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Biochemical characterization of the
GM2 gangliosidosis B1 variant
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Abstract

The deficiency of the A isoenzyme of ß-hexosaminidase (Hex) pro-
duced by different mutations of the gene that codes for the α subunit
(Tay-Sachs disease) has two variants with enzymological differences:
the B variant consists of the absence of Hex A isoenzyme and the B1
variant produces an inactive Hex A isoenzyme for the hydrolysis of the
GM2 ganglioside and synthetic substrates with negative charge. In
contrast to the early childhood form of the B variant, the B1 variant
appears at a later clinical stage (3 to 7 years of age) with neurodegen-
erative symptoms leading to the death of the patient in the second
decade of life. The most frequent mutation responsible for the GM2
gangliosidosis B1 variant is R178H, which has a widespread geo-
graphic and ethnic distribution. The highest incidence has been de-
scribed in Portugal, which has been suggested as the point of origin of
this mutation. Biochemical characterization of this lysosomal disease
is carried out using negatively charged synthetic α subunit-specific
sulfated substrates, since Hex A isoenzyme heat-inactivation assays
are not applicable. However, the determination of the apparent activa-
tion energy of Hex using the neutral substrate 3,3'-dichlorophenolsul-
fonphthaleinyl N-acetyl-ß-D-glucosaminide, may offer a valid alter-
native. The presence of an α subunit in the αß heterodimer Hex A
means that its activation energy (41.8 kJ/mol) is significantly lower
than that of the ßß homodimer Hex B (75.1 kJ/mol); however, as
mutation inactivates the α subunit, the Hex A of the B1 variant
presents an activation energy that is similar to that of the Hex B
isoenzyme.
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Introduction

GM2 gangliosidoses are neurodegenera-
tive diseases produced by a reduced ability
to metabolize the GM2 ganglioside, which in
normal physiological conditions is hydro-
lyzed by the A isoenzyme of ß-N-acetylhex-
osaminidase (EC 3.2.1.52), frequently re-
ferred to in the literature as ß-hexosamini-
dase (Hex) (1,2). Hex is a lysosomal enzyme
which participates in the degradation of gly-

coproteins, glycolipids and glycosaminogly-
cans, having a catalytic action on the hy-
drolysis of the ß-glycosidic links of ß-N-
acetylglucosamine and ß-N-acetylgalactos-
amine (1,2).

Hex has a dimeric structure and is com-
posed of non-identical polypeptide chains of
an acidic (α chain) or basic (ß chain) charac-
ter. The enzyme system involves two main
isoenzymes that result from the different as-
sociation of α and ß subunits coded by dif-
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ferent genes: the Hex A isoenzyme, which is
the αß heterodimer, and the Hex B isoen-
zyme, which is the ßß homodimer. A third
unstable and minor isoenzyme, the αα ho-
modimer (Hex S), only reaches 1 to 5% of
the total enzymatic activity in the presence
of incapacity to synthesize the ß subunit, as
is the case for Sandhoff’s disease (1,3). The
active site of the α subunit preferably hydro-
lyzes substrates with a negative charge, such
as the GM2 ganglioside (1,4), although it
may also hydrolyze neutral substrates (5). In
contrast, the catalytic site of the ß subunit is
only active with neutral substrates (1,4), and
as a result the Hex B isoenzyme is unable to
hydrolyze the GM2 ganglioside.

As is the case for the other lysosomal
enzymes, the relative simplicity of the reac-
tions catalyzed by Hex contrasts with the
complex process of translocation of its pre-
cursor forms of high molecular mass from
the endoplasmic reticulum to the lysosomes,
which store the mature enzyme forms of
lower molecular mass (1,2). These transfor-
mations of the polypeptide chains are not a
necessary prerequisite for the acquisition of
catalytic activity, as the precursors are enzy-
matically active; however, the subunits must
be dimerized in order to have enzymatic
activity (1,2). After its synthesis, a small
amount of the enzyme protein is not incorpo-
rated into the lysosomes but is secreted into
the extracellular milieu (1,2).

Enzymatic deficits in GM2
gangliosidoses

GM2 gangliosidoses are lysosome disor-
ders of recessive autosomal transmission,
biochemically characterized by an inability
to hydrolyze the GM2 ganglioside, which is
accumulated particularly in neuronal cells
(1). The deficiency of Hex A (αß) and Hex B
(ßß) isoenzymes produced by different mu-
tations of the gene that codes for the ß sub-
unit is the cause of the GM2 gangliosidosis 0
variant, known as Sandhoff’s disease. In

turn, a deficiency of the Hex A isoenzyme,
produced by different mutations of the gene
that codes for the α subunit and known as
Tay-Sachs disease, involves two variants of
different enzymological types. These are B
variant, with a lack of the Hex A isoenzyme,
and the B1 variant, with the presence of a
mutated Hex A isoenzyme, catalytically in-
active against the GM2 ganglioside and other
substrates with negative charge, but active
with neutral substrates (1,3). As the partici-
pation of the GM2 activator protein is re-
quired for the degradation of the GM2 gan-
glioside by the Hex A isoenzyme at suffi-
cient physiological velocity, any mutation
that causes a deficit of the GM2 activator
also leads to the development of a GM2
gangliosidosis (AB variant), which is the
most difficult form to diagnose.

As a consequence, within the context of
these gangliosidoses, Sandhoff’s disease is
associated with a deficit of the Hex A and
Hex B isoenzymes, and Tay-Sachs disease
and its variants are associated with a deficit
of the Hex A isoenzyme with normal Hex B
activity. In turn, a deficiency of the GM2
activator is associated with normal Hex A
and Hex B activities, although there is an
inability to metabolize the GM2 ganglioside.

Clinical phenotypes of the GM2
gangliosidoses

The clinical phenotypes of the GM2 gan-
gliosidoses vary widely, from acute infantile
forms that progress rapidly and lead to the
death of the patient before 4 years of age, to
forms in which the clinical conditions
progress more slowly and are compatible
with survival until adolescence (subacute
forms) and even until adult age (chronic
forms). There are also other clinically be-
nign forms characterized by pseudodefi-
ciency of the Hex A isoenzyme, which, de-
spite being catalytically altered, conserves a
residual activity against the GM2 ganglio-
side (1,3).
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In general the pathology is very similar
for the classic forms of Sandhoff’s and Tay-
Sachs disease, and deficiency of the GM2
activator, with involutional neurodegenera-
tive symptoms, associated with alterations
of language, deambulation, dystonia, con-
vulsions, and pyramidal affection. However,
with Sandhoff’s disease there is a gross pa-
thology in the visceral organs, such as en-
docardial fibrosis and hepatosplenomegaly
(1). The histopathology is also similar, with
a strong presence of neurons swollen with a
massive accumulation of material in the ly-
sosomes, forming the so-called “membra-
nous cytoplasmic bodies” with a perinuclear
localization. Recently, Grosso et al. (6) dem-
onstrated a good relation between the differ-
ent clinical forms of GM2 gangliosidosis
and neuroradiological findings obtained by
magnetic resonance.

In contrast to the classic infantile form of
the B variant, the B1 variant is a disease that
starts later, with clinical manifestations from
3 to 7 years of age, although its progress is
generally fast, and the patient dies in the
second decade of life (1). This subacute
phenotype of the B1 variant could be due to
the presence of a defective allele, with the
mutated Hex A conserving a residual in vivo
activity against the GM2 ganglioside (1,7),
although the prognosis of the disease is poor,
with rapid deterioration of mental and motor
functions. Recently, Nassogne et al. (8) de-
scribed a case of GM2 gangliosidosis B1
variant revealed by magnetic resonance im-
aging of an isolated brain stem abnormality
in a 3-year-old girl referred for gait difficul-
ties related to ataxia and pyramidal signs.
Consequently, gangliosidoses should be con-
sidered in the differential diagnosis of iso-
lated infiltrating brain stem lesions in child-
hood. The studies carried out by Teixeira et
al. (7), demonstrating that the transduction
of type B1 human fibroblasts (producing the
inactive α subunit) with a retroviral vector
coding for the α subunit leads to a complete
correction of the enzymatic activity of the

Hex A isoenzyme, open the way to a pos-
sible gene therapy for this enzyme deficiency.

Geographic and ethnic distribution
of the GM2 gangliosidosis B1 variant

There are few studies of the B1 variant of
GM2 gangliosidosis, with 45 bibliographi-
cal references in Medline for the period from
1984 to 2003. Various mutations of the gene
that codes for the α subunit in the B1 variant
of GM2 gangliosidosis have been described,
although the R178H mutation (G533→A
transition, Arg178→His), generally referred
to as “DN-allele”, does not appear sporadi-
cally and is the most frequent mutation pres-
ent with a wide geographic and ethnic distri-
bution (9-13). However, the studies carried
out in Porto by Sá Miranda et al. have re-
vealed a particularly high incidence in the
north of Portugal (7,14-19), and it has been
suggested that this mutation could have its
origin in this region (10,14). In the Portu-
guese population as a whole, the prevalence
has been estimated to be 0.84 per 100,000
live births, and approximately twice this rate
in the north of the country (7). Other investi-
gators have also described B1 homozygotes
in families of Portuguese origin residing in
other countries (13).

These data demonstrate the interest of
studying this enzymopathy in Brazil as well
as in Galicia (north-western Spain), a com-
munity whose secular historical and cultural
relations with the north of Portugal are well
known. Here it should be noted that one of
the first B1 homozygote patients described
in the literature (14) was the son of parents
who had been born in the Galician province
of Ourense (Sá Miranda MC, personal com-
munication). In turn, recently Eirís et al. (20)
described two Galician non-consanguineous
B1 homozygous patients. Likewise, a bio-
chemical diagnosis was made in our labora-
tory of a patient with GM2 gangliosidosis,
the son of a Galician mother who was a
heterozygous carrier of the B1 variant, and a
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father of Jordanian origin who was a het-
erozygous carrier for the B variant (21).
Similarly, 5 non-consanguineous Galician
heterozygous B1 variant carriers were iden-
tified, with all cases presenting the R178H
mutation. Although it is too soon to reach
any serious conclusions, it is interesting to
note that two heterozygous carriers were
characterized in a study of 169 clinically
healthy blood donors. It should be pointed
out that in a randomly chosen control group
consisting of non-Jewish individuals, no more
than one heterozygous carrier of GM2 gan-
gliosidosis should be expected for every 167
samples (22).

Biochemical characterization of
homozygous and heterozygous
carriers of the GM2 gangliosidosis
B1 variant

Under fixed experimental laboratory con-
ditions Hex A is thermolabile and Hex B is
thermostable, and heat-inactivation assays
using the neutral fluorogenic substrate 4-
methylumbelliferyl N-acetyl-ß-D-glucosam-
inide are commonly used for the differentia-
tion of Hex isoenzymes (1,22). For the screen-
ing of Tay-Sachs disease carriers, the en-
zyme assay may be carried out in serum/
plasma samples, but in some cases the re-
sults are inconclusive and the most accurate
procedure is to isolate leukocytes and to
perform the thermal isoenzyme fractionation
assay on cell lysates. However, the results
obtained for the determination of Hex isoen-
zymes using neutral substrates, either by
means of separation techniques (chromatog-
raphy, electrophoresis) or non-separation
procedures (heat-inactivation of the Hex A
isoenzyme), lead to an over-estimation of
Hex A isoenzyme activity, providing false-
negative results in the detection of homozy-
gous and heterozygous carriers of the B1
variant (1,22). Neither are immunochemical
techniques able to offer clinically valid re-
sults, because the mutated Hex A isoenzyme

is immunologically detectable even though
it is catalytically inactive. The biochemical
diagnosis of the B1 variant is usually made
using negative fluorogenic substrates such
as 4-methylumbelliferyl N-acetyl-ß-D-glu-
cosaminide 6-sulfate, specific for the α sub-
unit of the Hex A heterodimer. However,
substrates of this type are very expensive
(22) increasing the cost of studying large
populations of individuals in the search for
heterozygous carriers.

For some years we have been working on
the possible thermodynamic characteriza-
tion of the enzyme heterogeneity of Hex in
different physiopathological situations (21,
23-32). The enzyme activities are determined
at 25º, 30º, 35º and 37ºC with a Cobas Bio
analyzer (Roche Diagnostics) using the neu-
tral chromogenic substrate 3,3'-dichlorophe-
nolsulfonphthaleinyl N-acetyl-ß-D-glucos-
aminide, and the Arrhenius plots and the
apparent activation energies are calculated.
This thermodynamic variable is directly re-
lated to the relative proportions of Hex A
and Hex B isoenzymes, because the pres-
ence of the α subunit in the Hex A isoen-
zyme gives it an activation energy (Ea ≈ 41.8
kJ/mol) that is significantly lower than that
for the ßß homodimer of the Hex B isoen-
zyme (Ea ≈ 75.1 kJ/mol). The Hex isoen-
zyme profiles for 14 plasma, urine or cell-
lysate samples may be determined within
approximately 2 h.

In the GM2 gangliosidosis B1 variant,
the mutated Hex A isoenzyme has a sub-
strate specificity similar to that of Hex B,
hydrolyzing neutral ß-hexosaminides but not
negatively charged substrates such as the
GM2 ganglioside or 4-methylumbelliferyl
N-acetyl-ß-D-glucosaminide 6-sulfate. Ac-
cording to the enzyme kinetic analysis per-
formed by Peleg et al. (33) in cultured fibro-
blasts from a B1 variant Syrian patient het-
erozygous for the mutations C496→G tran-
sition and C498 deletion, both active sites of
the mutant Hex A isoenzyme may be altered.
However, the change in the catalytic speci-
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ficity of the mutated Hex A isoenzyme is
interpreted to be an alteration of the active
site of the α subunit, maintaining the cata-
lytic function of the ß subunit (1,4). This
assumption agrees with the results obtained
in our laboratory (26) which showed that the
activation energy of the mutated Hex A isoen-
zyme, isolated by DEAE-cellulose chroma-
tography from the plasma of a B1 variant
Portuguese patient homozygous for the
R178H mutation, is essentially the same as
that of the Hex B isoenzyme (Table 1).

These results made it possible to apply
the previously described thermodynamic pro-
cedures (23,28) to the study of the enzyme
heterogeneity of Hex in different types of
biological samples for the biochemical diag-
nosis of homozygotes and for the detection
of heterozygous carriers of the B1 variant
(21). The results obtained were highly con-
sistent with those obtained using 4-methyl-
umbelliferyl N-acetyl-ß-D-glucosaminide 6-
sulfate as substrate, with isoenzymatic ac-
tivities and relative proportions of Hex A in
mononuclear and polymorphonuclear leu-
kocytes being highly discriminatory, as
shown in Figure 1. The Hex isoenzymes may
also be determined in lysates of whole leu-
kocytes; however, considering that the rela-
tive proportion of Hex A is significantly
higher in polymorphonuclear leukocytes than
in mononuclear leukocytes (P < 0.001), the
variation of the relative proportions of these
leukocyte populations could increase the in-
tra- and inter-individual variability of the
results, and therefore the degree of overlap
between heterozygous carriers and controls
(28). Determining the activity of the isoen-
zymes of leukocyte Hex makes it possible to
characterize the B1 variant biochemically in
both homozygous patients and heterozygous
carriers; however, although the results ob-
tained for the isoenzymes of plasma Hex
make it possible to identify homozygous
patients, in the case of heterozygous carriers
the results are often inconclusive. Although
carriers generally have lower enzyme activi-

ties than the reference range, the relative
proportion of plasma Hex A isoenzyme may
be within the corresponding reference range
(Figure 1). Similar results have been re-
ported by other investigators for classic Tay-
Sachs disease (B variant) (1,22); similarly,
regarding the B1 variant, heterozygous car-
riers have been shown to have normal serum

Table 1. Activation energies of the isoenzymes of
plasma Hex isolated by chromatography in a
DEAE-cellulose column using 3,3'-dichorophenol-
sulfonphtaleinyl N-acetyl-ß-D-glucosaminide as
substrate.

R178H homozygote Controls

Hex A (kJ/mol) 71.5 41.8 ± 0.5
Hex B (kJ/mol) 73.8 75.1 ± 1.0
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Figure 1. Relative proportions of Hex A isoenzyme in plasma and lysates of mononuclear
(MN) and polymorphonuclear (PMN) leukocytes in controls (triangles), and in homozygous
(open circles) and heterozygous carriers (filled circles) of the GM2-gangliosidosis B1
variant. The isoenzyme profiles were determined using the apparent enzyme activation
energy.
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levels of Hex A and Hex B in some cases
(22). It is also important to note that the
isoenzymatic profile of serum Hex may be
modified in different physiopathological situ-
ations (30,31).

In GM2 gangliosidosis, a relation has
been found between the residual activity of
Hex A and the severity of the disease (1), and
the less severe phenotype of the B1 variant
may be explained by the presence of a defec-
tive allele retaining an in vivo residual activ-
ity against the ganglioside GM2 (1,7). In
agreement with these data, for the case of the
mutated Hex A isoenzyme from a R178H
homozygote we found an activation energy
that was slightly lower than that for the Hex
B isoenzyme (Table 1). This difference (3.6
kJ/mol) may be measured accurately by the
procedure used.

Leukocyte lysates are the biological
samples of choice compared to serum or
plasma for the detection of B1 heterozygous
carriers. Blood samples must be taken in
tubes with EDTA and kept at room tempera-
ture, and the leukocyte populations should
be separated within a maximum of 24 h after
taking the sample. When characterizing the
enzyme heterogeneity of Hex using the ther-

modynamic procedure, or using negatively
charged sulfated substrates, no false results
are obtained through the possible presence
of ‘thermolabile’ Hex B. The presence of
this enzyme form, whose frequency reaches
0.6% of the samples included in the Israeli
national program for Tay-Sachs carrier de-
tection (34), would lead to a misinterpreta-
tion of the anomalous results obtained using
Hex A selective heat-inactivation assays (34).
Enzymatic methods are used for the bio-
chemical diagnosis of GM2 gangliosidosis
since, when suitably chosen, they may detect
nearly all of the clinically important muta-
tions with a decreased Hex synthesis or sta-
bility (35); however, it may be of interest at
a later date to carry out a molecular charac-
terization of the corresponding mutation.
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