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Abstract GM1-gangliosidosis and Morquio B disease are
lysosomal storage disorders caused by b-galactosidase de-
ficiency attributable to mutations in the GLB1 gene. On
reaching the endosomal-lysosomal compartment, the b-
galactosidase protein associates with the protective protein/
cathepsin A (PPCA) and neuraminidase proteins to form the
lysosomal multienzyme complex (LMC). The correct inter-
action of these proteins in the complex is essential for their
activity. More than 100 mutations have been described in
GM1-gangliosidosis and Morquio B patients, but few have
been further characterized. We expressed 12 mutations sus-
pected to be pathogenic, one known polymorphic change
(p.S532G), and a variant described as either a pathogenic or
a polymorphic change (p.R521C). Ten of them had not been
expressed before. The expression analysis confirmed the
pathogenicity of the 12 mutations, whereas the relatively
high activity of p.S532G is consistent with its definition as
a polymorphism. The results for p.R521C suggest that this
change is a low-penetrant disease-causing allele. Further-
more, the effect of these b-galactosidase changes on the LMC
was also studied by coimmunoprecipitations and Western
blotting. The alteration of neuraminidase and PPCA pat-
terns in several of the Western blotting analyses performed on
patient protein extracts indicated that the LMC is affected in
at least some GM1-gangliosidosis and Morquio B patients.—
Santamaria, R., A. Chabás, J. W. Callahan, D. Grinberg, and L.
Vilageliu. Expression and characterization of 14 GLB1 mutant
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The deficiency of lysosomal b-galactosidase caused by
mutations in the GLB1 gene is the cause of the rare lyso-
somal storage disorders GM1-gangliosidosis (Mendelian

Inheritance in Man 230500) and Morquio B disease (Men-
delian Inheritance in Man 253010). Natural substrates
for b-galactosidase are ganglioside GM1, keratan sulfate,
and various glycopeptides. The sphingolipid ganglioside
GM1 is the main substrate that accumulates in GM1-
gangliosidosis patients, and the glycosaminoglycan keratan
sulfate is the main substrate that accumulates in Morquio B
patients. Three main clinical forms, according to age of
onset and severity of symptoms, have been established in
GM1-gangliosidosis patients: type I (infantile form), type II
(late infantile/juvenile form), and type III (adult form).
The different clinical forms in this sphingolipidosis are
mainly attributable to different residual activities of the
mutant enzymes and, thus, to different levels of substrate
accumulation in tissues. Residual b-galactosidase activity
in fibroblasts from patients, measured using the artificial
4-methylumbelliferyl b-galactopyranoside substrate, varies
from 0.07–1.3% of control values in infantile patients to
0.3–4.8% in the juvenile form and up to 9% in adults.
Morquio B patients have no neurological involvement but
display severe skeletal dysostosis multiplex as a result of a
high accumulation of keratan sulfate (1).

The human GLB1 gene, localized to chromosome 3 at
3p21.33 (2), contains 16 exons that give rise to two alter-
natively spliced mRNAs: a major transcript of 2.5 kb that
encodes the b-galactosidase and a minor transcript of
2 kb encoding the elastin binding protein (EBP). The b-
galactosidase protein is targeted to the lysosome as an
88 kDa polypeptide that is then proteolytically processed
to a mature 64 kDa form. EBP is a major component of
the nonintegrin cell surface elastin receptor complex, in
which EBP binds and protects tropoelastin (3). This com-
plex consists of three units: EBP, neuraminidase, and pro-
tective protein/cathepsin A (PPCA). The b-galactosidase
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protein also forms a complex, the lysosomal multienzyme
complex (LMC): on reaching the endosomal-lysosomal
compartment, the enzyme associates with the preassociated
PPCA and neuraminidase. This complex also includes the
N-acetylgalactosamine-6-sulfate sulfatase enzyme. The cor-
rect interaction of these proteins in the complex is essential
for their correct activity (4). Within the LMC, PPCA has not
only a protective role for both glycosidases against lysosomal
proteolysis but also plays an important role in the correct
maturation of b-galactosidase to the 64 kDa form (5–7).

Our group recently described mutations in .40 GM1-
gangliosidosis and Morquio B patients (8, 9), most of them
missense. Although their absence in 100 control chromo-
somes strongly suggests that they are disease-causing
mutations, the functional analysis presented here con-
firms their pathogenicity. In vitro expression in COS-7
cells followed by enzymatic activity analyses were per-
formed for 12 mutations, a functional polymorphism
(p.S532G), and a change whose pathogenic status was
controversial (p.R521C). Ten of these changes had not
been expressed before. Although the 12 mutations caused
a complete absence or a great reduction of enzyme activity,
p.S532G and p.R521C showed only partial decreases in
activity. In most cases, close correlations between residual
activity and phenotype could be established. In some
cases, an effect of b-galactosidase alterations on other
members of the LMC was observed.

MATERIALS AND METHODS

Patients

The mutant alleles, samples, and cells used in this study cor-
respond to GM1-gangliosidosis or Morquio B patients already
described by our group (8, 9). The genotypes and clinical types of
some representative patients are listed in Table 1.

Vector construction

The whole coding region of the GLB1 cDNA was amplified by
PCR in two fragments that were ligated and cloned in a pUC18
vector. Mutagenesis was always performed in the GLB1-pUC plas-
mid. For protein expression, the wild-type and mutated cDNAs

were subcloned into the pcDNA3.1 expression vector (p.BGALwt
and p.BGALmut, respectively). Coding regions of human PPCA
and human neuraminidase-1 (or sialidase) were also cloned using
the same procedure (p.NEU and p.PPCA, respectively).

Site-directed mutagenesis

All mutations were generated by site-directed mutagenesis using
the QuickChangeTM Site-Directed Mutagenesis XL kit (Stratagene,
La Jolla, CA) according to the manufacturer’s instructions. In the
case of the double mutation p.L162S1p.R521C, the p.R521C
mutation was generated in a vector that already bore the p.L162S
mutation. All constructs were resequenced to ensure that no
spurious mutation had been introduced.

Cell culture and transfection

COS-7 cells were cultured in 100 mm diameter tissue culture
dishes with DMEM (GIBCO-BRL, Grand Island, NY), 10% fetal
bovine serum (GIBCO-BRL), and antibiotics. For transfection
with wild-type and mutant b-galactosidase cDNAs, 30 3 105 cells
were plated. Twenty-four hours later (when the cells were at 90%
confluence), 2 mg of the corresponding plasmid mixed with 15 ml
of LipofectamineTM 2000 Reagent (Invitrogen, Carlsbad, CA) was
added. As a negative control, an empty pcDNA3.1 vector and/
or a pcDNA vector carrying antisense b-galactosidase cDNA was
transfected. Cells were collected at 48 h after transfection by
scraping and centrifuging for 5 min at 300 g. Cellular pellets were
washed twice with PBS. Approximately 10% of the volume was set
aside for Western blotting. The remaining cellular pellet was
stored at 280jC until the enzymatic analysis was performed.

Patient fibroblasts were cultured as described previously (8),
and whole protein extract was obtained by scraping the cells in
lysis buffer (1% Triton X-100, 10% glycerol, 20 mM sodium
acetate, and 150 mM NaCl) containing the protease inhibitor
cocktail, Complete, Mini, EDTA-free (Roche, Basel, Switzerland).

Enzymatic analysis

b-Galactosidase activity was measured with the fluorogenic
substrate 4-methylumbelliferyl-b-D- galactopyranoside.

SDS-PAGE and Western blot analysis

Proteins were subjected to SDS-PAGE (12.5% polyacrylamide)
and electrophoretically transferred onto nitrocellulose mem-
branes. For transfected cells, ?30 mg of protein extract was
loaded, whereas for patient fibroblasts, ?40 mg was loaded.

TABLE 1. Genotype, clinical type, and residual enzyme activity of patients included in this study

Patienta Mutations Clinical Type Activityb

GM5, 6, 10, 14, 16, 17, 22 p.R59H p.R59H I 0.05–3.5%
GM13 p.R59H p.D441N I 2.5%
GM9 p.D441N p.D441N I 0.7%
GM19 p.D198X p.T420P I 0.8%
GM7 p.R590C p.R590C I 0.9%
A1 p.[L162S;R521C] p.[L162S;R521C] I 3.2–1.2%
GM1 p.R201H p.[G272D;S532G] III 1.2%
GM20 p.T420K p.T420K III 3.2%
GM4 c.147911G.T c.147911G.T I 4%
GM8 c.24511G.A c.1572_1577insG I 1.2%
MB1, MB5 p.L173P p.T500A Morquio B 1.8–5%
MB2 p.R201H p.R201H Morquio B 2.4%
MB3 p.Y83C p.D441N Morquio B 11.9%
MB4 p.Y444C p.G494S Morquio B 3.3%

a All patients are described in Ref. 8, except for A1, described in Ref. 9.
b Percentage of residual enzyme activity in patient fibroblasts.
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Western blot analysis was performed as described elsewhere (10).
The generation of the polyclonal anti-human b-galactosidase was
described previously (3, 11). Anti-human PPCA and anti-human
neuraminidase-1 antibodies were purchased from Rockland
(Gilbertsville, PA). Immunoreactive bands were detected by
incubating the membrane for 2 min in the following solution:
10 ml of 100 mM Tris-HCl, pH 9, 50 ml of 45 mM p-coumaric acid,
50 ml of luminol, and 10 ml of 30% H2O2.

Coimmunoprecipitation

The interaction between b-galactosidase and neuraminidase-1
was studied by coimmunoprecipitation. COS-7 cells were
cotransfected with 2 mg of each plasmid (p.BGALwt/p.BGAL-
mut, p.PPCA, and p.NEU) mixed with 20 ml of LipofectamineTM

2000 Reagent under the conditions described above. Correct ex-
pression of each protein in each sample was checked by Western
blotting (data not shown). Coimmunoprecipitation was per-
formed with the Rabbit IgG TrueblotTM Set (eBioscience, Boston,
MA) according to the manufacturer’s recommendations, except
for the following changes. Cell lysate was quantified, and 200 mg
of total protein extract was used for each coimmunoprecipitation
with 6 ml of commercial anti-neuraminidase antibody. The cell lysis
buffer contained 1% Triton X-100, 10% glycerol, 20 mM sodium
acetate, and 150 mM NaCl, whereas the washing buffer contained
0.01% Nonidet P-40, 10% glycerol, 20 mM sodium acetate, and
150 mM NaCl. Coimmunoprecipitation was performed at pH 5.5,
as described elsewhere (12). Coimmunoprecipitation samples were
subjected to Western blot detection with the specific primary
antibody and using the Rabbit IgG TrueblotTM as the secondary
antibody to avoid detection of the immunoprecipitated antibody,
according to the manufacturer’s recommendations.

Statistical analysis

For each expression experiment, transfections were per-
formed three times for each mutation as well as for the wild-
type construct and for an empty vector used as a negative control.
The activity of mutant alleles was expressed as a percentage of the
mean of the enzyme activity of the wild-type construct transfected
in the same experiment. In both cases, mutant and wild type, the
negative control activity was subtracted. For each mutant allele, at
least two independent experiments, like those described above,
were carried out. The Mann-Whitney U test was used to analyze
significant differences in enzyme activities between pairs of
mutant and/or wild-type enzymes.

RESULTS

Expression and enzyme activity of wild-type and mutant
b-galactosidase in COS-7 cells

Different alleles of the GLB1 gene were expressed in COS-7
cells to establish their residual enzymatic activities. The
changes expressed were c.176G.A (p.R59H), c.248A.G
(p.Y83C), c.485T.C (p.L162S), c.518T.C (p.L173P),
c.602G.A (p.R201H), c.1258A.C (p.T420P), c.1259C.A
(p.T420K), c.1321G.A (p.D441N), c.1331A.G (p.Y444C),
c.1480G.A (p.G494S), c.1561C.T (p.R521C), c.1594A.G
(p.S532G), c.1768C.T (p.R590C), and the double mutant
c.[485T.C;1561C.T] (p.[L162S;p.R521C]). The average
expressed activity of wild-type b-galactosidase in COS-7 cells
was 2,009.6 6 533.4 nmol/h/mg, whereas the average en-
dogenous activity (COS-7 cells transfected with an empty
pcDNA3) was 408 6 94.7 nmol/h/mg. The residual enzy-
matic activity for each protein, given as a percentage of wild-
type activity, is shown in Fig. 1. The following changes resulted
in lack of activity: p.R59H, p.L162S, p.L173P, p.T420P,
p.D441N, p.Y444C, p.G494S, p.R590C, p.[L162S;R521C];
on the other hand, p.Y83C, p.R201H, p.T420K, p.R521C,
and p.S532G produced enzymes with 6.9, 15.9, 10.3, 33.2,
and 60.2% of wild-type activity, respectively. Table 2 shows
the statistical analysis of the activity values between all
pairs of mutant enzymes with detectable levels of activity
and between each of them and the wild-type protein. All
changes displayed residual enzyme activities that were
statistically different from those of the wild-type enzyme.
No significant differences were detected for all pair-wise
comparisons for mutations p.Y83C, p.R201H, and p.T420K.
The change p.R521C, described previously both as a poly-
morphism (13) and as a mutation (14), differs statistically
from all other mutations but also from the p.S532G
polymorphism, which displays the highest residual activity.

Western blot analysis of expressed changes

To confirm that a correct synthesis of the proteins from
the transfected construct took place in COS-7 cells, par-
ticularly in those cases in which an absence of activity was

Fig. 1. Residual b-galactosidase enzymatic activity of the proteins from mutant alleles, expressed as the
percentage of wild-type (WT) activity. The number of replicates for activity measurements is indicated in
parentheses. Error bars correspond to standard deviation.
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found, immunoblot analysis of the normal and the variant
proteins was performed. A unique band of ?84 kDa was
detected in all cases using a polyclonal anti-human b-
galactosidase antibody. This band corresponds to the pre-
cursor protein, indicating a lack of mature protein in
COS-7 cells, as suggested previously (15, 16). In any case,
this maturation seems not to be necessary to detect the
in vitro activity of the enzyme. The 84 kDa band was observed
in all of the expressed alleles (Fig. 2).

Coimmunoprecipitation

The association of b-galactosidase with other proteins
in COS cells has been reported previously (12). Here, we
coexpressed the wild-type and mutant b-galactosidase
constructs with neuraminidase and PPCA and coimmuno-
precipitated b-galactosidase with an anti-neuraminidase
antibody to check whether the mutations found in the
patients alter the formation of this complex. The results
are shown in Fig. 3. Controls confirmed that the observed
b-galactosidase band came from the specific coimmuno-
precipitation, because no band was observed when the anti-
neuraminidase antibody was not included (2) or when the
pNEU (2NEU) or the pBGALwt (2bGAL) plasmid was not
coexpressed. For all mutations, a band of 64 kDa was
detected, indicating that under these conditions at least
some amount of protein remains associated with neur-
aminidase in the complex. However, differences in intensity
were clearly observed, which suggests that some mutations
could affect the interaction ability of the enzyme.

Western blot analysis of patient fibroblasts

To find the effect of mutations on the proteins of the
LMC, Western blot analysis was performed using anti-
bodies against human b-galactosidase, neuraminidase,
and PPCA on whole protein extracts from fibroblasts of

different patients (Fig. 4). Western blots were repeated at
least twice. Patient characteristics are listed in Table 1.

For b-galactosidase, the wild-type sample gave rise to a
main band of 64 kDa corresponding to the mature form of
the protein. A faint band, corresponding to the 84 kDa
immature protein, was also observed. All patient samples
showed the 64 kDa band, although for patient GM4 the
64 kDa band was fainter than for the rest. Most samples
showed a weak 84 kDa immature band (except for GM8),
and some samples also showed smaller bands, which may
correspond to degradation products.

Western blot analysis with anti-neuraminidase antibod-
ies revealed the previously described pattern of two bands
caused by different glycosylation states of the enzyme (17,
18). All patients displayed this pattern except for GM4, for
whom the neuraminidase bands were nearly undetectable.

Finally, the Western blot for PPCA confirmed the ability
of the anti-PPCA antibody to recognize the immature form
of the enzyme (54 kDa) as well as the two mature bands (32
and 20 kDa). In most samples, a band of greater molecular
mass (.100 kDa) was observed. It could correspond to a
not completely denatured multimeric complex. Interest-
ingly, different band patterns were observed for some of the
patients. The 32 kDa band was not observed in GM1 and
MB3 samples. Patient GM4 seemed to lack the 20 kDa band,
whereas patient MB4 showed less 54 kDa immature protein.

DISCUSSION

More than 80 mutations causing GM1-gangliosidosis or
Morquio B disease have been described in the GLB1 gene,
but few of them have been expressed to establish their
residual enzymatic activities. This needs to be done be-
cause residual activities found in patient fibroblasts or
leukocytes do not always correlate well with the observed
phenotypes (as shown in Table 1). Moreover, most of the
patients are compound heterozygotes, making it difficult
to know the effect of each mutation individually.

COS cells have been widely and successfully used to ex-
press different lysosomal enzymes and, in particular, lyso-
somal b-galactosidase. For this reason, we decided to use
this expression system to study the residual enzyme activities
of the various mutant alleles found in our series of patients.

Table 3 shows the activities of previously expressed
mutations found in the same codons of the mutations that
we expressed. The results are also included. Our results are
consistent with previous data, in spite of the different

TABLE 2. Significance of the differences in pair-wise comparisons between mutant enzymes with detectable
levels of activity and the wild-type enzyme

Y83C R201H T420K R521C S532G Alleles n

P , 0.001 P , 0.001 P , 0.001 P , 0.001 P , 0.001 Wild type 30
NS NS P 5 0.003 P 5 0.004 Y83C 5

NS P 5 0.005 P 5 0.002 R201H 6
P 5 0.001 P 5 0.002 T420K 6

P 5 0.001 R521C 7
S532G 6

n, number of replicates.

Fig. 2. Western blotting of expressed mutations in COS cells. The
COS lane corresponds to cells transfected with an empty pcDNA3.1
plasmid. A total of 30 mg of protein extract was loaded in each lane.
MW, molecular mass; WT, wild type.
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expression systems used. It should be noted, however, that
few of these studies actually demonstrated the production
of expressed protein. The only case for which our results
are different from those described previously is that of
p.R201H. Studies by two groups reported very different
results, and we obtained an intermediate value. This muta-
tion was found in patients with a relatively mild phenotype,
which makes the result reported by Kaye et al. (19) difficult
to understand. Those authors reported a very low value for
the wild-type enzyme, which may explain the null result for
the mutant construct. In fact, as they did not demonstrate
the production of expressed protein, there is no way to

correlate the low level of enzyme activity obtained with the
level of protein synthesized. Our results for p.R201H activity
and those of Ishii et al. (20) are higher than those described
for the p.R201C mutation, consistent with the phenotypes
associated with these two genetic changes.

The case of p.R521C change is particularly interesting
because it was originally described as a polymorphism and
found in 4% of a Brazilian control population (13) and in
1% of Spanish control individuals (8). Recently, Caciotti
et al. (14) described a patient homozygous for this change
and, after expressing it in COS-1 cells, reported that it was
likely to be the disease-causing mutation. In our case, the

Fig. 4. Western blots of patient fibroblasts using antibodies against b-galactosidase (A), neuraminidase
(B), and PPCA (C). At left, molecular masses are displayed; at right, the antibodies used are listed. Arrows
indicate expected molecular masses for the observed PPCA bands. Above each lane, the patient sample
loaded is shown. A total of 40 mg of protein extract was loaded in each lane.

Fig. 3. Coimmunoprecipitation. Shown are Western blots using anti-b-galactosidase antibody. Controls are
as follows: W, Western control: whole protein extract of coexpressed b-galactosidase, protective protein/
cathepsin A (PPCA), and neuraminidase (30 mg of protein extract); 2, coimmunoprecipitation without anti-
neuraminidase antibody; 111, positive control: coimmunoprecipitation of coexpressed b-galactosidase, PPCA,
and neuraminidase using anti-neuraminidase antibody; 22NEU, coimmunoprecipitation of coexpressed
b-galactosidase and PPCA without expressed NEU; 2bGAL, coimmunoprecipitation of coexpressed NEU and
PPCA without expressed b-galactosidase. At right are the different mutations coexpressed and coimmuno-
precipitated. A total of 200 mg of total protein extract was used for each coimmunoprecipitation. WT, wild type.

Expression and characterization of 14 GLB1 mutant alleles 2279
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p.R521C change resulted in 33.2% of residual activity. This
activity is statistically different from that of the other
polymorphisms, but it is also different from that of all of the
other disease-causing mutations (Table 2). This result could
explain the apparent paradox that 4% of the Brazilian
population bears the p.R521C mutation but no patients
with such a change have been reported to date as the cause
of the disease in that population. Individuals bearing
p.R521C, an allele showing a relatively high residual activity,
could often remain asymptomatic. Only a few patients, like
the one reported by Caciotti et al. (14), probably attrib-
utable to particular differences in genetic background or
environmental factors, would develop the disease. Thus,
the p.R521C change could be considered a low-penetrant
mutation. A fact that supports this idea is that the p.T420K
mutation, which in our experiments showed 10.3% of
residual activity, was found in homozygosity in patient
GM20, a mildly affected adult patient. This patient had the
first symptoms of the disease at age 26 and a mild course of
the disease. Accordingly, a mutant allele, such as p.R521C,
with 3-fold higher activity, would only be pathogenic in a
particular context. In addition, the p.S532G polymorphic
change was also expressed. This allele resulted in 60.2% of
activity, confirming that this is a nonpathogenic change.

In general, in the present study, good correlations were
established between the expressed mutations and the
phenotypes of the patients who bore them. The changes
p.R59H, p.T420P, p.D441N, p.R590C, and p.[L162S;R521C],
found in infantile patients, had null residual activity. The
mutations found in adult patients, p.R201H and p.T420K,
had 15.9% and 10.3% of residual activity, respectively.
Mutations found in Morquio B are expected to have some
residual activity, because they can barely cleave the ter-
minal b-galactosyl residue of keratan sulfate but they keep
some enzymatic activity against ganglioside GM1 (1). This
is true for p.Y83C, which shows 6.9% of activity. The
p.L173P mutation, found in two Morquio B patients, had

null enzymatic activity, suggesting that the accompanying
mutation (p.T500A) should be the Morquio B-causing
allele, as reported previously (8).

In contrast, it was difficult to establish any correlation
for mutations p.Y444C and p.G494S, found in another
Morquio B patient. It was expected that at least one of them
would have shown some residual activity. However, p.G494S
showed null activity, and although p.Y444C had residual
activity different from 0 (0.65%), this was too low to con-
firm it as the mutation causing Morquio B. Additional cases
should be analyzed to establish this correlation.

The differences in residual activity found for all of the
expressed amino acid changes cannot be attributed to the
lack of correct synthesis or a complete protein degrada-
tion, as shown by Western blot analyses (Fig. 2). However,
this system does not allow the cause of this absence of
activity of the variant proteins to be determined, which
could be either a direct effect on the catalytic site or a
misfolding and/or erroneous trafficking of the protein.
The misfolding/trafficking hypothesis seems to be more
likely, because all of the mutations expressed in the pre-
sent study affect residues that are far from those described
as essential for the catalytic process: glutamate 268 (21)
and aspartate 332 (22).

The possible effect of the b-galactosidase mutations and
polymorphisms on the interactions with the other proteins
within the LMC was studied by coimmunoprecipitating b-
galactosidase with anti-neuraminidase antibody (Fig. 3).
Apparently, all of the changes allow some level of inter-
action between b-galactosidase and neuraminidase. The
differences in intensity suggest that some of the mutations
could affect the interaction ability of the enzyme.

A complementary approach to studying the effect of the
mutations on the protein interactions within the LMC was
the analysis by Western blots of protein extracts from
patient fibroblasts (Fig. 4) using antibodies against b-
galactosidase, neuraminidase, or PPCA.

TABLE 3. Previously reported activities of the changes found in codons expressed in this study and activities of
the changes in those codons expressed in this study

Mutation Activity Expression Systema Reference

p.R59H 0.06% COS cells, DEAE dextran 14
p.R59H 0% COS cells, LipofectamineTM This study
p.R59C 0.23% COS cells, DEAE dextran 14
p.Y83H 2–5% ASVGM1 cells, calcium phosphate 23
p.Y83C 6.9% COS cells, LipofectamineTM This study
p.R201C 8.3% ASVGM1 cells, calcium phosphate 24
p.R201C 3.4% 20
p.R201C 12.9% COS cells, DEAE dextran 25
p.R201C 8.5% ASVGM1 cells, calcium phosphate 26
p.R201C 0% COS cells, LipofectinTM 27
p.R201H 46.5% 20
p.R201H 0% COS cells, LipofectamineTM 28
p.R201H 15.9% COS cells, LipofectamineTM This study
p.R521C 24% COS cells, DEAE dextran 14
p.R521C 33.2% COS cells, LipofectamineTM This study
p.S532G 81.0% COS cells, adenovirus-mediated 22
p.S532G 75–97% CHO cells, LipofectinTM 22
p.S532G 60.2% COS cells, LipofectamineTM This study
p.R590H ,1% COS cells, LipofectamineTM 29
p.R590C 0% COS cells, LipofectamineTM This study

a Cell line and transfection system are shown.
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The results for b-galactosidase revealed that mutations
in patients GM4 and GM8 allowed the synthesis of a b-
galactosidase protein of ?64 kDa. This is surprising because
these patients both carried either insertions or mutations
affecting position 11 of a donor splice site, which would be
expected to give rise to proteins with different molecular
masses. In fact, these patients, as indicated in Table 1, also
showed some residual enzymatic activity in their fibroblasts,
especially GM4. In the case of GM8, both mutations
(c.24511G.A and c.1572_1577insG) were expected to
cause nonsense-mediated mRNA decay, but both alleles
were amplified by RT-PCR (data not shown). In particular,
the c.1572_1577insG allele, if not degraded, was expected
to give rise to a truncated protein of ?64 kDa (similar in
size to the mature form of the wild-type protein). The
truncated protein corresponding to the other allele (with
exon 2 skipping) would be very small if synthesized. The
exon skipping caused by the mutation present in homozy-
gosity in patient GM4 does not generate a frame shift.
However, the absence of exon 14 implies a reduction of
?4.8 kDa in the protein molecular mass, which does not
correspond to any of the bands on the Western blot. An
altered maturation and/or a modified posttranslational
process could be the explanation for the observed bands.

Western blot analysis performed with anti-neuraminidase
and anti-PPCA antibodies showed that, in some patients, the
band patterns for these two proteins were also altered.
Patient GM4 showed a clear reduction of neuraminidase
band intensity and a lack of the 20 kDa PPCA band, whereas
for patients GM1 and MB3, the 32 kDa PPCA band was not
seen. Compared with the rest of the bands, patient MB4 also
had great reduction in the intensity of the 54 kDa PPCA
band. The altered band patterns observed for the PPCA and
neuraminidase assays indicate that some mutations in the b-
galactosidase protein affect the stability of the other proteins
in the LMC. In fact, most GM1-gangliosidosis patients also
show reduced neuraminidase activity (5–18% of the control
mean), although higher than in sialidosis or galactosialidosis
patients, which is another sign of this LMC alteration.
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