. Am. J. Hum. Genet. 41:1016-1024.

Sorge, J., C. West, B. Westwood, and E. Beutler. 1985. Mo-
lecular cloning and nucleotide sequence of human glu-
cocerebrosidase cDNA. Proc. Natl. Acad. Sci. USA 82:
7289-7293.

Southern, E. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol.
Biol. 98:503-517.

Tsuji, S., B. M. Martin, J. A. Barranger, B. K. Stubblefield,
M. E. LaMarca, and E. 1. Ginns. 1988. Genetic heteroge-
neity in type [ Gaucher’s disease: multiple genotypes in Ash-
kenazi and non-Ashkenazi individuals. Proc. Natl. Acad.
Sci. USA 85:2349-2352.

Tsuji, S., P. V. Choudary, B. Martin, B. K. Stubblefield, J. A.
Mayer, J. A. Barranger, and E. I. Ginns. 1987. A mutation
in the human glucocerebrosidase gene in neuronopathic
Gaucher’s disease. N. Engl. J. Med. 316:570-575.

Tsuji, S., P. V. Choudary, B. M. Martin, S. Winfield, J. A.
Barranger, and E. I. Ginns. 1986. Nucleotide sequence of
cDNA containing the complete coding sequence for hu-
man lysosomal glucocerebrosidase. J. Biol. Chem. 261:
50-53.

Watson, C. ]., and J. F. Jackson. 1985. An alternative proce-
dure for the synthesis of double-stranded cDNA for clon-
ing in phage and plasmid vectors. Pp. 79-88 in D. M. Glover,
ed. DNA cloning: a practical approach. IRL, Oxford.



