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In a recent paper, a mutation of the lysosomal B-galacto-
sidase gene, 2 Arg - His (CGT—CAT; R482H), was re-
ported in ltalian patients with infantile Gyy,-gangliosidosis
(Mosma et al. 1992). It was concluded that this mutation,
the first to be reported in Caucasians, was likely to be the
cause of the severe B-galactosidase deficiency. The au-
thors did not express this mutant gene to evaluate the mu-
tant enzyme protein

They may have overlooked our previous paper on
Morquio B disease mutations, inc luding the R482H muta-
tion in Caucasians, confirming defective catalytic activity
in the expressed mutant enzyme (Oshima et al. 1991; mu-
tation G or R482H). R482H is not a neutral polymor-
phism, as suggested by Mosna et al. (1992). An interest-
g point is that, in our study, this mutation was found in
two siblings with Morquio B disease. We anticipated that
this mutation causes a severe functional defect of the en-
zyme and that a second mutation in another allele is re-
sponsible for the pathogenesis of the Morquio phenotype

These two reports indicate that the R482H mutation
causes a dramatic change in enzyme protein expression,
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resulting clinically in a phenotype depending on the
ond mutant allele in patients with B |
ciency. It may also occur in patients with clinically

galactos;
fined diseases, such as juvenile or chronic Gyy,-gangliosi
dosis, or neurological diseases with a more protracted
clinical course, when the second allele has a mutation giv
ing a mutant enzyme with high residual catalytic activity
as in one of the mutations reported by Yoshida et

(1991). Fusther cell biological analysis of the
uct is necessary to solve the questions raised by these
observations. It now seems meaningless to argue for or
against the diagnosis of conventionally detined Gy,
gangliosidosis or Morquio B disease, simply on the basis
of clinical manifestations. Indeed, case are known with in
termediate phenotypic expressions. We therefore propose
a more comprehensive term “B-galactosidosis™ for the
zroup of diseases with mutations of the B-galactosiduse

ene prod

gene
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Summary: We cloned and sequenced the full-length ¢cDNA for human placental 8-
galactosidase. The 2379-nucleotide sequence contains 2031 nucleotides which en-
code a protein of 677 amino acids. The amino acid sequence includes a putative
signal sequence of 23 amino acids and 7 potential asparagine-linked glycosylation
sites. The cDNA in the expression vector pSVL was used to transfect COS
cells. Expression of the cDNA in transfected COS cells produced immuno-
precipitable proteins and led to an increase in B-galactosidase activity. o 1988 academic

Press, Inc.

B-Galactosidase (EC 3.2.1.23) catalyzes the hydrolysis of terminal B-galacto-
side linkage in ganglioside GMI and other carbohydrate-containing compounds. In
human fibroblasts, an 84 kDa precursor is processed to an 88 kDa intermediate
form, and then to a 64 kDa mature enzyme (1-3). This enzyme protein aggre-
gates with a 32 kDa "protective protein" to form a high molecular weight com-
plex in lysosomes, also involving lysosomal sialidase (4,5). A complete or partial

deficiency of B-galactosidase has been observed in diseases of various molecular

pathology; GMl—gzmgliosmosls and Morquio B disease caused by gene defects for

the enzyme (6-8), mucolipidosis 1l and IIl caused by defect in transport of the
precursor enzyme (9,10), and galactosialidosis caused by abnormal degradation of
the enzyme molecule due to a defect of the protective protein (11,12). In this
communication, we report the nucleotide sequence of a full-length cDNA clone

for human placental 8-galactosidase and its expression in transfected COS cells.

Materials and Methods

galactosidase was highly purified from human placenta, and two types of
specific antisera were raised as described previously (13). Restriction enzymes,
T4 DNA ligase, exonuclease Ill, and mung bean nuclease were purchased from

0006-291X/88  $1.50
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Nippon Gene (Toyama, Japan), DNA polymerase | (Klenow fragment) from Boeh
ringer Mannheim Biochemicals (Mannheim, West Germany), the eukaryotic expres
sion vector pSVL, MI13 universal primer (17-mer), dextran sulfate, deoxy- and di-
deoxy-nucleotide triphosphates, and DEAE-dextran from Pharms (Uppsala, Swe-
den), horseradish pnmxidus(‘rﬁnuugem-d second antibody from Bio-Rad Laboratories
(Richmond, U.S.A.) and [a-"“P]-dATP from Amersham (Buckinghamshire, England).
All other reagents used in this study were purchased from Wako Pure Chemicals
(Osaka, Japan), unless indicated otherwise.
¢DNA _library screening

A X-gtll cDNA library prepared from human placenta (14) was generously
provided by Dr. J. Evan Saddler (Howard Hughes Medical Institute, Washington
University School of Medicine, St. Louis, U.S.A.). The cDNA library was
screened, using two different rabbit antisera (13); one preparation against the B-
galactosidase/protective protein complex, and the other against the g-galactosidase
monomer. A positive clone GP8 recognized by both antisera was subcloned into
pGEM2 (Promega Biotec; Madison, U.S.A.).
cDNA sequencing

cDNA was subcloned into Sall site of the bacteriophage M13mpl9 (15) in
both directions, and deletions were generated. Each clone was digested first
with Sacl and Xbal, and then with exonuclease Il (16). Aliquots were taken
every 30 second and treated with mung bean nuclease. Subsequently, each
DNA sample was treated with T4 DNA ligase, and used to transform JMI103 to
generate a library of human B-galactosidase cDNA deletions. These deletion
clones were sequenced by the dideoxynucleotide chain termination method (17).
When necessary, 7-deazo-dGTP was used for sequencing through GC-rich regions
(18). The entire sequence was determined from the overlapping clones on both
strands.
Culture and transfection of COS cells

COS-1 cells (kindly supplied by Dr. Y. Nabeshima, National Institute of Neu-
roscience, N.C.N.P., Tokyo, Japan) were cultured in Ham's F-10 medium (F-10)
supplemented with 10% fetal calf serum (FCS) and antibiotics, and trypsinized
frequently. The cDNA was isolated after Sall digestion, and was ligated into the
Sall-compatible Xhol site of pSVL. The DEAE-dextran procedure followed by
treatment of cells with chloroquine (19) was used to transfect COS cells (20).
Subconfluent COS cells, which had been plated 12 h prior to transfection, were
washed twice with F-10, and then incubated with transfection buffer (200 ug/mli
DEAE-dextran, and 50 mM Tris, pH 7.4, in F-10) containing the plasmid at the
concentration of 10 ug/ml for 8 h. At the end of transfection, the cells were
washed with F-10 containing 10% FCS, incubated for 2 h with 100 UM chloro-
quine in this medium, and then incubated in the medium without chloroquine
which had been heated at 65°C for 2 h to inactivate serum B-galactosidase. 8-
Galactosidase activity was assayed with a fluorogenic substrate (4-methylumbelli-
feryl B-galactoside; Nakarai Chemicals, Kyoto, Japan) as described previously (21)
60 and 80 h after transfection. Protein concentration was determined by the
method of Lowry et al (22).
Labeling and immunoprecipitation of human B-galactosidase from transfected COS
cells

COS cells were washed 48 h after transfection, incubated for 1 h in leu-
cine-free Eagle's Minimum Essential Medium (MEM), and labeled for 20 h with L-
[4,5-’H]-leucine (0.1 mCi per dish, 70 Ci/mmol; Amersham) in leucine-free MEM
containing 5% dialyzed FCS (23,24). The cells were harvested, pelleted, and
solubilized in 0.4 ml of detergent solution (0.1 M Tris-HCI, pH 7.5, 1% Triton
X-100, 0.4 M KCl, 0.6 mM EDTA, and 0.025 mg/ml leupeptin). The samples
were precleared by addition of anti-human fibronectin ,goat serum (5 ul; Cooper,
Malvern, U.S.A.), and protein A crude cell suspension (50 ul; Sigma Chemical Co,
St. Louis, U.S.A.) was added. The mixture was then incubated at 4°C for 1 h,
and centrifugated. Rabbit anti-human g-galactosidase antiserum (5 ul) (13) was
added to each supernatant, and the samples were incubated overnight at 4°C.
The immunoprecipitates were collected after addition of 50 ul of the crude pro-
tein A suspension. The pellets were washed three times with 0.1 M Tris-HCI,
pH 7.5, containing 0.15 M NaCl, 0.5% Triton X-100, 0.1% sodium dodecyl sulfate
(SDS) and 1 mM EDTA, and then washed once with 10 mM Tris-HCI, pH 7.5.
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Finally, the proteins were separated by SDS-polyacrylamide gel electrophoresis Table 1 Expression of human 8-galactosidase in transfected COS cells

(25), and visualized by fluorography.

Cell extract Medium

Results Plasmid
3 P 60 h 80 h 60 h 80 h
Isolation of cDNA encoding human B-galactosidase

5 . ; unit/mg protein total unit/dish
The anti-human B-galactosidase/protective protein complex antiserum was used = =

to screen a Agtll library prepared from human placental mRNA (14). Several pSVL 92 100 0.5 0.7
positive clones were found. One of them, the clone GP8, expressed a fusion pSVL(GP8) 234 298 1% 4.9

protein in Escherichia coli which cross-reacted with the anti-human B-galactosidase

sanhoneiVEnSa N COS cells were transfected with pSVL or pSVL(GP8) as described in the text.
Galactosidase activity in the cells and the culture medium was assayed 60 h and
Characterization of cDNA 80 h after transfection. One unit of the enzyme activity was defined as the
The clone GP8 consisted of a 2379 nucleotide sequence, including a 34- ectivity relcasing 0fnmol Lol &methylumbelllterone s per th:
nucleotide 5'-untranslated region, a 2031-nucleotide coding region, and a 314
nucleotide 3'-untranslated region (Fig. 1). The first ATG begins at nucleotide 35. | The amino acid sequence contains a 23-amino acid putative signal sequence
The 3'-untranslated region contains a 3'-cleavage signal, AATAAA, which is fol- the NHy terminus. This signal sequence includes a long hydrophobic stretch
lowed 16 nucleotide later by a 2l-nucleotide stretch of poly(A) sequence. The J amino acids, helix-breaking residues (glycine and proline) at positions -5 and -4
predicted molecular weight of a protein of 677-amino acid residues is 75 kDa. from a probable cleavage site marked by an arrow in Fig. 1, a small neutral re-

sidue (threonine) at position -3, a large polar residue (arginine) at position -2,
6 GGC GCC GAC T6C AGA GCC 666 AGG orC AT ce CGC ATE CTC CCT CT6 116 CT6 671

and glycine at position 3 This sequence agrees with the consensus sequence
for a signal sequence cleavage site (26,27). Seven potential N-linked glycosyla-
e . 1 - : Glu Prs Trp Peo Gly G n Pre Se 5 Vol Gl Tor Pre Leu 108 | tion sites are located at positions 26, 247, 464, 498, 542, 545, and 555. The

GG CIG GG €16 CT6 GT “ ‘~ . .
Leu Gly Leu le Leu Arg Pro G v s Ala Glu « Ser Le L 3 sequence of this protein was compared with the sequences in the protein data-

T GIG GAC T b 1 66 T AT : 2 : ~
e Val Asp ¢ Lew Uys Met Lys @ [ 1 n base of the National Biochemical Research Foundation (release 15, 1988). No

significant protein homology was detected.

4 GCC CTG CAG GGC CIC TA 616 oA A G5 A T 6T TIC CTA AGC 161 c 1 o
1y Ala Leu Gln Gly Lea Tyr Thr Gly S . er GIn Arg G . 2 Expression and immunoprecipitation

ACT G 166 € c G 616 Gt T 1 o6 T : . -
B T e et Al AT8 VoY AT ohar S s T Chu o The insert of GP8 was subcloned into the SV40 expression vector pSVL and

- £z 94 N3 c G 1ar o 8 "

Tia Gy Gas The Aon Pha ATc Tor Too Aun <l B e Tor Aap Als bro 5 i Lysitye designated pSVL(GPS8). The results of experiments after transfection of COS
et e v . c G ACA TG GGA GO ‘ 3 4 d 4 " % .
1 016 cot i A ATC Gl A:L s ] R e Ty e S e cells with PSVL(GP8) or pSVL are summarized in Table il Transfection with

6 TET GGG CCC ATC 1 IAT CCC TV MK TETCATC D48 G16 M. CAS CAT TAT 666 111,610, il GRS ol b bl PSVL(GP8) led to a 3-fold increase in B-galactosidase activity in the cells and

Lew Cys Ser Pro e Tyr Pro Leu Gln Vel Lys

CIC TCT TCA CCC CTC AAT GGA GTC CAC 6A GCA TAT GIT GCT GTG GAT GGG ATC G GGA GTC CTT GAG o 1 T A e the medium 60 h after transfection as compared with the enzyme activity in the

o Ser - Gly Arg Als Tyr Asp Gly 1€

2 TAT 6T G T ATC 0 T AAG GGT 176 6 1 TCC A e dou g 13k cells transfected with the vector alone. B-Galactosidase activity was increased 7-

§ Atk Tyr 1
10 gax cc cr o . e fold in the medium after 80 h. Also a large increase of the immunoprecipi-
iy 1 b k1 ot Gt 1 ek 1 1 A1t 1 table protein was found in the cells transfected with pSVL(GP8) (Fig 2). Protein

e 2 :J ” “ “;“ B e cc s i . e 1o g 131 bands of 88, 84 and 60 kDa were detected by immunoprecipitation from the ex-
m,;( «n;n o ::::‘: i el ;,u :( ,; :,, o ((: “wu: AR AAA AGA ccc (z“.. 2 tract of the cells transfected with pSVL(GPS8).
Va The phe

g
Ass A al Asp Arg Pro Val Hle Gly Ser Ser Val Thr Tyr Asp His Pro Ser Lys Pro . e ro Pra Pro Gin

AAC AAA GAT TCA TGG CTG GAC CAT GTA TGA TGATGAAAGCETGTGTCTTTGAGGGATICTACCCTGAACA TACCTCACAGATCCTCCCTTCATGECACATTICAC TTAGGATGTGCATT
Asn Lys Asp Ser Trp Leu Asp His Val &

Discussion v

TICACCTOAGGT T6CAGES TITATITTGGANGAATC
AR TR OIS We reported here the results of isolation and sequencing of the full-length
¢DNA for human placental g-galactosidase. This cDNA was expressed in CO!
Fig. 1 Nucleotide and deduced amino acid sequences of human B-galactosi- : ‘

dase. The methionine encoded by the first ATG is designated amino acid I. cells with an increase of the enzyme activity and synthesis of immunoprecipi-
The putative signal sequence cleavage site is indicated by an arrow. The poten-
tial asparagine-linked glycosylation sites are boxed. The amino acid sequence
that is homologous to monkey is B-galactosidase and the AATAAA sequence in features of a lysosomal enzyme, B-galactosidase. There are a signal sequences
the 3'-untranslated region are underlined.

table proteins. The deduced amino acid sequence revealed some characteristic
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A B

Fig. 2 Immunoprecipitation of human B-galactosidase from transfected COS
cells. COS cells were transfected with pSVL (lane A) or with pSVL(GP8) (lane
B), and metabolically labeled with L-[4,5-°H]-leucine as described in the text.
The proteins precipitated from the cell extracts with rabbit anti-galactosidase
antiserum were separated by SDS-polyacrylamide gel electrophoresis and visualized
by fluorography.

and seven potential N-linked glycosylation sites. The carbohydrate content of B-
galactosidase precursor was estimated at 21-28% on the basis of the molecular
mass of this molecule (28). This estimation agrees with the number of potential
N-linked glycosylation sites, and accounts for an apparent discrepancy between
the molecular weight of the immunoprecipitable protein (88 kDa) and that of the

protein calculated from the amino acid sequence after cleavage of the signal

sequence (73.5 kDa). The deduced amino acid sequence at positions 235-254 is

75% homologous with an amino acid sequence of monkey testis B-galactosidase
(Try-Glu-Pro-Arg-Gly-Pro-Leu-lle-Asn-Ser-Glu-Phe-Tyr-Tyr-Gly-Trp-Leu-Asp-Phe-Tyr)
determined by Edman degradation (29).

Expression of the cloned ¢cDNA for human B-galactosidase, GP8, led to bio-
synthesis of a large amount of 88 kDa and 84 kDa and a relatively small a-
mount of 60 kDa immunoprecipitable proteins. The former two were visualized
as sharp and narrow bands, but the latter always appeared as a broad band.
Mature human B-galactosidase may not have been processed properly, or may be
unstable and partially degraded in COS cells which are derived from monkey kid-
ney.

Studies on patients with a human inherited metabolic disease, galactosiali-
dosis, demonstrated the presence of a specific protein ("protective protein") for

stabilization of B-galactosidase (12,13). The expression product (newly synthesized

242
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B-galactosidase) may therefore have been degraded excessively in COS cells, due
to oversaturation of the stabilizing system involving the protective protein, as
the enzyme protein is expected to increase at least 100-fold in the transfected
cells according to the calculation based on the theoretical efficiency of transfec-
tion. Galactosialidosis is a disease with defect in protective protein resulting in
accelerated degradation of B-galactosidase molecule (30). Further experiments are

necessary to elucidate this problem, including those on expression of the cloned

cDNA in human cell lines. ¢

The full-length cDNA reported here will be useful for the study of trans-
port, processing, and stabilization of B-galactosidase, and will make it possible to

clarify the pathogenesis of the disorders with g-galactosidase deficiency.
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Summary. COS-1 cells were transfected by electropora-
tion with a cDNA for human acid p-galactosidase cloned
in our laboratory and stable transformants expressing
the enzyme activity were selected. The precursor form of
the enzyme was secreted in large quantities into the cul-
ture medium. The fibroblasts from patients with Gy-
gangliosidosis or Morquio B disease showed a remarka-
ble increase of enzyme activity. up to the normal level,
after culture in this medium for 2 days: the amount of
uptake was essentially the same as that for the precursor
form in human fibroblasts. After endocytosis, the pre-
cursor molecules were processed normally to the mature
form and remained as stable as those produced by human
fibroblasts. On the other hand. cells from galactosialidosis
patients did not show any increase of enzyme activity in
a similar experiment. It was concluded that the transfor-
mants are useful as the source of precursor proteins for
the study of intracellular turnover of enzyme molecules
in mutant cells.

Introduction

A complete or partial deficiency of B-galactosidase has
been observed in diseases of various molecular patholo-
vt Gyy-gangliosidosis and Morquio B disease caused by
gene \|L|u[\ for this enzyme (O'Brien 1989; Okada and
O'Brien 1968). mucolipidosis I1 and III caused by a de-
fect in transport of the precursor enzyme (Nolan and Sly
1989). and galactosialidosis caused by abnormal lILLm»
dation of the enzyme molecules due to a defect of a spe-
cific protein protecting the enzyme molecule against pro-
teolytic degradation (protective protein) (D'Azzo et al.
1982: Nanba et al. 1987). In normal fibroblasts. a 84 kDA
f-galactosidase precursor is processed to an 88kDa in-
termediate precursor form, and then to a 64 kDa mature
enzyme (Nanba et al. 1988a). Active B-galactosidase is
mainly present as a 64 kDa form aggregated with a 30 kDa
protective protein to form a high molelcular complex in

Offprint requests to: A. Oshima

dase-deficient human fibroblasts: uptake and processing

Itoh, Yoshiro Nagao, Hitoshi Sakuraba, and Yoshiyuki Suzuki

Science, 3-18-22 Honkomagome, Bunkyo-ku, Tokyo

lysosomes (Hoogeveen et al. 1983, 1984 1986; Nanba
al. 1988b).

We have reported the nucleotide sequence of a full-
length cDNA clone for human f-galactosidase and its
expression in transfected COS cells to study disorders in-
volving B-galactosidase deficiency (Oshima et al. 1988)
Morreau et al. (1989) also md(pundanll\ cloned the
human R-gnldumldnn and a [-galactosidase-related
protein cDNA. The transient expression of the p-galac-
tosidase cDNA isolated in both laboratories resulted in
the production mainly of an 88kD precursor. The pre-
cursor enzyme was found to be taken up by Gyy;-ganglio-
sidosis fibroblasts (Morreau et al. 1989). The nucleotide
sequence and expression of the human protective pro-
tein have also been described (Galjart et al. 1988). In
this communication, we report the endocytosis, proces-
sing, and stability of the exogenous 88kDa precursor in
fibroblasts from patients with hereditary B-galactosidase
deficiency. The precursor form enzyme was secreted
into the ‘culture medium in large quantities by stably
transformed COS cells.

Materials and methods

Materials

The human precursor and mature P-galactosidases were purified
from human fibroblast secretions and cell extracts (D' Azzo et al

n et al. 1981). Restriction enzymes and T4 DNA
ligase were purchased from Nippon Gene (Toyama, Japan). and
the dye reagent concentrate for protein assay from Bio-Rad
(Richmond, USA). All other reagents used in this study were
purchased from Wako Pure Chemicals (Osaka, Japan).
dicated otherwise

less in-

Cell culture

Skin fibroblast strains were obtained from patients with Gy
gangliosidosis and galactosialidosis. he diagnosis of these dis

ises was established by clincal manifestations and enzyme
(Motegi et al. 1987; Nanba et al. 1987, 1988b). Morquio B disease
fibroblasts (GM3251 and GM2455) were obtained from Human
Genetic Mutant Cell Repository (Camden, USA), COS-1 cells
were supplied by Dr.Y. Nabeshima (National Institute of Neuros-

ssays
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cience, N.C.N.P., Tokyo, Japan). The cells were cultured in
Ham’s F-10 medium supplemented with 10% fetal calf serum
(FSC) and antibiotics

Enzyme assay and protein determination

The B-galactosidase activity was assayed with a fluorogenic sub-
strate (4-methylumbelliferyl f-galactoside; Nakarai Chemicals
Kyoto, Japan) as described previously (Sakuraba et al. 1982). Pro-
tein concentration was determined by the method of Bradford
(1976).

Construction of expression vector

The Epstein-Barr virus-based mammalian cell expression vector
pKTHS39 was obtained from Dr. Anu Jalanko (Orion Genetic En-
gineering Laboratory. University of Helsinki. Helsinki, Finland)
(Jalanko et al. 1988). The cDNA for human acid P-galactosidase
(Oshima ct al, 1988) was subcloned into the Sall site of pKTHS39
and designated pKTHS539(GPS)

Transfection of COS cells

Centrifuser Model 1950-S (Waken-yaku Co., Kyoto, Japan) was
used for electroporation (Harlander 1981). Subconfluent COS-1
cells, which had been plated in 100-mm Petri dishes prior to trans-
fection, were harvested by trypsinization, washed once with phos-
phate-buffered saline (PBS), and suspended in 0.3ml of PBS con
taining 10 g of pKTHS39 or pKTHS39(GPS) in the electropora

tion chamber. The chamber was chilled on ice for Smin, centri-
fuged for 3 min at 3500 rpm, subjected to five 50-us pulses of 400V,
centrifuged again at 5000 rpm for 105, and allowed (o sit on ice
for Smin. The cells were plated in a 100-mm Petri dish. and cul

tured for 24h. The culture was then continued in a medium con

waining 100 yg/ml of hygromycin B (Bochringer Mannheim, Mann-
heim, FRG) for 21 days. Finally. hygromycin B-resistant colonies
were isolated, and analyzed for human B-galactosidase expres
sion

Labeling and immunoprecipitation of f-galactosidase

The stable transformant COS-1 cells were incubated for 1h in
leucine-free Eagle’s Minimum Essential Medium (MEM), and
labelled for 24 h with L-[4,5-'H]-leucine (0.2mCi per dish, 70 Ci/
mmol; Amersham, Buckinghamshire, UK, in leucine-free MEM
containing 5% dialyzed FCS (Hasilik and Neufeld 1980; Proia et
al. 1984). The medium was concentrated by ammonium sulfate
precipitation at 60% saturation, and dialyzed against 20mM sodium
phosphate. pH 6.0. Human fibroblasts were incubated for 2 days
in a culture medium containing the labelled enzyme. The immuno
precipitation was performed as described previously (Oshima et al
1988)

Enzyme uptake and processing in human cells

The COS-1 cells stably transformed by pKTHS39(GPS) (vector +
B-galactosidase cDNA) or pKTHS39 (vector alone) were cultured
for 2 days in F-10 with 10% FCS. which had been heated at 65°C
for 2h to inactivate serum f-galactosidase. Fibroblasts from pa
tients with B-galactosidase deficiency were incubated for 2 days in
this medium, and p-galactosidase activity was assayed in the cells
as described above
In a subsequent experiment, fibroblasts from a patient with
Guy-gangliosidosis was cultured for 3 days in regular F-10, and the
¢ medium was replaced with the medium in which the
pKTHS39 transformant had been cultured for 2 days. Ten units of
human B-galactosidase (one unit: nmol of substrate cleaved/h) ob-
tained from one of the following sources were added to the culture
medium; (1) the precursor secreted from the pKTH339(GPS)
transformant, (2) the p-galactosidase precursor purified from
human fibroblasts, or (3) the mature enzyme purified from human

fibroblasts. After 24 h incubation in the presence of the exogenous
enzyme, the cells were cultured in regular F-10 for 2 days prior to
analysis (D'Azzo et al. 1982). Mannose 6-phosphate was added ut
a final concentration of SmM in some experiments,

Results

Expression of B-galactosidase in transfected COS-1 cells

f-Galactosidase activity was assayed in individual hyg-
romycin B-resistant cell lines after the initial transfection
with pKTH339(GP8). Three cell lines with high -galac-
tosidase activity secreted an immunoprecipitable $88kDa
protein (Fig. 1, lanes B-D). In contrast, no or very little
immunoprecipitable protein was detected in the cells \LI—
bly transformed by the vector p!\llhﬂl alone (Fig. 1
lane A). The cell lines presented in Fig. I, lanes C and
A, were designated COS-1-pKTH539(GPS) (vector + 3
galactosidase ¢cDNA) and COS-1-pKTH33Y (vector
alone), respectively, and used for the following experi-
ments.

Enzyme supplementation in B-galactosidase-deficient
human fibroblasts

The fibroblasts derived from patients with f-galacto-
sidase deficiency were cultured for 2 days in the medium
of COS-1-pKTH539(GPS8) cells (p-galactosidase activ-
ity: 144 units/ml). The enzyme activity became normal in
Gyy-gangliosidosis and Morquio B disease fibroblasts
(normal range: 209-384) (Table 1). However, only a lit
tle increase of activity was observed in the galactosiali-
dosis cells. Incubation with the culture medium of the
COS-1-pKTH539 cells did not change the enzyme activ-
ity in the cells tested

Then, the uptake of B-galactosidase from various
sources was compared in a Gy-gangliosidosis cell strain

e

Fig. 1. Processing of the COS-1 cell expression product in fibro
blasts from patients with P-galactosidase deficiency. COS-1 cells
were transfected with pKTH539 vector alone (lane A) or with
pKTHS39(GPS) (lanes B-D), and selected for resistance 1 hyg
romycin B. Individual colonies were metabolically labelled. The
secreted products were immunoprecipitated with rabbit anti-fs
galactosidase serum, separated by sodium dodecyl sulfate-poly
acrylamide gel electrophoresis, and visualized by fluorography. Fi
broblasts derived from patients with galactosialidosis (lane £)
Guy-gangliosidosis (lane F), or Morquio B disease (lane G) were
cultured for 2 days in the medium containing the labelled secreted
product from COS-1 cells stably transformed by pKTHS39(GPS)
(lane C). The cell extracts were treated as described above for the
secreted products

sulfate, and clinical manifestations of central nervous
system abnormalities are absent (O'Brien 1989). Recent
genetic and biochemical studies, including cell hybridiza-
tion and immunoprecipitation analysis, have indicated
that these two diseases, Gy -gangliosidosis and Morquio
B disease, are caused by allelic mutations of the B-galac-
tosidase gene (van der Horst et al. 1983). On the other
hand, galactosialidosis has been reported to be caused
by abnormal degradation of the enzyme molecule due to
a defect of the protective protein (D'Azzo et al. 1982)
The data in our present study support these previous re-
ports: supplementation of the B-galactosidase precursor
resulted in restoration of the enzyme activity in Gyy-
gangliosidosis and Morquio B disease cells, but did not
do so in galactosialidosis cells

In one of the experiments using the B-galactosidase
precursor from the transformant COS cells, supplemen-
tation with 100 units of the enzyme was found to be suffi
cient to restore the enzyme activity in Gyy;-gangliosidosis
fibroblasts to nearly the normal level. In our previous
study, 5000 units of the human liver mature enzyme
were necessary to increase the activity in Gy-ganglio-
sidosis cells, although the mature enzyme was stable
after being taken up by the cells (Ko and Suzuki 1985).
The finding that the addition of mannose 6-phosphate
completely inhibited the uptake of the precursor enzyme
indicates that the difference in the rate of uptake is re-
lated to the amount of mannose 6-phosphate residues on
the enzyme (Creek and Sly 1984; Kornfeld 1986). It is
expected that the COS-1 cells with human acid B-galac-
tosidase gene transfer will provide and excellent source
of the enzyme for further supplementation cell studies
and possible replacement therapy of the patients with

mi-gangliosidosis and Morquio B dst(uL
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Table 1. Supplementation of exogenous fi-galactosidase to mutant fibroblasts. The COS-1 cells stably transformed by pKTHS539 (vector

alone) or pK TH339(GPS) were cultured for 2 days in F-10 with 10%

tosidase deficiency were incubated for 2 days in this medium, and the B-galactosidase activity of the cells was assayed

FCS heated at 65°C for 2 h. Then. the mutant fibroblasts with f-galac-

The enzyme activity

is expressed as unit/mg protein (one unit: nmol of 4-methylumbelliferone released per h)

Enzyme source

PKTHS39

Fibroblast strain
pKTHS39(GPS8)

Giy-Gangliosidosis | 214
220

Morquio B disease

Galactosialidosis

Table 2. Uptake of exogenous f-galactosidase into Gyy-ganglio-
Fibroblasts derived from a patient with Gy,

nghosidosis (Nanba et al. 1988a, case 2) were cultured in a
medium containing 10 units of human f-galactosidase from various
sources under three different conditions: (1) 24h incubation only
(24h) 24h incubation followed by 48 h chase without the en
zvme in the medium (24 h + chase). and (3) 24 h incubation in the
presence of SmM mannose 6-phosphate (24 h + M6P). Precursor
and mature f-galactosidases were purified according to the meth
D'Azzo et al. (1982) and van Diggelen et al
(1981). respectively. The intracellular B-galactositiase activity w
assayed after each experiment. The enzyme activity is expressed as
unit/mg protein (one unit: nmol of 4-methylumbelliferone released
per h)

sidosis fibroblasts

od described by

Incubation

24h

Enzyme source Enzyme form

24h+ 24h+
chase M6P

180 123 06
Precursor 234 14 0.5
Mature 1.0 0 0.6
0.6 0 0.7

COS-pKTH539(GPS)

Human fibroblast

Precursor

Human fibroblast
No addition

(Table 2). The P-galactosidase precursors. prepared
from human fibroblasts and COS-1-pKTH539(GPS8)
cells. were taken up efficiently during the 24 h incuba-
tion and retained significantly high activities after the
subsequent 48 h incubation without the enzyme. The en-
zyme activity was not changed after incubation with the
mature enzyme purified from human fibroblasts. En-
docytosis was completely inhibited by the addition of
5SmM mannose 6-phosphate to the culture medium dur-
ing incubation.

Processing of the P-galactosidase precursor

The molecular weight of the B-galactosidase precursor
secreted from COS-1-pKTHS539(GPS) was 88 kDa (Fig. 1,
lane B). The endocytosed precursor was processed to a
immunoprecipitable 64 kDA protein in the Gy;-ganglio-
sidosis cells (Fig. 1. lane F) and the Morquio B disease
cells (Fig. 1. lane G). On the other hand, only a small
amount of immunoprecipitable 64 kDa protein was de-
tected in a galactosialidosis strain (Fig. 1, lane E)

Cell source

Nénba et al. 1988a (cas

New case (L-91)

Human Genetic Mutant Cell Repository, Camden, USA (GM3251)
Human Genetic Mutant Cell Repository, Camden, USA (GM2455)
Nanba et al. 1988b (case 2)

Nanba et al. 1988b (case 11)

Discussion

In this report. we have established stable transformant
COS-1 cells, expressing human B-galactosidase. by trans-
fection of an expression vector pKTH539(GPS8). This
vector consists of the human cytomegalovirus immediate
early gene enhancer, the SV40 virus early promoter. the
entire coding region for human p-galactosidase, the in-
tron and polyadenylation signals from SV40 virus DNA.
the Epstein-Barr virus EBNA-1 nuclear antigen gene.
the ori-P sequence, and the hygromycin B resistance
gene, hph, from E.coli (Jalanko et al. 1988). B-Galac-
tosidase was successfully expressed in these cells. and
the intracellular turnover of the enzyme molecule was
studied in normal and mutant human fibroblasts.

The results of this study can be summarized as fol-
lows: (1) a large amount of B-galactosidase precursor
was secreted from the transformed COS-1 cells into the
medium without addition of any alkalizing agent (Creek
and Sly 1984; Kornfeld 1986): (2) the secreted precursor
was endocytosed into the human fibroblasts via the man-
nose 6-phosphate receptor transport pathway, and was
processed to the stable mature enzyme; (3) supplemen-
tation of the precursor increased the p-galactosidase ac-
tivity in fibroblasts dervied from Gyy-gangliosidosis and
Morquio B disease, but not from galactosialidosis: and
(4) the efficiency of endocytosis and the intracellular sta-
bility were almost the same as those of the precursor
from human fibroblasts.

The reason why the high uptake form of this enzyme
was secreted from the transformed COS-1 cells is un-
known. Under regular culture conditions, parent CO!
cells, cells transfected with the vector alone, or human
fibroblasts, did not secrete B-galactosidase in significant
quantities. Overproduction of the human enzyme may
have saturated the B-galactosidase transport pathway to
the lysosomes. In the case of transient expression of
human f-glucuronidase in COS-7 cells, a half of the
newly synthesized enzyme was also secreted into the
medium (Oshima et al. 1987).

Gi-gangliosidosis is a disease‘in which ganglioside

mi accumulates in many organs (especially in brain),
and central nervous system abnormalities are manifest
clinically (O'Brien 1989). Morquio B disease is one of
the mucopolysaccharidoses involving storage of keratan
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A 23-nucleotide tandem duplication (GGACCTTGAAAGTACTC-

GGGACC) was found within exon 3 of the B-galactosidase gene in a
nerated a
premature stop codon after translation of 36 amino acids. Homologous
sequences at the area of duplication suggested that the mutation resulted
I6Trp—Cys was
found in the other allele. Family study showed that the duplication was Re
transmitted from his father and the base substitution from his mother.

patient with infantile-form G,y -gangliosidosis, which

from an unequal crossover. A single base substitution

-gangliosidosis and Morquio B disease are
the lysosomal storage diseases caused by allelic
mutations of f-galactosidase gene (O'Brien 1989).
Thirteen gene mutations have been found in them
(Oshima et al. 1991). Mutations of infantile-form
Gy -gangliosidosis are heterogeneous and their
expression products are almost completely de-
ficient in enzyme activity (Yoshida et al. 1991).
On the other hand, common gene mutations hav
been found in the other types of B-galactosid:
deficiency: late infantile/juvenile and adult
chronic ~ Gy,-gangliosidosis (Nishimoto et al.
1991, Yoshida et al. 1991). and Morquio B dis-
ease (Oshima et al. 1991). Their expression prod-
ucts have detectable residual enzyme activities.

In our previous study on Gy,-gangliosidosis
(Yoshida et al. 1991). only single mutations were
found in two infantile cases by sequence analysis
of reverse-transcribed ¢DNA. but subsequent
genomic restriction site analysis suggested the
presence of second mutations, and we concluded
that direct genomic analysis would be necessary
for the final determination of the genotype. We
report here a  23-nucleotide (nt) duplication
within the B-galactosidase gene exon 3 in one of
them

Key words: p-galactosidase — gene mutation
Gy,-gangfiosidosis — tandem duplication
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Case report

The patient, a 5-year-old boy (Yoshida et al. 1991;
case 1), was born to non-consanguineous parents.
His 7-year-old brother was affected with Down

ndrome. Otherwise, the family history was non-
contributory. The course of pregnancy and delivery
was uneventful. No dysmorphism has been ob-
served since early infancy. Hepatomegaly and liver

sfunction were detected at 6 months of age. He
was hospitalized at 1 year for evaluation of pro-
gressive psychomotor deterioration. He was hypo-
tonic, but deep tendon reflexes were hyperactive
Cherry-red spots were found bilaterally. B-Galacto-
sidase activity in mixed leukocytes was almost com-
pletely deficient, with 4-methylumbelliferyl-B-gal-
actoside as substrate.

Generalized convulsive seizures occurred subse-
quently and progressive rigospasticity developed
He was kept hospitalized because of recurrent
bronchopneumonia. Respiration has been assisted
with a mechanical ventilator since 4 years of age.
At present, he is in a state of decerebrate rigidity. A
single base substitution *'A— G(*'*Tyr—Cys) was
found in one of his alleles in a previous study
(mutation J; Yoshida et al. 1991).
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Material and methods
Preparation and amplification of genomic DNA and cDNA

Genomic DNA was prepared from lymphoblasts
or mixed leukocytes as described by Sakuraba et
al. (1990), and ¢cDNA as described by Yoshida
et al. (1991). Exon 3 (Nanba & Suzuki, personal
communication) or a cDNA fragment correspond-
ing to nucleotide #280-430 (Oshima et al. 1988)
was amplified by polymerase chain reaction (PCR)
with an upstream primer 5-GTATGTGCCC-
TGGAACTTTCATGAGCC-3" and a downstream
primer  5-CATTTCCCACTCTGCTGCACAG-
ATGTAGGG-3' under the following conditions
denaturation at 94°C for 1 min, annealing at 65°C
for 2 min and extension at 72°C for | min., Exon
9 with normal sequence (Nanba & Suzuki, personal
communication) was amplified with an upstream
primer 5-GTACATGTTTATAGGTGG-
downstream primer 5-ACTTACCATTCC/

and exon 9 with mutation J (Yoshida et al. | ‘)‘)Ib
with the same upstream primer and another down-
stream primer 5-ACTTACCATTCCAAC-3’ under
the following conditions: denaturation at 94°C for
1 min, annealing at 40°C for 2 min, and extension
at 72°C for 1 min

Cloning and sequencing of PCR products

The amplified fragments were subcloned into bac-
teriophage M13mpl19 and sequenced with the 7-
DEAZA sequencing kit (Takara Biochemicals, To-
kyo, Japan)

2 3 4

Fig. 1. PCR amplification of genomic DNA and cDNA of f-
galactosidase. Exon 3 in genomic DNA or a cDNA fragment
corresponding to exon 3 was amplified by PCR and electropho-
resed in 4% agarose gel. Lane 1: normal genomic exon 3, lane
2: mutant genomic exon 3 from the patient, lane 3: normal
cDNA fragment, lane 4: mutant cDNA fragment from the
patient

236

Results
Mutation

An additional upper band was found in this case,
together with a normal band, by genomic DNA
amplification (Fig. 1, lane 2). Subsequent sequence
analysis revealed that the upper band contained an
internal tandem duplication of 23 nt within exon
3 (Fig. 2) and the lower band contained mutation
J, as described previously (Yoshida et al. 1991)
The mutation newly found in this study produced
a premature stop codon after the translation of 36
amino acids. The normal gene had two homo-
logous 11-nt sequences in this region, the first se-
quence overriding the 5" end of the duplication
and the second being located at the 3" end of the
duplication (Fig. 3). In addition, a palindrome se-

|
5

Fig. 2. Nucleotide sequence of a part of exon 3 in the mutant f-
galactosidase gene, showing the presence of a 23-nt duplication
Arrows mark duplh. ation junctions.

quence overriding the 3’ end of the duplication was
observed

Only a trace amount of this abnormally large
fragment was observed by amplification of reverse-
transcribed cDNA in the patient (Fig. 1, lane 4)

Family study

The genomic DNA amplification of exon 3 showed
the upper band in the father of the patient, but
not in the mother (Fig. 4-1I). A 47-nt fragment
comprising the exon 9 sequence with mutation J
was amplified only in the patient and his mother,
but not in his father, and the fragment without
mutation J was amplified in all subjects examined
(Fig. 4-11T). These data indicated that the patient
was a compound heterozygote of the duplication
within exon 3 and the *'A -G substitution in exon

The former was transmitted from the father and
the latter from the mother.

Discussion

A tandem duplication is a rare type of gene mu-
tation in human genetic disease. A case of spondyl-
oepiphyseal dysplasia was reported with a 30-nt
tandem duplication within a type II collagen gene
exon (Tiller et al. 1990). and an unequal crossover
was suggested between the related homologous se-
quences. In our present study, two homologous
sequences in normal exon 3 were found to be as-
sociated with a palindrome sequence in the region
of duplication. The duplication started from the
middle of the upstream homologous sequence to
the end of the downstream sequence. It is highly
probable that an unequal crossover had occurred
at this location which was transmitted from the
father of the patient.

Recently specific and common mutations have
been identified within the B-galactosidase il
late infantile/juvenile and adult/chronic Gy,
gliosidosis (Nishimoto et al. 1991, Yoshida et al
1991) and Morquio B disease (Oshima et al. 1991).
On the other hand. the mutations were heterogen-

1 “_ﬁ*

" 1

arjraTacoeTen]meTTrdataracoeTadeeras AcTTICh TaAGCECTBACCAGS ACAGTA

Fig. 3. Comparison of the exon 3 sequences between normal
and mutant B-galactosidase genes. I: normal exon 3 sequence
at the region of duplication. I: mutant sequence with 23-nt
duplication. The homologous sequences are boxed and the pal-
indrome sequence is underlined. The duplication sequence in
the mutant is pointed with arrows

Gyy-gangliosidosis

eous in infantile Gy,-gangliosidosis. The following
mutations have been found in this clinical form
(Nishimoto et al. 1991, Oshima et al. 1991, Yoshida
etal. 1991): four single-base substitutions with nor-
mal mRNA in size and amount, one single-base
substitution with a reduction of mRNA, tandem
duplication of exon 11-12 with large mRNA, and
tandem duplication within exon 3 with a reduction
of mRNA (this case).

Only single mutations were identified in some
patients by sequence analysis of reverse-transcribed
¢DNA in our previous study, but, in fact, the pres-
ence of other mutations was suggested by genomic
DNA analysis in two of them (Yoshida et al. 1991;
cases | and §). For gene mutation analysis using
c¢DNA from the proband, the possibility should
always be considered of a second mutation, which

'l&-

123Cbp

194
=
118
i

74

> 40
74

40

Fig. 4. Family study on two different mutations of the patient
I: the pedigree, IT: PCR amplification df p-galactosid:

exon 3, I1I: PCR amplification of f-galactosidase gene e

A 47-n{ fragment comprising the exon, with mutation J (upper
gel) or without the mutation (lower gel), was amplified by PCR
and clectrophoresed in 8% agaros: Lane 1: father, lane 2
mother, lane 3: patient, lane C: normal control.
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might be overlooked because of a reduction of the
amount of mRNA. Genomic analysis of family
members is useful to determine the genotype of the
proband, as shown in this study.

PCR amplification of genomic DNA is rapid
and easy to carry out, for the analysis of mutant
sequences in any laboratory. The method de-
scribed here can be used for diagnostic screening
or carriers of infantile Gy,-gangliosidosis by mul-

e PCR amplification with mixed primers for
lln various mutations which have been identified
so far.
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Human B-Galactosidase Gene Mutations in
Morquio B Disease

Akihiro Oshima, Kunihiro Yoshida, Michie Shimmoto, Yukiko Fukuhara, Hitoshi Sakuraba,

and Yoshiyuki Suzuki

Department of Clinical Genetics, Tokyo Metropolitan Institute of Medicine Science, Tokyo

Summary

Three different B-galactosidase gene mutations—a **Trp—Leu (mutation F) in both families, **Arg—His
(mutation G) in one family, and *®Trp=+Cys (mutation H) in the other family—werc identified in three
patients with Morquio B discase who were from two unrelated familics. Restriction-site analysis using Stul,

fibrobl ssed as much as 8%

Nsp(7524)1 or Rsal confirmed these

In human &

F expr

of the normal allele’s enzyme activity, but the other mutations expressed no detectable enzyme activity. We
conclude that the unique clinical manifestations are specifically associated with mutation F, a common

two-base substitution, in this disease.

Introduction

Genetic deficiency of human acid B-galactosidase
(E.C.3.2.1.23) causes Gy gangliosidosis and Mor-
quio B disease. The latter has been classified as one
type of genetic mucopolysaccharidosis, with progres-
sive and generalized skeletal dysplasia and without
neurological involvement—in contrast to Gyy-gan-
gliosidosis, which is a severe neurosomatic disease
(O'Brien 1989). We cloned recently a full-length
cDNA for human P-galactosidase (Oshima et al.
1988) and reported gene mutations in Gyy-gangliosi-
dosis (Yoshidaetal. 1991). Further molecular analysis
revealed three different mutations in three Morquio B
patients.

Material and Methods

The fibroblast strains from three Morquio B disease
patients—case 1 (family 1 proband; GM01602), case
2 (family 1 affected sister; GMO02455), and c
(family 2 proband; GM03251)—were purchased

Received April 15, 1991; revision received June 27, 1991.
Address for correspondence and reprints: Akihiro Oshima,
M.D., Department of Clinical Genetics, Tokyo Metropalitan Insti
tute of Medical Science, 3-18-22 Honkomagome, Bunkyo-ku,
Tokyo 113, Japan.
© 1991 by The American Society of Human Genetics. All rights reserved.
0002-9297/91/4905.0020802.00

from NIGMS Human Genetic Mutant Cell Repository
(Camden 5

Details of the procedures of the mutation analysis
and of the transient-expression experiment have been
described in previous reports (Sakuraba et al. 1990;
Yoshida et al. 1991). Three DNA constructs for gene
expression—pCAGGS(GPF), pCAGGS(GPG), and
PCAGGS(GPH)— were prepared from mutant cDNAs
F, G, and H, respectively.

Results and Discussion

Northern blotting showed a single band of appar-
ently normal size (3.0 kb) and of either normal or
high intensity in all patients (data not shown). Direct
sequence analysis of amplified cDNA from the patients
revealed three different mutations—*'$2TG—~CT
(*”*Trp—>Leu; mutation F) in all three cases, “°G—A
(*Arg—~His; mutation G) in cases 1 and 2, and
"IG=T (*Trp—~Cys; mutation H) in case 3. It is
noteworthy that mutation F contained a two-base sub-
stitution. It may have been produced either by acoinci-
dental combination of two single-base substitutions or
by a single-base substitution associated with a preex-
isting neutral polymorphism.

The three mutation alleles of Morquio B disease
were detected also by restriation-site analysis using
specificrestriction enzymes (fig. 1). Mutation F did not
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Table |

p-Galactosidase Gene Mutation in Gy -Gangliosidosis and Morquio B Disease

A. MUTANT ALLELES

Nomenclature*

Mutation

lle=Thr

rg=Cys

rg~Gln

Duplication (nucleotides 1103-1267*)
Ley-+Pro

Trp=Leu

WA rg-+His

U Trp+Cys

2Gly—=Arg

M6Tyr—Cys

#4Gly—=Cys

Duplication (nuclcorides 288-310°
“Arg—~Cys

TArg=Ter

B. GENOTYPES

Phenotype
and Genotypes No. of Cases

Source(s)

Gua-gangliosidosis:

Ls.
1
1
8
L
> ETES
Late infantile/juvenile:
B/B I,
B/? 7 ERTRNELY
Adult/chronic:
A/A 11

A/C 1
Morquio B discase:
F/G 2
F/H 1

Yoshida er al. 1991 (case 4
Yoshida et al. 1991 (case 2)
Yoshida et al. 1991 (case 3)
Yoshida et al. 1991 (case 1)
Nishimoto et al. 1991 (case 1)
Nishimoto et al. 1991 (case 2,

Nishimoto et al. 1991 (case 5)
Nishimoto et al. 1991 (cases 3, 4, and 6);
and Yoshida et al. 1991 (case 5)
Nishimoto et al. 1991 (cases 7-12); and
Yoshida et al. 1991 (cases 8-11)
Yoshida et al. 1991 (case 7.

Oshima et al. (cases 1 and 2,
Oshima et al. (case 3)

* Nomenclature of Nishimoto et al. (1991) is given in parentheses.

* Source: Oshima et al. (1988).

© The common mutation for each phenotype is underlined

create any new restriction site, but the introduction
of an additional substitution *”T—A induced by an
appropriate upstream primer created an Stul site; the
147-bp PCR product was digested to produce a 121-
bp fragment. Mutation G created an Nsp(7524)l site,
and the 101-bp PCR product was digested to 61-bp
and 40-bp fragments. Mutation H created an Rsal
site, and the 103-bp PCR product was digested to
57-bp and 46-bp fragments. A partial digestion was
observed for cases 1 and 2 in Stul- and Nsp(7524)I-site

analyses and for case 3 in Stul- and Rsal-site analyses.
The PCR products from the cDNA without these mu-
tations were not digested by any of the enzymes used
in the present study. We concluded that all cases were
compound heterozygotes—either genotype F/G (cases
1 and 2) or genotype F/H (case 3).

/e have not found any polymorphism in the B-ga-
lactosidase cDNA in the Japanese population, but the
base sequence designated as polymorphism E [#T—+C
(""Leu—Pro)] was found in two cases from family 1.

Oshima er al. ‘

B-Galactosidase Gene Mutations in Morquio B
Restriction
Enzyme C 2 3 bp
Stu 1 g1 2

-* (|

Nsp
(1524) 1 - 6|
-4

- 103

Isa |
-
-% 16
Figure | Restriction-site analysis of PCR-amplified B-galac-

tosidase cDNA. Three amplified cDNA fragments—nucleotides
824-960, 14211521, and 1505-1607 —were amplified and sub-
jected to restriction-site analysis using Stul (top gel), Nsp(7524)1
(middle gel) and Rsal (bottom gel), respectively. The first fragment
contained an additional base substitution, *’T->A, which created
an Stul site in the presence of mutation F (nucleotides 851-852)
see text). The fragments with mutation G (nucleotide 1
mutation H (nucleotide 1561) were digested by Nsp(7524)1 or Rsal,
respectively; normal cDNA fragments without these mutations were
not digested by any of the three enzymes. Electrophoresis was per-
formed in 3% agarose gel. Lane C, Control fibroblasts. Lanes 1—
3, Cases 1-3

) or

In retrospect it was seen that this substitution was in
fact observed also in the Agtl1 ¢cDNA library from
human placenta of non-Japanese origin (Oshima et al.
1988) and is considered to be a neutral polymorphism.

The pathogenesis of different phenotypic expres-
sions is not clear in human B-galactosidase deficiency.
Including those in the present report (table 1), 14
different B-galactosidase gene mutations have been ob-
served, and some correlations with clinical phenotypes
are suggested. Our previous gene-expression study de-
tected no enzyme activity toward a fluorogenic sub-
strate (4-methylumbelliferyl B-galactoside) in mutant
B-galactosidase genes in Gy-gangliosidosis, except
for two mutant alleles—mutations A ('Ile=Thr) and
B (*"'Arg—>Cys), for adult and juvenile forms, respec-
tively (Yoshida et al. 1991).

In the present study, the common mutant F allele in
Morquio B disease was found to express a low but

1093

measurable enzyme activity (8% of control value),
whereas the other two mutations expressed no detect-
able enzyme activity. We tentatively conclude that the

three mutant B-galactosidase genes expressing detect
able enzyme activity may be closely related to

e
pathogenesis of late-onset Gy -gangliosidosis (muta-
tions A and B) or Morquio B disease (mutation F).
Further characterization of mutant gene products—
e.g., in terms substrate specificity, enzyme kinetic
studies, and intracellular turnover of the enzyme pro-
tein—is expected to reveal further the phenotype-
genotype relationship in human B-galactosidase defi
ciency
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Abstract. Heterogeneous patterns of biosynthesis, post-
translational processing. and degradation were demon-
strated for mutant enzymes in three clinical forms of B-
galactosidase deficiency (B-galactosidosis): juvenile Gy, -
gangliosidosis. adult Gy -gangliosidosis, and Morquio B
disease. The precursor of the mutant enzyme in adult Gygi-
gangliosidosis was not phosphorylated, and only a small
portion of the gene product reached the lysosomes. The
enzyme in Morquio B disease was normally processed
and transported to lysosomes, but its catalytic activity was
low. A common gene mutation in juvenile Gy, -gangliosi
dosis (R201C) produced an enzyme protein that did not
aggregate with protective protein in the lysosome, and
was rapidly degraded by thiol proteases. This abnormal
turnover was similar to that for the normal but dissociated
B-galactosidase in galactosialidosis. Protease inhibitors
restored the enzyme acitivity in fibroblasts of this clinical
form. A possible therapeutic approach is discussed for
this specific type of enzyme deficiency.

Introduction

Allelic mutations of the human lysosomal B-galactosidase

ene result in heterogeneous phenotypic expression. They
are classified mainly into four major clinical groups,
hased on the age of onset and distribution of pathological
lesions: three clinical forms of Gy, -gangliosidosis (infan-
tile, late infantile/juvenile and adult/chronic) with central
nervous system lesions, and Morquio B discase with no
central nervous system lesions (O'Brien 1989). We re-
cently proposed a term “B-galactosidosis™ for this clinical
group (Suzuki and Oshima 1993). There is another clini
cally related disease (galactosialidosis) characterized by
accelerated breakdown of the B-galactosidase molecule
caused by mutations in a gene coding for another multi-
functional protein (protective protein/carboxypeptidase)
(Shimmoto et al. 1993; Suzuki et al. 1985; Takano et

Correspondence to: A. Oshima

al. 1991). This protein has been found to protect the -
galactosidase molecule against proteolytic degradation
(DAzzo et al. 1982

Gene mutations are heterogeneous in infantile Gy,,-
gangliosidosis, and result in an almost complete defi-
ciency of B-galactosidase (Yoshida et al. 1991). On the
other hand, common mutations have been found in the
other types of B-galactosidase deficiency (Nishimoto et
al. 1991: Oshima et al. 1991: Yoshida et al. 1991; 1992)
ISIT for adult Gy,-gangliosidosis, R201C for juvenile
Giyj-gangliosidosis, and W273L for Morquio B disease
The residual enzyme activity in each of these clinically
mild or atypical forms is significantly higher than that in
carly onset Gy, -gangliosidosis. In this study, we have an
alyzed intracellular turnover of mutant proteins tran-
siently expressed in human fibroblasts. Among them, a
gene product of a common mutation for Japanese patients
with juvenile Gyy,-gangliosidosis (R201C) has been found
to be abnormally degraded because of a defect of the mol-
ecular interaction with protective protein/carboxypepti-
dase.

Materials and methods

Materials

Fibroblasts with mutations causing the following diseases were
used: infantile Gy -gangliosidosis (transformed cell line ASV Gy,
) (Yoshida et al. 1991); normal (GM05381) and Morquio B dis
ease Morquio B discase (GM03251) (Oshima et al. 1991), pur
chased form NIGMS Human Genetic Mutant Cell Repository
(Camden, NI, USA): juvenile Gy,,-gangliosidosis (Yoshida et al
1991), adult Gy, sidosis (Suzuki et al. 1977), and galac
tosialidosis (Takano et al. 1991). Clinical and genetic data of the
patients are summarized in Table 1. Juvenile Gy -g

and Morquio B disease patients in this study were genotypically
compound heterozygotes: a second utation (not identified in the
former) was present in each cell strain. together with the common
mutation described above. The residual enzyme activity was ex
pressed almost exclusively by the common mutation in them. The
second mutation (allele =" or R482H in Table 1) did not express
any detectable mRNA or enzyme activity (Oshima et al. 1991)

gliosidosis
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Table 1. Clinical and genctic data for the fibroblasts from patients with B-galactosidase deficiency

Case (phenotype) Ethnic or

diagnosis
Normal
Juvenile
Adult Gy,
Morquio B

Black

Japanese

5 years

Japanese 29 years

Caucasian 4 years B-Galactosida

Galactosidosis  Japanese M 28 years

Gy Gy-gangliosidosis; N, normal; R201C. common mutation for

mutation for adult Gy -gangliosidosis (*'lle—Thr) (3); W273L. common mutation for Morquio B disease (

tion found in Morquio B disease (

Antipain, chymostatin, leupeptin, and pepstatin were purchased
from Peptide Institute (Osaka, Japan). E-64 was provided by Dr
E. Hanada (Central Research Institute, Taisho Pharmaceutical,
Onmiya, Japan). A suicide substrate B-D-galactopyranosy] methyl.
p-nitrophenyliriazene (B-Gal-MNT) was supplied by Dr. K. Inui
(Department of Pediatrics, Osaka University, Osaka, Japan).

Cell culture and enzyme assay

The cells were cultured in F-10 medium with 10% fetal calf serum
(FCS). unless otherwise indicated. B-Galactosidase and neu-
raminidase were assayed as described previously (Sakuraba e al

82). Intracellular enzyme activity was assayed up (0 5 days after
inactivation with B-Gal-MNT as described by Van Diggelen et al.
(1981). Protein concentration was determined by the method of
Bradford (1976)

Transient expression of B-galactosidase

The ASVGy-4 cells were transfected by means of the calcium
phosphate method followed by glycerol treatment, as described pre-
viously (Yoshida et al. 1991). Normal B-galactosidase cDNA., mu-
tant B-galactosidase cDNAS for three mild or atypical clinical phe-
notypes (I51T, R201C and W273L), and normal protective protcin
CDNA were expressed, using an expression vector pCAGGS (Os-
hima et al. 1991; Shimmoto et al 1990; Yoshida et al 1991),

Labeling and immunoprecipitation
of B-galactosidase expressed from mutant genes

For the detection of the intracellular enzyme, the cells were incu-
bated for 48 h after transfection, and then labeled for 20 h with L-
[4.5-*H]leucine (0.1 mCi per dish, 70 Ci/fmmol; Amersham, Buck-
inghamshire, UK) in leucine-free Eagle’s MEM with 5% dialyzed
FCS. For the detection of phosphorylated precursor, the cells were
labeled for 20 h with [“*Plphosphate (0.1 mCi per dish, 8500
Ci/mmol; New England Nuclear Research Product, Boston, MA,
USA) in phosphate-free MEM, containing 10 mM NH,CI, 10 g
E-64, and 5% dialyzed FCS. The cell extract was concentrated by
60% ammonium sulfate precipitation (Hoogeveen et al. 1984). The
enzyme protein was immunoprecipitated with rabbit antiserum
against B-galactosidase/protective protein complex (Oshima et al.
1988). the precipitate was subjected to sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), and proteins
were visualized by fluorography

Percoll density gradient centrifugation of B-galactosidase
Confluent cells on a 100-mm dish were harvested by trypsinization

and suspended in 400 ul 0.25 M sucrose. They were kept at 250 psi
for 10 min in a cell cylinder of a yeda press (Linca Lamon Instru

Mutant enzyme

B-Galactosidase

B-Galactosidase

Protective protein/carboxypeptidase

Genotype: Reference (case ng,)
N/N 5 (GMOS381)
R201C

ISUT/ASIT

se W2731L/R482H
SpDEXT/SpDEXT

3 (n0. 5; FB394)

7 (no. 5)

5 (GMO3251)

8 (no. 1)

5Cys) (3. 41 I51T, common
Ttp—Leu) (5): R482H. a niug

juvenile Gy,-gangliosidosis (*/'A,

Ae—His) (5. 6); SpDEX7, common mutation among Japanese patients with adul galactosdosie 16 |-
mutant allele with no detectable expression of mRNA or enzyme activity (i

ation site not identified)

mentation, Tel Aviv, Israel), and then the pressure was abruptly re
leased to disrupt cells. The postnuclear fraction was louded on $ i
40% Percoll in 0.2
sayed for cach fraction, after centrifugation at 22000 rpm for 25
min (Beckman VTi-80 rotor) and fractionation

M sucrose. B-Galactosidase activity was s

Sucrose density gradient centr ifugation
of B-galactosidase

Sucrose density gradient centrifugation was performed as e
scribed by Martin and Ames (1961) Confluent fibroblasts on o
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Fig. 1. Effects of protective protein or E-64 on mutant B-galactosi
dase. ASVGy-4 cells on a 60-mm plate were transtected with 5
galactosidase ¢DNA in pCAGGS. I Normal; 11 mutation W2731
in the Morquio B patient; I mutation 151T in the adult Gy,-2

gliosidosis patient; IV mutation R201C in the juvenile Gy -

glisidosis patient. B-Galactosidase was assayed at 2, 3.5 and 5
postiransfection days. [J transfection with B-galactosidase cDNA
only: B E-64 (10 pl) added to the culture medium after transfec
tion; @ co-transfection with 20 pg protective protein ¢cDNA in
PCAGGS. Note that the ordinate for panel I is different from those
in the others

100-mm dish were harvested and lysed by suspension in 100 1 20
mA sodium phosphate pH 6.0, containing 100 mM NaCl and 0.2%
Triton X-100. The lysate was loaded on 5 ml of a linear gradicnt of
20%40% sucrose in the same buffer. and centrifuged at 40000
pm for 15 h at 4°C with a Beckman SW-50 rotor

Results
Transient expression of normal and mutant genes

Transient expression of the normal B-galactosidase gene
resulted in an increase of the enzyme activity for 3 days
after transfection, and then the activity started decreasing

+ Protective
protein

No addtion

Fig. 2. Tmmunoprecipitation of gene product expressed in
ASVGyy,-4 cells after transfection with 20 pg ¢cDNA in pCAGGS.
Two days after transfection. the cells were labeld with [*H]leucine
for 20 h. -galactosidase was immunoprecipitated with rabbit anti
serum against B-galactosidase/protective protein complex. and
SDS-PAGE was performed. The cells were transfected with B-
galactosidase cDNA. with or without co-transfection with protec
tive protein ¢DNA. or addition of E-64 (10 yig/ml) in the culture
medium. Lane /. Mutation ISIT in the adult Gy, -gangliosidosis
patient: Lane [1. mutation R201C in the juvenile Gy -gangliosido-
sis patient: Lane I, mutation W273L in the Morquio B patient:
Lane N. normal: Lane M. mock transfection (expression vector
only). B-Galactosidase precursors appeared as 88- and 84-kDa
bands and the mature enzyme as a 64-kDa band. Protective protein
was detected at 32 kDa when its cDNA was transfected with B-
galactosidase cDNA

Table 2. Enzyme activities in cultured
fibroblasts and culture medium. The
enzyme activity in the culture medium was
assayed after 20-h incubation with or with
out addition of 20 mM NH,CI. The enzyme
unit is given as nmol/mg protein per h
(fibroblasts) or nmol/300 pl per 20 h
(culture medium)

Phenotype

Normal
Morquio B
Adult Gy,
Juvenile Gy,

actosialidosis

(Fig.1-D); addition of E-64 or co-transfection with protec
tive protein eDNA enhanced the increase 2- to 3-fold, and
there was no decrease for 5 days. The almost identical
pattern was observed for the juvenile Gyy,-gangliosidosis
or Morquio B gene mutation (Fig.1-1V, 1-I1), but the en-
zyme activity was not affected by co-transfection with
protective protein ¢cDNA in juvenile Gy, -gangliosidosis
In the case of adult Gy,-gangliosidosis, the gene expres
sion increased gradually for 5 days; neither the addition of
E-64 nor co-transfection with protective protein cDNA
changed the activity (Fig.1-I11). The mutation R482H did
not express any detectable enzyme activity (data not

shown).

Immunoprecipitation of mutant proteins

Normal B-galactosidase cDNA expressed 84-kDa and §
kDa precursors with a trace of 64-kDa mature enzyme
(Fig.2). The amount of the mature enzyme increased by
co-transfection with protective protein cDNA. or by addi
tion of E-64 in the culture medium. The sam.
ved for the Morquio B

ccreased in the amount of precursor in 1

pattern was
1lso obs This increase
related with a
normal and Morquio B cells with the protective protein
The adult Gyy-g

pressed hoth precursors. but the
barely visualized: this was also seen in the presence of ex
The juventile Gy,

co-expression ngliosidosis gene ex

mature enzyme was

pressed protective protein or E-64
gangliosidosis gene expressed only small amounts of pr
cursors. Additional expression of protective protein did
not modify the pattern. but E-64 increased the precursors
remarkably and the mature enzymes to some extent. |

Galactosidase precursors were phosphorylated and se-
creted into the culture medium in the presence of NH,CI
in all gene products, except for the product in adult Gy,
gangliosidosis (data not shown).

B-Galactosidase and neuraminidase activities
in fibroblasts

B-Galactosidase activity was low in all fibroblast strains
used in this study (Table 2). Neuraminidase activity was
almost completely deficient only in galactosialidosis
cells. Secretion of B-galactosidase activity increased in
the presence of NH,CI for juvenile Gyy,-gangliosidosis
and galactosialidosis cells and for normal cells, but not for
Morquio B or adult Gy,-gangliosidosis cells.

Ry
Fibroblasts Culture medium

B-Galactosidase  Neuraminidase lactosidase

[+ NH,Cl]
150.0 63.7
73 3
18.1 .
4.6
21.2

Gy Guy-gangliosidosis
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Fig. 3. Percoll density-gradient centrifugation (a: left panel) and
sucrose density-gradient centrifugation (b: right panel) in normal
and mutant fibroblasts. The initial 30 fractions (180 pl cach) were
collected for B-galactosidase assays (30 ). The heavy lysosomal
fraction was recovered as a peak in tube numbers 4-8, and light
lysosomal fraction in tube numbers 15-18 in the Percoll density
gradient. The high molecular weight complex was recovered as a
peak in tube numbers 5-10, and the low molecular weight complex
in tube numbers 18-25. I, Normal: 1, Morquio B disease (geno-
type: W273L/R482H): 1M, adult Gyy,-gangliosidosis (genotype
SITASIT): IV, juvenile Gyy,-gangliosidosis (R201C/2); V. galac-
wsialidosis (genotype: SpDEX7/SpDEXT)

Subcellular distribution and intracellular aggregation
of Bgalactosidase

In normal fibroblasts, the enzyme activity was distributed
mainly in the heavy lysosomal fraction and partly in the
light lysosomal fraction (Fig.3;al). They corresponded to
the peaks of the high molecular weight multimer and the
low molecular weight monomer, respectively (bl). On the
other hand, the enzyme activity was present mainly in the
light lysosomal fraction as a low molecular weight
monomer in galactosialidosis fibroblasts (aV, bV).

Table 3. Effect of protease inhibitors on =
B-galactosidase activity in fibroblasts

Phenotype

Morquio B fibroblasts expressing the common muta
tion W273L showed the same pattern as normal fibro
blasts (all, bil), and juvenile Gy,-gangliosidosis cells
showed the pattern for galactosialidosis cells (alV, bIV)
Almost all enzyme activity was in the heavy lysosomal
fraction in adult Gy,-gangliosidosis (alll), but 80% of the
activity was present as the low molecular weight mono
mer (bIII),

Restoration of B-galactosidase activity after inactivation

with B-Gal-MNT

The recovery of intracellular B-galatosidase activity oc
curred up to 5 days following inactivation with [3-Gal
MNT for normal and mutant fibroblasts, The enzymie ac
tivity was restored gradullay to 30% of its original activ
ity in normal, adult Gyy,-gangliosidosis, and Morquio B
cells before treatment: turnover time was estimated as
more than 10 days. Enzyme activity was rapidly restored
within 2 days in galactosialidosis and juvenile Gy -gan-
gliosidosis cells, with an estimated tmover time of less
than | day (data not shown).

Restoration of B-galactosidase activity

by protease inhibitors

Intracellular B-galactosidase activity was restored by four
thiol protease inhibitors (leupeptin, E-64. chyostatin and
antipain), but not by a carboxypeptidase inhibitor (pep
statin) in juvenile Gy -gangliosidosis and galactosialido
sis. No restoration was observed in adult G,
dosis or Morquio B cells (Table 3).

angliosi

Discussion

The pathogenesis of heterogeneous clinical manifesta
tions in hereditary B-galactosidosis is not known at pre-
sent. The severity, clinical course, and tissue distribution
of pathological lesions are determined by a common mu-
tation for each clinical phenotype in this study. We have
therefore examined the molecular basis of variable pheno-
typic expressions in patients with these B-galactosidase
deficiency subtypes.

Among the mutant gene products in this study, the en-
zyme expressed by one of the common mutations showed
an abnormal molecular turnover in fibroblasts. As shown
by transient expression study, monomeric B-galactosi-
dase, which was mainly localized in the light lysosomal
fraction, was rapidly degraded in juvenile Gy,-gangliosi-

None  Leupeptin E-64 Chymo-  Antipain  Pepstatin

statin

Fibroblasts were cultured for 3 days in the

medium with the protease inhibitor: 10 ok
pe/ml leupeptin, 10 pg/ml E-64, 10 pg/ml
chymostatin, 50 pg/ml antipain, or 10 ug/ml :
pepstatin. Relative B-galactosidase activities  Adult Gy,

over those in the cells without inhibitors are  Juyenile Gy,
showd Galactosialidosis

Morquio B

1.0 13 12 0.7 0.6

1.7 16 0.7
10 13 1.2 12
1.0 38 33 09
1.0 3.9 3.7 11

Gyyi» Gyy-gangliosidosis

dosis and galactosialidosis patients. The enzyme did not
survive o reach heavy lysosomes as an aggregated form
with other proteins (protective protein and neu
raminidase). From the data in this study, we conclude that
the enzyme became unstable because of an aggregation
defect caused by the PB-galactosidase gene mutation
R201C in the clinical phenotype of juventile Gy, gan-
gliosidosis: this unstable enzyme, like the normal enzyme,
is not associated with a mutant protective protein/car-
hoxypeptidase expressed by the mutation SpDExX7
(Suzuki et al. 1977, 1985: Takano et al. 1991]).

B-Galactosidase activity was restored by thiol proteases
in cells showing galactosialidosis and juvenile Gyy-gan-
gliosidosis. The correction is limited only to B-galactosi-
dase activity for galactosialidosis, and neuraminidase ac
tivity is not restored (Suzuki et al. 1981). A full metabolic
correction is not expected by thiol protease inhibitors in
galactosialidosis, but restoration of B-galactosidase will
correct the metabolic defect in juvenile Gy -gangliosido
sis patients with the specific mutation R201C. Enzyme
therapy of this nature (enzyme activation) with any of the
protease inhibitors, if technically possible, may be consid-
ered for this type of the disease

The adult Gyy,-gangliosidosis gene 115T did not produc
an active or phosphorylated precursor that was secreted
into the culture medium. Processing of this gene product
was probably disturbed at the Golgi apparatus, and only a
small portion of the enzyme reached the lysosomes. Our
results in this study of a homozygote of this mutation
(Suzuki et al. 1977) are in accord with those reported pre-
viously from other laboratories (Hoogeveen et al. 1986;
Kobayashi et al. 1986: Van Diggelen et al. 1981; Willem-
sen et al. 1986). A small portion of catalytically active
gene product was transported, probably by the cation-in-
dependent mannose 6-phosphate receptor system (Nolan
and Sly 1989). and expressed detectable enzyme activity.

The Morquio B gene product was normally processed
to the mature enzyme and was stabilized by protective
protein/carboxypeptidase. The mature enzyme of appar-
ently normal molecular mass was found in cell strains
from Morquio B patients (Paschke and Kresse 1982). En-
zyme activity per molecule was low. The catalytic site of
the enzyme seems to have been modified by this muta-
tion. A high K, has been reported in a few cases (Groebe
et al. 1980; van Gemund et al. 1983)

In this study. we have analyzed mutant gene products
only in fibroblasts that are casily available from patients
However. future analysis should be extended to neural,
skeletal. and other visceral tissues. for the basic under-
standing of the pathological expressions in cach clinical
phenotype. with or without central nervous system in-
volvement. Alterations in substrate specificity should also
be considered in order to explain the different patterns of
storage materials in human B-galactosidase deficiency
Further research in this direction, together with a full con-
sideration of ontogeny. should reveal the pathogenesis of
various hereditary f-galactosidase disorders,

Acknowledgements. This work was supported by grants from the
Ministry of Education. Science and Culture (Japan), the Ministry of
Health and Welfare (Japan). the Yamanouchi Foundation for Re
search on Metabolic Disorders. and the Uehara Memorial Foundation,

References

Bradford MM (1976) A rapid and sensitive method for {
tation of microgram quantitation of protein utilizing the
ple of protein-dye binding. Anal Biochem

D'Azzo A. Hoogeveen A. Reuser AJJ. Robinson D. Galj
(1982) Molecular defect in combined B-galactos
raminidase deficiency in man. Proc Natl Acad Sci USA
15354530

Gemund 1) van. Giesberts MA. Eerdmans RF, Blom W. Kleijer
WJ (1983) Morquio B disease spondylo-epiphyseal dysplasia
associated with acid B-galactosidase deficiency. Report of three
cases in one family. Hum Genel 64:50-54

Groebe H. Krins M. Schmidberger H. Figura K von, Harzer K
Kresse H. Paschke E, Sewell A. Ullrich K (1980) Morquio syn
drome (mucopolysacearidosis IVB) associated with B-galactosi

dase deficiency. Report of two cases. Am 1 Hum Genet 32

Graham-Kawashima H, D'Azzo A. Galjaard H
(1984) The relation between human lysosomal B-galactosidase
and its protective protein. J Biol Chem 259:1974-1977
veen AT, Reuser AJJ. Kross M. Galjaard H (1986) Gy,
gangliosidosis. Defective recognition site on B-galactosidase
precursor. J Biol Chem 261:5702-570:
Kobayashi T. Shinnoh N. Kuroiwa Y (1986) Incorporation and
radation of Gy-ganglioside and asialo Gy,, ganglioside in
ltured fibroblasts from normal individuals and patients with
B-galactosidase deficiency. Biochim Biophys Acta 875:115-
121
Martin RG, Ames BM (1961) A method for determining the sedi
mentation behavior of enzymes: application to protein mixtures
I Biol Chem 236:1372-1379
Nishimoto J, Nanba E. Inui K. Okada S. Suzuki K (1991) Gy,
gangliosidosis (genetic B-galactosidase deficiency): identifc
tion of four mutations in different clinical phenotypes amone
Japanese patients. Am J Hum Genet 49:566-574
Nolan K. Sly WS (1989) I-cell disease and pseudo-Hurler poly
dystrophy: disorders of lysosomal enzyme phosphorylation and
localization. In: Seriver CR. Beaudet AL. Sly WS, Valle D (eds)
The metaholic basis of inherited discase, 6th edn. McGraw-Hill,
New York, pp 1589-1601
O'Brien JS (1989) B-Galactosidase deficiency (Gy,,-gangliosido.
sis. galactosialidosis. and Morquio syndrome type B); ganglio
side sialidase deficiency (mucolipidosis V). Tn: Scriver CR.
Beaudet AL. Sly WS, Valle D (eds) The metabolic basis of in
herited discase, 6th edn. McGraw-Hill. New York. pp 1797
1806
Oshima A, Tsuji A, Nagao Y, Sakuraba H. Suzuki Y (1988)
Cloning, sequencing. and expression of cDNA for human
galactosidase. Biochem Biophys Res Commun 157:238-244
Oshima A. Yoshida K. Shimmoto M, Fukuhara Y. Sakuraba H.
Suzuki Y (1991) Human B-galactosidase gene mutations in
Morquio B disease. Am J Hum Genet 49:1091-1093
Paschke E, Kresse H (1982) Morquio disease type B: activation of
Gu-B-galactosidase by Gy-activator protein. Biochem Bio.
phys Res Commun 30:568-575
Sakuraba H, Aoyagi T. Suzuki Y (1982) Galactosialidosis (B
+ galactosidase-neuraminidase deficiency): a possible role of ser
ine-thiol protease in the degreadation of B-galactosidase mole
cules. Clin Chim Acta 125:275-282
Shimmoto M. Takano T. Fukuhara Y, Oshima A, Sakuraba H.
Suzuki Y (1990) Japanese-type adult galactosialidosis. A unique
ind common splice junction mutation causing exon skippi
the protective protein/carboxypeptidase gene. Proc Jpn
66B:217-222
Shimmoto M. Fukuhara Y. Itoh K, Oshima A. Sakuraba H. Suzuki
Y (1993) Proctective protein gene mutations in galactosialido
sis. J Clin Invest (in press)
Suzuki Y, Oshima A (1993) A B-galactosidase gene mutation
identificd in both Morquio B discase and infantile Gyy,-gan
gliosidosis. Hum Genet 91:407




Y, Uono M (1977)

nd adult patients. Re

zuki Y, Nakamura N, Fukuoka K, Shimac
B-Galactosidase deficiency in juvenile
six Japanese cases and review of literatre. Hum Genet

ashi K, Suzuki K, Imahori K (1981
restoration of B

deficiency
> inhibitors. J Biochem

Y. Hoogeveen AT (1985) Galactosialidosis: @ comparative

study of clinical and biochemical data on 22 patients. In: Arima
Yabuuchi H (eds) The developing brain and its
Basel, pp 161-175
Takano T, Shimmoto M, Fukuhara Y, Ioh K, Kase R, Takiyama
N, Kobayashi T, Oshima A. Sakuraba H, Suzuki Y (1991)
Galactosialidosis: clinical and molecular analysis of 19 Japa
ese patients. Brain Dysfunct 4:271-280

len OT, Schram AW, Sinnott ML, Smith PJ, Robinson
jaard H (1981) Turnover of
from patients with genetically different types of B-gala

lactosidase in fibroblusts
Closiduse
J Biol Chem 200:143-151

cen AT, Sips HJ, Dongen JM van, Galjuard

of lysosc

deficiency
Willemsen R. Hoo,
H (1986) Immunoe

ctron microscopical localization
and its precursor forms in normal and mu
tant human fibroblasts. Eur J Cell Biol 40:9-15
Yoshida K, Oshima A, Simmoto M. Fukuhar
Yanagisawa N, Suzuki Y (1991) Human [-g
liosidosis: a common mutation amon
Japanese adult/chronic cases. Am J Hum Genet 49:435 442
Yoshida K, Oshima A, Sakuraba H. Nakano T. Yanagisawa N
Inui K, Okada S, Uyama E. Namba R, Kondo K. Iwasaki S,
ukamiya K. Suzuki Y (1992) Gy liosidosis i adult
analysis of sixteen Juj

Y. Sakuraba H

lactosidase gene

mutations in Gy,-gang

clinical and molecul ese paticnts

Ann Neurol 31:328-332







	312918_0001
	312918_0002
	312918_0003
	312918_0004
	312918_0005
	312918_0006
	312918_0007
	312918_0008
	312918_0009
	312918_0010
	312918_0011
	312918_0012
	312918_0013
	312918_0014
	312918_0015
	312918_0016
	312918_0017
	312918_0018
	312918_0019
	312918_0020
	312918_0021
	312918_0022
	312918_0023
	312918_0024
	312918_0025
	312918_0026
	312918_0027
	312918_0028
	312918_0029
	312918_0030
	312918_0031
	312918_0032
	312918_0033
	312918_0034
	312918_0035
	312918_0036
	312918_0037
	312918_0038

