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Abstract 

The reliable diagnosis of Tay-Sachs disease (fSD) and detection of TS 

heterozygotes is dependent upon an accurate assessment of the catalytic activity of 

hexosaminidase A (Hex A). 4-methylumbelliferyl-.6-D-N -acetylglucosamine-6-sulfate 

( 4MUGS)was synthesized in high yield by the sulfation of 4-methylumbelliferyl-S-D

N-acetylglucosamine (4MUG) with chlorosulfonic acid. producing a substrate 

preferentially hydrolyzed by Hex A. By application of an empirical formula, 4MUGS 

assay values are transformed to allow the calculation of Hex A and Hex B activities 

without the requirement of thermal fractionation. The usefulness of this substrate for 

the detection of TS heterozygotes, by both manual and automated assay procedures. 

is demonstrated. The diagnosis ofTSD genotypes, particularly the Bl TSD and Hex 

A-deficient healthy adult variants, is significantly improved with clear implications 

for screening and prenatal diagnosis. Chromatographic separation of Hex isozymes 

and analysis of the proflles obtained by 4MUG and 4MUGS hydrolysis allows for 

the differentiation oflater-onset forms ofTSD. The kinetic characterization of the Bl 

mutation using 4MUGS and the investigation of the TSD mutation in French 

Canadians by a DNA-based procedure demonstrates the heteroallelism within 

populations. 



Resume 

Le diagnostic S1lr de la maladie de Tay-Sachs et le depistage des 

heterozygotes de la maladie de Tay-Sachs sont dependant de la mesure precise de 

l'activite de l'hexosaminidase A. J'ai synthetise le substrat 4-methylumbelliferyl-B-D

N-acetylglucosamine-6-sulfate ( 4MUGS) par sulfation de la 4-methylumbelliferyl-B

D-N-acetylglucosamine (4MUG) avec l'acide chlorosulfonique. La sulfation de 

4MUG produit un substrat specifique pour l'hexosaminidase A. Par l'emploi d'une 

formule empirique, les montants de l'essai peuvent etre transformer en activite des 

hexosaminidases A et B sans !'inactivation thermale. L'utilite du substrat 4MUGS 

pour le depistage des porteurs de tare par les essai manuels et automatiques est 

ctemontre. Le diagnostic de la maladie de Tay-Sachs, en particulier les variante Bl et 

les adulte en bonne sante sans l'activite de l'hexosaminidase A est amtHiore, avec 

implication pour le depistage et le diagnostic prenatal. Utilisant la chromatographie. 

les hexosaminidases sont isolees. Les maladies de Tay-Sachs avec une presentation 

tardive peuvent etre distingues par l'examen des profils obtenus a l'hydrolyse 

enzymatique des 4MUG et 4MUGS. La caracterlzation cimStique de la mutation Bl 

par 4MUGS et l'investiga.tion de la mutation Tay-Sachs chez les Canadiens ftam;ais 

demontrent la variation dans les populations. 
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I. INTRODUCTION 

A. Tay-Sachs disease: historical perspective. 

Tay-Sachs disease (TSD) is a degenerative disease of the nervous system. It 

was fmt described in 1881 by Dr. Waren Tay in the U.K. He examined a 12-month

old baby girl with progressive muscle weakness which had begun at the age of three 

weeks. He believed her cerebral development to be .deficient and upon 

opthalmoscopic examination of both retina he discovered a brownish-red spot in 

each. surrounded by a large white patch. Tay felt the central spot •seemed a gap in 

the white patch, through which one saw healthy structure/# (fay, 1881). Four months 

later, the child's condition had deteriorated further and her optic discs were found to 

be atrophic; she died at 18 months of age (fay, 1881). 

Concurrently and independently, Dr. Bemard Sachs in the U.S. presented a 

detailed clinical and pathological account of the same disease. He described a baby 

girl born at full term to healthy parents. She was normal until the age of 2 months, at 

which time she had become weak. and listless and was noticed to startle easily. 

Opthalmoscopic examination revealed a spot of cherry-red colour in each retina 

surrounded by Ran intense grayish-white opaci~ (Sachs, 1887). The child's 

condition continued to deteriorate until death intervened at 2 years of age. The major 

features noted at autopsy were the edematous nature of the entire brain tissue, the 

hardness of the cortex, and, histologically. grossly abnormal pyramid cells 

throughout the brain (Sachs, 1887). As Sachs continued his research of this disease 

he became aware of its familial character. By 1896 he had observed 19 cases, all of 

which ocaJJTed in families of Jewish extraction. In many of the cases he noted that 

the parents were related. He proposed to name the disorder 'amaurotic family idiocy' 

(Sachs, 1896). 

Amaurotic family idiocy was subsequently found to comprise at least four 

distinct disorders based_ on the age of onset, clinical symptoms and ethnic ancestry of 



c the patients. One of these, infantile amaurotic idiocy, was later named Tay-Sachs 

disease after the two doctors who are credited with ita discovery. Detailed reviews of 

the clinical findings appear in Frederickson and Trams (1966), Schettler and KahJke 

(1967). and Schneck et al (1969) . 

TSD is inherited as an autosomal recessive trait. Male and female children 

are affected with equal frequency, consistent with this mode of inheritance. The 

parents ofTSD children are clinically normal. Slome (1933) was perhaps the first to 

e.xtensively study the pattern of inheritance ofTSD in patients and their families. He 

observed ratios of affected to unaffected offspring consistent with autosomal 

recessive inheritance. He also noted a high rate of consanguinity in the parents of 

TSD children. 

TSD is found predominantly, although certainly not e.xclusively, in 

individuals of Ashkenazi Jewish descent. The carrier frequency in Sephardic Jews 

and non-Jewish populations is estimated to be about l/300 (Myriantbopoulos and 

Aronson, 1966). The heterozygote frequency in the Ashkenazi Jewish population has 

been estimated to be 0.033, or 1 individual in 30 (Aronson, 1964; Myrianthopoulos 

and Aronson, 1972). Recently, however, even higher heterozygote frequencies have 

been noted in Jews who trace their ancestors to central Europe. More specifically, 

Petersen et al (1983) found that the highest heterozygote fiequencies are among Jews 

whose ancestors qnated from Austria, Czechoslovakia, and Hunaary. 

Heterozygote frequencies in these populations range between 0.072 and 0.109, 

values significantly higher than the carrier :trequency of Jews of eastern. European or 

Mediterranean descent. Very few Jews who trace their ancestry to the Near East have 

been found to be beterozygotes. 

A brief account of the history of the Jewish people, reviewed by 

Myrianthopoulos and Melnick. (1977) follows: The total Jewish population at the 

beginnina of the Diaspora constituted about 14% of the Greco-Roman population of 
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70 million, most of whom resided in Palestine. The destnletion of Jerusalem by the 

Romans (ea. 70 A.D.)was characterized by ma.ss migrations of the Jews into Syria1 

Ba.bylonia, and Europe. Jewish colonies were established in central Europe as early 

as the start of the 4th century A.D.; the earliest recorded was in Cologne, Germany in 

321 A.D. By the lOth century Jewish communities were firmly ensconced in 

Germany and France. Widespread massacre of the Jews and expulsions during the 

Cn:asades (ea. 1100 A.D.) led to their gradual migration to eastern Europe. Religious 

intolerance brought continued expulsions which drove the Jews from the cities into 

the country. A large number of rural communities were established. most of which 

were destroyed in the mid-1600s by the Cossacks. Survivors of the massacres fled to 

central and western Europe. In the mid-1800s many central European Jews (primarily 

Gennan Jews) began emigrating to the U.S., England, and Canada. Eastern 

European Jews followed in the late 1800s-early 1900s (Myrianthopoulos and 

Melnick. 1977). ~ difference in heterozygote frequencies for the Ashkenazim and 

Seplwdim indicates that the mutation most likely originated after the separation of 

Ashkenazi and Sephardic communities (ea. 800 A.D.). 

Two hypotheses have been proposed to explain how the TSD gene came to 

high frequency in the Ashkenazi Jewish population: genetic drift and heterozygote 

selective advantage. Chase and McKusick (1972) and Spyropoulos et al (1981) have 

proposed that genetic drift explains the high TSD gene frequency in Ashkenazi Jews. 

Myrianthopoulos and Melnick (1977) and Neel (1979) have rejected this as unlikely 

due to the number and scattered nature of Jewish communities throughout history. 

They contend that drift would have had to occur in parallel in many of the 

communities, which is unlikely. Also, the communities were neither isolated nor 

inbred and the continuous expulsions kept Jews constantly on the move; it is unlikely 

that drift would operate under these conditions. 

Myrianthopoulos et al (1966, 1972, 1977) propose that the Jewish TSD 
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heterozygote has an overall reproductive advantage over the Jewish nonnal 

homozygote. They believe the selective agent to be tuberculosis (a pulmonary disea:;e 

caused by Myobacterh.nn tubertulosis) since Jews who emigrated to central and 

eastern Europe lived predominantly in cities and were exposed to infectious and 

contagious diseases~ such as tubera.Uosis, more so than rural populations. This 

hypothesis has been supported by Petersen et al (1983), who noted that a high 

incidence of tuberculosis is found in the same region with a high frequency of the 

TSD gene, i.e., in Austria and Hlm8&1'Y. The mechanism by which TSD 

heterozygosity might protect an individual ftom tuberculosis is as yet unknown. 

However, that the heterozygote state of a recessive mutation might provide a 

compensating advantage has been established for at least two other autosomal 

recessive genes: sickle cell trait conferring resistance to Plasmodium falciparum 

malaria in populations of West African origin (Wmslow and Anderson, 1983) and 

heterozygosity for congenital adrenal hyperplasia conferring resistance to 

HaemQpbilus influenzaetype B infection in Yupik Eskimos (Petersen et al, 1984). 

The prevalence of 3 other related autosomal recessive diseases in the 

Ashkenazl Jewish population lends further support to the heterozygote selection 

hypothesis. Besides TSD, type I Gaucher disease, type A Niemann-Pick disease, and 

type N Mucolipidosis have attained high frequencies in Ashkenazi Jews 

(Myrianthopoulos and Melnick. 1977; Rotter and Diamond, 1987; Zlotogora et al, 

1988). All are lysosomal storage disorders of sphi.nsolipid metabolism and all four 

occur due to mutations at unlinked loci. Even Chase (1977) concedes that the 

prevalence of other neuromuscular disorders in Ashkenazi Jews is an argument in 

support of the selection hypothesis. However, the nature of the forces that might lead 

to such selection are unknown. 

Since the turn of the century TSD has been found in other ethnic groups 

such as the Swiss (Hanhart. 1954), the Japanese (Murakami, 1957; Momoi et al, 
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1978), and the Pennsylvania Dutch (Kelly et al. 197S). There is also a high incidence 

ofTSD in French Canadians of eastern Quebec, where the heterozygote frequency in 

some communities is at least as high as that found in Ashkenazi Jews (Andermann et 

al, 1977). The French Canadian TSD families have been found to originate primarily 

from small communities situated on the north and south shores of the St. Lawrence 

River, east of Quebec City. Many of these families can be traced to a founding 

population of about 2000 who came from F~ during the mid-16008 and colonized 

the Quebec City area (Charbonneau and Legare, 1967). Genealogical histories 

indicate that common surnames occur in the pedigrees. This would seem to implicate 

founder effect as an explanation of the high incidence ofTSD in these communities 

(Andennann et al. 1973, 1977). 

TSD children appear normal at birth. The clinical symptoms of th~ disease 

usually begin between 3 and 6 months of age with motor weakness and lethargy. A 

characteristic feature of TSD is the persistence of the startle reflex, which normally 

disappears in infancy with cortical development. Mental and motor deterioration 

progress rapidly after the fmt year of life. Feeding becomes difficult due to problems 

in swallowing. The head becomes abnormally large. By 18 months of age the 

children are usually deaf and bllnd. the latter due to atrophy of the optic disc. In 

approximately 9S% of those afflicted. the retina appears only as a cherry-red spot 

surrounded by a white halo. By 2 years of age the children are severely mentally 

retarded and a state of decerebrate rigidity ensues. Death invariably occurs between 

the ages of 2 and 4 years (O'Brien, 1983). 

Klenk. (1939) showed that the chemical composition of the TSD brain was 

changed flom that of a normal brain. Extraction of brain lipids revealed a stronsly 

polar slycolipid present in large quantity in the TSD brain that was destroyed by mild 

acid hydrolysis. Klenk. proposed the name 'ganglioside' to describe this acidic 

slYcolipid. Compositional studies of the ganglloside were performed by subjecting it 
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to strong acid hydrolysis and analyzing the lipid and sugar components (Klenk, 1941 

and 1942). It was found to ronta.in ceramide, composed of sphingosine and fatty add 

in a molar ratio of 1:1, as well as hexose suprs, hexosamine, and sialic acid. The 

ganslioside derives its acidic character from the sialic acid. The molar ratio of lipid : 

sugar or sugar : sugar was found to be nonintegral in ganslioside from normal brain 

and Klenk concluded that the compound under analysis was not pure; rather, it 

consisted of a number of gangliosides, each with different sugar residues. 

Svennerholm (1961 and 1962) used the technique of thin-layer 

chromatography to separate the brain gangliosides based on their polarity ; the more 

sialic acid residues, the more polar the ganglioside. He proposed a nomenclature 

system based on the number of sialic acids present. Thus, monosialic gangliosides 

are designated GM. disialic OD, trisiallc Or, etc. For further differentiation, numbers 

are assigned based on the order in which the compounds separate on chromatography 

(for example, GM3 ganglioside migrates fart~er than G:M2 which, in turn, migrates 

farther than G~u). The ganslioside accumulating to the greatest extent in the TSD 

brain was found to be a monosialo ganglioside, G:M2, which is similar in structure to 

the major monosialo ganglioside in the normal brain except that it is lacking the 

terminal galactose residue. GM2 pnglioside accounts for 70-90% of the total 

ganslioside fraction in the TSD brain. This contrasts with 0.1.0.3% in the nonnal 

brain. 

The asialic derivative of G:M2. or GA2 glycolipid, also accumulates in the 

TSD brain, accounting for approximately 20% of the total pnglioside fraction 

(Svennerholm and Raal, 1961; Gatt and Be~ 1963). Recently, Neuenhofer et al 

(1986) demonstrated the lysosomal accumulation of small amounts of 

.lysoganglioside lyso-GM2 in the postmortem brain of a TSD patient. The lyso·GM2 
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was found to be a fatty acid-free derivative of GM2 and thus contains sphingosine 

with a free base rather than ceramide. Lysosphi.ngolipids have been found to 

ac:aJ.lllulate in other sphingolipid storage diseases as well. For example, 

glucosylsphingosine accumulates in the brains and spleens of Gaucher disease 

patients (Nilsson et al, 1982) and galactosylsphingosine (also called psychosine) 

accumulation has been demonstrated in the brains of Krabbe's disease patients 

(Svennerholm et al, 1980). Lysosphingolipids differ from their respective 

sphingolipids by the absence of the amide-linked fatty acid at the 2-amino position of 

sphingosine. It is thought that a sphingolipid and its lyse-derivative are hydrolyzed 

by the same enzyme, thus accounting for the ac:aJ.lllulation of both compounds in 

sphingolipid storage diseases. Hamum et al (1986) found sphingosine to be a 

power.f\d inhibitor of protein kinase C activity and have subsequently shown many 

lysosphingollpids to similarly inhibit activity of this enzyme (Hannun and Bell, 

1987). Protein kinaae C has ita highest concentration in the central nervous system, 

particularly at presyna.pses. It is believed to participate in the transduction of 

neurotransmitter chemicals and to play a role in neuronal differentiation.. Hence, the 

ac:aJ.lllulation of even small amounta of toxic lysosphi.ngolipid compounds may 

contribute to the pathogenesis of sphingolipid storage diseases (Hannun and Bell, 

1987; Sandhoff and Conzelmann. 1985). Lending support to thi:J hypothesis, 

Kobayasbi et a1 (1988) reeently demonstrated a close a&10Ciation between 

galactosylsphingosine aa:umul.ation and the occurrence of lesions characteristic of 

Krabbe's disease in the brain, spinal cord, and peripheral nerves of affected infants. 

The pathologic changes in TSD are confined primarily to the brain.. The 

cerebtum and cerebellum appear to be the most severely affected. Postmortem studies 

of the brain show a profound decrease in the number of neurons in the cerebral 

cortex. The neuronal cytoplasm is ballooned and distended, with the nucleus 
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displaced to the periphery. Finely dispersed granules accumulate in the cytoplasm. 

The cells stain strongly with Periodate-Schiff and Sudan black B. indicative of large 

amounts of glycolipid. The brain is enlarged and quite often hard or leathery. 

Concomitant with the decreased number of a.x:ons is a proliferation of astrocytes and 

glial cells that serve as macrophages. It is this proliferation that is responsible for the 

macrocephaly. The glial cells are distended and filled with large granules which are 

similar in staining characteristics to those found in the neurons. Demyelination is 

consistently found and appears to be secondary to axonal degeneration (Aronson et 

al, 19SS; Aronson and Volk, 1962). 

Electron microscopic examination of the neurons, perfonned by Terry and 

Weiss (1963) and Samuels et al (1963), revealed the granules accumulating within 

the cytoplasm to be spirally-wound membranous structures. These membranous 

cytoplasmic bodies (MCBs) were observed only in the neurons ofTSD children; no 

evidence ofMCBs was found in the visceral organs. 

MCBs are the site of intense acid phosphatase and thiolactate esterase 

activities, enzymes known to be associated with the lysosomal fraction of the cell. 

Thus, it was determined that the MCBs are of lysosomal origin (Wallace et al. 1964 

and 1966). Isolation of the MCBs and analysis of their components revealed them to 

contain large quantities ofOMl ganglioside (Suzuki et al, 1969). 

B. Characterization of the substance stored and the enzymatic defect in 

TSD. 

1. GM2 ganglioside. 

Approximately 80 different gangliosides have been identified. They occur 

primarily in vertebrates and have been detected in virtually all vertebrate tissues 

(Ledeen. 1983). The carbohydrate that defines this group of glycolipids, and which 



c gives it an acidic character, is sialic acid. Many different kinds of sialic acids exist, 

only a few of which have been found in gangliosides. The major sialic acid f01md in 

the mammalian brain is N -acetylneuraminic acid (NANA). Another sialic acid, N

glycolylneuraminic acid, occurs in conjUll.Ction with NANA in the brain and 

e:x:traneural tissue gangliosides of some ma:mma.Iian species. NANA, however. 

appears to be the e:x:clusive sialic acid of human brain gangliosides (Ledeen, 1983). 

The great majority of ga:ngliosides belong to two families of 

glycosphingolipids: the sanglio- and neolacto- families. Both are synthesized from a 

lactosylceramide precursor. The sanglio- series contains N -acetylgalactosamine; 

most of the brain gangliosides belons to this series. The neolacto- family of 

sangliosldes contains N -acetylglucosamine and tends to predominate in gangliosides 

of extraneura.l tissues. One glucosa.mine-c::ontabling ganglioside found in the human 

brain is sialosylparagloboside (also called GL4). It is only a minor species of 

sanglioside in the human brain but a major ganglioside of human peripheral nerve 

and human erythrocytes. A third group of ga.ngliosides is the hematosides which lack 

hexosamine. This group occurs only to a minor extent in the nervous system. GM3 

and GM4 are the most prevalent hema.tosides (Ledeen, 1983). 

Compositional studies of the ga.ngliosides led to the elucidation of the 

struetures of the four major brain ga.nsllosides: G~u, Go la. Go lb. and Ortb (Klenk 

and Gielen, 1963). The predominant ganglioside is GM1. It contains a ceramide 

backbone, u do allsphingolipids, which is made up of sphingosine and fatty acid. In 

neutral glycosphingolipids and sphingomyelin, the fatty acid component of ceramide 

consists mostly of C20 - C24 fatty acids; stearate (a Ct8 fatty acid) predominates in 

ceramide from which gangliosides are derived. Gangliosides also contain an 

oligosaccharide chain linked to the ceramide. At least one of the sugars is the acidic 
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NANA. GMl ganglioside was found to have the following structure: galactosyl

(.6 1->3)-N -acetylgalactosaminyl-(.81->4)-[(Ll->3)-N -acetylneuraminy1]-galacto

syl-(.Bl->4)-glucosyi-(Bl-> 1)-[2-N-acyl]-sphingosine. Cleavage of the terminal 

sugar residues of the oHgosaccharide chain OCCI11'S to give different gangliosides 

(O'Brien. 1983). Makita and Yamakawa (1963) are credited with first reporting the 

correct structure of GM2 ganglioside. It was found to have the same structural 

formula as GMt but is lacking the terminal galactose (Srivastava, 1977). 

The distribution of ga.ngliosid.es is different for different regions of the 

nervous system. The hisher gangliosides GQtb. Ortb. Gntb. and GDta predominate 

in the gray matter of the brain while Gnla. GMt and GM4 predominate in the white 

matter. In addition. there are striking changes in the pattern and quantities of brain 

gangliosides during development with polysialogangliosides generally appearing later 

than monostalogangliosides (Suzuki, 1963). 

Gangliosides are constituents of virtually all cell membranes but they are 

most abundant in neuronal membranes: neuronal cell perikarya, a.xons, and dendrites 

have been shown to contain gangliosides (Wolfe, 1961). Subcellular ftactionation 

techniques have confirmed that the highest concentrations in the cell are found in 

synaptosomes and microsomes arising ftom nerve and dendritic endinp, respectively 

(Hansson et al. 1977; Svennerholm, 1980). The hydrophobic moiety that anchors 

the ganglioside in the cell membrane is ceramide; the polar sugar residues are oriented 

toward the external fluid (Zwaal et al. 1973). 

The high concentration of gangliosides in nerve tissue, and particularly at 

synaptic junctions, suggests that they may serve a special purpose. Some of the 

functions that have been ascribed to gangliosides include: synaptic transmission; 

receptor structures for bacterial toxins and viruses; and brain maturation. They will be 
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discussed briefly. 
' 

The release of neurotransmitter substances from vesicles into the synaptic 

cleft is known to be mediated by calcium. The demonstration of calcium-ganglioside 

complex fonnation (Behr and Lehn, 1973) led to the view that gangliosides might 

play a role in synaptic transmission. Svennerholm (1980) proposed that the 

dissociation of the complex, possibly initiated by the influx of potassium that occurs 

during nervous excitation, results in a release of calcium at the presynaptic membrane 

which, in turn, is thought to lead to a release of neurotransmitter chemicals. 

Gangliosides present on the external surface of cell membranes have been 

shown to bind bacterial toxins. Most toxins have separate subunits for binding to the 

receptor and penetrating the cell. It is thought that binding to gangliosides on the cell 

surface might induce a confonnational change in the toxin, promoting dissociation of 

the binding-effector complex (Fishman and Brady, 1976). Cholera and E. coli 

enterotoxins have been found to interact almost exclusively with GMt ganglioside; 

tetanus and botulinum toxins appear to be most effectively bound by 

polysialogangliosides; furthermore, the location of the sialic acids appears to be 

important in binding to toxins. For example, G:rtb is more effective than G:rta in 

binding botulinum toxin (Holmgren et al, 1980; Ledeen, 1983). 

Haywood (1974) and Holmgren et al (1980) reported that gangliosides bind 

Sendai virus and are capable of inhibiting agglutination of erythrocytes by the virus; 

polysialogangliosides with at least one terminal sialic acid residue extending from the 

terminal galactose are a requirement for binding. B~n and Ankel (1974) and 

Vengris et al (1980) have shown gangliosides to also bind interferon, inhibiting its 

antiviral activity. 

Changes in ganglioside composition have been shown to accompany brain 

development and neuronal differentiation ( Panzetta et al, 1980; Dreyfus et al. 1980). 
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Grunwald et al (1985) showed that the species of sangliosides, their abundance, and 

their distribution in chick retina change during neuronal development. ~ reti!t..a and 

brain are found to differ with respect to both the developmental age when 

polysialogangliosides appear and in their continued expression in the adult brain but 

not in the adult retina. While Gl\n is the major ganglioside of both young and adult 

rat myelin. myelin from young rats has relatively more di- and trisialogangliosides 

than myelin from adults. Human myelin shows increasing GM4 with ase. accounting 

for 15-20% of myelin ganglioside in the adult (Ledeen et al, 1980). 

The biosynthesis of gansliosides occurs by the sequential addition of 

monosacclwides to a ceramide precursor. The activated nucleotide donors of the 

residues are UDP-glucose. UDP-plactose, UDP-N-acetylgalactosamine, and CMP

N-acetylneuraminic acid (YJSbman and Brad.y. 1976; O'Brien. 1983). The addition of 

monosaccharide residues occurs at the nonreduci.ng end of the oligosaccharide chain 

and is catalyzed by specific glycolipid glycosyltransferases (Roseman, 1970). 

Ganglioside biosynthesis was initially thought to occur in the neuronal plasma 

membrane. However, Keenan et al (1974) were among the first to show that the 

glycosyltransferases are actually localized in the Golgi apparatus. Gangliosides are 

transported ftom the site of synthesis in the Golgi to the neuronal plasma membrane 

and. in partiwlar. to dendritic and synaptic membranes via vesicles (Forman and 

Ledeen, 1972; Yusuf et al, 1984). 

In addition to gansliosides present at synaptic junctions, there are also 

enzymes capable of modifying the sialic acid content of gansliosides. Sialidase and 

sialyltransferase at the synaptic membrane have been shown to constitute 6So/o and 

40%, respectively, of the total brain content of each enzyme in the calf brain 

(l'ettamanti etal.1980). 
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2. Enzymatic defect in TSD. 

More than 40 disorders of sphingolipid metabolism have been identified. 

Most of the slycosidases responsible for the hydrolysis of sphingolipids have been 

identified as lysosomal in origin based in part on their acidic pH optima. The 

substances stored in these diseases have been found to accumulate within structures 

that have ultrastructural and histochemical characteristics of altered lysosomes (Gatt, 

1980; Benson and Fensom, 198S). 

The catabolism of sansliosides (shown in Figure 1) proceeds in a stepwise 

fashion with the removal of sugar residues from the nonreducing end of the 

oligosaccharide chain, in reverse order to biosynthesis. While ganslloside 

degradation may start at the synaptic membrane by the action of sialidase, the 

majority of the enzymati.c steps in the degradation of gansliosides occurs within the 

lysosome. GMl ganslioside produced at the synapti.c membrane is transported from 

the axonal nerve ending to the lysosomes of the neuronal cell perikaryon for final 

degradation (Svennerholm, 1980). Transport of gansllosides to the lysosome 

probably occurs via endocytotic vesicles which fuse with the lysosomal membrane 

(Schwarzmann et al, 1984). 

GM2 ganglioside is normally a very small component of neuronal plasma 

membranes. It is fanned primarily as a metabolite ofGM1 ganslloside degradation. 

catalyzed by the lysosomal enzyme 8-galactosidase. The accumulation of GM2 

ganglioside in TSD results from a deficiency of the next glycosidase in the pathway 

of ganglioside metabolism. Since the nonreducing terminal sugar in GM2 ganslioside 

is a hexosamine the hydrolysis of this compound was expected to be catalyzed by a 

B-hexosaminidase. However, when assayed with synthetic substra~ such as 4-

methylumbelliferyl- or para.-nitrophenyl- derivatives of N -acetylslucosamine, Hex 
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activity was found to be higher than nonnal in TSD brain tissue (Sandhoff et al, 

1968). This problem was resolved when Robinson and Stirling (1968) separated two 

hexosaminidase isozymes from extracts of nonnal human spleen, both possessing B

D-N-acetylglucosaminidase and .6-D-N-acetylgalactosaminidase activities. They 

reported that the two isozymes had similar Km values and were both present in the 

lysosome. Hexosaminidase A (Hex A) is acidic and heat-labile at 50° C; 

Hexosaminidase B (Hex B) is basic and stable to heating (Robinson and Stirling, 

1968; O'Brien et al, 1971). 

Okada and O'Brien (1969) demonstrated the presence of both 

hexosam;nidase isozymes in all body tissues, fluids, and cells. They also showed 

that the more acidic, heat-labile isozyme (Hex A) was absent from all tissues ofTSD 

patients while the Hex B component. as well as several other lysosomal enzymes, 

showed an increase of at least 10-fold in the TSD cerebral cortex. Sandhoff et al 

(1971) gave TSD patients the designation of GM2 gangliosidosis B variant because 

Hex B is present. Levels of Hex A in plasma, leuk.ocytes, and cultured tlbroblasts 

obtained from obligate TS heterozygotes were found to be intermediate between those 

of normal controls and TSD patients. 

O'Brien et al (1970) developed a serum Hex A assay based on the 

differential thennolabilities of the He.x isozymes for the purpose of heterozygote 

detection. The fust screenins program for the detection of TSD heterozygotes in 

Jewish communities was begun by Kabaek in 1970 (Desnick et al, 1976; Kaback et 

al, 1977) and became so widespread that an automated assay method for the mass 

screening ofheterozygotes was established in those cities where the carrier frequency 

was high enough to make such screenins poSsible (Lowden et al, 1973; Delvin et al, 

1974). 

The flndins that amniotic fluid and cultured amniotic cells also express Hex 
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A and Hex B indicated that the detection of a homozygous TSD fetus in utero was 

possible. The fll'St prenatal diagnosis of TSD by Hex A assay of both uncu!tt~Ted 

amniotic cells and amniotic fluid was performed by Scbneck et al (1970). Prenatal 

diagnosis of TSD in a fetus by demonstration of an absence of Hex A activity in 

trophoblasts cultured from chorionic villi was first performed by Grebner et a1 

(1983). 

Hexosaminidases are expressed in nearly every tissue and cell type as well 

as body fluids. The discovery by Sandhotr et al (1968) of a deficiency of both Hex 

A and Hex B in a patient diagnosed as having TSD, as well as Robinson and 

Stirling's finding (1968) that acidic and basic forms of hexosaminidase exist, 

prompted inquiries into the stnlctural relationship between Hex A and Hex B. 

Robinson and Stirling reported that incubation of Hex A with neuraminidase resulted 

in its conversion to Hex B. This was taken to ·indicate that Hex B might be a 

precursor of Hex A, formed by the addition of neuraminic acid to Hex B. It was soon 

discovered that the commercial preparation of neuraminidase contained merthiolate 

and that this was responsible for a rearrangement of protein structure. A second 

model proposed to explain the relationship between the two Hex isozymes suggested 

that they share a common subunit (Robinson and Ca.rroll, 1972) and that TSD results 

from the absence of a subunit that is unique to Hex A. 

Srivastava and Beutler (1972, 1974c) raised antibodies against purified 

placental Hex A and Hex Bin rabbits. Antiserum raised against Hex A was found to 

. cross--react with both Hex A and Hex B. Likewise, anti-Hex B antiserum cross

reacted with both isozymes. These results indicated antigenic determinants common 

to both. However, they found that anti-Hex A antiserum adsorbed with Hex B was 

no longer capable of cross-reacting with Hex B, yet retained the ability to precipitate 

Hex A. Antiserum raised against Hex B and treated with Hex A lost its ability to 

cross-react with both isozymes. These studies provided the first evidence that Hex A 
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and Hex B share a common subunit (B) and, further, ~t Hex A has a subunit unique 

unto itself(a). 

Srivastava et al (1974&, 1974b) studied the kinetic and structural properties 

of purified placental Hex isozymes. They reported Hex A and Hex B to have 

isoelectric points of 5.4 and 7.9, respectively. This finding is consistent with the 

earlier report by Robinson and Stirling (1968) that Hex A contains neuraminic acid 

residues and is, therefore, more acidic than Hex B. Srivastava and eo-workers found 

Hex A and Hex B to have similar pH optima of 4.4 and similar Michaelis constants 

of 0.5 mM using 4-methylumbelliferyl-B-D-N-acetylgalactosaminide as substrate. 

The molecular weight of native Hex A and Hex B by gel filtration was estimated at 

.140 kilodaltons (kDa) for both isozymes; using the sedimentation equilibrium 

technique, however, their molecular weights were determined to be 100 kDa. 

Dissociation of the subunits of Hex A and Hex B and their separation by 

sodium dodecyl sulCate polyacrylamide gel electrophoresis (Srivastava et al, 1974b; 

Geiger and Amon, 1976) revealed both a and B subunits to have an apparent 

molecular weight of 25,000 daltons (Da). Mahuran and Lowden (1980) subjected 

both Hex A and Hex B to extensive reduction and alkylation. Hex B was found to 

chromatograph on SDS-PAOE as a single band of 2S,OOO Da; Hex A, however. 

consistently chromatographed as two bands of SO,OOO and 25,000 Da. They 

concluded that the subunit structures of Hex A and Hex B are at.B2 and 2(.62), 

respectively. 

Subsequently, Mahuran et al (1982) found the B subunit of Hex A and Hex 

B to be composed of two nonidentical polypeptide chains. Reduction and alkylation 

of the native enzymes followed by two-dimensional gel electrophoresis and peptide 

mapping, revealed two distinct B chains with pi values that differ by one unit. One 
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polypeptide, Ba. has an isoelectric point of 4.7; the other,&, has a more basic pi of 

~.9. The molecular weights of the two B polypeptide chains are similar at 

approximately 25 kDa, with the Bb species of a slightly lower molecular weight than 

Ba. They suggested a more accurate subunit structure of u .6a.Bb for Hex A and 

2(Ba.Bb) for Hex B. based on these findings. 

Lalley et al (1974), using hum.an·mouse somatic cell hybridization and 

immunological techniques. demonstrated synteny between the genes codi.ng for Hex 

A and two other enzymes. mannosephosphate isomerase and pyruvate kinase·3. 

Furthermore, they demonstrated that the expression of Hex A is dependent on Hex B 

expression; in contrast. Hex B expression is independent of Hex A • Similar work 

by Gilbert et al (1975) assigned the gene for Hex B to chromosome 5, while the 

gene for Hex A was assigned to chromosome 15. The gene encoding the B subunit of 

hexosaminidase was subsequently localized to region 5q13 by Dana and Wasmuth 

(1982). Thus, while a gene loam on chromosome 5 is responsible for Hex B 

expression, expression of Hex A requires gene loci on both chromosome 5 (encoding 

the B subunit of Hex common to both isozymes) and 15 (encoding the u subunit 

unique to Hex A). A mutation at the locus on chromosome 15 produces TSD due to 

an absence of Hex A: a mutation at the locus on chromosome S, however, will result 

in an absence of Hex A and Hex B since they both contain B subunits. Such a 

deficiency of both isozymes produces Sandhotf disease (SD), another form of GM2 

gangliosidosis, a discussion of which is presented later in this section. 

3. Other hexosaminidase isozymes. 

Since the initial discoveries of two major forms ofhexosaminidase in body 

tissues and fluids, other forms of Hex electrophoretically intermediate to Hex A and 
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Hex B have been identified and designated as Hex It and Hex I2 (Price and Dance, 

1972). Separation of nonnal serum Hex isozymes by ion-exchange chromatography 

reveals Hex h to elute after Hex B, at the beginning of the salt gradient. Hex 12. 

which is even more acidic than Hex It but not as acidic as Hex ~ elutes between 

hexosaminidases It and A. The Hex I's are found to be stable to heating under 

conditions that inactivate Hex A and are thought to be composed solely of B subunits. 

Furthermore, Hex 12 is identical in electrophoretic and thermal characteristics to the 

form of hexosaminidase (Hex P) present in the sera of pregnant women. Geiger et al 

(1978) found the molecular weight of Hex P to be approximately 1.5 times that of 

Hex A and Hex B. Hex P (and Hex I) might represent aB-chain polymer containing 

more B subunits than contained in Hex B (Ben-Y oseph et al, 1985, 1988). 

Hex S is yet another Hex isozyme, found primarily in patients with 

Sandhoff disease. It is more electronegative and more heat-labile than Hex A, has 

activity against 8-N-acetylgalactosamine and 6-N-acetylglucosamine substrates, and 

has a low optimum pH of5.0 (Ikonne et al, 1975; Potier et al, 1979). Immunological 

studies performed by Beutler et al (1975) showed Hex S to react only with anti-Hex 

A antiserum. However, Geiger et al (1977) showed very weak cross-reactivity to anti-

Hex B antiserum as well. This suggested that a and B subunits might possess some 

immunological similarities and, hence, homology in their amino acid sequences 

(Sandhoff and Christomanou, 1979). The results of the immunological studies 

suggested that Hex S contains only a subunits. This is supported by the absence of 

Hex S in the chromatographic separation of hexosaminidases from TSD fibroblasts. 

Molecular weight determinations gave a value similar to that of Hex A and Hex B, 

indicating that Hex S is .most likely a dimer of a subunits (Beutler et al, 1975; 
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Ikonne et al, 1975; Geiser et al, 1977; Potier et al, 1979). 

Hex C has been found to have an electrophoretic mobility similar to that of 

Hex S (Poenaru and Dreyf\Js, 1973; Braidman et al, 1974; Penton et al, 1975). 

Characterlzation ofHex C demonstrated that it has a neutral pH optimum and larger 

molecular weight than Hex S and that it is located in the cytosol, rather than in the 

lysosomal ftaction of the cell. Its failure to cross-react with antisenun raised against 

Hex A. as well as its presence in cells of TSD and SD patients, sets it completely 

apart from other hexosaminidase isozymes. 

4. <3M2-specific activator protein.. 

Most lysosomal enzymes have a broad substrate specificity. 

Hexosaminidase A, for example, has been shown to hydrolyze N • 

acetylgalactosaminide and N-acetyl&lueosaminide residues from oligosaccharides, 

steroid hormones, paragloboside Gu, GA2 glycolipid, and GM2 ganglioside. 

Hexosaminidase B is also capable ofhydrolyzins these substrates, with the exception 

of GM2 ganglioside (Conzelmann and Sandhoff, 1979; <YBrien et al, 1978). 

GM2 ganglioside hydrolysis occurs only by the action of hexosaminidase A. 

Early studies of hexosaminidase A were carried out using synthetic substrates, such 

as para-nitrophenyl- or 4-metb.ylumbelliferyl- derivatives of glycosaminides. 

Defective metabolism of the natural substrate, GM2 ganglioside, in tlbroblasts 

obtained from a patient with TSD was first demonstrated by Kolodny et al (1969) 

using GM2 ganglioside radiolabelled in the neuraminic acid moiety. Further in vitro 

studies of GM2 ganglioside hydrolysis, as well as the hydrolysis of other lipid 

substrates, entailed problems stemming from the relative insolubility of GM2 

ganglioside in aqueous media and the resultant tendency of the molecules to aggregate 

to form micelles (Gatt et al, 1972). The formation of micelles makes the ganglioside 
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unavailable to the water-soluble hydrolase. 

Detergents have been used widely to enhance the enzymic hydrolysis of 

GM2 ganglioside in vitro (Li et al, 1980; Hechtman et al, 1980). While they have 

been shown to greatly stimulate Hex A-catalyzed hydrolysis of GM2 some 

detergents, such as taurocholate and taurodeoxycholate, also stimulate GM2 

ganglioside hydrolysis by Hex B (Li et al, 1981). The enhanced enzymic degradation 

of GM2 ganglioside in the presence of detergents is attributed to their ability to break 

down the large micelles, thus presenting individual monomers to the enzyme 

(Conzelmann and Sandhoff, 1980). 

In vivo, a nonenzymic protein has been implicated in the hydrolysis ofGM2 

ganglioside by Hex A (Conzelmann and Sandhotr, 1978). Many other acid 

hydrolases have been shown to require such activator proteins for the hydrolysis of 

their sphingolipid substrates. These include arylsulfatase A (Fischer and J atzkewtiz, 

1975). gluax:erebrosidase (Ho and O'Brlen, 1971), galactocerebrosidase (Wenger et 

al, 1982), a-galactosidase (Li et al, 1979), a-galactosidase (Gartner et al, 1983), and 

sphingomyelinase (Christomanou, 1980). 

The GM.2 activator protein has been found in all human tissues examined 

(such as liver, kidney, brain. cultured fibroblasts, etc.) as well as serum and urine 

(Mahuran et al, 198S). Its presence was first detected in human liver by li et a1 

(1973), Hechtman (1977), and Hechtman and Le Blanc (1977), who found that crude 

Hex preparations were able to hydrolyze GM2 ganglioside tar better than purified 

preparations of Hex A. During the purification procedure, a low molecular weight 

activating protein was lost. Subsequently, Conzelmann and Sandhotr(1979) isolated 

the activator protein from human kidney; Hirabayashi et al (1983) isolated it from 

human brain. Molecular weight determinations of the GM2 activator protein by gel 
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Sephadex G-7S gel ftltration; Hechtman and LeBlanc (1977) arrived at a molecular 

weight of 36 kDa by Sephadex G-200; Conzelmann and Sandhoff (1979), using 

Sepbadex G-100 gel filtration, determined the molecular weight to be 2S kDa. Burg 

et al (198S) studied the biosynthesis of the GM2 activator protein in cultured skin 

fibrobluts using affinity-purified antibodies to human kidney activator protein. They 

found IlOl'11l&1.. Tay-Sacbs, and Sandhoff fibrobluts to secrete an activator protein of 

24 kDa size; intracellularly these cell strains have GM:2 acitvator protein with an 

apparent molecular weight of approximately .21,.500 Da. They inferred that the 24 

kDa protein is likely the biosynthetic precursor of the lower molecular weight form. 

The GM2 activator protein was found to be fairly acidic, with a pi of about 

4.8 (IJ et al. 1981; Conzelmann and Sandhoff. 1979). It is stable in crude extracts at 

oo· c. Co-distribution with hexosa.minidase in subcellular ftactionation experiments 

of normal fibroblasts localized the activator protein to the lysosomal fraction of the 

cell. This is consistent with its function of promoting the interaction between Hex A 

and GM2 ganglioside delivered to the lysosome for degradation (Banerjee et al, 

1984). The gene encoding the human GM2 activator protein has recently been 

mapped by Burg et al (198S), using an enzyme-linked immunoadsorbent assay for 

the activator in human·mouae somatic cell hybrids, to chromosome S; the B subunit 

of Hex also maps to chromosome S (Gilbert et al, 197S) in the region Sql3 (Dana 

and Wasmuth, 1982). The site of the activator protein locus on chromosome S has 

not yet been determined. It remains to be seen whether the genes encoding the 

activator protein and the B subun:it ofhexosaminidase form a close linkage group. 

Conzelmann et al (1982) studied the mechanism of action of the activator 

protein and concluded that it recognizes and binds GM2 ganglioside rather than Hex 

A. This was supported by the demonstration that the hydrolysis of water-soluble 
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filtration have varied. U et a1 (1981) detennined the activator to be 23 k.Da by 

Sephadex G-75 gel ftltration; Hechtman and LeBlanc (1977) arrived at a moleclJ!ar 

weight of 36 kDa by Sephadex G-200; Conzelmann and Sandhoff (1979), using 

Sephadex G-100 gel ftltration, determined the molecular weight to be 25 kDa. Burg 

et al (1985) studied the biosynthesis of the GM2 activator protein in cultured skin 

fibrobleu~ts using affinity-purified antibodies to human kidney activator protein. They 

found normal, Tay-Sachs, and Sandhoff fibrobleu~ts to secrete an activator protein of 

24 kDa size; intracellularly these cell strains have GM2 activator protein with an 

apparent molecular weight of approximately 21,500 Da. They inferred that the 24 

kDa protein is likely the biosynthetic precursor of the lower molecular weight form. 

The GM2 activator protein was found to be fairly acidic, with a pi of about 

4.8 (Li et al, 1981; Conzelmann and Sandhoff, 1979). It is stable in crude extracts at 

oo· c. eo-distribution with hexosaminidase in subcellular fractionation experiments 

of normal fibrobluts localized the activator protein to the lysosomal fraction of the 

cell. This is comistent with its function of promoting the interaction between Hex A 

and GM2 ganglioside delivered to the lysosome for degradation (Banerjee et al, 

1984). The gene encoding the human GM2 activator protein has recently been 

mapped by Burg et al (1985), using an enzyme-linked immunoadsorbent assay for 

the activator in human-mouse somatic cell hybrids, to chromosome 5; the B subunit 

of Hex also maps to chromosome 5 (Gilbert et al. 1975) in the region 5q13 (Dana 

and Wumuth, 1982). The site of the activator protein loaJS on chromosome 5 has 

not yet been determined. It remains to be seen whether the genes encoding the 

activator protein and the B subunit ofhexosaminidase form a close linkage group. 

Conzelmann et al (1982) studied the mechanism of action of the activator 

protein and concluded that it recognizes and binds GM2 ganglioside rather than Hex 

A. This was supported by the demonstration that the hydrolysis of water-soluble 
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synthetic substrates by Hex A is unaffected in the presence of activator protein 

(Conzel.mann and Sandhotr, 1980). More recently, Hechtman et a1 (1985) 

demonstrated activator protein binding to GM2 ga.nglioside by eo-sedimentation in 

sucrose density gradients, lending further evidence to Conzelmann and Sandhotrs 

findings. 

Neuenhofer and Sandhoff (198S) provided direct evidence of complex 

formation by affinity labelling of the activator protein with tritium-labelled 

lysogansJioside GM2. The molar stoichiometry of the activator protein-GM.l 

ga.nglioside complex was found to be 1 : 1. The GM2 activator protein also fonns 

complexes with GDJ.A. GM!, GMJ. and GA2. although at physiological ionic 

strength complex formation occurs almost exclusively with GM2 ga.nglioside 

(Conzelmann and Sandhoff, 1979; Sandhoff, 1984). 

Sandhotr and Conzelmann (1984, 198S) proposed a. model for the 

lysosomal catabolism of GM2 ganglioside which assumes that the ganglioside 

delivered to the lysosome cannot be attacked directly by Hex A. Instead, the GM2 

activator binds the ceramide moiety of the ganglioside a.t a hydrophobic groove of the 

activator protein. The water-soluble activator protein-GM.l ganglioside complex then 

binds to a specific site on the a subunit of Hex A (Kytzia and Sandhoff. 1985) in 

such a manner that the terminal N -acetylga.lactosaminide residue of GM2 is correctly 

positioned at the a-subunit active site. 

The physiological significance of the activator protein is apparent in the rare 

fonn ofinfantile GM2 gangliosidosis described by Sandhoff et a1 (1971). i.e. the AB 

variant. These patients accumulate large amounts of GM2 and GA2 ganglioside in 

spite of normal levels of Hex A and Hex B activity. The absence of the activator 
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protein for GM2 ganglioside hydrolysis in the AB variant was demonstrated by 

Conzelmann et a.l (1978) and Hechtman etal (1982). 

S. Synthesis and processing of the a and .B subunits of hexosaminidase. 

Much of the knowledae of how water-soluble acid hydrolases are 

synthesized and reach the lysosomal compartment of the cell is attributed to work on 

patients with I -cell disease. 1-celldisease (ICD), also calledmucolipidosis n. is a rare 

autosomal recessive condition in which excessive quantities of heterogeneous 

material accumulates within the lysosomes. B-gala.ctosidase, a -fu.cosidase, 

arylsulfatase A. a-mannosidase, a-iduronidase, 6-hexosaminidase, and a
glucuronidase activities are severely deficient. The multiple enzyme deficiencies 

involve primarily connective tissue cells. Studies on cultured fibroblasts of ICD 

patients demonstrated that the lysosomal enzymes are synthesized. yet are secreted 

into the culture medium rather than transported to the lysosome (Hickman and 

Neufeld, 1972). Consistent with this finding is the presence of large quantities of 

these enzymes in the serum ofiCD patients. The ability of cultured ICD tlbroblasts to 

take up exogenous normal enzymes in the culture medium indicated that the defect 

does not reside with the cell membrane receptors. Instead it was believed that the 

defect involves a common recognition marker that targets newly-synthesized 

hydrolases for the lysosome. ICD patients were found to be deficient in an enzyme 

that phosphorylates acid hydrolases (Komfeld, 1986; von Figura and Hasilik. 1986). 

The a and B polypeptide chains of hexosaminidase are synthesized on 

membrane-bound ribosomes in the rough endoplasmic reticulum (RER). The 

polypeptides are equipped with an N -terminal signal sequence of approximately 20 

hydrophobic amino a.clds. The newly-synthesized chains are transponed into the 
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lumen of the RER. where eo-translational modifications occur. The signal sequence 

is cleaved almost immediately after tra!'...sport of the polypeptidea in!tJ th~ lt..Lrn~ hy t~ 

action of a signal peptidase (Waiter et al, 1984). Once inside the lumen the 

polypeptides are glycosylated by the transfer of mannose-containing oligosaccharides 

to asparagine residues of the nascent acid hydrolases (Kornfeld and Kornfeld, 1985). 

The glycosylated a and .B polypeptide chains are transported to the Golgi 

via vesicles that fuse with the Golgi membrane. Other proteins, such as those 

destined for secretion or those to be inserted into membranes, are also transported to 

the Golgi. During their passage through the Golgi apparatus sialic acid residues are 

added. In contrast, mannose residues of proteins destined for the lysosome are 

phosphorylated through the action of two enzymes: the fl.I'St reaction involves the 

transfer ofN -acetylglucosamine-1-phosphate to the C6 hydroxyl of selected mannose 

residues and is catalyzed by N -acetylglucosamine-1-phosphotransferase. The second 

reaction involves the hydrolysis of N-acetylglucosamine by the action of N-

acetylglucosamine-1-phosphodiester a-N -acetylglucosaminidase (Reitman and 

Kornfeld, 1981; von Figura and Hasilik, 1986; Kornfeld, 1987). The resultant 

mannose-6-phosphate residues of the polypeptides serve as a recognition signal for 

receptor-mediated endocytosis of the lysosomal enzymes in the Golgi (Kaplan et al, 

1977; Hasilik and Neufeld, 1980b; Cre.ek and Sly, 1984). The enzymes involved in 

the formation of the phosphorylated recognition marker have been localized to an 

early Golgi compartment (Waheed et al, 1981; Pohlmann et al, 1982); the receptors 

that bind the recognition marker· are thought to reside in the trans Golgi network 

(Geuze et al, 1985). 

Proia et al (1984) demonstrated that a and B polypeptide chains of Hex 

associate within the Golgi apparatus after the phosphorylation event and prior to the 
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binding of the precursor Hex A and Hex B enzymes to the receptors. Once bound, 

the ligand-receptor complexes exit the Golgi via clathrin-coated vesicles that bud off 

from the Golsi membrane (Mellman, 1984; von FJ&Ur3. and Hasilik.. 1986) and are 

delivered to a. prelysosomal compartment with which the vesicles t\lse. The interior of 

the compartment is acidic; the low pH (•4.S) is maintained by a Mg2+-ATP· 

dependent proton pump (Reeves, 1984). The acidity of the prelysosome prompts the 

dissociation of the precursor Hex isozymes from their receptors, which are then 

either recycled back to the Golgi or move to the cell membrane and concentrate in 

coated pits to bind hydrolases that have been secreted. 

Hasilik and Neufeld (1980a) demonstrated in pulse-chase experiments that 

the a and .B polypeptide chains of Hex are synthesized as high molecular weight 

precursors that are proteolytically processed to mature form. The a subunit was 

found to have an initial apparent molecular weight of 67 kDa. This is processed to a 

mature size of S4 kDa. The B subunit, initially synthesized as a precursor polypeptide 

of 63 kDa, was found to be shortened to a S8 kDa intermediate. Further proteolytic 

processing of the B subunit yields two fragments of 27 and 28 kDa linked by a 

disulflde bridge (Mahuran et al, 1985). Interestingly, Hasilik et al (1982) 

demonstrated that the precursor form of Hex A is also fully active against the GM2 

ganglioside-activator protein complex. 

The proteolytic processing of Hex A and Hex B was shown by Frisch and 

Neufeld (1981) to occur at acid pH and to be catalyzed by various enzymes such as 

acid proteases, trypsin. and chymotrypsin in a cell-free system. They concluded that 

processing to mature form probably ocal1'S only after the precursor enzymes have 

reached the lysosome. The removal of the mannose-6-phosphate recognition marker 

was also shown to occur after the enzymes are taken up into the lysosomes (Komfeld 



c 

c 

27 

and Sly, 198S). 

While the great majority of lysosomal enzymes make their way to the 

lysosome by receptor-mediated endocytosis at the Golgi membrane, a small portion 

fail to bind to m.a:nnose-6-phosphate receptors and are instead secreted by the cell. 

Cells expressing the receptor in coated pits on their membrane will take up the 

secreted phosphorylated enzyme by pinocytosis and deliver it to the lysosome. This 

'secretion and recapture' (proposed by Hickman and Neufeld, 1972) provides 

another route to the lysosome which is still dependent on the mannose-6-phosphate 

recognition signal and receptor. Attempts to demonstrate a pathway independent of 

the mannose-6-phospha.te recognition marker have not been suc:cessful. However, it 

seems likely that such a pathway exists, based on two lines of evidence: (1) Cells of 

the liver, spleen, brain, and kidney of ICD patients, which are deficient in N

acetylglucosami.ne-1-phosphotransferase, do have some unphosphorylated acid 

hydrolases located within the lysosome (Owada and Neufeld, 1982; Waheed et al, 

1982) and (2) Glucocerebrosidase, a nonsoluble lysosomal enzyme, is not 

phosphorylated and yet makes its way to the lysosome by a sorting mechanism that 

ditrers from that of water-soluble hydrolases (Erickson et al, 1985). 

6. The stnlctUre of the genes encoding the a and B subunits of hexoaaminidase. 

A cDNA clone for the a chain of Hex A waa first isolated by Myerowitz 

and Proia (1984). The clone, containing a cDNA insert of240 base pairs (bp), had 

sequences complimentary to an mRNA from normal human fibroblasts of 

approximately 1.9 kilo bases (k.b). The insert mapped to genomic sequences encoding 

the 3' end of the a-chain gene for Hex A Subsequently, Myerowitz et a1 (1985) 

were able to isolate acDNA clone from an adult human liver library that contained the 
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entire coding sequence of the precmsor a. ..chain polypeptide ofhexosaminidase. The 

ftill.-length clone contains a cDNA insert that is 1944 bp in length with untranslated 

regions of 168 bp and 186 bp at the S' and 3' ends. respectively. An open reading 

ftame of 1S87 bp corresponds to S29 amino acids with an apparent molecular weight 

of approximately 61,000 Da (smaller .than the size estimated by gel electrophoresis of 

the biosynthetically labelled a polypeptide). The fmt 17-22 amino acids are 

predominantly hydrophobic and represent the signal sequence that is cleaved once the 

newly synthesized polypeptide chain ia transported into the lumen of the ER. 

Myerowitz et al (198S) found the full-length eDNA to hybridize to two normal 

ftbroblaat m.RNA species of 2.1 kb and 2.6 kb, differing only at their 3' ends. The 

larger m.RNA species, which is much less abundant (representin& only 5% of the 

total message detected), was found to have a different polyadenylation signa1453 bp 

downstream. The significance of this minor species of RNA is unknown; it was not 

detected in normal human placenta. Neither a. ..chain mRNA species were detected in 

Ashkenazi Jewish TSD fibmblaats. These finc:linp were conflrmed by Komeluk et al 

(1986). DNA sequences complementary to the cDNAs were localized to chromosome 

15 in somatic cell hybrids confirming that they were, in fact, sequences of the 

precursor a gene (Myerowitz et al, 1985; Komeluk et al, 1986). 

cDNA clones for the B chain of Hex were isolated by O'Dowd et al (1985). 

The clones ranged in length ftom 1.4 to 1. 7 kb. Restriction enzyme mapping 

indicated that their inserts were identical at the 3' end but differed in the S' 

extensions. The cDNA clones hybridized to normal ftbmblaat RNA of approximately 

2.2 k.b and mapped to chromosome S in somatic cell hybrids, aa expected for the B 

gene of Hex. 

O'Dowd et al (1985) determined the amino acid sequence of two B-chain 



peptides from the nucleotide sequence of the eDNA clones. Comparison of these 

sequences with the deduced amino acid structure of the a chain (Myerowitz et al, 

1985; Komeluk et al, 1986) revealed strikingly similar sequences. A small .8-chain 

peptide of20 amino acids showed 45% homology to the carboxyl terminus of the a

chain polypeptide, while a larger 63 amino acid B-chain peptide was 70% 

homologous to the middle region ofthe a chain; 65°A. homology ofa-andB-cDNA 

sequences was observed (Myerowitz et al, 198S). Likewise, Komeluk et al (1986) 

aligned precursor a- and 6-polypeptides and found 57% amino acid homology and 

SS% nucleotide homology. Most of the nonhomology of the amino acid sequence of 

the a and B polypeptides occurs at the amino tenninus. Both groups of investigators 

feel the high degree of homology indicates that the genes may have derived from a 

common ancestor gene and diverged after its duplication. Evidence of this was 

recently provided by Proia (1988) who isolated the .8-chain gene, characterized its 

intron-exon organization and compared it to that of the a-chain gene. He found the B-

and a-chain genes to be similar in their approximate size and number of exons. In 

addition, he found that the introns of the two genes interrupt the coding regions at 

homologous positions. 

The intron-exon organization of the gene encoding the a subunit of Hex 

was elucidated by Proia and Soravia (1987). A schematic representation of the gene 

is shown in Figure 2. The gene was found to be over 35 kb in length and split into 14 

exons. All of the introns have characteristic GT and AG dinucleotide sequences at 

theirS' and 3' ends, respectively. Most of the 13 introns are small (ranging from 0.2 

to 2.1 kb in length); the exception is the fll'St intron which has a length greater than 18 
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kb. At the ~· end of the gene there are sequences resembling the TATA box 

(ITATITA) and CCAAT box (CCATC) with a GC-rich region between. These 

sequences are thought to form the promoter region of the a -chain gene. The ftrst 

exon of the gene encodes both the signal sequence and the extension at the amino 

terminus of the precursor a polypeptide that are cleaved during the eo- and post-

translational modiflcations of the a chain. Little et al (1988) identified proteolytic 

cleavage sites in the a polypeptide to occur almost exclusively at the amino tenninus; 

at most only a few amino acids are removed from the carboxyl tenninus, as 

demonstrated by the ability of antibody c:tirected against the last 1~ amino acids at this 

terminus to precipitate both mature and preausor a chain. 

Varki et al (1981) and Waheed et al (1982) demonstrated that the amino 

terminal extension of lysosomal enzymes does ·not appear to carry the signal by 

which they are recognized as substrate for N -acetylglucosaminyl phophotransferase, 

the enzyme that phosphorylates lysosomal enzymes at speciftc mannose residues. 

These fmdings were corroborated by Myerowitz et al (198~) who found no 

significant homology between the amino acid sequence of several lysosomal 

enzymes. Rather, Proia and Sora.via (1987) suggest that since the pre- segment is 

removed following a- and 8-subunit association, the amino-tenninus of the precursor 

polypeptides may play a role in this association. 

Discovery of the structural organization of the a -chain gene has already led 

to the identification of the mutation in some patients with TSD. These include: a 

single base substitution producing a splice junction error in Ashkenazi Jewish 

infantile TSD (Arpaia et al, 1988; Myerowitz, 1988; Ohno and Suzuki, 1988b); a 4 

bp insertion in exon ll producing premature termination in Ashkenazi Jewish TSD 
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Figure 2. Intron-exon organization of the a.-chain gene of hexosaminidase A. The 
bars at the top of the figure denote the a-chain gene from 5' (left) to 3' (right). 
Introns are represented by open areas within the bars. The enclosed boxes represent 
exons 1-14. The hatched area in exon 14 corresponds to the additional 3' untranslated 
sequence found in the larger of two mRNAs for the a. chain. EcoRI restriction sites 
(pertinent to the study presented in this dissertation) are indicated below the a.-chain 
gene structure map. Alu repetitive elements are indicated. (From hill aod .SOran~ 
1967~· Myerowitz 4.llti Hogi.kyao, 1967) 
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(Myerowitz and Costigan. 1988); a deletion of a single base producing premature 

termination in an infantile TSD patient of Italian origin (Neufeld, 1988, peraonal 

communication); a partial 5' end gene deletion in French Canadian infantile 

TSD patients (Myerowitz and Hogikyan, 1986); and a sinsle base substitution that 

produces an amino acid change near the amino terminus of the enzyme, significantly 

altering its secondary structure in a TSD Bl variant (Ohno and Suzuki, 1988a). It is 

likely that many more mutations will be identified in the near future. 

C. Variant alleles at the a.-locus of Hex A. 

Infantile TSD is most prevalent in Jews of Ashkenazi descent and French 

Canadians. It was once thought that the absence of Hex A in these two ethnic groups 

might be attributable to an identlcal mutation, perhaps arising independently or 

perhaps due to a Jewish ancestor in the French Canadian population (McKusick, 

1986). However, TSD in these ethnic groups was shown by Myerowitz and 

Hogikyan (1986) to be due to at least two distinct mutant alleles which nevertheless 

result in an absence of Hex A production. 

Fibroblasts of Ashkenazi Jewish TSD patients were not found to synthesize 

an a-chain preeursor (Proia and Neufeld, 1982). Furthermore, they were shown to 

have undetectable mRNA for the a subunit (Myerowitz and Proia, 1984; Myerowitz 

et al, 1985; Komeluk et al, 1986) in spite of the fact that they do synthesize a primary 

RNA transcript (Paw and Neufeld, 1988). Arpaia et al (1988), Myerowitz (1988), 

and Ohno and SUzuki (1988b) identified a splice junction mutation (G-~ 

transversion)ofthe GT dinucleotide ofintron 12 in PeR-amplified fragments of the 

a-chain gene from several Ashkenazi Jewish infantile TSD patients. Another 

mutation, a 4-base pair insertion in e:xon 11 that introduces premature termination 9 
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bp downstream from the site of the insertion, has recently been identified by 

Myerowitz and Costipn (1988). They estimate that this is the major defect causing 

classical infantile TSD in the Ashkenazi Jewish population since 70% of the carriers 

tested possessed this DNA lesion. It is likely that other mutations will be identified in 

the Asbkenazi Jewish population that give rise to the wide range of clinical 

phenotypes observed in the variant forms ofTSD. 

The mutation in two French Canadian TSD patients was demonstrated by 

Myerowitz and Hogikyan (1986) to be a 7.6 k.b deletion at the S' end of the u..chain 

gene. The deletion includes part of intron 1, all of exon 1, and extends 2 k.b past the 

putative promoter (Myerowitz and Hogikyan. 1987; Proia and Soravia. 1987). The 

first exon was found to encode the amino-terminus of the precursor polypeptide that 

is proteolytically cleaved in the lysosome to produce mature u subunit (Proia and 

Soravia, 1987). Sequence analysis of the a--chain gene revealed Alu sequences in the 

normal gene (Proia and Soravia., 1987) that correspond to the S' and ~ deletion 

boundaries in the French Canadian mutant gene. suggesting that the deletion may 

have arisen from unequal crossover between Alu sequences during meiosis 

(Myerowitz and Hogikyan. 1987). Though the mutations in the Ash.k.enazi Jews and 

French Canadians are different, the resultant clinical phenotype is identical. 

Many phenotypic and genotypic variations exist within the GM2 

gangliosidoses. Evidence has been aa:umul.ating that defective GM2 ganglioside 

metabolism results from mutations involving different gene loci as well as from 

multiple defects within a single gene locus. Mutations at three loci result in forms of 

GM2 gangliosidosis. These include the lows on chromosome 15 encoding the u 

subunit of Hex, the locus on chromosome S encodlna the 8 subunit of Hex, and the 
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loaJS encoding the activator protein necessary for the in vivo hydrolysis of GM2 

ganglioside, also mapped to chromosome S. All forms of <3M2 gangliosidosis have 

an autosomal recessive mode of inheritance. A disalssion of the a-locus variants 

follows. 

l. CRM-pcsitive infantile GM2 gangliosidosis. 

TSD has been identified in two unrelated families of Italian descent (Proia 

and Neufeld, 1982; Zokaeem et al, 1987). Both probands are the offspring of 

consanguineous parents and both fail to produce Hex A; their clinical phenotype is 

indistinsuishable from that of CRM-negative infantile TSD patients. Biosynthetic 

labelling of cells in culture and immunoprecipitation of the Hex subunits 

demonstrated that both patients synthesize a precursor a polypeptide. The a chain 

enters the lumen of the ER, as indicated by the fact that it is N-glycosylated, but it 

fails to undergo posttran:slational modifications that would result in the formation of a 

matt.u:e a chain. Proia and Neufeld (1982) demonstrated that an a chain of normal 

apparent molecular weight (67 kDa) is synthesized by the cells of one patient. This a 

chain is insoluble, however, and not transported from the ER to the Golgi apparatus. 

In contrast. the other patient synthesizes a shortened prec:ursor a-chain of 6S kDa. 

This precursor is most likely trapped in the ER. It is not processed further and is 

degraded by proteolysis (Zokaeem et al, 1987). Neufeld (1988, personal 

communication) recently demoDBtrated. that the shortened polypeptide synthesized by 

cells of this patient is due to a deletion of a cytosine nucleotide at position 1S10 of the 

a -chain gene producing a ftameshift mutation. followed by prematt.u:e termination. 
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Both patients are most likely homozygous for their respective a-locus mutations; this 

has been demonstrated to be the case in the patient synthesizing a shortened a 

subunit, whose parents were shown to be heterozygous for the shortened a chain 

~kaeem et al, 1987). 

Infantile TSD cases with an enzymatically aberrant but neurologically 

classical fonn of TSD have recently been described (Goldman et al, 1980; Li et al, 

1981; Inui et al, 1983; Kytzia et al, 1983; Charrow et al, 1985; Bayleran et al, 1987; 

Besley et al, 1987; Gordon et al. 1988). These patients have significant Hex A 

activity against synthetic N-acetylglucosaminide substrates, but have severely 

deficient activity against the 6-sulfated derivatives of these substrates and GM2 

ganglioside. Sonderfeld et al (1985) demonstrated by genetic complementation that 

this mutation (referred to as Bl variant) is allelic to the classical TSD mutation. 

Inui et a1 (1983) described two siblings. bom to consanguineous parents, 

referred to as pseudo-AB or AmB variants because they synthesize both Hex A and 

activator protein yet are unable to hydrolyze GM2 ganglioside. Unsulfated synthetic 

substrates were hydrolyzed normally by these individuals. This was taken to indicate 

thatthe a-subunit mutation atrects the site at which the GM2-activatorcomplex binds 

Hex A. an interpretation that is no longer valid (Bayleran et al. 1987). 

In spite ofthe normal or near-normal levels of Hex A activity measured by 

unsulfated synthetic substrates in the Bl variants, their inability to hydrolyze GM2 

ganglioside results in its storage in massive amounts. Most patients have a clinical 

and pathologic phenotype identical to that of infantile TSD. However, Inui et a1 

(1983) and Charrow et a1 (1985) described patients who had a more juvenile 

presentation. With the exception of the patients described by Inui, the parents of the 
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Bl variants are unrelated. 

Sonderfeld et al (1985) studied the processing of precursor a chains in the 

cells of a Bl variant and fmmd that the polypeptide was processed to a mature form 

that was indistinguishable from that observed in normal cells. However, the amount 

of mature a chain formed in the B1 variant was decreased. 

Ohno and Suzuki (1988a) recently cloned and characterized mutant cON As 

from tlbroblasts of a Bl variant • the same patient on whom Sonderfeld's work. was 

based. The nucleotide sequence of a cDNA clone containing the entire coding 

sequence was found to be normal except for a single base substitution that resulted in 

a change from arginine to histidine at amino acid 178 near the amino-terminus. 

Computer analysis of the secondary structures of both normal and mutant enzymes 

indicated significant alterations in the structure as a result of the substitution. While 

the mutation in this patient apparently does not interfere with normal biosynthesis, 

processing, and maturation of Hex A or alter its immunologic properties, it may 

occur at or near the active site on the a subunit. 

The significant activity of Hex A against N-acetylglucosaminide substrates 

makes prenatal diagnosis of the Bl variant difficult. There is at least one documented 

case of misdiagnosis that occurred when amniocyte Hex A activity waa assessed with 

the synthetic subatrate 4-methylumbelliferyl-B-D-N-acetylglucosamine. (Kolodny et 

al, 1983). Recently, however, Conzelmann et al (1985) correctly diagnosed a case of 

infantile Gw gangliosidosis in a fetus with the Bl variant form of the disease based 

on an inability of the fetus' Hex A to degrade radiolabelled GM2 in the presence of 

activator protein. 
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2. Juvenile GM2 gangliosidosis. 

Juvenile GM2 gangliosidosis waa first described by Bernheimer and 

Seitelberger (1968) and subsequently by Okada et al (1970), Suzuki et al (1970), 

Menkes et al (1971), and Breu et al (1973). Patients have symptoms similar to those 

of infantile TSD. However, the onset of symptoms is later, usually between 2 and 6 

years of aae (Okada et al, 1970). The clinical features of juvenile TSD include ataxia, 

spasticity, dysarthria, seizures, and the exaggerated startle reaction to sol.Dld. 

Seizures were notably absent in two juvenile TSD patients reported by Andermann et 

al (1977). As in infantile TSD, dementia is a characteristic feature of juvenile TSD 

but the deterioration is less rapid. Despite the slower progression of the disease death 

invariably occurs between the aaes of S and IS years (Okada et al, 1970; Brett et al, 

1973; Meek et al, 1984). 

Juvenile TSD is clinically similar to Batten-Spielmeyer-Vogt disease; 

however, the appearance of macular degeneration and retinitis pigmentosa early in the 

course of the latter disorder distinguishes it from juvenile GM2 gangliosidosis. 

Macular degeneration occurs only in some juvenile TSD patients and when it does it 

results in blindness late in the course of the disease (O'Brlen, 1983). 

Postmortem examination has revealed significant neuronal storage of GM2 

ganglioside, though the quantity stored in the cortex is not as great as that stored in 

infantile TSD (the accumulation of GM2 ganglioside is 40-90 times normal in 

juvenile GM2 gangliosidosis) and there is slightly better preservation of myelin 

(Okada et al, 1970; Breu et al, 1973). The neuronal cytoplasm is ballooned and 

contains cytoplasmic inclusions of accumulated GM2 ganglioside, as seen in infantile 

TSD (Suzuki et al, 1970; Menkes et al, 1971; Brett et al, 1973). 

A deficiency of Hex A has been demonstrated in brain, liver, spleen, 

leukocytes, fibroblasts, and serum of affected patients. The deficiency, measured by 
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heat inactivation, ranges from partial (Suzuki et al, 1970; Okada et aL 1970; Brett et 

al, 1973; Meek et al, 1984) to severe (Brett et al, 1973). Where Hex A activity has 

been measured with the natural subst:rate, it has been found to be severely deficient. 

The amount of GM2 ganglioside hydrolysis by juvenile TSD Hex A is only slightly 

greater than that seen in infantile TSD patients (O'Brien et al, 1m; Kolodny and 

Ragbavan, 1983; Meek et al, 1984). 

No ethnic predilection has been observed for juvenile GM2 gangliosidosis. 

Affected children are generally not the offSpring of consanguineous parents. An 

exception is the finding of juvenile TSD in two Lebanese Canadian families 

(Andermann et al, 1977) in whom the parents are first cousins. Compound 

heterozygosity in a patient with the juvenile GM2 gangliosidosis phenotype was first 

demonstrated by Johnson et a1 (1980), who showed that the parents of the proband 

appeared different upon testing for heterozygote status. 

d' Azzo et al (1984) studied the processing and association of a and B 

subunits in cells from a juvenile GM2 gangliosidosis patient. The results indicated 

that the mutation affects both the rate of synthesis of a polypeptide as well as its 

ability to associate with B subunits. 

3. Chronic and adult-onset GM2 p.ngliosidosis. 

Chronic and adult-onset GM2 gangliosidosis variants have been described in 

the literature (Rapin et al, 1976; Willner et al, 1981; Mantovani et al, 1985; Oates et 

al. 1986; Kaback et al, 1978; Navon et al, 1981, 1986; Johnson et al, 1982; 

Kolodny and Ragha.van, 1983; Argov and Navon, 1984). It remains unclear whether 

these syndromes represent two distinct genotypes or whether phenotypic 

heterogeneity results from variable expression of the same genotype. Because there 
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are significant similarities between the two variants. they will be discussed in the 

same section. 

Chronic GM2 gansliosidosis presents primarily as a progressive 

spinocerebellar degeneration, with symptoms of tremor, incoordination, and 

dysarthria first appearin& between the ages of 3 and 15 years. Upper and lower motor 

neuron weakness and ataxia develop (Kolodny and Raghavan, 1983). Many patients 

develop dementia (Willner et a.l, 1981; Mantovani et al, 1985; Oates et al, 1986); 

some a.lso experience recurrent psychotic episodes (Ra.pin et al, 1976). The clinical 

course of the disease resembles that ofFrledreich ataxia. WHiner et al (1981) reported 

nine chronic OM2 gangliosidosis patients who were initially misclassified as atypical 

variants ofFriedreich ataxia. 

Adult GM2 gansliosidosis has an even later age of onset. Motor difficulties 

first become apparent between the second and fourth decades of life. The symptoms 

are generally consistent with a spinal muscular atrophy reminiscent of Kugelberg

Welander disease (Johnson et al, 1982) or amyotrophic lateral sclerosis (Argov and 

Navon, 1984). Progressive proximal muscle weakness and dysarthria are common 

symptoms; dementia is not. Some patients experience psychotic episodes (Kaback et 

a:l• 1978; Navon et al, 1981). 

Storage of OM2 sansJ.ioside has been demonstrated by the appearance of 

MCBs in rectal ganglion and cultured skin ftbroblasts of chronic and adult GM2 

sansJ.iosidosis patients (Navon et al, 1981). Postmortem examination of the brain of 

a chronic patient revealed cerebellar degeneration (Rapin et al, 1976). The neurons of 

the cerebral cortex appeared slightly swollen, but few had a ballooned appearance; the 

cerebral cortex is mostly unimpaired in patients with the adult form of the disease. In 

both variants, however, the gray matter of the spinal cord contains many MCBs 

consistent with anterior hom cell disease (Ra.pin et al, 1976; Willner, 1981; Oates, 
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1986; Navon et al, 1981; Johnson et al, 1982; Navon et al, 1986). The MCBs 

observed in the adult and chronic variants are indistinguishable from the inclusions 

observed in the neurons of infantile TSD patients, but their numbers are fewer, 

indicating a less severe accumulation ofGMl ganglioside in these patients. GM2 does 

not accumulate in macrophages, as it does in infantile TSD. Adult and chronic 

patients do not have seizures, nor is there macular degeneration (K.olodny and 

Raghavan, 1983). 

The degree of Hex A deficiency appears to be comparable in the chronic and 

adult variants. Some patients have a severe, though measurable deficiency {Willner et 

al, 1981; Mantovani et al, 198S; Kaback. et al, 1978; Johnson et al, 1981; Navon et 

al, 1981); others have only a partial deficiency (Oates et al, 1986). Deficient Hex A 

measured by thermal inactivation has been reported in sera, leukocytes, and 

fibroblasts. Rapin et al (1976) reported on a patient who had serum Hex A 

approaching that of classical TSD patients, yet the proportion of Hex A in the 

patient's leukocytes, though still abnonnally low, was much higher than in the 

infantile form. Argov and Navon (1984) and Hechtman, Khoo, and Isaacs (1983) 

reported an increase ofihe Hex I isozyme in tibroblasts of chronic and adult patients. 

The ability of Hex A to hydrolyze GM2 ganglioside is severely affected in chronic 

and adult-onset GM2 gangliosidosis patients (K.olodny and Raghavan, 1983; 

Raghavan et al, 198S). Clearly the degree of enzyme deficiency does not correlate 

with the severity of the disease. 

Chronic and adult-onset forms of GM2 gangliosidosis have been found 

primarily in individuals of Ashkenazi Jewish descenL Parents of affected individuals 

in most cases thus far studied are unrelated and the patients are thought to be 

compound heterozygotea (Navon et al, 1981). In some cases, infantile GM2 

gangliosidosis in another family member has occurred (Navon et al, 1981; Johnson et 
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al, 1982). 

The synthesis and processing of the subtJrljts of Hex A !n ~l!B of ~~.ropj~ 

(d'Azzo et al, 1984) and adult (d'Azzo et al, 1984; Frisch et al, 1984) GM2 

gangliosidosis patients was studied. Cells of adult-onset patients were found to 

synthesize an a polypeptide of normal 67 k.Da size yet the amount was reduced to 

less than that synthesized by normal cells. In addition, very little mature a chain was 

observed, indicating defective association of the a and B subunits. Cells obtained 

from chronic TSD patients were found to have the same association defect; however, 

a precursor was synthesized at a normal rate. In cells of both variants the amount of 

mature a subunit detected was only about VlO the normal level (d'Azzo et al, 1984). 

Navon et al (1986) reported on the first successful diagnosis of adult-onset 

GM2 gangliosidosis in a fetus using heat inactivation of Hex A activity, separation of 

Hex isozymes by ion-exchange chromatography, and immunoprecipitation of 

biosynthetically labelled Hex subunits to observe the synthesis and processing of 

Hex A. 

4. HexosaminidaseA-deficient healthy adults. 

Apparently healthy individuals with deficient Hex A have been found 

mostly through family studies prompted by the occurrence of TSD in a family 

member. Vidgotr et al (1973) first described such an individual who was assessed 

when her child was discovered to have TSD. Measurement of heat-labile Hex A 

activity in serum and leukocytes revealed profoundly low levels, well below those 

established for other obligate heterozygotes. Vidgoff et al (1974) subsequently found 

levels of Hex A activity comparable to heterozygote levels in tears and cultured skin 
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fibre blasts, suggesting that the mutation in this individual may affect the distribution 

of Hex A. Similar cases have been reported in which a nonunifonn diatrlbution of 

Hex A has been found (Kelly et al. 1976; Thomas et al. 1982; Grebner et al. 1986) as 

well as healthy individuals in whom the deficiency of Hex A appears to be uniform 

tbroushout cells and fluids (Grebner et al, 1986). 

Navon et al (1973 and 1976) reported on four healthy individuals with a 

severe deficiency of heat-labile Hex A activity in leukocytes, fibroblasts, senun and 

urine.. They were members of the same family and were assessed when another 

member was diagnosed with TSD. A follow-up study of the four siblings revealed 

slowly progressive neurological symptoms resembling those associated with adult-

onset GM2 gangliosidosis. The onset of symptoms in these patients occurred in their 

late :JJ's (Navon et al, 1980. 1981). It remains to be seen whether other healthy 

adults with low levels of Hex A are awaiting a neurological disease or will remain 

unaffected. 

The deficiency ofHex A activity measured by thennal fractionation with the 

synthetic substrate, 4MUO, is not reflected in the ability of nonnal Hex A-deficient 

adults to hydrolyze OM2 ganglioside. Tallman et al (1974) found OM2 ganglioside 

hydrolysis by healthy Hex A-deficient individuals to be 50% of normal in leukocytes. 

Half-nonnal levels of GM2 ganglioside hydrolysis have also been observed by 

O'Brien et al (1977, 1978) using fibroblasts and leukocytes of healthy Hex A-

deficient variants. Grebner et al (1986) demonstrated OM2 ganglioside metabolism 

that was closer to normal levels in three variants. 

Healthy adults with profoundly low levels of Hex A activity measured by 

synthetic substrates yet normal or near-normal metabolism ofOM2 ganglioside have 

been found in individuals of Ashkenazi Jewish as well as non-Jewish origin, born to 

nonconsanguineous parents. It is presumed that this phenotype is the result of 
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compound heterozysosity for an infantile TSD allele and another mutant a allele that 

affects the enzyme's ability to hydrolyze synthetic substrates while retaining the 

ability to hydrolyze GM2 ganglioside. Kelly et al (1976) demonstrated segregation of 

two mutant a. alleles in a family of Pennsylvania Dutch extraction in whom TSD had 

occurred and in whom a healthy Hex A-deficient adult was identified, lending 

support to this hypothesis. 

The synthesis and processing of the a. and 8 subunits of Hex A in two 

healthy siblings of Ashkenazi Jewish descent and in a healthy non-Jewish individual 

was studied by Grebner et al (1986). The siblings displayed a nonunifonn deficiency 

of Hex A activity against 4MUG; the non-Jewish individual had uniformly low levels 

of Hex A. Cultured fibroblasts of all three persons were found to synthesize 

precursor a- and .6-polypeptides of normal size that were processed to mature form. 

There was, however, a difference in the amount of precursor a.-chain synthesized. 

Cells from all three individuals showed a markedly reduced precursor a. chain with a 

corresponding reduction in the amount of mature a. subunit. 

D. The 8-aene locus and SandhotT Disease. 

Sandhoff et al (1968) described the first case of GM2 gangliosidosis in an 

infant with a clinical phenotype, course, and pathologic changes in the nervous 

system identical to TSD, yet in whom large amounts of GA2 glycolipid were stored 

as well. Electron microscopic analysis (Sandhoff and Harzer, 1973) gave evidence of 

extraneurological involvement by the presence of vacuolated histiocytes in the lungs, 

liver, kidney, spleen. lymph nodes, and bone marrow containing cytoplasmic 
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lamellar inclusions of GM2 ganglioside and GA2 glycolipid - something not seen in 

TSD. A marked increase of globoside in the visceral organs was also noted 

(Sandhoff and Harzer, 1973; Suzuki et al, 1971). Subsequently, Oka.da et a1 (1972) 

demonstrated accumulations of cerebral GM2 to levels 300 times normal (comparable 

to that in the TSD brain); levels of GM2 were 8-30 times normal in the visceral 

organs. Accumulation of GA2 was 100 times normal in the Sandhotf disease (SD) 

brain (compared to 20 times nonnal in the TSD brain). Globoside aeeumulation in the 

visceral organs was significant, the highest amount observed in the liver where it 

was 200 times nonnal. The storage of sulfated glycosaminoglycans (GAG) in 

cultured ftbroblasts (Cantz and Kresse, 1974) and branched-chain N

acetylglucosaminyl oligosaccharides in fiver (Ng Ying Kin and Wolfe. 1974) ofSD 

patients has been demonstrated. Warner et al (1986) demonstrated urinary excretion 

of these compounds in SD patients. Their metabolism is believed to be normally 

catalyzed by Hex B since they do not accumulate in TSD patients. 

Sandhotf and Harzer (1973) found both Hex A and Hex B to be deficient in 

all tissues and body fluids of SD patients. Thus, these patients have also been 

referred to as 0 variants of GM2 gangliosidosis. They documented the deficiency 

using synthetic N -acetylgalactosaminide and N -acetylglucosaminide substrates, Gw 

p.nslioside, GAi p.nslioside, and globoside. Ikonne et a1 (1975) reported that the 

major component of residual Hex activity in SD patients is flex S, the properties of 

which were discussed earlier in this section. Beutler et a1 (1975) demonstrated that 

Hex S is a dimer of a. subunits, based on its apparent molecular weight and ability to 

cross-react with anti-a. antiserum. The increase in Hex B observed in TSD cells has 

been attributed to excess 6 chains combining with one another in the absence of a. 
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chains (Mahuran et al, 198-S). In SD cells the intact a subunits also associate in the 

absence of B subunlts to form Hex S. However, only small amounts of Hex S are 

found in SD patients, sugesting that pre-a chain synthesis may in some way be 

linked to pre-.6 chain synthesis or may be stabilized by J3 chain (Tsui et al, 1983; 

Proia et al, 1983). 

Rattazzi et al (1976) provided ronfnmation that TSD and SD result ftom 

mutations at different gene loci by demonstrating the appearance of Hex A in 

fibroblast heterokaryons formed between Tay-Sachs and Sandhoff cells. These 

findings were rorroborated by d'Azzo et a1 (1984)who demonstrated the association 

of a and B subunits in chronic TSD and. SD cell heteroka.ryons. SD is the result of a 

mutation in the gene on chromosome S which encodes the B subunit (Gilbert et al. 

197,S). 

SD is extremely rare among Ashk.enazi Jews, yet it is the most prevalent 

fonn of GM2 gangliosidosis in Lebanon (Der Kaloustian et al, 1981) and Argentina 

(Kremer et al, 1985). It has also been described in French Canadians of eastern 

Quebec by Melan~n et al (1974) and Andermann et al (1977). The relative isolation 

of these communities indicates that the high incidence of SD may be attributable to 

genetic drift ancV or inbreeding (Cantor et al, 1987). Autosomal recessive inheritance 

of SD was reported by Harzer et al (1971) and Okada et al (1972). The first 

successful diagnosis of SD prenatally was reported by Desnick et al (1973). 

SD heterozygotes have a reduced level of total Hex activity in tissues 

throughout the body. Heterozygotes have been identified using a low percentage of 

senun Hex B as the criterion (Suzuld et al, 1973; Lowden et al, 1978). Thermolabile 

Hex B has been described in some SD heterozygotes (Lowden, 1979; Lane and 

Jenkins, 1978; Hechtman and Row lands. 1979)who presumably synthesize a hybrid 
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unstable to heating. Abnonnal 13 subunits have also been found in a patient with 

classical TSD whose cells not only lacked Hex A activity, but the Hex B component 

showed an increased susceptibility to heat (Momoi et al. 1978), as well as healthy 

individuals in whom Hex B was heat-lablle yet an active Hex A was synthesized 

(Hechtman and Rowlands, 1979; Navon et al, 1985). Dreyfus et al (1975 and 1977) 

described patients with the so-called 'Hexosaminidase Paris' mutation in whom 

mutant B subunits preferentially associated with nonnal a subunits to form Hex A 

with increased heat !ability. 

Many different SD phenotypes have been identified, associated with varying 

amounts of residual Hex activity and the age at which clinical symptoms appear. The 

later-onset forms that have been described include: juvenile (Kytzia et al, 1984; Wood 

and MacDouga.ll. 1976; Goldie et al, 1977; Macl.eod et al, 1977), adult-onset 

(Johnson et al, 1981; Warner and O'Brien, 1983; Barbeau et al, 1984; Federico et al, 

1986) and Hex A- and Hex B-deflcient nonnal adults (Dreyfbs et al, 1975; KytZia et 

al, 1984). 

Hasillk and Neufeld (1980a) found no evidence of precursor B chain 

synthesis in fibroblasts of SD patients. Precursor a chain synthesis was nonnal in 

SD cells but always appeared as tree a chain of 67 kDa size (Proia et al, 1984). 

O'Dowd et al (1985) isolated human cDNA clones coding for the pre-B chain of Hex. 

DNA isolated from fibroblasts of infantile and juvenile SD patients was probed with 

these clones (O'Dowd et al. 1986). Juvenile SD patients, who had some residual Hex 

activity, showed normal or reduced amounts of precursor B-chain mRNA. No gross 

abnormalities in the gene encoding the B subunit were found. Cells of some infantile 

SD patients were found tO synthesize pre-6 mRNA. In some such patients a pre-B 
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polypeptide was synthesized in normal amount and size, yet there was barely 

detectable Hex activity; in other patients pre-6 subunit was synthesized in levels of 5-

100k normal, with or without measurable Hex activity. The cells of some infantile SD 

patients were found to synthesize no mRNA for the precursor B chain. Of this latter 

sroup, the mutation in a few individuals was found to be a partial gene deletion at the 

S' end of the gene. No individual in this group had Hex activity. (O'Dowd et al, 

1986). 

E. The AB variant. 

Sandhoff et al (1971), Kolodny et a1 (1973) and deBaecque et a1 (1975) 

were among the first to describe a patient with normal Hex A and Hex B activities 

against a synthetic chromogenic substrate, yet with all the typical clinical signs of 

classical TSD (save for optic atrophy) and 111U8ive accumulation of GM2 ganglioside 

in the bram tissue. GA2 ganglioside was also found to accumulate. These patients 

were classified as AB variants since both Hex A and Hex B activities were present. 

Conzelmann et al (1978) found Hex A of an AB variant to be biochemically and 

immunologically identical to normal Hex A. More recently, Hasilik and Neufeld 

(1980a) demonstrated that the cultured fibroblasts of an AB variant synthesize 

precursor a- and .6-cha.ins that are processed to mature form. 

Conzelmann and Sandhoff (1978) found the AB variant to be defective in a 

factor necessary for the interaction of the glycolipid substrate and its water-soluble 

enzyme. The properties of this activator protein as well as its subcellular localization, 

the mechanism by which it exerts its action, and the chromosome encoding its 

production were disalssed earlier. 

Erzbergeretal (1980)andHechtma.netal (1982)demonstrated the ability of 

the Hex A of AB variants to hydrolyze GM2 ganglioside in the presence of GM2 
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activator protein isolated from normal kidney or liver. 

An adult GM2 gangliosidosis patient with progressive muscle weakness and 

mental deterioration, yet with normal Hex A and Hex B activities, was desaibed by 

O'Neill et al (1978) and is thought to represent an adult-onset AB variant. 

Gold.man et al (1980) desaibed a patient diagnosed as an AB variant of 

GM2 gangliosidosis since Hex A and Hex B activities were apparently normal against 

synthetic substrates. Li et al (1981) subsequently demonstrated that levels of activator 

protein in cells of this patient were 3 times higher than normal. Since patient Hex A 

was unable to degrade GM2 ganglioside in the presence of normal activator protein, 

the investigators concluded that the disease in this patient was attributable to a defect 

in the enzyme rather than the activator protein. The defect resembles that described by 

Inui et al (1983) with the exception that Inui's patient had a juvenile presentation of 

the disease. The patient, originally desaibed by Goldman and subsequently by Li, 

had an infantile-onset phenotype. More recently, these patients have been recognized 

as Bl variants of TSD. Somatic cell fusion studies indicate that they are allelic to B 

variant mutations (Sonderfeld et al, 1985). 

F. Measurement of Hex A for diagnosis of the GM2 gangliosidoses. 

The elucidation of the structures of the genes encoding the a. and .B subunits 

of Hex is certainly fundamental to identifYing the mutations in TSD. However, 

assessment of the amount and catalytic activity of Hex A is essential for the detection 

of carrier couples at risk for producing affected otfsprins as well as for pre- and post

natal diagnosis of affected children. The reliable diagnosis ofTSD is dependent upon 

an assay method that accurately differentiates between the two major Hex isozymes 

(A and B) present in body tissues and fluids. Both isozymes are capable of 

hydrolyzing the nonreduclns terminal N -acetylalucosamine or N -acetylgalactos-
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amine residues on glycolipids, glycoproteins, and glycosaminoglycans (Conzelmann 

and Sandhotr. 1979; O'Brien et al, 1978) a.s well as p-pjtrophenyh 6-naphthy!-; !tnd 

4-methylumbelliferyl- derivatives of artificial substrates (Leaback and Walker, 1961; 

Woollen et al, 1965; Hayashi, 1965). 

1. Assays employing GM2 ganglioside and other natural substrates. 

Because GM2 ganglioside is hydrolyzed only by Hex A it would seem the 

ideal substrate to employ for diagnostic purposes. GM2 ganglioside is usually 

labelled with tritium to achieve a satisfactory level of sensitivity in the assay. Various 

moieties have been labelled: the terminal N -acetylgalactosamine (Suzuki and Suzuki, 

1972; Novak et al, 1979), the ceramide (Schwarzmann, 1978), and the sphingosine 

(Ghidoni et al, 1981) portions of the molecule have been labelled by reactions 

involving oxidation and! or reduction with sodium borotritiide. Kolodny et al (1970) 

described a procedure for biosynthetically labelling the sialic acid residue of GM2 

ganglioside. 

The most common assays employing GM2 ganglioside are those in which 

the ganglioside is labelled in the N-acetylgalactosamine residue. O'Brien et al (1977) 

assayed cell extracts from a number of GM2 gangliosidosis mutants employing the 

detergent, sodium taurocholate, as the activator of Hex. However, the specifities of 

both Hex A and Hex B have been shown to be altered in the presence of detergents 

(Conzelmann and Sandhoff, 1979). In an attempt to eliminate Hex B hydrolysis of 

GM2 ganglioside stimulated by detergents, Harzer (1983) separated Hex isozymes by 

ion-exchange chromatography prior to assay. Erzberger et al (1980) employed the 

natural activator protein as the specific activator of Hex A-catalyzed hydrolysis of 

GM2 ganglioside, permitting the use of an unfractionated extract as Hex A source. 

Kolodny and Raghavan (1983 and 1985) described a method for measuring 
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GM2 ganglioside metabolism in intact flbroblasts. In this procedure GM2 ganglioside 

radiolabelled in the sphingosine moiety is added to the media of cultured cells, 

followed by HPLC analysis of their lipid content after 10 days of culture. This 

method has the advantage of being independent of exogenously supplied activator 

protein or detergents. It has been found particularly useful for diagnosis of atypical 

cases of Hex A deficiency (Ragbavan et al, 1985). Charrow and Binns (1986) and 

Sonderfeld et al (1985) have employed a similar procedure. 

While the prognostic value of GM2 ganglioside assays is indisputable, there 

are several disadvantages to its use. GM2 ganglioside must be obtained from the 

postmortem brains of infantile TSD children, since the levels to which it accumulates 

are 300 times greater than in normal brains. With the advent of carrier screening 

programs and prenatal diagnosis of affected fetuses, fewer affected children are being 

born in those communities with the highest incidence ofTSD (i.e. Ashkenazi Jewish 

and French Canadian communities). Infantile TSD in other ethnic groups or variant 

forms of TSD are much rarer in their occurrence. Once a TSD brain is obtained, 

ganaliosides are extracted and extensively purified to obtain GM2 ganglioside. The 

GM2 preparation to be radiolabelled must be uncontaminated by GA2 ganglioside 

(which is hydrolyzed by both Hex A and Hex B). Enzymatic assays of cell-free 

extracts employing GM2 ganglioside as substrate require an activator protein, which 

also must be extracted, usually from liver, and extensively purified. Alternatively, 

detergents used in place of activator protein are not specific activators of Hex A-

cata.lyzed hydrolysis of <3M2 ganglioside. 

Other natural substrates that have been employed to assess Hex A activity 

include glycosam.inoglycans (GAG), which are oligosaccharides that are usually 

sulfated. They also contain hexosamines which can be either a- or B-linked at·the 
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nonreducing end of the molecule. Only the B-linked he.xosamines serve as potential 

substrates for Hex (Mahuran et al, 1985). Some of the GAGs which have been 

employed in Hex A assays are hyaluronic acid (Bach et al, 1978; Yutaka et al, 1984). 

keratan sulfate (Ludolph et al, 1981; Yutaka et al, 1982), chondroitin-4-sulfate 

(Thompson et al, 1973). and chondroitin-6-sulfate (Yutaka et al. 1982, 1983). GAGs 

are radiolabelled at the hexosamine residues. They are hydrolyzed by both Hex A and 

Hex B, though Hex A appears to be predominantly active against these substrates. 

N-acetylglucosamine and N-acetylgalactosamine residues of 

oligosaccharides on glycoproteins are also hydrolyzed by Hex A and Hex B 

(Bearpark et al, 1977). These oligosa.ccharides have been shown to accumulate in 

patients with SD due to the absence of both isozymes (Ng Ying Kin and Wolfe. 

1974; Tsay and Dawson. 1976; Strecker et al, 1977). 

2. Assays employing synthetic substrates. 

Hex A-catalyzed hydrolysis of synthetic substrates occurs at a faster rate 

than hydrolysis of glycolipid substrates. Para-nitrophenyl-B-D-N-acetylglucosa.mine 

(pNPO) has been used to assay Hex A activity. The colorimetric change that is 

produced when pNPG is hydrolyzed is measured spectrophotometrically (Aruna and 

Basu, 197.5; Woollen et al. 1961). However its estimation is subject to interference 

from coloured cell extracts and body fluids such as seJUill. 

Assay with the fluorogenic 4-methylumbelliferyl (4MU) derivative of N

acetylglucosamine, 4MUG, provides for a more sensitive assay. Cleavage of theN

acetylglucosaminyl linkage produces 4MU which is measured tluorometrically 

(Lea back and Walker, 1961 ). The disadvantage of most synthetic substrates, such as 

4MUG or pNPG, for the determination of Hex A activity is that they are hydrolyzed 

by Hex B as well. Assays employing these substrates depend upon a two-step 

procedure based on the differential thermolabilities of the isozymes (O'Brien et al, 
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1970). However, the requirement for thermal fractionation introduces a tedious 

procedure as well as associated inaccuracies due to variability in the amount of Hex A 

remaining or the amount of Hex B inactivated. These substrates are capable of 

accurately diagnosing CRM-negative TSD genotypes as well as CRM-positive TSD 

genotypes with absent or severely diminished catalytic activity. However, some 

CRM-positive genotypes have been identified in which 4MUG hydrolysis was 

misleading. On rare occasions, mass screening for the TS gene reveals a healthy adult 

with low or absent Hex A. The clinical significance of these findings is not known 

because the assay of Hex A with 4MUG has no prognostic value in such cases. In 

addition. carrier detection of pregnant women by measurement of serum 

hexosaminidase activity using a thermal fractionation assay procedure presents 

special problems due to the increased amounts of heat stable Hex (Huddles ton et al, 

1971; Stirling, 1972). Uke Hex I, Hex P is not present in cells and. therefore, 

assessment of carrier status in a woman who is pregnant is usually accomplished by 

assay of hexosaminidase activity in leukocytes by a tedious procedure. The source of 

increased levels of serum Hex I during pregnancy is not known; it has been 

suggested that the source is the liver, since electron microscopic studies have 

revealed that the liver undergoes ultrastructural changes during pregnancy that are 

associated with increased levels of protein synthesis (Perez et al, 1971). In addition. 

patients with viral hepatitis also show increased levels of heat-stable Hex in serum 

(Woollen and Turner, 1965; Hultberg and Isaksson, 1983). That its production might 

be honnonally-stimulated is indicated by the observation that women taking oral 

contraceptives also exhibit higher levels of Hex I in serum (Kaback .et al, 1973, 

1974). Yet another factor complicating accurate carrier detection of pregnant women 

by assay of serum. Hex activity is the appearance of increased levels of Hex A during 

pregnancy in addition to increased levels of heat-stable Hex (Navon etal, 1987; Ben

Yoseph et al, 1988). The increase of Hex A is probably attributable to leaking of 



0 

c 

53 

fetal Hex across the placenta into the mother's circulation and the amount ofincrease 

appears to be affected by the genotype of the fetus (Ben-Y oseph et al, 1988). 

Therefore, one cannot n:de out the possibility that the increase of heat stable Hex in 

the sera of presnant women is not a1so of fetal origin. 

3. Sulfation of synthetic substrates. 

Su.zuki and Strominger (1960) and Lloyd (1959 and 1962) described 

reactions for the enzymatic and chemical sulfation of hexosamines, rexpectively. A 

reaction similar to that of Lloyd's was subsequently described by Ishihara et a.l 

(1976). 

I<res8e et a.l (1980) synthesized the sulfated derivative of pNPG using 

Ishihara's protocol and found it to be a substrate specific for Hex A (Kresse et al, 

1981), thus offering the potential for an assay method for Hex A that does not rely on 

differential heat labillty. para-nitrophenyl-.6-D-N -acetylglucosamine-6-sulfate 

(pNPGS) has been found to accurately diagnose TSD in a one-step assay (Fuchs et 

al, 1983) and to improve the classification ofGM2 gangliosidosis genotypes (Li et al, 

1983; Kytzia et al, 1983, 1984; Conzelma.nn et a.l, 1985). Different catalytic . 

properties of Hex A and Hex B toward pNPG and pNPGS provided the first 

evidence for two distinct active sites on Hex A (Kytzia et al, 1983). 

The specificity ofpNPGS for Hex A found by Kresse et al (1981) indicated 

that similar results might be achieved by sulfa.tion of the more sensitive substrate 

4MUG. 

The work presented in this dissertation includes: the synthesis of 4-

methylumbelliferyl-8-D-N -acetylglucosamine-6-sulfate ( 4MUGS) and its application 

in assay procedures for the diagnosis and classification of variant forms of GM2 

gangliosidosis; the potential use of this substrate for screening of heterozygotes in 

populations at risk, including the testing of pregnant women for carrier status by 
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senun enzyme assay; the characterization of the defective Hex A synthesized in the 

'Bl variant ofTSD; and an examination of the prognostic value of 4MUGS for aduits 

with low Hex A. Much of this work. has been published and since the initial 

disclosure of the synthesis of 4MUGS (Bayleran and Hechtman. 1983; Bayleran et 

al, 1984) it has been synthesized in other laboratories with comparable results (Inui 

and Wenger. 1984; Ben-Y oseph et al. 198S). An investigation of the homogeneity of 

the deletion mutation confenin& TSD (Myerowitz and Hogikyan, 1986) in the French 

Canadian population of Quebec has been undertaken and is presented here. 
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11. MATERIALS AND METHODS 

A. Preparation of 4-methylum.belliferyl-.8-D-N-acetylglucosamine-6-

sulfate ( 4MUGS). 

1. Synthesis. 

4-methylumbelliferyl-B-D-N -acetylglucosamine (4MUG) was purchased 

from Koch-Ught (Edmonton, Alberta, Canada.) or Sigma (St. Louis, MO, USA). 

Traces of ftee 4-methylumbelliferone (4MU) were removed by stirring 1.1 g of 

4MUG in 450 ml of acetone overnight at 4• C. Washed 4MUG was filtered and 

stored in a vacuum dessicator. 

One gram (2.67 mmol) of washed 4MUG was dissolved in 35 ml of 

pyridine (FISher, Montreal, Quebec, Canada) that had been distilled and stored over 

KOH pellets (FJ.Sher). Fifty mg of 4-dimethylaminopPidine (Sigma) were added a.nd, 

once dissolved, the mixture was stirred in a. sealed vial for 30 min. at o· C. 266.5 fJ.l 

( 4.01 m.mol) of chlorosulfonic acid (Fisher) were added to 3.5 ml of dichloromethane 

(Eastman, Rochester, NY. USA), that had been dried over Da.vison molecular sieves. 

4 A pore size (Fisher). The solution of chlorosulfonic acid/ dry dichloromethane was 

chilled over ice, taken up by syringe, and irdected dropwise into the stirring 4MUG 

solution. The reaction mixture was allowed to stir at o· C for 3-4 hours a.nd then at 

25• C for 2 hours. The reaction mixture was once again chilled over ice and 25 ml of 

cold distilled water were added slowly to stop the reaction. 

2. Purification. 

The mixture was taken to dryness in vacuo at 25• C. The residue was 

redissolved in 100 ml of distilled water and the step repeated. The residue was then 

taken up in 100 ml of water and lyophilized. The lyophilization procedure was 

repeated to remove final traces of pyridine. 

The sulfa.ted product was separated from unreacted starting material by ion-
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exchange chromatography on Cellex D diethylaminoethyl (DEAE), OH· form, 

purchased from Bio-Rad (Richmond, CA. USA). The DEAR-cellulose was prepared 

as follows: 100 g ofDEAE (exchange capacity, 0. 78 meqlg) were washed with lliter 

of 1 N HCJ.. followed by 21 of distilled water. The DEAE-cellulose was then washed 

with 1 1 of 0.5 N NaOH and washed again with distilled water to neutrality. The . 
DEAE-cellulose was equilibrated in 10 mM sodium phosphate (NaH2P04-NaOH). 

pH 6.0. A 300 ml column ofDEAE, 61.2 x 2.5 cm. was prepared. The remainder 

ofDEAE-cellulose was stored at 4• C. 

400 ms of the lyophilized reaction material were redissolved in 10 ml of 

distilled water and applied to the DEAE-cellulose column. The column was washed 

with water to removeunreacted 4MUG and the eluate was monitored for absorption at 

320 nm (A320) on an LKB spectrophotometer (Biochrom Ultrospec, Model 4050) 

until the ultraviolet (UV) absorption of the eluate decreased to zero. Column fractions 

were collected on a Pbarmacia Frac 100 fraction collector. 

The DEAE column was then washed with 0.15 M ammonium acetate 

(Ftsher) to elute the sulfated product. Column fractions eluting with the salt solution 

with high A320 were pooled, taken to dryness in a vacuum at 25• c. redissolved in 

100 ml of water. and lyophilized, leaving a wet salt residue. 

A 100 ml column (40 x 1.8 cm) of the cation exchange resin AGSOW-X12. 

200-400 mesh, H+ form (Bio-Rad) was converted to Na+ according to the 

manufacturer's instructions. The residue containing the ammonium salt of 4MUGS 

was dissolved in 5 ml of water and Nlf4+ exchanged for Na+ by passage of the 

sample through the resin. Fractions with high A320 in the distilled water eluate were 

pooled and lyophilized. 

Inorganic salts were removed by passage of the redissolved residue through 
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a gel filtration column of Sephadex G-10 (Pharmacia). 60 g of Sephadex G-10 were 

swollen overnight in 400 ml of water and a 300 ml column was poured. The residue 

containing the sodium salt of 4MUGS was redissolved in 5 ml of water and applied to 

the column. Fractions were eluted with distilled water. Column fractions with high 

A320 were pooled and lyophilized. The purified product was stored in a vial with 

dessicani (Dri-Rite, W. Hammond Dri-rite Co., Xenia, OH, USA) 

at -20a c. 

3. Analysis of 4MUGS. 

Sulfur analysis was performed by Dr. R.N. Pandey, Guelpb Chemical 

Laboratories (Guelph. Ontario, Canada). 

Nuclear Magnetic Resonance (NMR) was performed by Dr. A.S. Perlin, 

Pulp and Paper Institute, McGill University (Montreal, Quebec, Canada) in D2<N' 

pyridine at 200 and 400 mHz. 

Ultraviolet spectra of 4MUG and 4MUGS were determined with 0.25 mM 

solutions of the substrates in distilled water. 

Thin layer chromatography (TLC) was performed by spotting 20 JIB of 

4MUG and 4MUGS (dissolved in pyridine) in different lanes on a Silica gel plate 

(Eastman). The plate was placed in solvent containing 2-propanol: chloroform: water 

(6: 2:1) and allowed to run until the solvent was 0.5 cm from the top of the plate. The 

plate was observed under UV light and the fluorescing spots marked on the plate with 

pencil. 

B. Measurement of hexosaminidases. 

1. Measurement ofbexosa.minidase activitY with 4MUG using thermal fractionati~n . 

Hexosaminidase activity was determined fluorometrically according to the 

method ofLeaback and Walker (1961). Reaction mixtures contained 0.05 M sodium 
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a geJ filtration column ofSepha.dex G-10 (Pharmada). 60 8 ofSephade.x G-10 were 

swollen overnight in 400 ml of water and a 300 !!11 oolurnn wa-s pou~. Th~ :re~!dt~ 

containing the sodium salt of 4MUGS was redissolved in 5 m1 of water and applied to 

the column. Fractions were eluted with distilled water. Column fractions with high 

A320 were pooled and lyophilized. The purified product was stored in a vial with 

dessicant (Dri-Rite, W. Hammond Dri-rite Co., Xenia, OH, USA) at -20° C. 

3. Analysis of 4MUGS. 

Sulfur analysis was performed by Dr. R.N. Pandey, Guelph Chemical 

Laboratories (Guelph, Ontario, Canada). 

Nuclear Magnetic Resonance (NMR) was performed by Dr. A.S. Perlin, 

Pulp and Paper Institute, McGill University (Montreal, Quebec, Canada) in D20I 

pyridine at 200 and 400 mHz. 

Ultraviolet spectra of 4MUG and 4MUGS were determined with 0.25 mM 

solutions of the substrates in disti1led water. 

Thin layer chromatography (TLC) was performed by spotting 20 p.g of 

4MUG and 4MUGS (dissolved in pyridine) in different lanes on a silica gel plate 

(Eastman). The plate was placed in solvent containing 2-propanol: chloroform: water 

(6: 2:1) and allowed to run until the solvent was 0.5 cm from the top of the plate. The 

plate was observed under UV light and the fluorescing spots marked on the plate with 

pencil. 

B. Measurement of he:xosaminidases. 

l. Measurement ofhexosa.minidase activity with 4MUG using thermal fractionation . 

Hexosaminidase activity was determined fluorometrically according to the 

method ofLeaback and-Walker (1961). Reaction mixtures contained 0.05 M sodium 
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citrate-sodium phosphate buffer, pH 4.4. 2.5 mglml human serum albumin (HSA. 

purchased from Connaught Labs, Toronto, Ontario, Canada), O.S mM 4MUG, and 

enzyme in a volume of200 J.d. Enzyme was omitted in blank tubes. 

Reaction mixtures were incubated for 30 min. at 37° C and reactions 

terminated with S m1 of 0.2 M 2-amino-2-metbyl-1-propanol (AMP), pH 10.2 

(Aldrich Chemical Company, Milwaukee, Wl, USA). Fluorometric units were 

recorded on a Turner fluorometer with excitation wavelength at 365 run and emission 

wavelength at 460 nm. Neutral density filters were not used. 4MU standards were 

purchased from Koch-Ught. One unit of enzyme activity is that amount of enzyme 

which hydrolyzes 1 nanomole of 4MUGI minute at 37• C. 

Thermal fractionation ofhexosaminidase activity was performed by heating 

enzyme preparations fat: 2 hours at 47• C for fibroblasts (30 min. at 52• C for sera) in 

a volume of 100 Jl). containing 0.1 M sodium citrate-sodium phosphate buffer, pH 

4.4, and 5 mglml HSA. 

2. Hexosaminidase A detenninations with 4MUGS. 

Reaction mixtures contained 0.04 M sodium citrate buffer, pH 4.2, 2.5 

mwmi HSA. 0.5 mM 4MUGS, and enzyme in a volume of 200 J.ll. The substrate 

concentration used resulted in a maximum ratio of Hex A/Hex B activities. Reaction 

mixtures were incubated at 37• C for 30 min. and terminated with 5 m1 of 0.2 M 

AMP, pH 10.2. 

3. He:xosaminidase assays employing both 4MUG and 4MUGS. 

He:xosaminidase A specific activity and percentage ofhexosaminidase A in a 

cell extract or senun are parameters that have routinely been measured for the purpose 

of clusifying GM.2 gangliosidosis genotypes. In a thermal fractionation assay, these 

.. 
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parameters can be determined directly from the assay values since the turnover 

numbers for 4MUG hydrolysis by Hex A and Hex B are equal (Geiger and Amon, 

1976). 

To facilitate comparison of genotype classification by 4MUGS with that 

obtained by thermal fraetionation, it was desirable to determine the quantity '% Hex 

A' as measured by 4MUGS. However, this substrate is not hydrolyzed to an equal 

extent by Hex A and Hex B. 

Comparison of genotypic classification by the two substrate procedures 

necessitated the development of the following empirical equation which converts 

fluorometric measurements obtained with 4MUGS to equivalent enzyme units based 

on 4MUG hydrolysis: 

SA • S-(Gxm) 

rA -l'B 

o/o Hex A • -SA x 100 

G 

SA • fluorometric units attributable to Hex A when 4MUGS is used as substrate. 

S - total fluorometric units measured by 4MUGS. 

G • total fluorometric units measured by 4MUG. 

rA • ratio of the rate of hydrolysis ofthe two substrates (4MUGS/4MUG) by pure 

Hex A. 

r:B- ratio of the rate ofhyd.rolysis of the two substrates (4MUGSI4MUG) by pure 

Hex B. 

The derivation of this formula appears in Appendix A. 

4. Separation of Hex A and Hex B from fibroblast cell extract and serum. 

Resolution of the B-hexosaminidases was achieved by ion-exchange 

chromatography on DEAE-cellulose (prepared as described on page 55) according to 

the procedure ofNakagawa et al (1977). 
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Each column fraction was assayed for hexosaminidase activity and enzyme

containing fractions were pooled. dialyzed against 10 mM NaH2P04-NaOH, pH 6.0, 

and concentrated usingAquacide II (Calbiochem, LaJolla, CA, USA). 

S. Inhibition of 4MUG and 4MUGS hydrolysis. 

N-acetylglucosamine (NG) and N-acetylglucosamine-6-phospha.te (NGP). 

which were employed as enzyme inhibitors, were purchased ftom Sigma. 

C. Automated Tay-Sachs screenina procedure. 

The protocol for the identification of TSD heterozygotes by an automated 

Hex assay procedure employing the synthetic substrate, 4MUG, was described by 

Delvin et al (1974). This procedure is used routinely at the Montreal Children's 

Hospital for genetic screening of those individuals in the community who are at risk 

for carrier status. 

In order to determine the ability of the serum Hex A assay procedure which 

employs the sulfated synthetic subst:rate, 4MUGS, to classify heterozygotes by an 

automated procedure it was necessary to modifY the autoanalyzer (fechnicon 

Instruments Corp., Terrytown, NY, USA) for use with two substrates. An aliquot 

from each serum sample to be tested was taken up by a sampler probe and split into 

two lines of red and green tubing. The lines were passed into a 37• C water bath, and 

were connected to two tluorometers (fumer, Model Ill) which were calibrated 

independently. 

The serum samples in the red line were diluted with 0.04 M sodium citrate

sodium phosphate buffer, pH 4.4. 4MUG (0.94 mM), dissolved in buffer, 2% HSA, 

and 1 mg.1 Brij wetting agent (Sisma). was added. 

The sample in the green tubing was diluted in 0.04 M sodium citrate buffer, 

pH 4.2 and 0.94 mM 4MUGS in buffer, HSA, and Brij was added. Both samples 
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entered the 37• C water bath simultaneously and were incubated for S minutes. 

Reactions were tenninated with AMP, pH 10.2. 

Fluorescence detected by the fluorometers was registered on a recorder 

which traced two curves, one for total Hex (measured with 4MUG) and the other for 

4MUGS hydrolysis (predominantly due to Hex A). With the use of 4MU standard 

solutions. chart units were converted into nanomoles of 4MU released. The quantity 

'% Hex A' by 4MUGS was obtained by application of the empirical formula, as 

stated on page 59. 

D. Biolosical samples. 

1. Fibroblasts. 

a. Culture of skin ftbroblasts. 

Human fibroblasts were grown ftom skin biopsies in 17S cm2 flasks 

(Becton Dickinson Labware, Uncoln Park. NJ, USA) using Eagle's Minimal 

Essential Medium (Gibco, Grand Island, NY, USA) supplemented with antibiotic and 

10% fetal calf serum (Flow Labs, Mississauga.. Ontario, Canada). 

Confluent monolayer cultures were harvested by trypsinization (Difco Labs, 

Detroit, Ml, USA) and the cell suspension transferred to SO ml plastic centrifuge 

tubes. The tubes were cen.trif\J.ged at 2s• C for 10 min. at 1000 rpm. The cell pellets 

were resuspended and washed three times in IX phosphate-buffered saline. The cell 

pellets were stored at -20· C. 

b. Disruption of cell membranes for measurement of Hex activity. 

Cell pellets were suspended in 1.0 ml of 10 mM NaHiP04-NaOH, pH 6.QI 

0.02% Triton X-100 (Sisma) and transferred to Corex tubes. The cells were 

disrupted by three cycles of freezing in dry ice/ isopropanol and thawing in a 3T C 
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water bath. The tubes were centrifuged at 4• C for 10 min. at 10,000 rpm in a Sorvall 

Superspeed SS-34 rotor. The supernatants were transferred to fresh tubes and 

hexosaminidase assays were performed. 

c. Source and claaaitication of tibroblast cell strains. 

Fibroblasts were obtained from the Repository for Mutant Cell Strains, 

Montreal, Quebec, Canada. Cell strains W093, WG103, WGUOS, WGlll4 

(obtained ftom patients of Ashkenazi Jewish ancestry). WG107, WG733, WG884, 

WG106S, WG1499 (from French Canadian patients), WGIOSI (from a patient of 

Italian descent). and WG1108 and WGlllO (from patients of French Canadian/Irish 

and Germaniirlsh ancestry, respectively) were classified as having the infantile form 

of TSD. Cell strain WGS34 was obtained from a French Canadian patient with 

SandhoffDisease (SD). Cell strain WG802 (the patient described by Sandhotfet al, 

1971) was obtained from an infantile GM2 gangliosidosis patient, AB variant. In most 

cases, GM2 gangliosidosis was confirmed by thin layer chromatography of bra.in 

gangliosides. 

Cell strains WG:D; and WG312 (ftom siblings of Lebanese ancestry), 

W0928 and WGlllS (ftom individuals of Irish and English descent, respectively) 

were diagnosed as having the juvenile TSD phenotype. 

WG1047(obtainedftomanAshkenaziJewishpatient)andWG1048(ftoma 

patient of English desamt) were diaposed with the chronic form of GM2 

gangliosidosis. 

WG1116, WG1107, and WGllll cell strains were obtained from patients 

of Ashkenazi Jewish (WG1116 and WGllll) and Welsh (WG1107) ancestry. 

WG1116 was diagnosed as having the adult-onset form of TSD; WG1107 and 

WG 1111 were found to be clinically nonnal individuals despite a deficiency of Hex A 

as measured with the synthetic substrate, 4MUG. 
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Cell strain WG1117 was obtained from an adult who is clinically normal 

despite a deficiency of Hex A and Hex B activities. She is also the maternal aunt of a 

SDpatient. 

Diagnosis of the a.-locus variants was made on the basis of clinical criteria, 

age of onset, and reduced Hex A activity in skin fibroblasts. 

The followina cell strains, obtained from patients diagnosed at the Montreal 

Neurological ·Hospital, were initiated from biopsies taken at the Montreal Children's 

Hospital: WG93, WG103, WG107, WG733, WG884, WG106S, WGS34, WG306, 

WG312, WG928, WG1047, and WG1048. WGIOSI was diagnosed and biopsied at 

the Montreal Children's Hospital. WGllOS, WG1108 and WG1107 were biopsied at 

the Eunice KennedyShriverCenterforMental Retardation(Waltham,MA, USA) and 

sent to us by Dr. E.H. Kolodny. Cell Strains WG1114, WGlllO, WG1115, 

WG1116, WGllll, and WG1117 were diagnosed and biopsied by Dr. M.M. 

Kaback at the University of California, La Jolla. WG1499 was diagnosed by Dr. S. 

Verret at the Hopital Enfant-Jesus (Quebec City, Quebec, Canada) and sent to us by 

Dr. R. Gagne at Le Centre Hospitalier de L'Universite Laval, Sainte·Foy, Quebec, 

Canada. 

Other cell strains are the obligate heterozygotes WG88S and WG886 (the 

parents of WG884). WG1066 (the mother of WG1065), and WG1113 (parent of 

Ashkena.zi Jewish descent whose child has classical TSD). WG88S, WG886, and 

WG1066 were biopsied at the Montreal Children's Hospital; WG1113 was biopsied 

at Dr. M.M. Kaback's laboratory. 

2 liver. 

Postmortem livers :from adults who had died of causes other than hepatic 

disease were obtained within 4 hours of' death. The liver was homogenized, 

centrifuged and the supernatant dialyzed. Enzyme activity was enriched 1100-fold by 
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adsorption onto concanavalin A-sepharose (Pharmacia) prior to resolution of Hex A 

from Hex B by DEAE-Sephadex chromatography (according to the procedures of 

Hechtman. 1977 and Hechtman et al, 1982). Samples of separated liver Hex 

isozymes were stored at -1D· C. 

3. Sera. 

Serum samples were obtained for the purpose of determining carrier status. 

Blood samples from Jewish individuaJs were obtained at screening clinics in 

Montreal. _Samples from French Canadian individuals were collected at clinics held in 

Rimouski and Sayabec, in the Gaspe region of Quebec. Sera of pregnant obligate 

heterozygotes and normal controls were obtained from Dr. J.T.R. Clark.e at the 

Hospital for Sick Children (Toronto, Ontario, Canada) and from the Prenatal 

Diagnosis Clinic at the Montreal Children's Hospital. 

Five ml of blood were collected into vacutainer tubes and allowed to stand at 

25• C for 30 min. Serum was obtained from the clotted blood by centrifugation at 

1200 rpm for 10 min. The serum was transferred to plastic scintillation vials and 

stored at -1D· c. 

E. Estimation of protein. 

Protein was estimated according to the procedure of Lowry et al (195 1) 

usina a 1 mglml solution of crystalline bovine serum albumin (BSA, purchased from 

Si.gm.a) as the standard. 2 N Folin-Phenol reagent was purchased from Fisher. The 

samples were read on an LKB spectrophotometer at a wavelength of72S nm. 

F. Biosynthetic labelling studies. 

Biosynthetic labelling of proteins with 3[HJ leucine or 32F04t and 

immunoprecipitation, electrophoresis, and autoradiography of protein subunits were 
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adsorption onto concanavalin ARsepharose (Phannada) prior to resolution of Hex A 

from Hex B by DEAE-Sephadex chromatography (according tot~ p~..!N8 of 

Hechtman. 1977 and Hechtman et al, 1982). Samples of separated liver Hex 

isozymes were stored at -2(t C. 

3. Sera. 

Serum samples were obtained for the purpose of determining carrier status. 

Blood samples from Jewish individuals were obtained at screening clinics in 

Montreal. Samples from French Canadian individuals were collected at clinics held in 

Rimouski and Sayabec, in the Gaspe region of Quebec. Sera of pregnant obligate 

heterozygotes and normal controls were obtained from Dr. J.T.R. Clarke at the 

Hospital for Sick Children (foronto, Ontario, Canada) and from the Prenatal 

Diagnosis Clinic at the Montreal Children's Hospital. 

Five ml of blood were collected into vacutainer tubes and allowed to stand at 

25• C for 30 min. Serum was obtained from the clotted blood by centrifugation at 

1200 rpm for 10 min. The serum was transferred to plastic scintillation vials and 

stored at -20° C. 

E. Estimation of protein. 

Protein was estimated according to the procedure of Lowry et al (1951) 

using a 1 mglml solution of crystalline bovine serum albumin (BSA. purchased from 

Sigma) as the standard. 2 N Folin-Phenol reagent was purchased from Fisher. The 

samples were read on an LKB spectrophotometer at a wavelength of725 nm. 

F. Biosynthetic labelling studies. 

Biosynthetic labelling of proteins with [3H] leucine and 

immunopreclpitation. electrophoresis, and autoradiography of protein subunits were 
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performed according to the method of Proia et al (1984). Goat antisera directed 

against purified Hex A, Hex B. and a-chain were a gift of Dr. E.F. Neufeld. The 

following modifications were used: fibroblast lysates were prepared in a butTer 

containing 1.4 M NaCl and prior to the preclearing step, lysates were centrifuged at 

145,000 x g for 45 min at 4• C. The biosynthetic labelling studies were perfonned by 

B. Boulay, a technician at the deBelle Laboratory for Biochemical Genetics (Montreal 

Children's Hospital). 

G. Analysis of aenomic DNA. 

1. Extraction of genomic DNA. 

DNA was obtained from human whole blood by the isolation of nuclei. The 

extraction was performed at 25• C according to the following procedure: Ten ml of 

blood were collected into two S ml vacutainer tubes containing EDT A as 

anticoagulant. The tubes were centrifuged at 2s• C for 10 min. at 1800 rpm. All 

subsequent centrifugations were at 2000 rpm for 10 minutes. Most of the top plasma 

layer was removed leaving the buffy coat, containing the leuk.ocytes, undisturbed. 

The blood was transferred to a SO ml plastic tube and 16 m1 ofRS buffer (10 mM Trls-

HCl, pH 7.6110 mM KCV 10 mM MgC12) were added and mixed well by gentle 

pi petting with a plastic transfer pipette (Sarstedt. W. Germany). 

Nucleated cells were lysed by the addition of 60 sd of the non-ionic 

detergent, Nonidet P40 (NP40, purchased from BRL, Gaithersburg. MD, USA). The 

tube was inverted several times to mix thoroughly and centrifuged. The supematant 

was disca.rded and the leukocyte nuclei pellet was resuspended in 3 ml of SDS 

solution (10 mM Trls-HCl, pH 7.6110 mM KCV 10 mM MgCl2/0.S M NaCV 2 mM 

EDTA/ O.S% SDS, w/v) to lyse the nuclei and release the DNA. 

An equal volume of distilled phenol, equilibrated in 1 M Tris-HCl, pH 8.0, 
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was added to extract protein. The tube was inverted several times to mix well and 

centrifuged. The aqueous upper phase was transferred to a fresh tube and 3 m1 of 

chloroform! isoamyl alcohol (24:1, vlv) were added and mixed well to extract the 

phenol. The tube was centrifuged. The aqueous layer was transferred to a glass 

scintillation vial, two volumes of ice-cold ethanol (99%, vlv) were added, and the 

solution was mixed well to precipitate the DNA. The DNA fibres were transferred to a 

sterile 1.5 m1 Eppendorf tube (Sarstedt) using a glass micro-sampling pipette 

(Coming) fused at one end. The DNA was allowed to dry overnight and was then 

dissolved in 200-400 ,.U of sterile water. The yield from 10 ml ofblocxi. was 300-

600 JJ.S of DNA. 

High molecula:.r weight DNA was prepared in the same manner from blood 

stored for several days at 4• C, with yields comparable to that of DNA extracted ftom 

fresh samples of blood. 

DNA was obtained ftom cultured skin fibroblasts by a procedure similar to 

that described for blood with the following modifications: human fibroblasts were 

cultured and harvested as described on page 61. Three 175 cm2 flasks of harvested 

cells were suspended in 5 ml ofRS buffer (10 mM Tris-HCI, pH 7.5110 mM NaCV 

1.5 mM MgC12). A 10 JJ1 aliquot was added to 20 ml of Isoton n (Coulter 

Flectronique, Montreal, Quebec, Canada) and the number of cells counted (Coulter 

Counter). 175 cm2 was found to contain 5.0-7.0 x 106 cells. 

The cells were transferred to a conical graduated plastic tube and 

centrifuged. The pellet was resuspended in 5 ml ofRS buffer+ 1% NP40 (vlv), kept 

on ice for 3 min. to lyse the cells, and centrifuged. The supernatant was disca:rded and 

the step repeated. The nuclei pellet was then resuspended in 1.2 ml of SDS solution 

(10 mM Tris-HCI, pH 7.511.5 mM MgC1210.S M NaCV 2 mM EDTA/0.5% SDS, 

wlv). 



0 

c 

67 

The cell suspension was transferred to a 5 ml Sa.rstedt tube and phenoV 

chloroform extractions were performed. The DNA was precipitated with ethanol, the 

DNA fibres were spooled out, and transferred to a sterile Eppendorf tube. Once dry, 

the fibres were dissolved in 100-SOO JJJ of sterile distilled water. 175 cm2 of cells 

yielded 100-200118 of DNA. 

High m.olewl.ar weight DNA was generally obtained from freshly-harvested 

cells. Ocassionally, DNA extractions were performed on cell pellets that had 

previously been washed three times in 1X PBS and stored at -2Ct C. This was not the 

preferred method, however, since the yield of DNA was lower. 

2. Restriction enzyme digestion of genomic DNA. 

DNA was isolated from the cells of individuals of French Canadian descent 

for the purpose of analyzing the TSD mutation in this ethnic group. Genomic DNA 

was digested with the restriction enzyme, &:oRI (purchased from BRL) at a 

concentration of 10 Units &:oRII 1J8 of genomic DNA •• Reactions typically contained 

10 fJ8 of genomic DNA in a total volume of 44 f.'l. The reaction mixture was 

incubated for a minimum of 2 hours at 3T C. Digested samples not to be 

electrophoresed immediately were stored at 4• C until use. 

Glass plates were prepared as horizontal slabs for gel electrophoresis and 

0.8% aga.rose gels (0.6 x 19 x 19 cm) were prepared and poured according to the 

procedure of Maniatis et al (1982). Aprose (Ultra pure, electrophoresis grade) was 

purchased from BRL. 0.15 fJW' ml ethidium bromide (Sigma) was added to the gel 

prior to pouring. Once set, the gel was submerged in an electrophoresis tank. 

containing 1.5 1 ofTAE buffer (0.04 M Tris-acetate/0.001 M EDTA). 

The digested genomic DNA was mixed with 6 fJ} of 6x gel-loading buffer 

(0.25% bromophenol blue/40o/o sucrose, w/v, in water). For accurate size estimation 

of the DNA fragments obtained from gel electrophoresis, a Hind Ill digest of 
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The cell suspension was transferred to a 5 ml Sarstedt tube and phenoV 

chloroform extractions were performed. The DNA was precipitated with ~tl'ta.'lol; t~ 

DNA fibres were spooled out, and transferred to a sterile Eppendorf tube. Once dry, 

the fibres were dissolved in 100-SOO )11 of sterile distilled water. 175 cm2 of cells 

yielded 100-200 J.1.8 of DNA. 

High molecular weight DNA was generally obtained from freshly-harvested 

cells. Occasionally, DNA extractions were performed on cell pellets that had 

previously been washed three times in 1X PBS and stored at -20° C. This was not the 

preferred method, however, since the yield of DNA was lower. 

2. Restriction enzyme digestion of genomic DNA. 

DNA was isolated from the cells of individuals of French Canadian descent 

for the purpose of analyzing the TSD mutation in this ethnic group. Genomic DNA 

was digested with the restriction enzyme, EcoRI (purchased from BRL) at a 

concentration of 10 Units EcoRl/ JIB of genomic DNA. Reactions typically contained 

10 Jlg of genomic DNA in a total volume of 44 Jtl. The reaction mixture was 

incubated for a minimum of 2 hours at 37° C. Digested samples not to be 

electrophoresed immediately were stored at 4° C until use. 

Glass plates were prepared as horizontal slabs for gel electrophoresis and 

0.8% agarose gels (0.6 x 19 x 19 cm) were prepared and poured according to the 

procedure of Maniatis et al (1982). Agarose (Ultrapure, electrophoresis grade) was 

purchased from BRL 0. 75 Jt&' ml ethidium bromide (Sigma) was added to the gel 

prior to pouring. Once set, the gel was submerged in an electrophoresis tank 

containing 1.5 1 ofTAE buffer (0.04 M Tris-acetate/0.001 M EDTA). 

The digested genomic DNA was mixed with 6 Jtl of 6x gel-loading buffer 

(0.25% bromophenol blue/40% sucrose, wlv, in water). For accurate size estimation 

of the DNA fragments obtained from gel electrophoresis, a Hind III digest of 
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bacteriophage lambda DNA (purchased from BRL). which contains fragment8 of 

known size, was used Hind Ill-digested lambda and EcoRI-digested genomic DNA 

samples were applied to the wells of the gel using an automatic micropipettor 

(Gilson). An electrical current of 35 mA was applied for 16 hours at 25° C. 

The gel was transferred to a Spectroline transilluminator and visualized 

under lN light at a wavelength of 302 nm. The positions of the lambda Hind lll 

fragments were marked by cuts made into the gel; excess gel was cut away. A picture 

of the gel was taken using a Polaroid camera and Polaroid 4 x 5 Land Ftlm. Type 52. 

The time of exposure was 1 sec. 

The gel was transferred to a Pyrex dish and the DNA denatured according to 

the method of Southern (1975). 

3. Southern blotting. 

The protocol used for the transfer of electrophoresed DNA fragments onto 

nitrocellulose tllter (0.45 pm pore size, Schleicher and Schuell, Inc., Keene, NH, 

USA) was essentially that of Southern (1975), with modifications: Three sheets of 

0.3 mm Whatman ftlter paper (purchased from Fisher) were cut larger than the 

dimensions of the trimmed gel allowing for a 10 cm border around the gel. Three 

layers ofO.l mm Wbatman filter paper soaked in 2x SSC were cut to the same size 

as the gel and placed over the nitrocellulose tllter. A 1 kg weight was placed on top of 

the apparatus and the DNA was allowed to transfer for 3.5 hours. Complete transfer 

of DNA to the nitrocellulose ftlter was confirmed by staining the dehydrated gel in a 

solution of0.75 fJW'ml ethidium bromide for 1 hour and visualizing the gel under W 

light. 

The filter was immersed in SOO ml of prehybridization solution, prepared 

according to the protocol described in ManiatiJ et al (1982). for 2 hours at 25° C. 

Denatured salmon sperm DNA, Ficoll, PVP, and BSA were purchased from Sigma; 
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Formamide was purchased from BDH. 

4. Probe. 

The genomic probe used in this study was kindly donated by Dr. Rachel 

Myerowitz at the NIH (Bethesda. MD, USA). The probe contains a 300-bp intronic 

sequence mapping 7.6 kb downstream from the first exon of the gene encoding the a 

subunit of Hex A. ligated into the plasmid, pUC18. The plasmid arrived as a vial of 

agar with a stab culture of E. coli containing the recombinant plasmid. 

L·Broth was prepared as described in Maniatis et al (1982)and 200 Jll of25 

mwMI ampicillin (Sigma) were added and mixed well. The bacteria were grown, and 

the plasmid amplified and isolated by lysis of the E. coli with SDS, according to the 

protocol described by Maniatis et al (1982). 

Aliquots of the culture sample were frozen for long-term storage according 

to the following procedure: SO ml of glycerol were transferred to a small bottle and 

sterilized by autoclaving. 800 ,.U of sterile glycerol were pi petted into small plastic 

culture vials. 600 pl of culture were added and mixed well. The vials were sealed and 

stored at -80° C. 

The plasmid DNA was purified by centrifugation to equilibrium in a cesium 

chloride gradient (Sigma) as described by Miller (1972) with the following 

modifications: 135 Jl8lml ethidium bromide were added to visualize the plasmid DNA 

in the cesium chloride gradient after centrifugation. The DNA was centrifuged at 22° 

C for 40 hours at 37,000 rpm in a Beckman SOTl rotor. The lower band, containing 

the closed circular DNA of interest, was carefully pipetted into a plastic centrifuge 

tube. An equal volume ofNaCI-satura.ted isopropanol was added to remove ethidium 

bromide. The contents were mixed well, and the upper phase was discarded. The 

extraction procedure was repeated until the solution was colorless. 

.. 
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The DNA solution was dialyzed overnight against 2 l ofO.Ol M Tris-HCl, 

pH 7.5/0.2 M NaCl to remove cesium chloride and the plasmid precipitated with 

ethanol. It was then centrifuged for 30 min. at 15,000 rpm in an SS-34 rotor. The 

DNA pellet was dissolved in 2 m1 of twice-distilled sterile water. The DNA was 

quantita.ted, and its purity detennined, by taking optical density readings of an aliquot 

at wavelqths of 260 nm (DNA) and 280 nm (protein). The plasmid DNA solution 

was transferred to a sterile Eppendorftube and stored at 4• C until use. 

One Jli of plasmid DNA was labelled with 2SO JtCi of dCT32P (purchased 

ftom NEN, Boston. MA, USA) using a nick-translation kit purchased from 

Amersham. The nick-translation reaction was performed according to the 

manufact:urer's instructiOD8 (Amersham Technical Bulletin, 1980), as described by 

Rigby et al (1977). TCA-precipitable DNA generally represented 80-87% of the total 

amount of radioactively-labelled DNA. Specific activity of the probe DNA was 300-

SOO X 106 cpml Jli· 

0.1-0.3 J1i of radiolabelled probe (representing approximately 100 x 106 

cpm) was transferred to a sterile Eppendorf tube and the probe DNA denatured by 

immersion in a boiling water bath for 3-S min. Hybridization of the nitrocellulose 

filter to the radiolabelled probe was performed according to Maniatis et al (1982) with 

the followin& modifications: hybridization was carried out in a 42• C water bath for 

16-20 hours. Following hybridization excess counts were removed from the blot in 

three successive washes of 2x SSC, 2x SSC + 0.1% SDS at so· C, and O.lx SSC. 

The blot was air-dried and taped to a piece of0.3 mm Whatman filter paper. 

The positi0118 of the wells and lambda Hind m standards were marked on the ftlter 

paper with 14C-labelled ink (purchased from NEN). The blot was covered in Sa.ra.n 

Wrap and placed in a Kodak X-ray exposure holder (20.3 x 25.4 cm. Eastman Kodak 

Company) with a sheet of Kodak Diagnostic Ftlm-X-Omat AR. The ftlm was 
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exposed for 2-4 days at -80° C and developed to visualize the radioactive fragments. 

S. PCR-amplification ofDNA. 

Genomic DNAs were amplified by the polymerase chain reaction technique, 

digested with Dde I, and the fragments eletrophoresed according to previously 

. published procedures (Saiki et al, 1985; Arpaia et al, 1988). This work. was kindly 

performed by E. Arpaia (Hospital for Sick Children, Toronto, Ontario, Canada). 
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Ill. RESULTS 

A. Synthesis, purification, and analysis of 4MUGS. 

My initial attempts to synthesize 4-methylumbelliferyl-8-D-N

acetylglucosamine-6-sulfate (4MUGS). a substrate that would provide for the 

measurement of Hex A in a one-step assay, involved the 6-sulfation of 4MUG with a 

S molar excess of chlorosulfonic add (as described by Uoyd. 1959). This procedure 

yielded disulfated product. 

To reduce the chance of disulfation and yet produce a high yield of 

monosulfated product, 4MUG was sulfated with a l.S molar excess of 

chlorosulfonic add at low temperature and under anhydrous conditions, as suggested 

by Dr. A.S. Perlin at the Pulp and Paper Institute, M~ University (Montreal, 

Quebec, Canada). The chemical reaction for the synthesis of 4MUGS by this 

procedure is shown in figure 3. 

Purification of the product of the reaction was achieved using three 

chromatographic steps. Ion-exchange chromatography on DEAE-cellulose resolved 

the negatively-charged 4MUGS from unreacted 4MUG, as shown in figure 4. 

Column fractions were monitored for absorbance at 320 nm, the wavelength at which 

maximum. absorbance of 4MUG occurs. The uncbarged starting material was eluted 

with distilled water. 4MUGS bound to the column and was eluted with O.lS M 

ammonium acetate. 4MUGS represented approximately 80-85% of the UV -absorbing 

material applied to the column. This eluate, which contained the ammonium salt of 

4MUGS, was lyophilized and redissolved in water three times. It was then applied to 

a column of Dowex-SO Na+ resin to produce the sodium salt of 4MUGS. The 

substrate was further purified by gel filtration on Sephadex G-10 to eliminate 

inorganic salts such as sodium chloride and sodium sulfate. After lyophilization the 

4MUGS recovery was 76% by weight and 77% by absorbance of the theoretical 
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Figure 3. Synthesis of 4-methylumbelliferyl-8-D-N-acetylglucosamine-6-sulfate 
(4MUGS). One gram (2.67 mmoles) of 4-methylumbelliferyl-8-D-N-acetyl
glucosamine ( 4MUG) was dissolved in 35 ml of distilled pyridine and sulfated with a 
1.5 molar excess (4.01 mmoles) of chlorosulfonic acid dissolved in dry 
dichloromethane. The reaction was stirred for 3-4 hours at 0" C and 2 hours at 2So C. 
The reaction was stopped with cold H20. 
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Figure 4. Separation of 4MUGS from unreacted 4MUG by ion-exchange 
chromatography. Un.reacted 4MUG was eluted with distilled H20 and monitored for 
absorbance until A320 was zero. Negatively-charged 4MUGS was eluted with 0.15 
M ammonium acetate. A320 O.D. units in the ammonium acetate eluate accounted 
for 8S% of the total O.D. units applied to the column. The arrow indicates the start of 
elution with ammonium acetate. 
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expectation. 

The W absorption spectra of 4MUG and 4MUGS are slrown in figu.~ 5: 

The spectra were nearly identical, with the absorption maximum occurring at 320 nm 

for both compounds, indicating that the umbelliferone ring was not modified by the 

sulfation reaction. The molar extinction coefficients of 4MUG and 4MUGS were 

found to be 8780. 

Thin layer chromatography of 4MUG and 4MUGS is shown in figure 6. It 

was performed by spotting approximately 20 JlS of these substrates in different lanes 

on a silica gel plate and running them in a solvent of 2-propanol : chloroform : water 

(6:2:1). 4MUG migrated as one spot approximately 4.4 cm from the origin. 

4MUGS, synthesized in two separate reactions, was spotted in two different lanes. 

The preparations of 4MUGS migrated as one spot 1.6 and 1.8 cm from the origin, 

consistent with a more polar compound. 

Nuclear magnetic resonance (NMR) spectra were performed by Dr. A.S. 

Perlin at McGill University. 4MUG and 4MUGS were dissolved in D20/ pyridine 

and the spectra performed at 200 mHz. The spectra are shown in figures 7 A and 7B. 

Comparison of the original glycoside (7A) and the sulfated product (7B) showed the 

only significant change to be the position of the two 6-hydrogens that were displaced 

downfield, as expected on 0-sulfation at the 6-position. Not only were the positions 

of the two 6-hydrogens characteristic of 0-6 sulfation but their splitting patterns 

indicated sulfation only at position 6. The pattern ofhydrogens 3 and 4 in the 4MUG 

and 4MUGS spectra indicated that there was no substitution at these positions; thus, 

disulfation had not occurred. All the protons were accounted for in the 4MUGS 

spectrum indicating the presence of only one compound and, therefore, the ~bsence 

ofunreacted starting material. 

Based on the chemical structure and molecular mass the theoretical percent 
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Figure S. UV -absorption spectra of 4MUG (solid line) and 4MUGS (dashed line). 
1 mM solutions of 4MUG and 4MUGS were monitored for absorbance between 
240 and 360 run. Maximum absorbance occurred at a wavelength of 320 run for both 
compounds. 
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Figure 6. Thin layer chromatography of 4MUGS and 4MUG. 20 J18 of 4MUGS 
(synthesized in two different reactions) and 4MUG were spotted on a silica gel plate 
and run in a solvent of 2-propanol : chloroform : water (6:2: 1). When the solvent 
was 1 cm from the top of the plate. it was removed from the solvent and allowed to 
dry. Spots were visualized under W light. The left and right lanes contain the 
4MUGS preparations; the center lane contains 4MUG. 
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Figure 7. NMR spectra of 4MUG (A) and 4MUGS (B). Compounds were dissolved 
in D20' pyridine and NMR spectra perfonned at 200 mHz. Arrow 1 indicates 
downfield displacement of C6 hydrogen atoms in 4MUGS. Arrow 2 indicates the 
identity ofC3 and C4 hydrogen atoms in both 4MUG and 4MUGS. 
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sulfur was calculated to be 10.97 for a disulfated product and 6.65°4 for 

4MUGS, a monosulfated compound. Elemental analysis, perfonned by Dr. R.N. 

Pandey at Guelph Chemical Laboratories (Guelph, Ontario, Canada), gave a value of 

6.41 o/o sultbr, consistent with a monosulfated product. 

Thus. the results of the absorption and NMR spectra, thin layer 

chromatography, and elemental analysis clearly indicated the product of the reaction 

to be monosulfated at position 6 of the glycosidic ring and free of disulfated substrate 

as well as unreacted startina material. In addition, the glycosidic bond was found to 

be intact and the aromatic rina struCture unmodified by the reaction. This work has 

appeared In publication (Bayleran and Hechtman, 1983; Bayleran et al, 1984, refer to 

Appendix B). 

B. Activity of isolated Hex A and Hex B toward 4MUGS. 

Hex A and Hex B from normal human fibroblasts and Hex A. Hex B. and 

Hex I from normal human sera were separated by ion-exchange chromatography. 

The chromatographic profiles are shown in figures BA (fibroblasts) and BB (sera). 

Colunm fractions were assayed for hexosaminidase activity with both 4MUG and 

4MUGS. All three isozymes had activity toward 4MUG, while 4MUGS was 

preferentially hydrolyzed by Hex A; Hex B and senun Hex I were barely active 

apinst 4MUGS. Human liver isozymes were also fractionated by ion-exchange 

chromatography after enrichment of Hex activity by concanavalin A-sepharose 

chromatography. The extraction of Hex from liver tissue, adsorption on concanavalin 

A-sepharose, and chromatographic separation of liver Hex isozymes were performed 

by Wayne Saray. DEAE cohmm fractions of liver isozymes were assayed only with 

4MUG. Pooled. dialyzed, and concentrated liver Hex isozymes were then employed 

to measure kinetic parameters of 4MUGS hydrolysis. 

Enzyme-containina column fractions were pooled, dialyzed against column 
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Figure 8. Ion-exchange chromatography of normal human fibroblast (A) and serum 
(B) hexosaminidases. Fibroblast pellets obtained fom cell cultures grown to 
confluence in 175 cm2 flasks were extracted and the supematants were 
chromatographed on DEAE-cellulose equilibrated in 10 mM NaH2P04-NaOH, pH 
6.0. Enzyme activities were normalized to fibroblast supematant applied to the 
column. Control serum (1.3 ml) was dialyzed against 300 ml of the same column 
buffer and chromatographed on DEAE. The procedure of Nakagawa et al (1977) 
was used. Column fractions were assayed with 4MUG (o-o) and 4MUGS (e--•). 
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buffer, and concentrated by Aquacide 11. The relative rates ofhydrolysis of 4MUGS/ 

4MUG by Hex A and Hex B (separated from normal tibroblast. sel'Ulllt and liver) 

and Hex I (obtained from serum only), shown in table 1, were as follows: for Hex 

A. 0.066 (flbroblast); 0.10 (serum), and 0.10 (liver); for Hex B, 0.0015 (flbroblast), 

0.0014 (serum); and 0.0034 (liver), and for Hex I, 0.0012 (serum). These relative 

rates of hydrolysis corresponding to constants r~ 1'B, and I'! for Hex A, Hex B, and 

Hex I, respectively, were employed in the empirical formula (page 59 of Materials 

and Methods) for the determination of Hex A specific activity and o/o Hex A using 

the sulfated synthetic substrate. Serum-derived Hex A retained the same rA ratio after 

either prolonged storage at -20° C or multiple freezing and thawing. Ftbroblast Hex 

A suffered a J..fold to 4-fold decrease in the ratio under these conditions. Storage in 

the presence of human serum albumin (5 mw'mJ.) stabilized the fibroblast Hex A 

preparation. 

pH-activity curves of Hex A- and Hex B-catalyzed hydrolysis of 4MUGS 

are shown in figures 9A and 9B. The pH optima of Hex A and Hex B were 3.9 and 

3.2, respectively, and were the same for Hex isozymes isolated from normal liver 

(9A) and fibroblast(9B). Srivastavaetal (1974b)demonstrated that the pH optima of 

both Hex A and Hex B were 4.4 when assayed with the synthetic substrate 4MUG. 

The pH optima of the two isozymes were not only different when assayed with 

4MUGS, but the value of 3.9 for Hex A is similar to the pH optimum of 4.1 found 

for Hex A-catalyzed hydrolysis ofGM2 ganglioside (O'Brien et al, 1977). In order to 

provide assay conditions that maximally select for Hex A-catalyzed hydrolysis of 

4MUGS, citrate buffer at pH 4.2 was used in all assays employing the sulfated 

substrate. 

Lineweaver-Burk. plots for normal liver and hbroblast Hex A and Hex B, 

determined with 4MUGS, are shown in figures lOA and lOB, respectively. Liver 
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Table 1. Relative rates of hydrolysis of 4MUGS/ 4MUG by fibroblast, serum, and 
liver hexosaminidase isozymes. * 

rA 

Fibroblast 0.066 0.0015 

Serum 0.10 0.0014 

Liver 0.10 0.0034 

n 

0.0012 

Selectivity 
(r/>/I'B) 

44 

67 

29 

* The values of rA, m, and 11 were obtained under assay conditions and do not 
represent a comparison ofVmax values. Enzyme assay values are the average of four 
de terminations. 
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Figure 9. pH optima of hexosaminidase-ca.talyzed hydrolysis of 4MUGS. Liver (A) 
and fibroblast (B) Hex A (o-o) and Hex B (•-•) were assayed in 0.04 M sodium 
citrate buffer at the indicated pH's with 1.5 mM substrate. The scale on the left in 
figure 9A corresponds to Hex A-catalyzed hydrolysis of 4MUGS; Hex B-catalyzed 
hydrolysis of 4MUGS is represented on the right scale in figure 9A. One unit of 
enzyme activity is that amount of enzyme which hydrolyzes 1 nanomole of 4MUGI 
minute. 
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Ftglll'e 10. IJneweaver-Burk plots of normal human liver (top) and tibroblast 
(bottom) Hex A (o-o) and Hex B (e-e) for the hydrolysis of 4MUGS. Liver Hex 
A Km-o.94 mM, Vmax-Q.31 nmolest mini unit of enzyme; IJver Hex B Km•5.6 
mM, Vmax-o.03 nmolesl mini unit of enzyme. Fibroblast Hex A Km-o.6S mM, 
Vmax-0.40 nmolesl mini unit of enzyme; Fibroblast Hex B Km•5.9 mM, 
Vmax-0.004 mnolest mini unit of enzyme. 
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Hex A had a Km of0.94 mM and a Vmax of0.31 nmoleslminutelunit of enzyme 

while liver Hex B had a Km of 5.6 mM and a Vmax of0.03 nmoleal minute! u.llit of 

enzyme. The Km of Hex A from a nonnal fibroblast cell strain was found to be 0.65 

mM with a V max of 0.40 nmolesl minute! unit of enzyme. Ftbroblast Hex B had a 

Km of 5.9 mM while its Vmax was 0.004 nmolesl minute! unit of enzyme. The 

Vmax for liver Hex A was found to be 10-fold greater than the Vmax for liver Hex B 

whereas a lOO-fold difference was observed for the Vmax values of the fibroblast 

isozymes. The difference in the ratio of the relative rates of hydrolysis of 4MUGS 

by liver and fibroblast isozymes (i.e., the value of r# IB) was attributable to a 

difference in Hex B-catalyzed hydrolysis of this substrate. The reason for the 

difference is unknown. However, it was thought that perhaps the partially purified 

liver Hex B preparation contained a sulfatase that converted 4MUGS to 4MUG, 

which is easily hydrolyzed by Hex B. Phosphate is known to be a competitive 

inhibitor of the activity of most sulfatases. Its presence in reaction mixtures 

containing 4MUGS should inhibit the release of 4MU by liver Hex B if the 

hydrolysis of the glycosidic linkage was dependent on the action of a sulfatase. As 

shown in table 2, in the presence of sodium citrate-sodium phosphate buffer (lOO 

mM NaH2P04) the release of 4MU by partially purified liver Hex B was inhibited 

20% compared to the reaction mixture containing no phosphate ion. When either 

normal fibroblast Hex B or an unfractionated fibroblast extract of a homozygous TSD 

cell strain was used, phosphate inhibition of 4MU release from 4MUGS was not 

observed. Thus, in the liver Hex B preparation some sulfatase activity contributed to 

the hydrolysis of the glycosidic linkage of 4MUGS, although the phosphate 

inhibitable component did not appear to account for the higher Vmax for liver Hex B 

compared to the fibroblast Hex B preparation. 
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Table 2. Inhibition of sulfatase activity by phosphate. 

nmoles 4MUGS hydrolyzed/ mV minute 

Source of Hex B +phosphate -phosphate 

Unftactionated normal 
fibroblut cell extract 69.7 63.6 

Unftacti.onated infantile TSD 
fibroblast cell extract 2.67 2.18 

Isolated normal fibroblast 
HexB 34.9 33.4 

Isolated normal liver 
HexB 54.4 66.9 

Normal tlbroblast and liver Hex B were isolated by ion-exchange chromatography as 
previously described. The source of phosphate as an inhibitor of possible sulfatase 
activity was sodium eitratel sodium phosphate buffer, 0.04 M. pH 4.5. The 
concentration of phosphate was 0.06 M. Sodium eitrate, 0.04 M, pH 4.5 was the 
buffer used in the absence of phosphate. 
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C. He.s:osaminidase activity against 4MUG and 4MUGS. 

1. Determination of Hex A in hu..man fi!?ro!?last rell ~xtra~.!; 

An investigation of the value of 4MUGS for the diagnosis of TSD was 

undertaken by assay offibroblast cell extracts with both 4MUG and 4MUGS. The 

results of the Hex A assays are shown in table 3 for a number ofGM2 gangliosidosis 

variants. Hex A specific activities and 0/o Hex A values were determined for each cell 

strain tested using two assay procedures: (i) thermal fractionation ofhexosaminidase 

activity and assay of total and heat-stable Hex activities with 4MUG and (ii) assay 

of Hex activity with both 4MUG and 4MUGS and application of the formula. The 

range for% Hex A in the normal controls (N-9) and obligate heterozygotes (N•3) 

was 47-79% and 27-47%, respectively, when 4MUG was used as substrate and 46 

-89% and 38-44%, respectively, by applying the formula to values obtained for 

hydrolysis of both 4MUG and 4MUGS. The two assay procedures yielded 

comparable results for all controls and heterozygotes tested. 

Twelve infantile TSD fibroblast cell extracts were assayed. A description of 

the ethnic origin of each coded cell strain has been given on pages 62-63 of Materials 

and Methods. The fll'St 9 cell strains are from patients with CRM -negative mutations. 

Cell strain WG1051 is from a patient with a CRM-positive mutation whose cells 

synthesize an a -chain polypeptide, yet do not produce catalytically active Hex A. The 

range for% Hex A in these 10 cell strains was 1-5% by thennal fractionation with 

4MUG and 0.4-2% by the two-substrate assay procedure that employs 4MUGS. 

Because no Hex A is synthesized in these patients it should be possible, in theory, to 

obtain zero activity for Hex A measurements in tissues and fluids from affected 

individuals by using the constant I'B to determine the portion of 4MUGS activity 

attributable to Hex B. Although the source of the observed residual Hex A activity in 

homozygous TSD fibroblasts was not determined, two possibilities may account for 



c Table 3. Determination ofHex A activity in human tibroblast cell extracts. 

Hex A by thennolability Hex A by application of 
using4MUG formula using 4MUGS 

Cell strain Hex A sp. act. 0A. Hex A Hex Asp. act. %HexA 

NORMALS 
N-9 326()..9280 47-79% 3380-8290 46-89 °4 

OBLHTZ. 
N•3 1342-7660 27-47% 2214-f!IJ77 38-44% 

INFANTII.E TSD 
WG93 140 4% 69 2% 
WG103 32 1 45 1.4 
WG 1105 64 s 9 0.7 
WG 1114 86 2 16 0.4 
WG107 139 4 19 0.5 
WG733 82 1 87 1 
WG884 120 s 33 1.4 
WG1499 58 2 15 0.5 
WG106S 103 2 36 0.7 
WG 1051 120 s 33 1.4 
WG 1108 538 16 26 0.7 
WG 1110 1377 16 67 0.7 

mymmRTSD 
WG306 634 10% 108 1.7% 
WG312 464 13 157 4 
WG928 422 11 108 3 
WG 1115 535 15 111 3 

CHR.ONIC GMZ 
GANGUOSIDOSIS 

WG 1047 170 9% 43 2% 
WG1048 281 8 90 3 

ADULT GM2 
QMfOUOSIDOSIS 

WG 1116 180 8% 2% 
HEX A-DEFICIENT 
HEALTHY ADULI 

WG 1107 278 15% 1030 S6 °AI 
WGllll 661 18 2604 71 

SANJ)HOFF 
WGS34 242 89°4 995 370% 
WG 1117 70S 91 lSS8 200 

ABVAIUANT 
WG802 4949 42% 7167 61% 

Specific activity is expressed as nanomoles of substrate hydrolyzecV mg protein! hour 

c and represents the mean of four determinations. 
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it. The activity of Hex B toward the sulfated substrate is much lower than Hex B 

activity toward 4MUG. Consequently, greater amounts ofthiB en?.yme are required tn 

obtain measurements of 4MUGS hydrolysis. This may introduce ina.ccuracies into 

the calculation of m. Alternatively, the apparent Hex A activity observed in TSD 

ftbroblasts against 4MUGS may be due to the action of a sulfatase. If present, a 

sulfatase would hydrolyze the 0-6 sulfate linkage of 4MUGS to yield 4MUG which 

can rapidly be hydrolyzed by Hex B. Although phosphate, a potent inhibitor of most 

sulfatases, did not inhibit the hydrolysis of 4MUGS to 4MU using extracts of TSD 

cells, it is impossible to rule out completely that the low levels of 4MUGS hydrolysis 

in TSD cell extracts are due to the action of a sulfatase not inhibited by phosphate. In 

spite of this, both assay procedures accurately identified these patients as severely 

affected when compared to the values obtained for normal controls and obligate 

heterozygotes. It is important to note, however, that Hex A specific activities and % 

Hex A values determined using the two-substrate assay procedure were consistently 

lower than those measured by thermal fractionation. 

Cell strains W01108 and WGlllO are from patients with a CRM-positive 

mutation in which Hex A is synthesized. These patients have been classified as Bl 

variants ofTSD. Fibroblasts from these patients had Hex A activity comprising 16% 

of total Hex when measured by thermal fractionation with 4MUG yet they had < 1% 

Hex A when measured by the two-substrate assay procedure that employs 4MUGS. 

Assay with the sulfated substrate represents a clear improvement in the ability to 
,.,,. 

diagnose patients with the Bl variant form ofTSD. A detailed analysis of the Hex A 

synthesized by cells of these patients has been published (Bayleran et al, 1987, refer 

to Appendix B) and will be presented later in this section. 

Juvenile TSD cell strains WG306 and WG312 were obtained from siblings 
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born to consanguineous parents. They are, therefore, likely to be homozygous for an 

a-locus mutant allele. The clinical defect in juvenile TSD patients was described by 

Andennann et al (1977) and these two siblings correspond to family N in that 

publication. A partial deficiency ofHex A activity representing 10% and 13% of total 

Hex activity by the thermal fractionati.on assay procedure was found for WG306 and 

WG312, respectively. However, they were found to be severely deficient in Hex A 

activity by the two-substrate assay procedure that employs both 4MUG and 4MUGS. 

Percent Hex A values obtained by application of the formula in this assay procedure 

gave 1.7% and 4% for WG306 and WG312, respectively. A manuscript on the Hex 

A synthesized by the cells of these patients was recently accepted for publication 

(Hechtman et al, 1989, refer to Appendix B). Immunoprecipitation experiments, 

performed by Bemard Boulay, revealed that cells of both siblings synthesize a 

precursor a subunit of normal size that-is not phosphorylated and, thus, no mature 

a subunit is detected. Exposure of cells to N114Cl-containing medium resulted in the 

secretion of B chains but not a chains, indicating that a-B subunit association does 

not occur. The finding of Hex activity that co-chromatographed with Hex A by ion

exchange chromatography with an optimum pH identical to that of control Hex A 

indicates that a small amount of Hex A survives the targeting pathway and is 

probably ft.m.ctional within the lysosomes. However, the residual activity of Hex A 

within the lysosome is most likely below a critical threshold level (Sandhoff and 

Conzelmann, 1985) and thus GM2 ganglioside accumulates significantly to produce a 

severe disease. The reduced Hex A activity measured with 4MUGS (table 3) thus 

. represents an improvement in the ability of this assay procedure to diagnose these 

patients as affected with a severe form ofTSD. 



c 

c 

91 

Cells ftom the other juvenile TSD patients, WG928 (whose clinical and 

biochemical phenotype have been reported elsewhere by Meek et al, 1984) and 

WGlllS, were virtually identical to WG306 and WG312 in the residual Hex A 

activity measured by both thennal fractionation with 4MUG and the two-substrate 

assay procedure with 4MUG and 4MUGS. WG928 is the offspring of non-Jewish 

parents. The father of the proband was adopted and no information regarding his 

natural family was available (Meek et al, 1984). However, it is unlikely that the 

parents ofWG928 are related. WGlllS is also the offspring ofnonconsanguineous 

parents. The father ofWGlllS is of Jewish descent; the mother is not Jewish. Since 

the parents ofWG928 and WGlllS are unrelated it is likely that the probands are 

compound heterozygotes for two mutant alleles at the a locus. The four juvenile TSD 

cell strains presented here have a severe deficleitcy of Hex A measured by the assay 

procedure that employs the sulfated substrate. A similar severe deficiency based on 

hydrolysis of GM2 ganglioside has been measured in juvenile TSD cell strains 

(O'Brien et al, 1977; Kolodny and Raghavan, 1983; Meek et al, 1984). 

Patients with the chronic and adult-onset forms of GM2 gangliosidosis were 

indistinguishable ftom each other based on the ability of their Hex A to hydrolyze 

both 4MUG and 4MUGS. Cell strains WG1047 and WGIOO, from patients 

diagnosed with the chronic form of GM2 gangliosidosis, and WG 1116, from a 

patient diagnosed with the adult-onset form of the disease (described by Kaback et al. · 

1978), had reduced Hex A activity by thermal fractionation representing 8-9% of total 

Hex activity. The two-substrate usa.y procedure employing 4MUGS gave values of 

2-3% Hex A that were indistinguishable from earlier-onset forms ofTSD. A similar 

severe deficiency of GM2 ganglioside hydrolysis by chronic and adult GM2 

gangliosidosis cells has been demonstrated (Kolodny and Ra.ghavan, 1983; 
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Ragbavan et al, 1985). Compared to normal controls, chronic and adult GM2 

gangliosidosis patients hydrolyze the natural substrate at a greatly reduced rate. 

However, the rate of degradation of GM2 ganglioside must be greater than that which 

ocall'S in the brain tissue of infantile-onset TSD patients in order to sustain life past 

the early childhood years. The lack of correlation between the degree of enzyme 

deficiency, as measured by various synthetic substrate assays, and the severity of the 

disease often makes accurate diagnosis based solely on the measurement of Hex A 

activity in a patient's cells difficult. 

Cells from healthy individuals with an apparent deficiency of Hex A, 

WG1107 (described byGrebneretal, 1986) and WG1111, were found to have lSo/o 

and 18% Hex A, respectively, by thermal fractionation. They appeared 

indistinguishable from the Bl and juvenile TSD variants based on 4MUG hydrolysis. 

However, by the two-substrate assay procedure and application of the fonnula 

WG1107 and WGllll were found to have S6°AJ and 71°~ Hex A, respectively. 

Thus, the assay procedure that employs 4MUGS accurately identifies these 

individuals as unaffected. An investigation of the prognostic value of the sulfated 

substrate for adults with low Hex A activity will be presented later in this section. 

Cell strains from patients with GM2 gangliosidosis attributable to mutations 

at sites other than the a. -loa.us were also cultured and cell extracts assayed by both 

procedures. WGS34 is from a patient with the infantile form of Sandhoff disease, a 

GM2 gangliosidosis that is due to a mutation at the gene loew~ that encodes the 8 

subunit of hexosaminidase. The fmding of severely reduced total hexosaminidase in 

the Sandhoff disease cell strain together with the observation that 89°AJ of the 

he:rosaminidase activity was thermolabile was not unexpected. What was surprising, 

however, was the nearly 4-fold greater specific activity measured by the two-
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substrate aaa.y procedure than that detennined by thennal fractionation. Hex S, an 

isozyme more thennolabile and more anodal than Hex A. accumulates in cells which 

are homozygous for the Sandhoff mutation (Beutler et al, 1975; Potier et al, 1979). If 

this isozyme is composed entirely of a subunits (Geiger et al, 1977), then Hex S is 

most likely the source of this elevated rate of 4MUGS hydrolysis. 

Cell strain WG 1117 is from a clinically nonnal Hex A- and Hex B-deflcient 

adult who is the maternal aunt of an infantile SD patient. Total hexosaminidase 

activity, as measured by 4MUG, was reduced in cells of this individual with an 

increased proportion of thermolabile Hex (91%). Specific activity measured by the 

two-substrate assay procedure and appHcation of the formula was 2-fold greater than 

that measured by thermal fractionation. Fibroblasts of SD heterozygotes have been 

found to have similarly low levels of total hexosaminidase activity measured with 

4MUG, with an increased percentage of heat-labile Hex (Molzer and Bernheimer, 

1976). This was initially thought to be attributable to increased Hex A. However, 

thermal inactivation of serum hexosaminidase isozymes of SD heterozygotes 

separated by ion-exchange chromatography, revealed that both Hex Band Hex I 

were thermolabile (Lowden, 1979). This suggested that SD heterozygotes might 

produce a 8-subunit polypeptide that is sensitive to heat. 

Finally, the AB variant fonn of GM2 gangliosidosis is attributable to a 

mutation at the gene locus that encodes the activator protein necessary for the in vivo 

hydrolysis of GM2 ganglioside by Hex A. Patients with this fonn of the disease have 

been shown to synthesize nonnal Hex A and Hex B (Conzelmann et al, 1978; 

Hechtman et al, 1982). Because hydrolysis of synthetic substrates such as 4MUG 

and 4MUGS is not dependent upon the action of an activator protein, these substrates 

will be hydrolyzed normally by the Hex A of AB variant patients. Hex A of cell strain 

WG802, Sa.ndhoff's original patient (Sa.ndhoff et al, 1971), represented 42% of total 
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Hex by thermal fi'actionation and 6lo/o by the assay procedure that emploYB the 

sulfated substrate. 

Accurate diagnosis of some of the variant fonns of TSD is often difficult 

due to a lack of correlation between the degree of enzyme deficiency and the 

severity of the disease. Use of the 4MUG substrate to measure Hex A activity 

further complicates the problem since this substrate is not specific for Hex A and, as 

such, does not directly assess the product of the mutant gene. The requirement for 

thermal ftactionation in an assay employing 4MUG has been associated with 

inaccuracies due to variable amounts of Hex B inactivated or Hex A remaining; the 

reproducibility of heating conditions from one assay to the next presents a problem. 

Not all of these problems have been alleviated by the use of 4MUGS to measure Hex 

A. However, this supatrate is preferentially hydrolyzed by Hex A. The elimination of 

the requirement for tbennal fractionation does represent an improvement. While both 

assay procedures detect Hex A activity in cell extracts obtained from infantile TSD 

patients, these values are considerably lower by the two-substrate procedure that 

employs the sulfated substrate. More importantly. improved diagnosis has been 

achieved for those variant fonns of TSD in which Hex A is synthesized but is 

catalytically inactive. The improved diagnosis of the Bl variant form of TSD is an 

example of the value of the 4MUGS assay procedure. The two B1 variants studied 

here are believed to be compound heterozygotes. The reliance upon the thermal 

fi'actionation assay to measure amniocyte Hex A activity resulted in the misdiagnosis 

of one of the Bl probands (Kolodny et al, 1983). Hex A activity by the thermal 

flactionation assay approaches carrier levels in the Bl compound heterozygotes. 

However, Hex A values are clearly in the range of other severely affected infantile 

TSD patients when the two-substrate assay procedure is used to assess Hex A 

activity. Thus, use of this assay procedure would not have resulted in misdiagnosis 
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of the Bl TSD proband. Bl homozygotes who have a juvenile presentation of TSD 

have also been identified. Thermolabile Hex activity against 4M.1JG is within the 

nonnal range in these patients (Gotdman et al, 1980; Li et al. 1981; Inui et al. 1983) 

and they would most definitely be misdiagnosed prenatally by the thermal 

fractionation assay procedure. The two-substrate assay procedure would accurately 

diagnose them as severely affected. 

The 4MUGS assay procedure is also able to differentiate between adult 

patients with a GM2 gangliosidosis (e.g. patients with the chronic or adult-onset 

forms) and those adults who are asymptomatic in spite of very low levels of Hex A 

by thermal fractionation. Adults with low Hex A activity are predominantly, though 

not exclusively, of Ashkenazi Jewish descent. They are usually ascertained through 

routine TS carrier screening by measurement of thermolabile Hex activity with 

4MUG. Many of these individuals have reported the occurrence of infantile TSD in a 

member of their family and are thought to be compound heterozygotes for a classical 

TSD allele and a milder mutant allele. The two-substrate assay procedure offers the 

potential to predict the development of a neurological disease in adults with low Hex 

A activity detected through carrier screening. 

The inability to distinguish between classical TSD carriers and carriers of 

milder mutant alleles at the a locus as well as the appearance of these variant alleles in 

infantile TSD families makes prenatal diagnosis particularly difficult. The two

substrate assay procedure. may prove usefW in prenatal diagnosis, since it clearly 

differentiates between a fetus affected with a neurological disorder and one which is 

not affected. However, the two-substrate assay procedure is not able to clearly 

differentiate between those fetuses which will have a severe form ofTSD and those 

which will be only mildly affected with a later-onset form. 
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2. Determination of Hex A activity in human sera. 

Serum hexosaminidase activities were measured by both thermal 

fractionation of activity toward 4MUG and the two-substrate assay procedure that 

employs 4MUG and 4MUGS in order to compare the usefulness of the two assay 

procedures for classification of Tay-Sachs carriers. The reliability of the two assay 

procedures was assessed by comparins the coefficients of variation (S.D/ mean) for 

eight determinations performed on single serum samples obtained from a normal 

control and an obligate heterozygote. The coefficients of variation for the control 

were 0.010 for total hexosaminidase (4MUG), 0.020 for heat-labile hexosaminidase 

(4MUG), and 0.0084 for hexosaminidase activity against 4MUGS. The coefficients 

of variation for the obligate heterozygote were 0.0073 for total hexosaminidase, 

0.032 for heat-labile Hex, and 0.012 for 4MUGS Hex activity. Thus, the reliability 

of Hex A measurements was improved approximately 3-fold by the use of 4MUGS 

for the measurement of Hex A. The increased reliability of the 4MUGS assay is 

presumably a reflection of the difficulty in reproducing heating conditions in the 

4MUGaaay. 

Figure 11 presents the results of Hex A and Hex B determinations using 

sera obtained from 4S normal controls, 24 obligate heterozygotes, and S infantile 

TSD probands. Each point represents the mean of four determinations on a single 

serum sample. The values plotted on the ordinates of figures llA and liB represent 

the sum of Hex Band Hex L However, since these isozymes behave identically in 

the thennal fi'actionation procedure and since both species have identical ratios of 

activity toward the two substrates, the ordinates have been labelled 'Hex B' for 

convenience. Assistance was provided by David Sovetts and Norbert Laschic in the 

collection of blood samples from individuals tested and the centrifi.Jgation of the 

samples to obtain serum, respectively. 

Figure llA shows the values of Hex A and Hex B, obtained from 
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Figure 11. Determination ofHex A activity in human sera. Hex A was determined by 
thermolability using 4MUG (A) and by application of the equation using 4MUGS 
(B). Thermal fractionation with 4MUG: Hex A, mean ±.S.D. for controls 
5.53±.0.96, for heterozygotes 3.2&.±.0.64. Hex B, mean+S.D. for controls 
2.62+0.83, for heterozygotes 3.96+1.17. 4MUGS procedure: Hex A, mean;tS.D. 
for controls 5.82+0.92, for heterozygotes 3.03+0.60. Hex B, meartt_S.D. for 
controls 2.33±.1.01, for heterozygotes, 4.21±.1.17. 
• • nonnal controls, o - obligate TS heterozygotes, .& - infantile TSD probanda, 
ll. • mean values for normal control and carrier groups. 
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measurements of heat-labile and heat-stable hexosaminidases. plotted as a two

discriminant test. Figure llB shows Hex A and Hex B values obtAi'led by 

measurement of total Hex activity with 4MUG and transformation of 4MUGS assay 

values by application of the equation derived in Appendix A. Using this 

transformation, the values for Hex A and Hex B can be plotted as a two-discrim.inant 
4 

test, comparable to that of figure llA. While the two graphs look essentially similar, 

closer inspection of the distribution of data points reveals a slight statistical 

improvement in classification by the two-substrate assay procedure. This is indicated 

by the greater separation of means for each group as well as smaller S.D. values 

obtained with the 4MUGS assay procedure (llB) than when heat-labile 

hexosaminidase activity is measured with 4MUG (llA). In addition, no overlap 

occurs between the range of Hex A values for controls and heterozygotes detennined 

by the two-substrate assay procedure whereas there is considerable overlap between 

the range of these values for the control and carrier groups by the thennal 

fractionation assay with 4MUG. 

The classification of genotypes based on two discriminants has been shown 

to allow greater resolution oftest values for the two groups than can be obtained with 

a single test (Gold et al, 1974). However, figure 12 provides a comparison of serum 

Hex A values for the three genotypes plotted as a single discriminant and without 

reference to total Hex activity. The data indicate that the range of Hex A values 

measured as 4MUGS-cleaving activity (without transformation of 4MUGS assay 

values into equivalent 4MUG enzyme units) for control sera does not overlap with 

the range ofheterozygote values, whereas considerable overlap is observed between 

the control and heterozygote groups when serum Hex A activity is based on thermal 

ftactionation. In theory, therefore, a one-step assay procedure could be used for the 

detection of Tay-Sachs heterozygotes by measurement of 4MUGS hydrolysis. 

However, the superior resolution offered by the use of two discriminants should not 
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Figure 12. Activity of sera toward 4MUGS (left) compared to heat-labile activity 
toward 4MUG (right). Hexosaminidase A measurement using 4MUGS: mea.n±.S.D. 
0.~9+0.10 for controls, 0.31±0.0~ for heterozygotes. 
• • nonnal controls, o • obligate TS heterozygotes, & • infantile TSD probands, 
4 • mean values for normal control and carrier groups. 
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be abandoned in favor of the increased speed of the one-step 4MUGS procedure. 

The data represented in figures 11 and 12 are also presented in tabular form (table 4) 

to facilitate comparison between the Hex A and Hex B values obtained for controls 

and heterozygotes in this study with those values obtained for other controls and 

carriers in studies presented later in this section. 

In figure 13, %Hex A values determined by both assay procedures are 

plotted for each individual tested Percent Hex A plotted on .the ordinate was 

obtained by measuring total activity against both 4MUG and 4MUGS and 

transforming these values by the equation. The % Hex A values plotted on the 

abscissa were obtained by measurement of heat-labile Hex activity with 4MUG. The 

correlation coefficient (r-0. 78) indicates a high degree of correlation between the two 

assay procedures in identifying TS carriers by the quantity '% Hex N. Thus, both 

assay procedures resolved the control and carrier genotypes into well-separated 

clusters. Furthermore, for each individual tested there was good correlation between 

the % Hex A values obtained by the thermal fractionation and two-substrate assay 

procedures. The control and heterozygote groups had ranges of 61-81% Hex A and 

34-54% Hex A, respectively, measured as heat-labile hexosaminidase. Using the 

two-substrate procedure, the range for controls was 60-88% Hex A and for 

heterozygotes 35-55% Hex A. Among the five infantile TSD probands (two of 

Jewish ancestry, two of French Canadian descent, and one of Italian origin) whose 

serum Hex A was determined, the range for% Hex A (9-11 °AI) by thermolability was 

much higher than the range (0-2%) measured by the assay procedure that employs 

4MUGS. The measurement of thermolabile hexosaminidase in fluids obtained ftom 

TSD homozygotes frequently gives values as high as 15% Hex A (Saifer and Perle, 

1977). This artifact is presumably due to loss of variable amounts of Hex B during 

the thermal tractionation procedure. 
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Table 4. Determination of serum Hex A activity. • 

Hex A HexB 

range mean;tS.D. range mean;tS.D. 

Thermal ftactionali,on 
with4MUG 

Controls (N•4S) 3.63-7.90 5.53+0.96 1.28-4.72 2.62±.().83 

ObHgateTS 
Heterozygotes (N•24) 2.17-4.60 3.28:!_0.64 2.63-6.63 3.96:!_1.17 

~MUGSwithil)J)].ication 
offonnula 

Controls (N•45) 4.06-7.61 5.82±.0.92 0.70-4.19 2.33:!_1.01 

ObHgateTS 
Heterozygotes (N•24) 2.10-3.80 3.03+0.60 2.65-6.53 4.21±1.17 

~MUGSwithouum~Hcat;ion 
of formula 

Controls (N•4S) 0.43-0.87 0.59±.().10 

ObHgateTS 
Heterozygotes (N-24) 0.22..().39 0.31±.0.05 

*The results presented here are the same as those shown graphically in figures 11 
and 12 They are presented in tabular form to facilitate comparison with values 
shown in tables st 6. and 12 

Hex A and Hex B activities are expressed as nanomoles of substrate hydrolyzedl mV 
minute and represent the mean of four detenninations. 
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Ftgme 13. Correlation of o/o Hex A determined with 4MUGS and by thennal 
fractionation with 4MUG. Percent Hex A mean by thermolability 68% for controls 
and 46% for obligate heterozygotes. Percent Hex A mean by the 4MUGS procedure 
72% for controls and 42% for obligate heterozygotes. 
• • normal controls, o • obligate TS heterozygotes, .& • infantile TSD probands, 
~ • means for normal control and carrier groups. 
The line represents the expected agreement between pairs of assay values. 
Correlation coefficient • 0. 78. 
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3. Heterozygote screening by an automated assay procedure. 

In the two-discriminant plot of Hex A and Hex B activities meamued with 

both 4MUG and 4MUGS and application of the formula {figure liB), the absence 

of overlap of Hex A values between the control and heterozygote groups indicated 

that this substrate procedure could be used for the detection of Tay-Sachs carriers, 

thus eliminating the requirement for thermal fractionation ofhexosaminidase activity. 

With that in mind, the potential of the two-substrate assay for mass Tay-Sachs carrier 

screening by an automated procedure was investigated. The automated assay 

procedure currently employs 4MUG as substrate and is dependent upon thermal 

fractionation. This work was performed by Maria diLorenzo, a 2nd year medical 

student at McGill University, under the eo-supervision of Dr. Charles Scriver and 

myself. Norbert Laschic adapted the apparatus to use with the sulfated substrate as 

per our specifications (refer to MateriaJs and Methods. page 60) and ran the samples 

for us by the automated procedure. The preparation of 4MUGS used in this 

investigation was purchased from HSC Corporation {Toronto, Ontario, Canada). 

Because preliminary tests with this substrate indicated a high degree of impurity as 

evidenced by significant Hex B activity against the 4MUGS preparation. we purified 

the substrate by ion-exchange chromatography and gel filtration. A significant 

amount of unreacted starting material, 4MUG, was eliminated by the purification 

procedure and represented approximately 2S% of the material applied to the ion

exchange column. 

An aliquot of each sennn sample to be tested was taken up by a sampler 

probe and split into two lines containing the appropriate buffers and substrates, as 

described on page 60. Hydrolysis of 4MUG and 4MUGS produced fluorescence 

which was read on two tluorometers. In order to obtain peak heights within the 

readable range of the charts (i.e. between 10-90 chart units) it was necessary to adjust 

the ~ensitivity of the fluorometer reading 4MUGS hydrolysis to a setting that was 
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10-fold greater than the setting of the fluorometer reading 4MUG hydrolysis. This 

necessitated, in turn, calibrating the floorometers ming two nifferent. ~t-s of standard 

solutions. Fluorescence read on the fluorometers was registered on a recorder which 

traced two curves. Figure 14 is a sample of the tracings obtained with the automated 

assay procedure. The left figure shows the tracings obtained by thermal fractionation 

with 4MUG. Peaks '1' and '2' represent total and heat-stable hexosaminidase 

activities, respectively. Tracings obtained from the 4MUGS assay procedure are 

shown in the right figure. Peak '3' represents total Hex as measured with 4MUG; 

peak '4' represents 4MUGS-cleavingactivity. In both automated procedures the peak 

heights, measured in chart units, were converted into an amount of enzyme activity 

with the use of 4MU standards. The concentration of each 4MU standard solution 

was divided by S (which is the number of minutes the serum samples were incubated 

with substrate in the 37° C water bath) and by the molecular weight of 4MU. This 

gave a constant value for each standard solution, the units of which were nanomoles 

4MU/ mV minute. Average peak heights for each standard solution were then plotted 

against the constant value for that solution to generate a standard curve, the ordinate 

of which was in nanomoles 4MUI mV minute while the abscissa was in chart units. 

The slope of the standard curve, in nanomoles 4MU/ mV minute/ chart unit, was 

calculated for each fluorometer. The number of chart units in the peak heights for 

each serum sample was multiplied by the slopes to yield a value of enzyme activity. 

Hexosaminidase A activity and the quantity of '% Hex A' by 4MUGS were 

determined by application ofthe empirical formula. Hex A activity against4MUGS 

alone, i.e. without the formula, was also determined for each serum sample tested. 

TableS shows the results of screening of 31 normal controls, 8 obligate TS 

heterozygotes, and 16 nonobligate TS carriers by the automated assay procedure 

employing 4MUG to measure total Hex activity and 4MUGS to measure primarily 

Hex A activity. The hexosaminidase activities generated by the automated procedure 
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Figure 14. Samples of tracings obtained from the automated assay procedure. The 
curves traced by the recorder are one peak out of phase. The left ftgUre is a typical 
tracing obtained in the automated assay employing thermal fractionation and 4MUG. 
Peak 'l' corresponds to total Hex activity; Peak '2' represents heat-stable Hex 
activity. The right figure is a tracing obtained in the automated assay procedure, 
adapted for use with both 4MUG and 4MUGS. Peak '3' corresponds to total Hex 
activity as measured with 4MUG; Peak '4' represents Hex activity against 4MUGS. 
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Table 5. Heterozygote screening by an automated assay procedure. 

Thermal fi'actiQnation 
with4MUG 

Controls (N-31) 

ObligateTS 
Heterozygotes (N•8) 

Nonobligate TS 
Heterozygotes (N•l6) 

~MUOSwithiJmlication 
Qfformula 

Controls (N • 31) 

ObligateTS 
Heterozygotes (N •8) 

Nonoblipte TS 
Heterozygotes (N•16) 

4MU0Switboo.t aP,PlicatiQn 
offonnula 

Controls (N•31) 

ObligateTS 
Heterozygotes (N•8) 

Nonobligate TS 
Heterozygotes (N•16) 

Hex A 

range mean :t S.D. 

8.20-15.2 10.7±1.61 

3.80-5.90 4.85±0.84 

3.70-8.81 6.74±1.32 

9.50-16.4 12.2±1.90 

5.40-7.20 6.38±0.82 

4.40-8.90 6.91±1.28 

1.60-2.70 1.96±0.33 

0.94-1.20 1.09±0.13 

0. 70-1.40 1.10±0.21 

HexB 

range mean :t S.D. 

2.50-10.1 5.53±1.81 

7.30-16.9 8.51±4.62 

5.60-10.9 7.93±1.61 

Ul0-10.8 4.91±1.98 

6.40-17.2 9.20±3.76 

4.40-12.3 7.78±2.37 

Hex A and Hex B activities are expressed as nanomoles of substrate hydrolyzedl mV 
minute and represent the mean of four detenninations. 
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(table 5) were higher than those obtained by the manual procedure (table 4) for both 

controls and heterozygotes. Interesti:ng differences were rev~al~d when rang~ and 

means for Hex A activity determined by the automated assay procedure were 

compared for the obligate and nonobligate TS heterozygotes. By both thennal 

fractionation with 4MUG and the two-substrate assay employing 4MUG and 

4MUGS. there was a greater separation of means between the obligate carriers and · 

normal controls than between the nonobligate TS carriers and normal controls. While 

the separation of obligates and nonnal controls was comparable by both assay 

procedures. better discrimination between the nonobligate TS heterozygote group and 

the normal controls was achieved by the assay procedure employing the sulfated 

substrate. Improved discrimination was revealed by means that were significantly 

farther apart by the two-substrate assay procedure as well as the absence of overlap in 

the range of Hex A activities for the nonobligate TS carrier and normal control 

groups. Such overlap was observed in the thermal fractionation assay employing 

4MUG. Thus, it would appear that while both assay procedures are comparable in 

the ability to discriminate normal controls and obligate TS heterozygotes, the ability 

to detect TS carriers whose genotypes are not known with certainty by virtue oftheir 

having an affected child is improved by the assay procedure that utilizes the sulfated 

substrate. More samples need to be tested. but the results are very encouraging and 

indicate the potential of 4MUGS for the identification ofTay-Sachs carriers by an 

automated assay procedure independent of thermal fractionation. However, great care 

must be taken in the preparation of 4MUGS to ensure a pure product free of 

contaminants that might reduce the specificity of this substrate for Hex A. 

4. Determination of carrier status during pregnancy by serum Hex A assay. 

Table 6 shows the results of serum Hex A assays performed manually on 
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Table 6. Determination of carrier status during pregnancy by serum Hex A ~ay. 

Hex A HexB 

range mean+S.D. range mean;tS.D. 

Thermal fractionation 
witb4MUG 

Controls (N•18) 4.50-11.1 7.13+1.57 2.70-U.O 7.68±.2.96 

ObligateTS 
Heterozygotes (N•7) 1.30-5.30 3.76:!:_1.25 2.30-17.4 7.76±.5.30 

~MUGS with&Jmlication 
of formula 

Controls (N-18) 4.60-13.4 7.66±.1.99 2.90-12.5 7.17±.2.85 

ObllgateTS 
Heterozygotes (N•7) 1.20-4.40 2.86+0.96 2.40-18.3 8.66:!:_5.37 

4MUGS withouta:~mlicatign 
offonnula. 

Controls (N,;.18) 0.66-1.41 0.94±.0.20 

ObligateTS 
Heterozygotes (N-7) 0.14-0.59 0.41±.0.16 

Hex A and Hex B activities a.re expressed as nanomoles of substrate hydrolyzedl mV 
minute and represent the mean of four detennina.tions. 
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18 pregnant normal controls and 7 pregnant obligate TS heterozygotes. Total 

hexosarninidase activity is increased in the sera of pregnant women, mostly 

attributable to increased synthesis of the heat-stable isozyme. Hex P (Ben-Y oseph et 

al. 1988). The presence of this intennediate Hex isozyme is evident when one 

compares the values for Hex A and Hex B activities for pregnant controls and 

obligate heterozygotes presented in this study with those values for controls and 

obligate heterozygotes presented earlier in table 4 (page 101). A significant increase 

in the amount of 'Hex B' (which actually represents the sum of heat-stable Hex 

activities) was evident in the sera of pregnant normal controls and carriers. The 

synthesis of Hex P during pregnancy presents special problems for the accurate 

detection of TS carriers by serum Hex A assay. The increased levels of total 

hexosarninidase result in low % Hex A values with the consequent risk of the 

misclassification of pregnant women as carriers. As shown in table 6, the range of 

Hex A activities in the sera of pregnant controls and obligate TS heterozygotes 

overlapped when measured by the thermal fractionation assay with 4MUG. 

However. the overlap was attributable to a high value for Hex A activity in only one 

of the heterozygotes tested No overlap of Hex A activities between the pregnant 

control and obligate heterozygote groups was observed when Hex A was measured 

by the two-substrate assay employing 4MUGS and application of the formula. 

Percent Hex A values were low, as in the thermal fractionation assay, since the 

determination of % Hex A by application of the formula is dependent upon total Hex 

as measured with 4MUG, a value to which Hex P contributes. 

Assessment of Hex A activity with the sulfated substrate alone is perhaps 

preferable to the other assay procedures since hydrolysis of this substrate is 

independent of the heat-stable isozymes. Hex B and Hex P. Indeed. the Hex A 

values of pregnant controls and obligate heterozygotes based on 4MUGS hydrolysis 

did not overlap. However, it must be noted that only a small number of controls and 
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heterozygotes were tested. 

Ben-Y oseph et al (1988) evaluated the usefulness of sulfated fluorogenic 

substrates for the detection of carriers by serum assay during pregnancy. They found 

that two changes in seNm Hex activity occur simultaneously in pregnant women. 

One is the increase in the thermostable Hex P isozyme, which hydrolyzes only 

4MUG. They also noted, however. a significant rise in the level of Hex A which was 

found to gradually increase with gestational age. The increased Hex A is thought to 

be of fetal origin, attributable to leakage of fetal Hex A across the placenta into the 

mother's circulation. If this is an accurate assessment. then measurement of Hex A 

with the sulfated substrate would also be considered inaccurate since it would be 

influenced by the genotype of the fetus. The greatest danger in such a case would be 

the misclassifieation of a carrier mother as a nonca.rrier. Since Hex P is not normally 

present in cells and fetal Hex A would only be observed in the seNm of the mother, it 

is possible that accurate detection ofTSD heterozygosity in pregnant women by assay 

of serum Hex isozymes is not possible and should only be perfonned on leukocytes. 

Clearly. more testing is necessary. 

D. Infantile TSD in an Italian family. 

Infantile TSD was discovered in a 12-month-old child ofltalian origin when 

she was brought to the Montreal Children's Hospital for evaluation. A skin biopsy 

obtained from this child corresponds to cell strain WGlO~l (Materials and Methods, 

paae 62) and was recently described by Zokaeem et al (1987; refer to Appendix B). 

The child was noted to have the typical signs of TSD: she startled easily. appeared 

unawaJ"e of her surroundings. was unable to sit unsupported, etc. Macular cherry red 

spots were observed. Hex A assay of serum and fibroblasts confinned the diagnosis 

ofTSD. 
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1. Pedigree ofltalian TSD family. 

The child's parents originated from the same small village in Italy, Pedi~ 

analysis (performed by Dr. Paige Kaplan. Montreal Children's Hospital) revealed 

that the parents of the proband were related through both their fathers and mothers. A 

partial pedigree of this family is shown in figure 15. The proband's grandmothers 

were first cousins while her grandfathers were third cousins. The proband was likely 

a homozygote. 

2. Measurement ofHex A activity in T~D proband and family. 

The results of Hex A assays, confirming the diagnosis of TSD, are 

presented in table 7. By the thennal fractionation assay with 4MUG, % Hex A values 

of proband sera and fibroblasts were found to be lOo/o and So/o, respectively. This 

was in the range charaCteristic for other infantile TSD patients. By the two·substrate 

assay procedure that employs 4MUGS, proband Hex A values in sera and fibroblasts 

were 0°At and 1.4%, respectively. Thus, the sulfated substrate assay procedure 

yielded significantly lower values for Hex A specific activity and % Hex A than the 

thermal fractionation assay procedure. The parents of the proband were clearly 

identified as heterozygotes by both assay procedures, while the sister of the proband 

was identified as a normal homozygote. Sera obtained from 11 second and third 

cousins of the proband (paternal relatives of the proband's father) were also tested to 

determine carrier status. Six of them were assigned such status by both assay 

prooedures. 

3. Fractionation of proband Hex isozymes by ion-exchange chromatography. 

Ion-exchange chromatography of proband fibroblast cell extract revealed no 

peak associated with Hex A activity when column fractions were assayed with either 

4MUG or 4MUGS. The chromatographic profile of proband Hex isozymes is shown 
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FJ.&U.Ie lS. Partial pedigree of an Italian TSD family. The proband (WGlOSl, 
indicated by the arrow) was born to consanguineous parents who are related through 
both their mothers and fathers. The proband's grandmothers were first cousins; her 
grandfathers were third cousins. 0. o· not tested; El, e- tested, and normal homo
zygote; [I , et• tested, and heterozygote. 
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Table7. DetenninationofHexAactivityin an Italian TSDprobandand her family. 

Hex A specific activity (0A.) Hex A specific activity (%) 
TISSUe and Subject by thermolabllity by4MUGS* 

Senun: 

Proband 64 (10%) 0.6 (0%) 
Mother 147 (45) 131 ~40) 
Father 242 (39) 230 38) 
Sister 389 (65) 410 (68) 
Controls (N •45) 218-474 (60-81) 243-457 (60-88) 

ObligateTS 
(34-54) Heterczygotes (N•24) 130-276 126-228 (35-55) 

Tay-Sachs patients (N•5) 32-74 (9-11) 0.6-17 (0-2) 

Fibroblasts: 

Proband 120 (5%) 33 (1.4%) 
Controls (N-9) 3260-9280 (47-79) 3380-8290 (46-89) 
Tay-Sachs patients (N•9) 32-140 (1-5) 9-87 (0.4-2) 

For serum. adivity is expressed as nmoles of substrate hydrclyzedl mV hour; for 
fibrcblast cell extract, specific activity is expressed as nmoles of substrate 
hydrolyzed/ mg protein/hour. 

* Fluorometric units measured with 4MUGS have been converted to equivalent 
4MUG enzyme units by means. of the formula of Bayleran et al (1984, refer to 
Appendix B). 
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in figure 16. Whlle no Hex A activity eluted with the salt buffer, an intennediate 

isozyme did elute in the salt gradient.. ThiB isozyme is not normally present in ooll!s. 

Its appearance in TSD cells is thought to be due to an association of excess B 

subunits that occurs in the absence of a-subunit polypeptides with which they would 

normally associate (Mahuran et al, 1985). 

Biosynthetic labelling of proband fibroblast cell proteins in culture and 

immunoprecipitation of the Hex subunits with goat antisera directed against purified 

Hex A, Hex B, and isolated a chain was perfonned by Zokaeem et .al (1987, 

Appendix B). Cells of the proband were found to synthesize an a-polypeptide 

precursor that is shorter than nonnal a chain by approximately 2-3 kDa. The failure 

to immunoprecipitate mature a chain with antisera directed against both Hex A and 

Hex B showed that the shortened a subunit never associates with 6 subunit. In 

addition, the absence of incorporation of 32p into the a chain ofWG1051 indicated 

that the shortened subunit fails to reach the Golgi for processing. Rather, it is 

degraded in the ER. Both parents were found to be heterozygous for this shortened 

subunit, confirming that the child is a homozygote rather than a compound 

heterozygote for two mutant alleles. More recently, Neufeld (1988, personal 

communication) found the shortened a chain in WG 1051 cells to be due to a 

homozygous deletion of a single nucleotide of the a-chain gene producing a 

frameshift mutation leading to premature tennination 12 nucleotides downstream 

from the site of the mutation. 
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Figure 16. Ion-exchange chromatography of Italian TSD proband (WGlOSl) Hex 
isozymes. Fibroblast pellets were cultured to confluence in 175 cm2 flasks. Cell 
extracts were chromatographed according to the procedure ofNakagawa et al (1977) 
on DEAE-cellulose. Column fractions were asuyed with 4MUG (o-o) and 
4MUGS (e--e). Arrow indicates the elution position of Hex A in ion-exchange 
chromatography of normal cells. 
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E. Infantile TSD, Bl variant. 

Cases of infantile TSD with high residual Hex A activity have been 

described. The clinical presentation of the disease in these patients is identical to that 

found among Ashkenazi Jewish and French Canadian patients. A detailed analysis of 

the Hex A synthesized by the cells of two such patients, designated WG 1108 

(referred to as patient 1) and WG 1110 (referred to as patient 2). was undertaken 

(Bayleran et al. 1987; Appendix B) and is presented following a description of the 

clinical evaluation and biochemical findings of the pro bands and their parents. 

1. Clinical evaluation of patients and families. 

Patient 1, who was misdiagnosed when amniocyte Hex A activity was 

measured with 4MUG, was the younger sibling of a brother who was diagnosed as 

having TSD. The mother is of French Canadian descent and the father of English, 

Irish, Scottish, and German ancestry. In the original report by Kolodny et al (1983), 

both parents were found to be heterozygous on testing. Prenatal diagnosis based on 

measurement of thermolabile hexosaminidase indicated that the fetus was a 

heterozygote for the TSD allele and he was allowed to come to term. By 6 months of 

age the exaggerated startle response and the macular cherry red spot anticipated the 

development of the classical stigmata ofTSD. Retesting of the patient resulted in Hex 

A values of20% in serum and 31.5% in fibroblasts. 

Patient 2 was a female who presented with a typical course of TSD. 

Examination at 6 months of age revealed the presence of a macular cherry red spot. 

By ~he age of 12-14 months seizures, psychomotor SYl• · · oms, an'i dementia were 

apparent. Serum Hex A activity was within the range for TSD homozygotes, but in 

fibroblasts Hex A was found to be 12-14% of total hexosaminidase activity. The 

mother, who tested in the inconclusive range on the basis of both serum and 

leukocyte testing, is of. Scottish-Irish ancestry. The father, whose serum Hex A 
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values placed him in the heterozygote range. is ofGerman-Scandinavian descent. 

2. Hexosaminidase activity in cells and sera ofprabands and parents. 

The evidence upon which the two patients were classified as having 

biochemically atypical forms of TSD was presented in table 3 (page 88). In the 

laboratories at which the patients were identified, levels of Hex A were significantly 

greater than expected for classical TSD. Confirmation of these anomalous results 

appears in table 3, which reported 16% Hex A in fibroblasts of both patients by the 

thermal fractionation procedure with 4MUG. These values, as well as the 

corresponding specific activities for Hex A, were significantly higher than the 0-5% 

Hex A expected for infantile TSD; The most frequent alleles associated with the 

infantile form of TSD (i.e. those occurring in the Ashkenazi Jewish and French 

Canadian patients) are understood to be the result afCRM-negative mutations (Proia 

and Neufeld. 1982; Myerowitz and Proia, 1984; Myerowitz and Hagikyan, 1986). 

Hex A values greater than zero in cells of these genotypes are usually considered to 

be an artifact of thermal fractionation. Both patients were unambiguously diagnosed 

as Hex A-deficient by the assay procedure that employs both 4MUG and 4MUGS. 

The value of 0.7% Hex A found in fibroblasts of both patients was clearly within the 

range found for other infantile TSD patients. 

Figure 17 shows serum Hex A activity determined with 4MUG after 

thermal ftactionation (17 A) and determined with the two substrates (17B) for patient 

l and the parents of patients l and 2, plotted as a two-discri:minant test. These values 

are plotted against the same group of normals, obligate heterozygotes. and infantile 

TSD patients presented in figure 12 (page 99). The Hex A value obtained for patient 

1 by thermal fractionation was 29%, which approaches the heterozygote range and 

would result in misdiagnosis of the patient. However, the two-substrate assay far 

determination of Hex A activity yields 1% Hex A, a value within the range of other 
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Ftgme 17. Determination of sennn Hex activity in parents of Bl variant TSD 
probanda. Hex A and Hex B activities were measured by thermal fractionation with 
4MUG (A) and by application of the formula with 4MUGS (B). Values are plotted 
as a two-discriminant test. Mean and S.D. values for the 4S normal controls and 24 
obligate heterozygotes previously tested are as stated in figure 12 on page 99. 
• • normal controlst o • obligate TS heterozygotes, A • infantile TSD homozygotes, 
I • patient lt 0 • parents of patient 1, A • parents of patient 2. 
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TSD patients and clearly identifYing this patient as severely affected. 

The parents' sera were assayed for Hex A by thermal fractionation with 

4MUG and by the two-substrate procedure that employs 4MUGS. Two of the 

parents (the mother of patient 1 and the father of patient 2) tested comparably by both 

assay procedures and fell within the heterozygote range for both percentage of 

Hex A and Hex A activity. Comparable values by the two assay procedures were not 

obtained for the father of patient 1 and the mother of patient 2. Values of Hex A and 

Hex B measured by thermal fractionation and plotted as a two-discriminant test 

(figure 17 A) placed these two parents slightly outside the range for other obligate 

heterozygotes. Measurement of Hex A activity by the two-substrate assay procedure 

(figure 17B) unambiguously identified all four parents as carriers. Both couples 

would most likely be advised of their risk for having an affected fetus based on the 

results of the thermal fractionation assay. However, the 4MUGS assay procedure 

more clearly identifies them as couples at risk. These results may indicate that the 

parents who test comparably by both assay procedures are caniers for an allele that 

does not produce an a-subunit polypeptide or, alternatively, are carriers for an allele 

that produces an a subunit which is incapable of complexing with B subunits. These 

types of mutant alleles are detected accurately by both thermal fractionation and the 

two-substrate assay procedure. The parents who are assigned heterozygote status 

only by the assay procedure that employs the sulfated substrate are probably 

heterozygous for an allele that produces a defective a subunit capable of complexing 

with B subunits to form Hex A. This defective subunit is accurately detected only by 

4MUGS, a substrate that is specific for the a -subunit catalytic site. 

The ability to diagnose patients with the Bl variant form ofinfantile TSD, as 
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well as to detect carriers fur the Bl allele, has been significantly improved by the use 

of 4MUGS for the measurement of Hex A activity. Charrow et al (1985), Besley et al 

(1987a and 1987b), and Gordon et al (1988, Appendix B) have achieved a similar 

improvement in diagnosis of Bl TSD probanda using the sulfated derivative of 

4MUG. These fmdings have clear implications for the prenatal diagnosis of fetuses 

affected with the Bl variant form ofTSD and for heterozygote screening. particularly 

as it reaches out to non-Jewish communities. Most of the cases that have been 

reported in the literature of infantile TSD patients who have neither Ashkena.zi Jewish 

nor French Canadian ancestry are of the Bl variant type. 

3. Fractionation ofBl variant Hex isozymes by ion-exchange chromatography. 

Both probands produce a form of hexosaminidase that is detected by the 

thermal fractionation procedure yet does not hydrolyze 4MUGS. To understand the 

biochemical basis for this type of mutation hexosaminidase isozymes of patient and 

control fibroblasts were fractionated and the catalytic properties of the isolated Hex A 

were studied. 

Figure 18 shows the ion-exchange chromatographic profiles of 

hexosaminidases obtained from control (figure 18A) and patient 1 (figure 18B) 

fibroblasts. The chromatographic profile of hexosaminidases obtained from 

fibroblasts of patient 2 was virtually identical to that of patient 1 and, therefore, is not 

shown. Assay of colwnn fractions with 4MUG (represented by open circles) 

revealed activity peaks corresponding to Hex A and Hex Bin control fibroblasts, 

whereas in the fibroblasts of patient 1 a third species intermediate between Hex A and 

Hex B was also observed. This form of hexosaminidase is more anionic than Hex B 

yet is thermostable under conditions that completely inactivate Hex A It is thought to 

be a homopolymer of 8 subunits of a fonn that are usually incorporated preferentially 
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Figure 18. Ion-exchange chromatography of fibroblast hexosaminidases of not'n.1Al 
control (A) and patient 1 (B). Hexosaminidases were resolved by salt-gradient elution 
according to the procedure of Nakagawa et al (1977). Fractions were assayed with 
4MUG (o-o) and 4MUGS (._..).Enzyme activities were normalized to fibroblast 
supematant applied to the column. 
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into Hex A (Geiger et al, 1978; Mahuran et al, 198S). In the absence of a subunits, 

this intennediate accumulates in TSD cells. No Hex A peak was observed following 

fractionation of a fibroblast extract obtained from WO lOS l, the TSD patient ofltalian 

descent(figUre 16, pase liS). However, the intermediate Hex isozyme was present. 

He:xosaminidase A activity (as defined by 4MUG hydrolysis) measured 

after chromatography of the control fibroblast cell extract accounted for 60% of the 

total recovered hexosaminidase activity (figure 18A). This value is in accord with the 

estimation of percentage of Hex A in the unfractionated control cell extract as 

measured by the thennal ftactionation procedure with 4MUG (table 3). By contrast, 

Hex A recovered after chromatography of patient 1 fibroblast supematant (figure 

18B) accounted for 30% of the total eluted hexosaminidase activity, or roughly twice 

the percentage estimated by assay of unfractionated cell extract by thermal 

fractionation. Likewise patient 2 Hex A activity, recovered after ion-exchange 

chromatography of Hex isozymes, accounted for 29% of the total eluted 

hexosaminidase activity (not shown). 

Significant Hex A activity toward 4MUGS was associated with a Hex A 

peak only in control cells. A small though detectable peak that co-chromatographs 

with Hex A was observed in the 4MUGS profiles of Hex isozymes obtained from 

fibroblasts of the Bl TSD probands. The catalytic activity of the patients' Hex A 

against the sulfated substrate was similar to Hex B-catalyzed hydrolysis of 4MUGS. 

4. Thermal inactivation of proband Hex A and Hex B. 

Thermal inactivation of isolated hexosaminidases is shown in figure 19. 

Hex B recovered from the two Bl variant fibroblasts was heated at 4T C for intervals 

up to 2 hours and assayed with 4MUG. The probands' Hex B behaved identically to 

control Hex B. Therefore, the amount of heat-labile Hex activity me~ in the 
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Figure 19. Thermal inactivation of normal control and Bl variant TSD Hex A and 
Hex B. Hex A was denatured at 42• C and assayed with 4MUGS at 37• C. Hex B 
was denatured at 47• C and assayed at 3T C with 4MUG. 
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thermal fractionation assay with 4MUG(16% in fibroblasts of patients 1 and 2, and 

29% in serum of patient 1) was not attributable to a heat-labile form of Hex B. 

Thermal inactivation of control and patient Hex A at 42° C for intervals up to 2 hours 

and assay with 4MUGS revealed Hex A from both patients to be more thermostable 

than control Hex A. For two normal control cell strains, the T so values for Hex A 

inactivation were 19.5 and 20 minutes. The Tso values for inactivation of the 

probanda' Hex A were 36 minutes for patient 1 and 111 minutes for patient 2. These 

results indicate that the probands' Hex A differed significantly from control Hex A, 

as well as from each other. The increased thermostability of patient Hex A accounts 

for the discrepancy in percentage of Hex A values obtained by thermal fractionation 

(16%) versus chromatographic fractionation (29-30%) of patient fibroblast 

supernatants. 

S. pH optima of proband Hex A. 

pH-activity curves of Hex A-catalyzed hydrolysis of 4MUGS are shown in 

figure 20. The pH optimum of control Hex A was found to be 3.9. The Hex A of 

both Bl variant TSD patients showed greatly reduced activity and had a much lower 

optimum pH of 2.3. The shift in the optimum pH of the patients' Hex A to a more 

acidic :ranae may indicate that the enzymes are nonfi.mctional within the lysosome. 

6. Kinetic analysis of Bl variant Hex A. 

Although hydrolysis of4MUGS by patient Hex A was severely reduced, it 

was not completely absent. This observation alone made it impossible to distinguish 

between the following two possibilities: (1) that the mutant a subunits retained active 

sites that functioned at a severely reduced rate of hydrolysis or (2) that the mutant a 
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Figure 20. pH-activity curves of Hex A-catalyzed hydrolysis of 4MUGS. Normal 
control and Bl variant TSD tibroblast Hex A were aasayed in 0.04 M sodium citrate 
buffer at the indicated pH's with 1.5 mM substrate. One unit of enzyme activity is 
that amount of enzyme which catalyzes the hydrolysis of 1 nmole of 4MUGI minute 
under standard conditions of temperatUre and pH. 
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subunits did not possess active sites and the residual catalytic activity of proband Hex 

A toward 4MUGS was, therefore, 'entirely attributable to hydrolya!B OW.L.rring at thE: 

active site on the B subunit. 

Kinetic analysis of the probands' Hex A activity against 4MUGS (shown in 

table 8) revealed Km values that were very similar to that of control Hex A. The Km 

values of patient 1 and patient 2 Hex A were 1. 7 and 1.5 mM, respectively; the Km 

of control Hex A was 1.3 mM. This suggests that hydrolysis of 4MUGS by the 

pro bands' Hex A occurs at a site with a binding affinity that is more characteristic of 

an a.-subunit active site than a B-subunit active site. Maximum velocities of the 

pro bands' Hex A were quite different from that of control as well as from each other. 

Control Hex A had a Vmax of0.91 nmoleslminlunit of enzyme. The Vmax values 

of the patients' Hex A were 0.26 nmolesl mini unit of enzyme for patient 1 and 0.006 

nmolesl mini unit of enzyme for patient 2. Since V max values are expressed as 

nanomoles of 4MUGS hydrolyzed per unit of enzyme (measured by 4MUG 

hydrolysis), rather than per mg of protein, they reflect reduced catalytic activity at the 

a.-subunit active site rather than a reduced amount of enzyme. 

7. Inhibition of Hex A and Hex B activity against 4MUG and 4MUGS. 

Figures 21 and 22 show the results of studies of the inhibition of 4MUG 

and 4MUGS hydrolysis by N-acetylglucosa.mine (NG) and N-acetylglucosa.mine-6-

phosphate (NGP). The upper graphs (A and B) in figures 21 and 22 demonstrate 

the specificity ofthe two inhibitors for the B-and a.-subunit active sites. respectively. 

Thus, comparison of figures 21A and 21B reveals that the hydrolysis of 4MUG 

(open circles) by either isolated control Hex A or control Hex B was inhibited to the 

same extent by NG. '!)is suggests that 4MUG was hydrolyzed by an active site 
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Table 8. Kinetic analysis ofBl variant TSD Hex A activity against4MUGS. 

Normal control Hex A 

Norma.l control Hex B 

Patient 1 Hex A 

Patient 2 Hex A 

Km Vmax 
(mM) (mnolesl mini unit of enzyme) 

1.3 

5.9 

1.7 

l.S 

0.91 

0.004 

0.26 

0.006 

One unit of enzyme activity is that amount of enzyme that hydmlyzes one nmole of 
4MUGI minute. 
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Figure 21. Inhibition of 4MUG (o----o) and 4MUGS (._...)hydrolysis by N-acetyl
glucosamine. Concentration of both substrates was 0.5 mM. Hex A and Hex B were 
isolated by ion-exchange chromatography according to the procedure ofNakagawa et 
al, 1977. 
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Figure 22. Inhibition of 4MUG (o---o) and 4MUGS (•-•) hydrolysis by N
acetylgluoosamine-6-phosphate. Concentration of both substrates was 0.5 mM. Hex 
A and Hex B were isolated by ion-exchange chromatography according to the 
procedure ofNakagawa et al, 1977. 
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common to both isozymes which, therefore, must 'be associated with the .6 subunit. 

In contrast, hydrolysis of 4MUGS (closed circles) by control Hex A wa.s i!l.hJbited 

only 18% at a concentration of 12 mM NG, whereas the small amount of 4MUGS 

hydrolysis catalyzed by control Hex B was 95% inhibited at a concentration of6 mM 

NG. 

Hydrolysis of 4MUG by both patients' Hex A (figures 21C and 21D) was 

inhibited by NG to the same extent as was that of control Hex A and Hex B. 

However, hydrolysis of 4MUGS by the patients' Hex A was reduced by only 19% 

in the presence of 12 mM NG, establishing that the patients' Hex A had 

characteristics associated with an intact a-subunit active site capable of binding 

4MUGS. Thus, if the a-subunit active site of patient Hex A was notable to bind the 

sulfated substrate and the residual catalytic activity toward 4MUGS was due to 

hydrolysis at the 6-subunit active site, an inhibition profile similar to that of Hex B 

would have been observed. 

Hex A-catalyzed hydrolysis of 4MUGS was strongly, and most likely 

competitively, inhibited in the presence of NGP (figure 22A). However, the very 

small amount of Hex B-catalyzed hydrolysis of 4MUGS was not inhibited by NGP 

(figure 22B). This indicates that 4MUGS is hydrolyzed preferentially by an active 

site unique to Hex A. The results of the inhibition studies thus clearly establish the 

existence of two distinct catalytic sites on hexosaminid.ase A, one on the a subunit 

and one on the B subunit, corroborating the fmdings ofKytzia and Sandhoff(1985). 

Figures 22C and 22D show inhibition of 4MUG and 4MUGS hydrolysis 

by the patients' Hex A in the presence ofNGP. Hydrolysis of 4MUGS by patient 1 

Hex A (figure 22C. closed circles) was as sensitive to NGP inhibition as was that by 

control Hex A (figure 22A). However, the inhibition curve for patient 2 Hex A 
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(figure 22D)was intennediate between that of control Hex A and control Hex B. This 

suggests that both the a.- and B-subunit active sites of patient 2 Hex A may eontribute 

to the residual 4MUGS hydrolysis, a fmding that is consistent with the much lower 

Vmax of this proband'& Hex A. 

Classification of the two infantile TSD patients reported here was vastly 

improved when Hex A activity was measured with 4MUGS. Similarly, the 

unambi&uous classification of all four parents as heterozygotes was achieved only 

when &erUm Hex A activity was measured by the assay procedure that employs 

4MUGS. This indicates that the thermal fractionation procedure does not accurately 

detect Bl alleles in the heterozygous state. Both infantile TSD patients are likely 

compound heterozygotes. One of the mutant alleles eithe~ does not encode an a. 

subunit or does produce a subunit which is incapable of complexing with B subunits; 

the other mutant allele (i.e., the Bl allele) encodes an a subunit that associates 

normally with B subunits. Proband Hex A binds to and hydrolyzes 4MUG because 

the mutation does not affect the 6 subunit. The similarity in Km values ofnonnal and 

patient Hex A as well as the results of the inhibition studies implicate an a-subunit 

active site capable of binding 4MUGS and NGP. Thus. while the catalytic site binds 

4MUGS it has a diminished capacity to hydrolyze this substrate. The catalytic 

alteration is revealed as a shift in the pH -activity curve of the mutant enzymes. 

Significant • though probably ftmctionally irrelevant - differences in the T so for 

thermal inactivation and in the Vmax for the two probands' Hex A's suggest that the 

two Bl mutant alleles might be different. The mutation in a B1 variant TSD patient 

was found by Ohno and Suzuki (1988a) to be a base substitution resulting in a 
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changed amino acid that, in turn, produces a change in the conformation of the a

subunit polypeptide at or near the catalytic site. Such a mutation might be e.x~..ed to 

affect the thermal characteristics of the enzyme as well as its catalytic activity. 

Whether the Bl TSD patients presented here have a similar mutation or whether they 

do indeed possess different Bl mutantallelesatthea-locus remains to be seen. 

F. Adult Gm pn&).ioaidosia and Hex A-deficient healthy adulta. 

On rare occasions mass screening for the Tay-Sachs gene reveals a healthy 

adult with low or absent Hex A. The significance of these findings is not known 

because the assay of Hex A with 4MUG has no prognostic value in such cases. 

Some individuals with a similar biochemical phenotype develop adult-onset fol'lllS of 

TSD (Navon et al, 1981; Johnson et al, 1982; Conzelmann et al, 1983) whereas 

others remain free of neurological s'Ymptoms (VidgotT et al, 1973; Kelly et al, 1976; 

O'Brien et al, 1978; Kolodny and Raghava.n, 1983; Grebner et al, 1986). Assays 

which employ the natural substrate, GM2 ganglioside, offer greater prognostic value 

than those which measure heat-labile hexosaminidase activity. However, Gw 

ganglioside is not used routinely to measure Hex A activity for the reasons outlined 

earlier (pages 48-S 1). An evaluation of the prognostic value of the sulfated 

tluorogenic substrate, 4MUGS, for adults with low Hex A activity was undertaken. 

An abstract on this work has been presented elsewhere (Bayleran et al, 1986). 

1. Clinical evaluation of patients. 

The adult-onset GM2 gangliosidosis patient (corresponding to cell strain 

WG1116) was described by Kaback et al (1978). The patient was a clinically normal 

19-year-old who was ascertained through participation in a Tay-Sachs screening 
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program. Hex A assay with 4MUG revealed that his sennn was totally deficient in 

Hex A Fibroblasts and leukocytes showed 8-12% Hex A. Hex A valueB for hiB 

parents and sister were in the range for TSD heterozygotes. 

The onset of symptoms occurred at the age of 21. The first symptom to 

appear was dysarthria. Nerve conduction time was diminished, accompanied by 

muscle weakness and tremor. The general clinical picture was consistent with 

amyotrophic lateral sclerosis. Electron microscopic examination of neurons obtained 

from rectal biopsy showed MCBs. GM2 ganglioside hydrolysis by fibroblast cell 

ext@dS was deficient. There has been no noticeable intellectual deterioration. The 

patient does, however, manifest a bipolar affective disorder which is being treated 

with Lithium. Both of his parents are of Jewish descent and the patient's father 

reported a case of infantile TSD on his side of the family. 

The Hex A-deficient healthy adult (corresponding to cell strain WG1107) 

was reported as patient 3 by Grebner et a1 (1986). He is presently 32 years old. He is 

ofWelsh extraction and was ascertained because his wife, who is of Jewish ancestry, 

requested testing for Tay-8achs heterozygosity. Routine screening of his serum by 

the thermal fractionation assay with 4MUG revealed severely deficient Hex A 

activity. Leukocytes and fibroblasts were also found to have severely deficient Hex A 

activity. GM2 ganglioside was hydrolyzed nonnally by his cells. The individual is 

completely free of any neurological symptoms. Biosynthetic labelling studies 

conducted on fibroblasts obtained from this individual showed that his cells 

synthesize the a. -subunit precursor which associates with B-subunit precursor and is 

processed to mature form. However, the amount ofa.-subunit precursor synthesized 

was ma.rkedly decreased over that observed in normal cells, with a corresponding 

reduction in the amount of mature a. subunit (Grebner et al, 1986). 
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The Hex A-deficient adult corresponding to cell strain WGllll is a 

clinically normal female of Ashkenazi Jewish extraction. Fibroblasts obtained from 

this individual were biopsied at the laboratory of Dr. M. Kaback. Assessment of Hex 

A activity by the thennal fractionation assay procedure, performed in his laboratory, 

yielded values comparable to those of infantile TSD patients in serum and leukocytes. 

In contrast. a small amount of Hex A activity was detected in tlbroblasts. 

2. Determination ofHex A activity. 

Table 9 shows the results of Hex A assays on tlbroblasts of three adult 

variants and sera of the parents of the adult affected with a neurological disorder. The 

parents ofWG1116, who are not related, tested comparably as heterozygotes by both 

the thermal fractionation assay with 4MUG and the two-substrate assay procedure 

that employs 4MUGS. The adult variants were essentially indistinguishable based on 

the thermal ftactionation assay using 4MUG. The three variants had Hex A specific 

activities that were significantly lower than the normal controls or obligate 

heterozygotes tested. Such individuals ascertained through routine screening would 

probably be diagnosed as likely to develop a disease. The sulfated substrate assay 

procedure did distinguish between the adult affected with a neurological disease and 

the healthy adults. By application of the empirical formula, Hex A specific activity 

was very low in the adult TSD cell extract yet was in (or approached) the 

heterozygote range in the two Hex A-deficient healthy adult cell strains. While the 

4MUGS assay procedure did discriminate between the adult TSD patient and the two 

clinically normal adults, it did not clearly distinguish between adult and infantile 

fonns ofTSD. This finding has serious implications for prenatal diagnosis. 

3. Ion-exchange chromatography of adult variant Hex isozymes. 

Ftgure 23 shows the chromatographic separation of Hex isozymes from 
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Table 9. Determination ofHex A activity in fibroblasts of adult variants and sera of 
panmts. 

Hex Asp. act. (%) Hex A sp. act. (o/o) 
Tissue and subject by thermolability by4MUGS* 

Fibroblasts: 

Adult-onset TSD 180 (8%) 56 (2%) 
WG1116 

Hex A-deficient 
healthy adult 278 (IS) 1030 (56) 

WG1107 

Hex A-deficient 
healthy adult 661 (18) 2604 (71) 

WGllll 

Controls (N•9) 3260-9280 (47-79) 3380-8290 (46-89) 

Heterozygotes (N•3) 1342-7660 (27-47) 2214-6077 (38-44) 

Infantile TSD (N•lO) 32-140 (1-S) 9-87 (0.4-2) 

Sera: 

Mother of adult-
onsetTSD 184 (38%) 167 (35%) 

Father of adult-
onsetTSD 199 (53) 178 (48) 

Controls (N-45) 218-474 (60-81) 243-457 (60-88) 

Heterozygotes (N-28) 130-276 (34-57) 79-228 (35-SS) 

Infantile TSD (N-S) 32-74 (9-11) 0.6-17 (0-2) 

For semm. activity is expressed as nmoles of substrate hydrolyzedl hour/ ml; for 
tlbroblasts, specific activity is expressed as nmoles of substra.te hydrolyzedl how:! mg 
protein. All values represent the mean of four determinations. 

* Fluorometric units measured with 4MUGS have been converted to equivalent 
4MUG enzyme units by appHcation of the formula ofBayleran et al (1984). 
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A. 

D. 

Figure 23. Ion-exchange chromatography of normal control (A), adult-onset GM2 
gangliosidosis WG1116 (B), and Hex A-deficient healthy adult WG1107 (C) Hex 
isozymes. Hexosaminidases were resolved according to the procedure ofNakagawa 
et al (l977)on DEAE-cellulose. Column fractions were assayed with 4MUG (o--o) 
and 4MUGS (e-e). Enzyme activities were nonnalized to fibroblast supematant 
applied to the column. 
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flbroblast cell extracts of a normal control (23A), the adult-onset TSD patient 

WG1116 (23B), and one of the Hex A-deficient normal adulta, WG1107 (23C), 

Column fractions were assayed with both 4MUG and 4MUGS. The chromatographic 

profiles ofhexosaminidases obtained ftom fibroblasts of both adult variants revealed 

an intermediate isozyme when column tractions were assayed with 4MUG. This was 

not seen in the chromatographic profile obtained from fibroblasts of the normal 

control. Argov and Navon (1984) reported observing Hex I in the chromatographic 

profiles of ftbroblast cell extracts obtained from adult GM2 gangliosidosis patients. 

Grebner et al (1986) also obServed this intermediate isozyme in fractionated cell 

extracts of several Hex A-deficient healthy individuals. 

Biosynthetic labelling and immunoprecipitation studies of fibroblasts 

obtained from adult GM2 gangliosidosis patients (d'Azzo et al. 1984; Frisch et al, 

1984; Navon et al. 1986) and Hex A-deficient normal individuals (Grebner et al, 

1986) have shown that both variants synthesize a.-subunit precursor of nonn.al size, 

yet the amount is reduced over that synthesized by normal cells. The appearance of 

Hex I in the chromatographic profiles of cell extracts obtained from the two adult 

variants studied here is consistent with reduced a subunit synthesis. Hex I produced 

from the association of excess 8 subunits has been observed in cell extracts of 

other TSD variants. 

A small though measu:reable amount of Hex A activity against 4MUGS was 

detected in the adult TSD chromatographic profile. This contrasts with the virtual 

absence of a Hex A peak in the chromatographic profiles of Hex isozymes obtained 

from flbroblasts of infantile TSD patients (figures 16 and 18) and might provide a 

useful means of discriminating these genotypes in a prenatal diagnosis. The 

chromatographic protlle depicted in fJ.gUre 23C was obtained from cells of the same 
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Hex A-deficient healthy adult described as patient 3 by Grebner et al (1986). 

Somewhat disconcerting is the striking difference in the profiles obtained from this 

patient. Grebner et al (1986) observed high Hex B activity, low Hex I activity. and 

very low, though measureable, Hex A activity against 4MUG; Fisure 23C shows 

significant Hex A activity against 4MUG. In addition, 4MUGS assay of column 

fractions yielded activity consistent with a Hex A peak. Grebner et al (1986) 

fractionated isozymes obtained from plasma of this Hex A-deficient healthy adult; 

flame 23C depicts the isozyme pauem obtained ftom fractionation of fibroblast 

isozymes.. Clinically healthy adults have been reported with uniformly low levels of 

Hex A activity in tissues and fluids (Kelly et al, 1976; Grebner et al, 1986) as well 

as thouah individuals who appear to have a nonuniform deficiency. In the latter case, 

senm1 is usually severely deficient of Hex A activity (as assessed with 4MUG) while 

a small amount of aaivity is detected in leukocytes and tibroblasts (Vidgotr et al, 

1974; Thomas et al, 1982; Kolodny and Raghavan. 1983). It is possible that the 

patient reported here has such a nonuniform deficiency of Hex A activity. 

Alternatively, the possibility that an inhibitor of Hex A activity is present in 

unfractionated cell extracts obtained from this individual cannot be ruled out. 

Table 10 shows the % Hex A values measured with 4MUG (lOA) and the 

rA values of Hex A (lOB) obtained from the chromatographic separation of the 

nonnal control, adult-onset TSD, and Hex A-deficient healthy adult cell extracts. The 

% Hex A for the normal control (lOA) was 70%. This is in agreement with the % 

Hex A determined by thermolability in the unftactionated cell extract. The % Hex A 

values determined after chromatographic separation of adult variant Hex isozymes, 

however, were significantly higher than % Hex A determined by assay of 

unfractionated cell extracts with 4MUG. By the thermal fractionation assay with 

4MUG, the adult-onset TSD patient was found to have 8% Hex A (table 9). 
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Table 10. Percent Hex A and rA values of Hex A isolated from tibroblasts of 

adult variants. 

A. 

B. 

%Hex A by 4MUG 
(from chromatogra.phic profiles) 

Conttol 7~k 

Adult-onset TSD 22% 

Hex A-deficient 
healthy adult 34% 

rA values 
(on isolated Hex A) 

Control 0.0866 

Adult-onset TSD 0.0279 

Hex A-deficient 
healthy adult 0.1000 

rA- rate of hydrolysis of4MUGS by Hex A 
rate of hydrolysis of 4MUG by Hex A 

rA values were determined on pooled, dialyzed, 
and concentrated Hex A isolated by ion-exchange 
chromatography using O.S mM 4MUG and 4MUGS. 
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In contrast, Hex A by chromatographic separation accounted for 22% of total Hex 

activity applied to t.he colunm. T .iJ.c..ew~; the Hex A-deficient he-althy adult ha<.! 15% 

Hex A against 4MUG by thermolability and 34% by assay of ion-exchange 

column fractions with 4MUG. Increased activity following the separation of Hex 

isozymes was also observed in the chromatographic profiles of the two Bl variant 

TSD cell strains discussed earlier (page 121). The adult variants probably result 

from compound heterozygosity for rare a.-locus mutations in combination with an 

allele that either does not produce an a subunit or produces one that cannot associate 

with B subunits. This is indicated both by the lack of consanguinity in the parents of 

the probands and the occurrence of infantile TSD in a family member. The increased 

Hex A activity observed after chromatographic separation ofHex isozymes obtained 

from fibroblasts of these adult variants is thus attributable to the rare a.-locus allele. 

In the case of the Bl variants, the % Hex A after ion-exchange separation of 

fibroblast Hex isozymes was half that of normal. This was taken to indicate that the 

Bl allele produces a normal amount of a.-subunit, the other mutant allele producing 

no a-B subunit association. Percent Hex A after chromatography of adult TSD 

fibroblast Hex isozymes was approximately 113 that of normal. This is consistent 

with the reduced a -subunit synthesis observed in other adult TSD patients by d' Azzo 

et al (1984). Frisch et al (1984) and Navon et al (1986). Chromatographic 

fractionation of the healthy adult's fibroblast Hex isozymes yielded 34% Hex A 

which was approximately 112 that of normal. This is in accord with Grebner et al's 

(1986) finding that the cells of this clinically normal individual show a reduced 

amount of a-subunit synthesis. 
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The ratio of the relative rates of hydrolysis of 4MUGS and 4MUG by 

control and adult variant Hex A are shown in table lOB. The ratio of 4MUGSI 

4MUG hydrolysis by the adult TSD patient's Hex A was approximately 113 that of 

nonnal. while Hex A of the healthy adult hydrolyzed both substrates with a ratio 

comparable to that of control Hex A. 

4. Thennal inactivation of adult variant Hex A. 

Thermal inactivation of isolated Hex A of the normal control, adult GM2 

gangliosidosis patient, and Hex A-deficient healthy adult is shown in figure 24. Hex 

A was heated for intervals up to 2 hours at 42• C and 48. C and assayed at 3T C 

with 4MUOS (24A) and 4MUG (24B). respectively. Hex A of the adult TSD patient 

was found to be significantly more stable to heating than normal Hex A. This 

difference in thermostability was obvious only when inactivated Hex A was assayed 

with 4MUG. These results indicate that the discrepancy between % Hex A obtained 

after chromatographic separation of adult TSD Hex isozymes (22%) and % Hex A 

determined in the thermolability assay ofunftactionated cell extract (8%) might be 

attributable to Hex A that is less heat-labile than normal Hex A. Hex A of the healthy 

adult was virtually identical to that of normal Hex A in its thermolability. Thus, the 

increue in % Hex A observed after separation of Hex i.sozymes isolated from cells of 

this variant over that obtained by assay of unfractionated cell extract cannot be 

explained by a heat-stable form of Hex A. 

The adult TSD and Hex A-deficient healthy adult cell strains were found to 

be similar with respect to total Hex and% Hex A measured with 4MUO. In both cell 

strains Hex A constituted a greater proportion of total Hex activity by 

chromatographic ftactionation than by thermal ftactionation when assayed with 

4MUG. This appears to be explained, at least for the adult TSD patient's cells, by an 
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Figure 24. Thermal inactivation of control and adult variant Hex A. Hex A was 
denatured at 42• C and assayed with 4MUGS at 3T C (A). Hex A was denatured at 
43• C and assayed with 4MUG at 3T C (B). 
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increased resistance of Hex A to heating. Percent Hex A measured by thermal 

fractionation of Hex A activity and as...~y with 4MUG was not a rliscri!!'hlant. of 

clinical phenotype. However, assay of Hex A using 4MUGS was a satisfactory 

discriminant. Cells from the Hex A-deficient healthy adult had activity 

approaching the heterozygote range whereas the adult TSD variant had severely 

deficient 4MUGS cleaving activity. While the two adult variants are distinguished 

based on 4MUGS hydrolysis by unfractionated cell extracts, the results clearly 

indicate that the adult TSD variant is indistinguishable from more severely affected 

infantile TSD patients. This could have serious implications in the prenatal diagnosis 

of a fetus with a genotype that would confer an adult-onset form of TSD. Ion

exchange chromatography of Hex isozymes and assay of the column fractions with 

4MUGS greatly improved the ability to differentiate between adult-onset TSD and 

infantile TSD. Comparison of the chromatographic profile of adult GM2 

gangliosidosis Hex isozymes (figure 23B)with the profile of Hex isozymes obtained 

from cells of an infantile TSD patient (figure 16, page 115) clearly shows a species of 

Hex co-chromatographing with Hex A based on 4MUGS hydrolysis (closed circles) 

in the adult-onset profile, yet no Hex A-associated peak in the infantile TSD profile. 

Chromatographic separation of Hex isozymes and assay of column fractions with 

4MUGS migh~ therefore, prove useful in distinguishing these two genotypes. 

However, many cases will have to be studied to assess the prognostic value of 

4MUGS. 

G. Infantile TSD in the French Canadian population of Quebec. 

Infantile TSD in French Canadians was first described by Andermann et al 

(1973). The heterozygote frequency in French Canadians of eastern Quebec has been 

estimated to be approximately equal to the carrier frequency in the Ashkenazi Jewish 
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population (Andennann et al. 1977). The high incidence of TSD in communities 

along the north and south shores of the St. Lawrence River in eastern Qt~bec ha-s 

been attributed to the founder effect. Many families can be traced to a founding 

population of about 2<XX> who came from France in the mid~ 1600s and colonized the 

area around Quebec City. However, a common ancestor has not been identified in 

five extensively examined pedigrees from southeastern Quebec (Andermann. 

unpublished). 

It was thought that the mutation in French Canadians was identical to that in 

Ashkenazi Jewish TSD patients (McKusick, 1986). Fibroblasts from bath Ashkenazi 

Jewish and French Canadian patients fail to synthesize ana-subunit polypeptide. The 

first indication that these mutations were different was the demonstration that a 

primary transcript is synthesized by the cells of Ashkenazi I ewish patients though no 

mature message is produced (Proia and Neufeld, 1982; Myerowitz and Proia, 1984; 

Paw and Neufeld, 1988), while a primary transcript does not appear to be 

synthesized by the cells of French Canadian TSD patients (Neufeld, personal 

communication). Myerowitz and Hogikyan (1986) demonstrated that the mutation in 

two French Canadian patients was a deletion at the 5' end of the gene encoding the a

subunit of Hex A. 

1. Distribution ofTSD families in Quebec. 

Figure 25 shows a partial map of Quebec indicating the locations of the 

TSD families. To date, 13 families have been found most of wham live in towns 

along the north and south shores of the St. Lawrence River. The two probands 

whose DNA was analyzed by Myerowitz and Hogikyan (1986) correspond to 

families 1 and 2 on the map. I have analyzed DNA from six probands and their 

parents. Attempts are wrrently underway to obtain DNA samples for Southern 
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analysis on the remaining families. 

Table lllists the TSD families corresponding to the numOO!s on t~ !!ll!P 

of Quebec. The cell strain of the proband (where it is available), the town in which 

the family resides, and the known family relationships are indicated. Five of these 

patients came from the region of the lower south shore of the St. Lawrence River 

encompassing the cities of Rimouski, Sayabec, and Edmundston. New Brunswick. 

The sixth French Canadian TSD patient comes from Quebec City. The family of 

proband 7 currently resides in the upper penninsula of Michigan in the U.S. The 

proband, who was heterozygous for the Bl allele at the a-locus, was described 

earlier (page 116). The TSD gene in this individual is traceable to French Canadian 

ancestry on the maternal side through great-grandparents who emigrated from St. 

Germain. Quebec. 

French Canadian pedigrees with TSD probands have been identified in three 

other regions of Quebec, geographically remote from the Rimouskil Sayabecl 

Edmundston regions. These include families 8 and 9 from the lower north shore of 

the St. Lawrence River, families 10 and 12 from Montreal, and families 11 and 13 

from the Gatineau region of Quebec. 

2. Collection of samples. 

An investigation of the TSD gene in French Canadians was undertaken 

utilizing samples obtained at several screening clinics. Dr. Eva Andermann was 

instrumental in organizing the clinic. Dr. Andermann (from the Montreal 

Neurological Hospital) and Carol Clow, Marletta Bardanis, and Norbert Laschic 

(from the Biochemical Genetics Department at the Montreal Children's Hospital) 

travelled to Rimouski and Sayabec, collecting and coding blood samples and taking 

family histories from ~viduals who requested testing. Blood samples were 
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Figure 2S. Map of Quebec indicating the locations of 13 TSD families. 



147 

c 

Table 11. Tay-Sachs disease families in Quebec. 

Family Cell strain of Location Family interrelationships 
proband 

1 WG107 Temiscouta Parents are 2nd cousins 

2 WG733 Notre Dame du Lac 

3 WG884 Edmundston, New Brunswick 

4 Sayabec Mother is the aunt of mother of S 

s WG1065 Sayabec Mother is the niece of mother of 4 

6 WG1499 Quebec City Parents are 1st cousins 

7 WG1108 SLGermain 

8 Arvida Fathers of 8 and 9 are brothers 
and the mothers of 8 and 9 

9 Chicoutimi are sisters 

10 Montreal 

11 Gatineau Family emigrated from France in 
the early 20th century 

12 Montreal 

13 Val d'Or Grandparents were from Quebec 
City 

c 
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obtained from individuals for the purpose of assessing carrier status by assay of 

serum Hex A activity as well as for the purpose of analyzing DNA for the 5' end 

gene deletion. Blood to be tested for Hex A activity was immediately centrifuged and 

the serum collected and stored. frozen. The serum samples were transported to the 

lab at the Montreal Children's Hospital on dry ice. Blood obtained for Southern 

analysis of DNA was stored and transported to the lab at room temperature. 

Assistance in isolating DNA from the samples obtained at the clinic was provided by 

Dr. Andrea Richter and Louise Smith-Jones. 

Blood samples were also obtained from the parents of the TSD proband 

from Quebec City (family 6 on the map) for the purpose of serum Hex A assay and 

Southern analysis of DNA. Only serum was obtained from the mother of proband 7; 

she was not available to obtain blood for DNA analysis. Samples from the parents of 

probands f., and 7 were obtained from Drs. R. Gagne and E. Kolodny, respectively. 

·Southern analysis of the DNA of six probands (WG107. WG733, 

WG884, WG1065, WG1499, and WG1108) was performed using DNA isolated 

from cultured fibroblasts. Thus, while I was unable to obtain DNA from the mother 

of proband 7.1 did isolate DNA from the proband's fibroblasts (WG1108). 

3. Determination of serum Hex A activity in French Canadians. 

The results of serum Hex A assays, performed manually, are shown in 

table 12. Hex A activity was assayed by the thermal fractionation procedure using 

4MUG as well as by the two-substrate procedure that employs 4MUG and 4MUGS 

and depends upon application of the empirical formula. 4MUGS hydrolysis without 

application of the fo1"fllula was also measured. Comparable classification of all 

individuals tested was achieved by the three assay procedures. A slight statistical 

improvement in classification was obtained by the 4MUGS assay procedure which 

classifies genotypes using a two-discriminant analysis. Sera from a total of 63 
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Table 12. Determination of serwn Hex A activity in French C.w..ania!'J!: 

Hex A HexB 

range mean±S.D. range mean±S.D. 

Thermal fractionation 
with4MUG 

Controls (N •45) 3.94-8.65 6.02±1.26 1.82-8.03 3.68±1.35 

ObligateTS 
Heterozygotes (N•10) 2.43-4.50 3.26±0.74 3.02-5.81 4.62±1.26 

Nonobligate TS 
Heterozygotes (N •8) 2.44-4.55 3.03±0.68 1.02-6.01 4.03±1.64 

4MUGS with annlication 
of formula 

Controls (N-45) 4.52-10.0 6.07±1.39 1.05-6.44 3.15±1.24 

ObligateTS 
Heterozygotes (N-10) 2.30-4.21 2.98±0.65 2.93-7.00 4.52±1.37 

Nonobligate TS 
Heterozygotes (N •8) 1.82-3.47 2.83±0.55 1.63-5.11 3.70±1.16 

4MUGS without a1mlica.tioo 
of formula 

Controls (N -45) 0.55-1.50 0.85±0.18 

ObligateTS 
Heterozygotes (N•10) 0.35..0.52 0.41±0.05 

Nonobligate TS 
Heterozygotes (N •8) 0.27-0.52 0.43±0.08 

Hex A and Hex B activities are expressed as nmoles of substrate hydrolyzed/ rnV 
minute and represent the mean of four determinations. 
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individuals were assayed. Forty-five individuals tested as normal homozygotes and 

18 individuals were classified as heterozygotes. Ten of those who tested aB carrie!8 

by serum Hex A assays are obligate heterozygotes. The remaining 8 individuals who 

were assessed as carriers by the three assay procedures are not obligates, yet all are 

related to infantile TSD pro bands. The ranges of Hex A activity and the mean and 

standard deviation values for the nonobligate carriers were virtually identical to the 

statistical domain established for the obligate TS heterozygotes. Heterozygote status 

in the 8 nonobligate carriers was confirmed by Southern analysis of genomic DNA. 

4. Southern analysis of genomic DNA. 

Genomic DNAs isolated from leukocytes and fibroblasts of TS 

heterozygotes and TSD probands, respectively, were analyzed by Southern blotting 

to determine the diversity ofTSD alleles in the French Canadian population. A map 

of the intron-exon organization of the a-locus gene of Hex A is shown on page 31. 

The probe used in this study (kindly donated by Dr. R. Myerowitz) contains a 300-

bp intronic sequence that maps 7.6 kb downstream from the first ex on of the a -locus 

gene. An abstract on this work has been presented (Bayleran et al, 1988). 

Southern analysis of genomic DNAs digested with EcoRI, electrophoresed, 

and hybridized with the 300-bp intronic probe are shown in figure 26. By Southern 

analysis, genomic DNAs obtained from all normal homozygotes (such as E.M. in 

figure 26) were found to possess one fragment of9.5 kb. This was also observed in 

DNA isolated from cells of a TSD proband of Ashkenazi Jewish descent (WG93 in 

figure 26). The probands from southeastern Quebec and northern New Brunswick 

(WG107, WG884, WG1065, and WG733) were found to be homozygous for the 5' 

end gene deletion. This was revealed as a single 23 kb band by Southern analysis. 

The larger fragment is generated from the abolishment of three EcoRI restriction sites 
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Figure 26. Southern analysis of digested genomic DNAs. 10-15 ~g of EcoRI
digested genomic DNA were electrophoresed and hybridized with 0.1-0.3 J.lS of 
radiolabelled probe (representing approximately 100 x 106 cpm). Radioactive 
fragments were visualized by autoradiography. DNA from WG1065, WG107, 
WG733, and WG884 correspond to French Canadian TSD probands; WG885 and 
WG886 are from French Canadian obligate TS heterozygotes; E.M. is DNA 
obtained from a French Canadian normal homozygote; WG 93 is from an Ashkenazi 
Jewish TSD proband; D.P. and R.R. are French Canadian obligate TS heterozygotes; 
WG1499 is DNA obtained from their daughter, a TSD patient; WG1108 corresponds 
to a Bl variant TSD patient whose mother is of French Canadian descent. 
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as a consequence of the deletion. All of the individuals from the eastern south shore 

who tested as heterozygotes by serum Hex A assay, both obligate~ (surh as WGBB5 

and WG886 in figure 26) and nonobllgates, were also found to be heterozygous for 

the 5' end gene deletion, possessing both 9.5 and 23 kb fragments. Thus, the 8 

nonobligates are as certain to be carriers as the obligates, based on analysis of their 

DNA. The absence of the 23 kb band in the proband and parents from Quebec City 

(WG1499, D.P. and R.R.) indicates that a different type of mutant allele is 

segregating in this family. Likewise, Southern analysis of DNA isolated from 

fibroblasts of the Bl variant (WG1108), whose mother is of French Canadian 

ancestry, revealed only a 9.5 kb band. This was interesting since one would expect 

to see both 9.5 and 23 kb bands representing the mutant alleles inherited from the 

proband's father and mother, respectively. It is clear that the mutant a-locus allele 

for which the mother of WG 1108 is heterozygous is not a deletion mutation, at least 

not of the type characterized by Myerowitz and Hogikyan (1986). 

5. Pedigrees of two French Canadian TSD families. 

The pedigrees of families 6 and 7 are shown in figures 27 and 28, 

respectively. The parents of proband 6 (cell strain WG1499) are from Quebec City. 

Family histories obtained from the parents indicated that they were unrelated to the 

TSD families along the north and south shores of the St. Lawrence River. Both 

parents tested as hererozygotes by serum Hex A assay. Southern analysis of DNA 

isolated from cells of both the proband and her parents revealed a single band of9.5 

kb. Examination of the pedigree revealed that the parents are first cousins. 

The pedigree of family 7 is shown in figure 28. The family currently resides 

in Michigan's upper penninsula. The proband (cell strain WG 1108) is a compound 

heterozygote for the Bl allele (inherited from his father) and an allele which either 
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Figure 27. Pedigree of a French Canadian TSD family (number 6 on map). Family 6 
is from Quebec City and has no known relationship to other TSD families. The 
proband is indicated by the arrow. The parents of the proband are first cousins . 
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Figure 28. Pedigree of Bl variant TSD family. The proband (indicated by the arrow) 
is a compound heterozygote. The CRM-positive Bl allele was inherited from his 
father. The other allele, possibly CRM-negative, was inherited from his mother who 
is of French Canadian descent and traces her origins to St. Gerrnain, Quebec . 
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does not produce a subunit or produces a subunit incapable of complexing with B 

included in this investigation because his mother is of French Canadian descent and 

traces her origins to St. Germain, Quebec (number 7 on the map) through her great

grandparents, both of whom were French Canadian. Southern analysis of the 

proband's DNA revealed a single band of9.5 kb. 

6. Biosynthetic labelling and immunoprecipitation of hexosaminidase subunits. 

The Bl TSD proband (WG1108) was born to unrelated parents and is a 

compound heterozygote for two different mutant a -locus alleles. Cells of the proband 

synthesize Hex A as indicated by the chromatographic profile of the proband's 

fibroblast Hex isozymes (figure 18). Compound heterozygosity for two different 

mutant alleles at the a locus presents problems when attempting to determine the 

contribution of each allele to the synthesis and maturation of the a subunit. For this 

reason it is difficult to determine whether the mutant a -locus allele which the proband 

inherited from his French Canadian mother is CRM-positive or CRM-negative. 

However, the parents of proband WG1499 are flrst cousins and are likely 

heterozygous for an identical mutant a-locus allele. Since it was not known if the 

cells of WG1499 produce an a subunit of Hex A, fibroblast cell proteins of the 

proband were biosynthetically labelled and immunoprecipitated with antisera directed 

against the Hex isozymes as well as isolated a chain. Figure 29 shows the results of 
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1 2 3 4 5 

Figure 29. Immunoprecipitation and electrophoresis of hexosaminidase subunits 
biosynthetically labelled with [3H] leucine from cell lysates. Cell proteins were 
pulsed for 1 hour. Radiolabelled antigens were precipitated with anti-a antiserum 
with the exception of cell antigens represented in lane 3, which were precipitated with 
antiserum directed against Hex A. Lane 1: Infantiie TSD fibroblasts (WG1499), 1 
hour chase. Lane 2: Infantile TSD fibroblasts (JIG 1499), 16 hour chase. Lane 3: 
Infantile TSD fibroblasts (WG1499), l hour chase. Lane 4: normal control 
fibroblasts, 1 hour chase. Lane 5: normal control fibroblasts, 16 hour chase. 

ap = 67 kDa; Bp = 63 kDa; Bm = 29 kDa . 
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these studies. Cell proteins of a nonnal control and the proband (WG1499) 

were labelled with [3H] ieucine and immunoprecipitated with antiserum directed 

against the a subunit of Hex A. The proband's cell proteins were also precipitated 

with anti-Hex A antiserum. Bands were visualized by fluorography. Anti~ 

antiserum precipitates only unassociated a.-subunit polypeptides. Precipitation of 

control cell antigens with anti-a. antiserum following a one hour chase with cold 

leucine revealed a band at 67 kDa, consistent with an a.-subunit precursor 

polypeptide (lane 4). After a 16 hour chase with unlabelled leucine, very little free a. 

subunit was detected (lane 5). In contrast, a 67 kDa band was clearly absent when the 

French Canadian TSD proband cell antigens were precipitated with anti-a antiserum 

and chased for one and 16 hours (lanes 1 and 2, respectively). Thus, no a.-subunit 

precursor is synthesized in cells of proband WG1499. Antiserum directed against 

Hex A precipitates all free or associated a. and B subunits. After a one hour chase of 

labelled WG 1499 cells, only antigens of 63 and 29 kDa were precipitated with 

antiserum directed against Hex A {lane 3). This is consistent with production, 

association, and maturation of B subunits only. 

Figure 30 shows the results of immunoprecipitation of labelled nonnal 

control and proband cell proteins with anti-Hex B antiserum. Antiserum directed 

against Hex B detects all B subunits, free or associated, as well as a subunits 

associated with B subunits; it does not detect unassociated a. chains. Lanes 3 and 4 of 

figure 30 clearly show that normal control cells produce both Hex A and Hex B . 
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1 2 3 4 

Figure 30. Immunoprecipitation and electrophoresis of hexosaminidase subunits 
biosynthetically labelled with 3[H] leucine from cell lysates. Cell proteins were 
pulsed for 1 hour. Radiolabelled antigens were precipitated with anti-Hex B 
antiserum. Lane 1: Infantile TSD fibrobla.sts (WG1499), 1 hour chase. Lane 2: 
Infantile TSD fibrobla.sts (WG1499), 16 hour chase. Lane 3: nonnal control 
tlbrobla.sts, 1 hour chase. Lane 4: nonnal control fibroblasts, 16 hour chase. 

ap • 67 kDa; am - 54 kDa; Bp - 63 kDa; Bm - 29 kDa • 
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Precursor and mature a and B subunits were detected after a one hour chase, while 

only a and B subunits of mature size were detected after a chase of 16 hours with 

unlabelled leucine. This is in clear contrast to cells of the TSD proband. WG1499. 

Cell proteins were labelled with [3H] leucine for one hour and chased for one hour 

with cold leucine. Proteins of 63 kDa and 29 kDa were precipitated with anti-Hex B 

antiserum (lane 1). After a chase of 16 hours only mature B subunit of 29 kDa was 

observed (lane 2). The results of immunoprecipitation studies with antiserum 

directed against Hex B confirm the findings of immunoprecipitation studies with 

antiserum directed against both free and associated a chain. ThP French Canadian 

TSD proband cells (WG1499) produce B subunit of normal size which associates 

with other B subunits to form Hex B and is proteolytically processed to mature size. 

In contrast, an a-subunit polypeptide is not synthesized by cells of this proband and 

she is thus homozygous for a CRM-negative mutation at the gene locus encoding the 

a subunit of Hex A. The biosynthetic labelling and immunoprecipitation experiments 

were performed by Bernard Boulay, a technician at the deBelle Laboratory for 

Biochemical Genetics (Montreal Children's Hospital, Montreal, Quebec, Canada); the 

antisera used in the study were kindly donated by Dr. Elizabeth Neufeld (UCIA, Los 

Angeles, CA). 

7. Analysis of French Canadian TSD DNA by a PeR-amplified technique. 

The 300-bp genomic probe used in Southern analysis of DNA isolated 

from French Canadian infantile TSD probands failed to detect the 5' end deletion 

mutation in two such affected probands (WG1108 and WG1499). The mutation in 

some TSD patients of Ashkenazi Jewish descent was recently found by Arpaia et al 
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(1988), Myerowitz (1988), and Ohno and Suzuki (1988b) to be a G -> C 

transversion in the 5' splice junction site of intron 12, dete~ted by nudeotid~ 

sequencing of normal control and Ashkenazi Jewish TSD DNAs. The nucleotide 

change in the mutant DNA was found to generate a Dde I restriction site. A 151-bp 

segment of DNA surrounding this site was amplified by the polymerase chain 

reaction, followed by digestion of the PCR product with Dde I and separation of the 

restriction fragments by PAGE (Arpaia et al, 1988). Genomic DNA that I isolated 

from WG1108 and WG1499 fibroblasts was amplified by the PCR technique to 

determine if the mutation in these two patients is similar to the mutation found in the 

Ashkenazi Jewish infantile TSD patients. The amplification and electrophoresis of 

WG1108 and WG1499 DNAs were performed by E. Arpaia (Hospital for Sick 

Children, Toronto, Ontario, Canada). The results are shown in figure 3l.The lanes 

labelled 124 and 822 are from plasmids containing the normal and mutant sequences, 

respectively. Digestion with Dde I yielded a 120-bp fragment of DNA in the normal 

controls (124 and MCH41) and two fragments of 85- and 35-bp in the Ashkenazi 

Jewish infantile TSD mutant (822). These two fragments are due the generation of a 

Dde I site in the mutant DNA as a consequence of the mutation. PCR-amplified 

genomic DNA from the two infantile TSD patients with French Canadian ancestry, 

WG 1108 and WG 1499, yielded only one fragment of 120-bp when digested with 

Dde I and electrophoresed. Thus, the a-locus mutation(s) inherited from their French 

Canadian parents, for which WG1108 is heterozygous and WG1499 is homozygous, 

is (are) not the intron 12 splice junction transversion. 

The results of Southern analysis of DNA obtained from 6 TSD families 

with French Canadian ancestry clearly indicate the existence of more than one 

mutation in this population. The deletion mutation at the 5' end of the a-chain gene, 

initially discovered by _Dr. R. Myerowitz, was found in four families from the south 
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Figure 31. Polyacrylamide gel electrophoresis of PeR-amplified DNA. A 151-bp 
sequence surrounding the first nucleotide of the 5' splice junction site of intron 12 
was amplified by PCR. [32P] dCTP was incorporated during priming throughout the 
PCR cycles. 124 and MCH 41 represent normal controls. 822 represents an 
Ashkenazi Jewish infantile TSD patient. WG1108 and WG1499 represent two 
infantile TSD patients with French Canadian ancestry who do not possess the 5' end 
gene deletion. The first lane of each pair contains the amplified 151-bp sequence. The 
second lane of each pair contains the same material after Dde I digestion. The gels 
were exposed without drying to X-ray film overnight. 
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shore of the St. Lawrence River encompassing the cities of Rimouski and Sayabec 

(in Quebec), and one family from Edmundston, New Brunswick. Two families 

originating from regions of Quebec geographically remote from these communities do 

not possess the deletion mutation. Fibroblasts from one of the pro bands (WG 1108) 

produce an a subunit which complexes with 6 subunit to fonn Hex A. The Hex A 

has activity against unsulfated synthetic substrates yet is unable to hydrolyze sulfated 

synthetic substrates and GM2 ganglioside. The proband is a compound heterozygote 

for the Bl allele a.nd, most likely, a CRM-nega.tive mutant allele. This latter allele was 

inherited ftom the proband's mother who is of French Canadian descent. The second 

proband of French Canadian descent (WG1499) was bom to consanguineous 

parents. Fibroblasts obtained ftom this patient have no Hex A activity nor do they 

synthesize an antigen which cross-reacts with antisennn directed against the a 

subunit of Hex A. Analysis ofPCR-amplified DNA obtained ftom tibroblasts of both 

patients (WG1108 and WGI499) indicates that the mutation differs from the intron 

12 splice junction error observed in amplified DNA of some Ashk.enazi Jewish TSD 

patients. The nature of the mutation in these two patients has yet to be characterized. 

Thus, while the founder effect may explain the high incidence of TSD in a single 

highly inbred region of the southeastern province of Quebec. it cannot account for all 

cases ofTSD in the French Canadian population. 
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Tay-Sachs disease was described a century ago by Drs. Waren Tay (1881) 

and Berna.rd Sachs (1887) as a progressive disease affecting children in infancy and 

characterized by dementia, seizures, and macular cherry-red spots. Since that time, 

much has been learned about the substance stored in the brains of affected 

individuals, its pathophysiological effects, and the enzyme normally responsible for 

its degradation. A complex picture has emerged. 

Neuronal storage of GM2 ganglioside results from mutations at three gene loci 

encoding two different kinds of polypeptides necessary for the production of 

hexosaminidase A and one activator protein required for the Hex A-catalyzed 

hydrolysis ofGM2 ganglioside (Johnson, 1981). A wide variety of clinical disorders 

result from multiple mutant alleles at the two subunit loci. Thus, TSD is actually a 

group of recessively-inherited diseases that result from mutations at the gene locus 

encoding the a-subunit polypeptide of Hex A on chromosome 15. Affected 

individuals may be homozygous for a particular a-locus mutant allele. More often, 

however, they are heterozygous for two different mutant alleles at this locus. 

The range of known mutation mechanisms that result in the storage of GM2 

ganglioside include both deletion and nondeletion CRM-negative mutations 

(Myerowitz and Hogikyan. 1986; Arpaia et al. 1988; Myerowitz, 1988) as well as 

CRM-positive mutations with (Ohno and Suzuki, 1988) and without (Zokaeem et al, 

1987) Hex A-associated catalytic activity. The effects of neuronal storage of GM.z 

ganglioside may become apparent anywhere from infancy, with a rapid progression 

of the disease resulting in death within the first few years of life, to adulthood, with a 

slow progression and no apparent effects on longevity. The variant forms of TSD 
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were reviewed previously (pages 32~43). 

There is currently no treatment for TSD. Studies aimed at et'l.zyme replacement 

therapy, however, have been encouraging but are still in the experimental stage. 

Brooks et al (1980) demonstrated that cultured cerebellar cells of a TSD fetus 

incorporated Hex A after exposure of the cells to concanavalin-A. Neuwelt et a1 

(1984) demonstrated the deHvery of catalytically active Hex A to rat brain after 

osmotic blood brain barrier disruption. They found that approximately 76% of the 

Hex A was packaged in a subcellular organelle. Dobrenis et al (1987. 1988) reported 

the enhanced uptake of Hex A conjugated to tetanus toxin fragment C by neurons in 

culture. As a result of this upake, neural cell cultures from a neonatal kitten with GM2 

gangHosidosis showed a reduction in stored <lM2 ganglioside. These studies indicate 

that enzyme replacement therapy may someday be feasible. Until then, however. 

cHnicians must rely on the ability to identiJY couples at risk for producing affected 

offspring and the prenatal detection of affected fetuses. 

The reHable diagnosis of affected individuals and the detection of TS carriers 

in the population depends upon an accurate measurement of the amount and catalytic 

activity of Hex A. Methods employing the natural substrate, while undeniably 

providing the most precise diagnostic information. are impractical for wid.escale use. 

The problems inherent in isolating and labelling GM.2 ganglioside as well as isolating 

the activator protein are not insignificant and many laboratories are unequipped for 

such work.. 

Commercially available synthetic substrates used to measure Hex A activity 

include the para-nitrophenyl- and 4-methylumbelHferyl- derivatives of N

acetylglucosa.mine, the latter generally preferred because it fluoresces when 

hydrolyzed and provides for a more sensitive assay. The disadvantage of assays 

employing these substrates is that they are hydrolyzed by both Hex A and Hex B. 
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The contribution of each isozyme to Hex activity present in tissues and fluids must be 

determined by an assay method that exploim the differences between the two 

isozymes. The method most often employed - thermal inactivation of Hex A - is 

associated with inaccuracies due to variable amounts of Hex A remaining or Hex B 

inactivated. Additionally. since the hydrolysis of 4MUG occurs at a catalytic site on 

the .B-subunit common to both isozymes (Kytzia and SandhotT, 1985; Bayleran et al, 

1987), it does not directly assess the product of the mutant TSD gene. A synthetic 

substra.te that is specifically hydrolyzed. by Hex A is required. 

Kytzia and Sandhoff (1985) demonstrated that Hex A possesses two active 

sites with different substrate specificities. A site on the B subl.J.lli.t (common to both 

Hex A and Hex B) hydrolyzes N-acetygalactosaminyl- and N-acetylglucosaminyJ-

linkages from substrates that carry no electric charge. A site on the a. subunit (unique 

to Hex A) possesses an affinity for substrates carrying a negative charge. The a. 

subunit hi also provided with an activator protein-binding site. Thus, the active site on 

the a subunit of Hex A hyd.rolyzes the terminal N -acetylgalactosaminyllinkage of 

the negatively-charged GM2 ganglioside. The hydrolysis of GM2 ocaus only in the 

presence of GM2 activator protein, which presents the ganglioside to Hex A as an 

activator/lipid complex (Banerjee et al, 1984) with a stoichiometric ratio of 1:1. The 

AP portion of the complex positions itself in the AP-binding site on the a subunit of 

Hex A. 

GM2 gang]ioside is not a substrate for Hex B, a homopolymer of B subunits. 

Neither is it a substrate for Hex S, a dimer of a subunits, even though the a subunits 

of this isozyme possess the AP-binding site. This indicates that a subunits require the 
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assistance of B subunits in order to bring about degradation of GM2 ganglioside 

(Kytzia et al, 1984). 

Although Hex B is unable to hydrolyze GM2 ganglioside, both Hex A and 

Hex B hydrolyze the asialic derivative ofGMl. Thus, the negatively-charged NANA 

residue present in GM2 and absent in GA2 glycolipid also plays a role in the unique 

ability of Hex A to hydrolyze GM2 ganglioside (Li et al, 1984). Mahuran et al (1985) 

have proposed that the hydrolysis of natural substrates carrying negatively-charged 

groups near the terminal nonreducing sugar residue occurrin& exclusively by the 

action of Hex A is suggestive of a positively-cltarged binding pocket in the a subunit 

that is not present in the B subunit. Hydrolysis of GA2 glycolipid occurs at the B 

subunit active site common to both isozymes. 

Evidence that sulfated derivatives of synthetic glucosaminide substrates are 

specifically hydrolyzed by Hex·A was ftrSt provided by Kresse et al (1981) who 

synthesized the 6-sulfated derivative of pNPG. Sulfation produced a substrate with a 

negatively-charged group in the vicinity of the terminal N-acetylglucosaminyllinkage 

that is cleaved. This negatively-charged group promotes binding preferentially to the 

a subunit catalytic site of Hex A. 

B. Sulfation of 4MUG produces a substrate preferentially hydrolyzed 
by Hex A. 

Sulfation of 4-methylumbelliferyl glucosaminide was undertaken to produce a 

fluorogenic substrate that would be preferentially hydrolyzed by Hex A. Optimum 

conditions for 4MUG sulfation include a 1.5 molar excess of chlorosulfonic acid at 

low temperature and under anhydrous conditions. These conditions favor 

monosulfation at the primary hydroxyl group on C6 of the hexosamine ring (Bayleran 
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and Hechtman. 1983; Bayleran et al. 1984). The protocol used to synthesize 4MUGS 

produces a high yield of product. Extensive purification of the reaction product by ion

exchange chromatography and gel filtration eliminates unreacted starting material and 

inorganic salts, respectively. The identity of the product is confirmed by comparison 

of the UV absorption spectra of 4MUG and 4MUGS, as well as by TLC. NMR, and 

elemental analysis. all of which demonstrate the presence of a single compound that is 

monosulfated at position 6 of the ring. There is no unreacted starting material (i.e. 

4MUG) present. Nor is there any disulfated substrate. Purification of the reaction 

product is admittedly time-consuming since it involves three chromatographic steps 

and multiple lyophilizations. An alternative to the multiple chromatographic and 

lyophilization procedures might be desirable. However, the steps that I employ yield 

a very pure product as well as a high recovery. The 4MUGS recovery by my protocol 

is 75-77o/o of the theoretical expectation. 4MUGS has subsequently been synthesized 

by Inui and Wenger (1984) and Ben-Y oseph et al (1985) by protocols different from 

mine. Both groups have encountered problems of producing di- and trisulfated 

compounds. Inui and Wenger (1984) have obtained yields ofmonosulfated product 

that are 30°A. and Ben-Y oseph et al (1985) that are 39-45°..11 of the theoretical yield. 

The first group to synthesize a sulfated derivative of glucosaminide was Kresse et al 

(1981) and Fuchs et al (1983) who synthesized pNPGS. They reported obtaining 

small amounts of di- and trisulfated compounds that were easily separated from 

unreacted starting material and monosulfated product by ion-exchange 

chromatography. The final yield of pNPGS after purification was 46o/o of the 

theoretical yield (Fuchs et al, 1983). Thus, the yields of monosulfated product that 

have been achieved by others using different protocols for the sulfation of 

glucosaminides have been considerably lower than mine. 

The specificity of 4MUGS for the a subunit active site of Hex A was 
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demonstrated using Hex: A and Hex B isolated from normal control fibroblast cell 

lysates, sera, and liver homogenates. Kinetic analyses, pH optimum deteriDiJI..atio!l.s, 

and inhibition studies of Hex A- and Hex B-catalyzed hydrolysis of 4MUG and 

4MUGS were undertaken. 

Previous reports of the kinetic parameters of 4MUG hydrolysis by purified 

control Hex A and Hex: B gave similar Km and Vmax values, as well as similar pH 

optima (Srivastava et al, 1974b; Tallman et al, 1974; Kytzia and Sandhoff. 1985: 

Tommasini et al, 1985). In contrast. these parameters are found to differ significantly 

for the two enzymes when measured with 4MUGS. Figure 9 indicates that the pH 

optima of Hex: A and Hex B activities differ when measured with the sulfated 

substrate. The optimum pH of Hex A against 4MUGS, 3.9, is very similar to the 

value of 4.1 found by O'Brien et al (1977) for Hex A-catalyzed hydrolysis of GM2 

ganglioside. Kresse et al (1981) detennined pH activity profiles for the hydrolysis of 

pNPG and pNPOS by isolated Hex A. They found optimal Hex A activity against 

pNPG to occur at a pH of 4.3 whereas optimal activity against the sulfated derivative 

of pNPO occurred at a pH of 3.9. 

Kinetic analysis of normal control Hex A and Hex B, depicted in figure 10, 

strongly suggests that an active site on the a. subunit of Hex A has a much greater 

a.tllnity for the sulfated substrate than does the active site on the B subunit common to 

both isozymes. This fm.di.ng is confirmed by a comparison of the relative rates of 

hydrolysis of 4MUGSI 4MUG by control Hex A and Hex B (table 1). The constant 

values, rA and rs, which express these ratios are employed in the empirical formula 

(Appendix A) that facilitates comparison of assay values obtained using 4MUG and 

4MUGS substrates. These ratios are an indication of the substrate specificity of Hex 

A and Hex B. It is clear that Hex A-catalyzed hydrolysis of 4MUGS relative to 

4MUG (represented by the constant, rA) occurs at a much faster rate than Hex B-
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catalyzed hydrolysis of the sulfated substrate relative to 4MUG (represented by m). 

The determination of these constants can be utilized as a measure of the purity of the 

sulfated substrate preparation and it is particularly advisable that an l'B value be 

determined for each substrate preparation. The rs constant for my preparations of 

4MUGS, measured using Hex B isolated from normal fibroblasts or sera, was 

consistently low, at a value of o.cxns. Ben-Y oseph et al (1985) and Kytzia and 

Sandhoff (1985) synthesized 4MUGS preparations which have 1'B values of 

approximately 0.0014 and 0.0027, respectively. A rough approximation of the 

relative rates of hydrolysis of pNPGS/ pNPG by isolated Hex B from the 

chromatographic profile presented by Fuchs et al (1983) gives a low rs value 

comparable to those obtained for my preparations of 4MUGS as well as Ben

y oseph's. In contrast, I found a significant amount of serum Hex B activity against a 

commercial preparation of 4MUGS (purchased from HSC Corporation, Toronto, 

Ontario) and felt further purification of the preparation was required before it could be 

used reliably in an assay. The rs value prior to purification was 0.0184. Purification 

by the three chromatographic steps described earlier eliminated a significant amount 

of unreacted starting material and produced a much lower ratio of Hex B activity 

against the two substrates. Thus, the IB constant after further purification of the 

commercially prepared 4MUGS was 0.0012. Likewise, Besley et al (1987b) 

measured the relative rates of hydrolysis of 4MUGSI 4MUG by isolated Hex B 

using a commercial preparation of sulfated substrate (obtained from Koch-Light). 

They measured an l'B of 0.007. These examples illustrate the variation in purity of 

different preparations of sulfated substrate and demonstrate the usefulness of 

determ.ining an rs value for every preparation of sulfated substrate as a measure of its 

purity. 
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Inhibition of 4MUG and 4MUGS hydrolysis by control Hex A and Hex B 

in the presence ofN-acetylglucosamine (NG) and N-acetylglucosam.ine-6-phosphate 

(NGP) demonstrate the specificity of the two inhibitors for the B- and a-subunit 

active sites, respectively. Hydrolysis of 4MUG by either control Hex A or control 

Hex B is inhibited to the same extent by NG (flgUI'eS 21A and 21B). This suggests 

that this substrate is hyd.rolyzed by an identical active site on both enzymes. In 

contrast 4MUGS hydrolysis by control Hex A is strongly inhibited by NGP, yet this 

inhibitor has little effect on the small amount of hydrolysis that oca1rs at the B-subunit 

active site (fipres 22A and 22B). Thus, the different responses of Hex A- and Hex 

:8-altalyzed hydrolysis of 4MUG and 4MUGS to inhibition by NG and NGP point to 

the likelihood that Hex A is a bifunctional enzyme. These results corroborate similar 

findings bY Kytzia and Sandhotr (1985), though their approach was to 

simultaneously present 4MUG and 4MUGS to Hex A at varyina partial 

concentrations but keeping total substrate concentration constant and to determine 

whether total substrate hydrolysis was additive (as expected for two different active 

sites) or competitive (as expected if there was only one active site on Hex A). 

The speciflclty of 4MUGS for the a subunit predicts a high rs value, since 

Hex S consists solely of a subunits. This is suggested by the results I obtained from 

Hex assays using Sandhotr disease cell extract (table 3). Sandhoff disease is due to a 

mutation at the gene locus encoding the 8 subunit of the hexosaminidases. As such. 

patients with this disease are deficient in both Hex A and Hex B. The gene locus 

encoding the a subunit is unaffected in SD. In the absence of B subunits, the a 

subunits complex to form Hex S. 4MUG is hydrolyzed to a small extent by the active 

site on the a subunit and thus the small amount of 4MUG hydrolysis by the SD cell 
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extract is almost completely attributable to the Hex S isozyme in cells of this patient. 

4MUGS, however, is preferentially hydrolyzed at the a-subunit active site. Since 

cells of the infantile SD patient are deficient in both Hex A and Hex B, the 4MUGS 

hydrolysis is attributable to the action of Hex S. In the assay procedure that employs 

the two substrates and application of the empirical fonnula, hydrolysis of 4MUGS by 

SD cell extract is greater than the total Hex activity measured by hydrolysis of 

4MUG, suggesting a high IS value. It should be noted that I used only unfractionated 

extract of SD cells and did not attempt to isolate Hex S whereas others did isolate this 

isozyme. Hex S isolated by ion-exchange chromatography from fibroblasts (Kytzia 

and Sandhotf, 1985; Besley et al, 1987b) and sera (Ben-Yoseph et al, 1988) of 

infantile SD patients was assayed with both 4MUG and 4MUGS. All three groups 

presented data that indicate the IS value to be approximately0.33-0.S7. · 

C. Tay-Sachs heterozygote screening. 

The high incidence of TSD in Ashkenazi Jewish populations and the lethal 

nature of the infantile form of the disease, as well as the inability to provide treatment, 

has led to the development of procedures aimed at carrier detection and prenatal 

diagnosis. Screening for TS carriers is currently perfonned using an assay procedure 

that is dependent upon the thennal inactivation of Hex A activity. The substrate most 

often employed is 4MUG. It has been stated previously that this assay procedure is 

tedious and is often associated with ina.ca.:lracies due to variable inactivation of the 

Hex isozymes. Other problems encountered in Hex assays employing 4MUG include 

the following: (1) Plotting enzyme activities in two dimensions resolves normal 

controls and TS heterozygotes into two distinct clusters. However, there is overlap 

between the range of low and high Hex A activities for the controls and carriers, 

respectively. A certain percentage of individuals tested will fall within this 'grey 
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zone', i.e., into an inconclusive zone for classification. Usually, retesting these 

individuals by the more accurate, although more tedious, leukocyte ~CI8ay will 

improve genotype assignment. (2) Determination of carrier status by serum Hex 

assay in pregnant women is not possible using the thermal fractionation assay. 

During pregnancy, a heat-stable isozyme (Hex P) which has activity against 4MUG is 

present in serum and results in false-positive testing. This isozyme is not present in 

cells and thus assessment of carrier status in women who are pregnant must rely on 

leuk.ocyte assay. (3) Many variant forms ofTSD are believed to represent compound 

heterozygosity for two mutant a-locus alleles, one of which is usually a CRM

negative mutation. The other allele is a mutation with milder neurological 

consequences, often producing an a subunit that is capable of associating with B 

subunits to form a species of Hex A with altered catalytic activity. The carriers of 

such 'milder' mutant alleles may not be accurately detected by the 4MUG substrate, 

particularly if the mutation does not influence the formation of the a-B dimer. (4) 

Occasionally, routine screening or investigation of pedigrees with TSD probands 

reveals healthy adults who are enzymatically indistinguishable from affected infantile 

TSD probands. The significance of these ftndings is unknown since 4MUG has no 

prognostic value in determining whether an adult with low Hex A activity is awaiting 

a neurological disorder or whether he! she will remain symptom-free. (S) The prenatal 

misdiagnosis of an affected fetus who is a Bl compound heterozygote for variant 

alleles at the a-locus is attributed to the reliance on the thermal ftactionation assay 

procedure to assess Hex A activity in amniocytes (Kolodny et al, 1983). A Bl 

homozygous fetus would also be at risk for misdiagnosis in utero based on the 

thermal ftactionation assay procedure to assess Hex A activity. Most of the 
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disadvantages associated with use of the 4MUG substrate to assess Hex A activity 

stem from the fact that this substrate is bydrolyzed by an active site on the 6 subnnit 

of the Hex isozymes and thus does not provide for a direct assessment of the mutant 

a.-locus gene product. 

Because 4MUGS is hydrolyzed specifically by an active site on the a subunit 

of Hex A. assay with this substrate was expected to resolve some of the problems of 

carrier detection and enzymatic diagnosis of affected proban<k. Serum was analyzed 

using two different assay procedures for the discrimination of obligate TS 

heterozygotes and normal controls. The two assay procedures employed were: (i) 

assay of total and heat-stable Hex activities with 4MUG following thermal 

inactivation of Hex A and (ii) assay of Hex activity with both 4MUG and 4MUGS 

substrates cl.Ild application of an empirical formula (Appendix A) to determine Hex A 

and B activities expressed as nanomoles of 4MUG hydrolyzed. The empirical 

formula was developed to facilitate comparison of the two-substrate assay procedure 

with the thermal fractionation assay procedure routinely used to assess Hex A 

activity. It transforms fluorometric units measured with 4MUGS into equivalent 

4MUG enzyme units and incorporates constants for the relative rates of hydrolysis of 

4MUGSI4MUG by isolated Hex A and Hex B. A value for % Hex A can be easily 

determined using total Hex activity measured with 4MUG. This equation is routinely 

employed for TS heterozygote screening in at least one other laboratory (G.D. 

Vladutiu, personal communication). Ben-Y oseph et a1 (1985) also routinely employ a 

two-substrate assay procedure to assess Hex A activity using the sulfated substrate. 

They employ the ratic of hydrolysis of 4MUG' 4MUGS by isolated Hex A to convert 

4MUGS activity to the corresponding 4MUG activity of Hex A. They then calculate a 

%Hex A value for each individual tested using total Hex activity as measured with 
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4MUG. The calculation of an m constant in the equation that I employ, however, has 

the advantage of subtracting the small amount of Hex B activity against 41\iiUGS. 

While both methods are satisfactory for classifYing 'classical' TSD genotypes 

using a two-discriminant plot (represented in figure 11 and in table 4) the procedure 

employing 4MUGS does offer a slight statistical imprt?vement in classification as 

indicated by the greater separation of enzyme activity means and the smaller standard 

deviations for the control and obligate TS carrier groups. In addition, there is no 

overlap in Hex A activities between the control and carrier groups by the two

substrate assay procedure whereas considerable overlap exists in the range of Hex A 

activities for these two groups when detennined by the thermal fractionation assay 

with 4MUG. While no individuals were found to fall in an inconclusive zone for 

classification by the two-substrate assay procedure, it is possible that testing of more 

individuals than the numbers tested in this study would reveal some who cannot be 

reliably classified. · 

Percent Hex A values determined by the thermal fractionation assay 

employing 4MUG were plotted against the same values determined by application of 

the equation using the two-substrate assay for each individual tested (figure 13). The 

results indicate that not only do individuals resolve into two distinct clusters 

representing controls and carriers, but there is a high degree of correlation between 

the 0AJ Hex A value obtained by 4MUG and the % Hex A value determined by the 

sulfated substrate assay proc;edu.n: for each individual tested. 

A third assay procedure employed in serum testing was the measurement of 

4MUGS hydrolysis alone, i.e. without any reference to total Hex activity and without 

application of the empirical formula. These values are shown in the single

discriminant plot (figure 12 and table 4). No overlap between the control and carrier 

groups occurs when 4MUGS hydrolysis is measured, while there is a significant 
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amount of overlap between these two groups when thennolabile Hex activity is 

assessed with 4MUG. In theory, therefore, a one-step assay procedure could be u..~ 

for the detection of TS heterozygotes by measurement of 4MUGS hydrolysis alone. 

While assay of Hex activity by this procedure would certainly provide for a rapid 

assessment of carrier status. the superior resolution offered by the use of two 

discriminants should not be abandoned in favor of the increased speed of the one

step 4MUGS procedure. 

Some laboratories in larger cities across North America employ an automated 

procedure for their mass TS screening programs (Delvin et al. 1974; Lowden et al. 

1973; Desnick et al. 1976). While the automated assay procedure still employs 

4MUG as substrate and is, therefore, dependent upon thermal fractionation, it is 

preferred by some to manual assays for its speed and increased reliability. The 

reproducibility of the automated assay has been reported to be about two-fold greater 

than assays performed manually (Lowden et al, 1973; Delvin et al, 1974). However, 

even by an automated procedure most of the disadvantages associated with the use of 

4MUG to assess carrier status still apply. 

The usefulness of the two-substrate assay procedure for the larger numbers of 

samples screened by an automated assay method was investigated. The automated 

assay procedure currently employed in the mass TS screening program in Montreal 

(deBelle Laboratory for Biochemical Genetics, Montreal Children's Hospital) is 

dependent upon thermal fractionation of serum Hex A activity and assay with 4MUG. 

The apparatus used in the automated assay procedure was changed to accomodate two 

substrates (as previously described_ page 60). 4MUG measures total Hex activity 

while 4MUGS measures hydrolysis OCQ.lrring primarily at the a.-subunitcatalytic 

site. Application of the empirical equation to transform 4MUGS assay values into 

equivalent 4MUG enzyme units yields an amount of Hex A activity and a % Hex A 
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value for each individual that can be compared to those values obtained by the 

automated thermal fi'actionationasBay. 

Hexosaminidase activities generated by the automated assay are higher than 

those measured manually. K.olodny (1977) attributed a similar fmding in his 

laboratory to a higher final substra.te concentration in the automated procedure than 

that employed in the manual procedure. The ability to identifY TS heterozygotes by an 

automated assay procedure employing the sulfated substrate was compared to the 

a.bllity of the automated thermal fractiona.tion assay to detect carriers (table 5). To my 

knowledge, this is the fll'St such attempt to employ sulfated glucosaminid.es to an 

automated carrier detection assay procedure. Thirty-one normal controls, 8 obligate 

TS heterozygotes and 16 nonobligate TS carriers were tested by the automated assay 

procedures. The range, tneaDt and standard deviation values of Hex A activities for 

the obligate and nonobliga.te TS heterozygotes were surprisingly different by the 

thermal fractiona.tion assay employing 4MUG. The range of Hex· A activity was 

narrower and the mean and standard deviation values smaller for the obligate 

heterozygotes than for the nonobligate carriers. In contrast, these values were nearly 

identical by the automated two-substrate assay procedure that employs both 4MUG 

and4MUGS. 

The results in table 5 clearly demonstrate that the ability to detect TS carriers is 

improved when serum Hex A activity is assessed by the automated assay procedure 

that employs 4MUGS than by the automated assay dependent upon thermal 

inactivation of Hex A activity. Adapting the automated assay procedure to use with 

two substrates has the advantage of measuring Hex A activity several ways. By 

application of the formula, 4MUGS tluorometric units can be converted into 

equivalent 4MUG enzyme units and from this a % Hex A value can be detennined 

using total Hex activity as measured by 4MUG. Alternatively, Hex A activity against 

4MUGS alone, without application of the formula, can be assessed. Furthennore, 
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this adaptation can be achieved with an absolute minimum of changes to the auto

analyzer. Hydrolysis of 4MUG by the Hex isozymes occurs at a faster rate than 

hydrolysis of 4MUGS. Fuchs et al (1983) believed this to be an indication that the 

sulfated substrates were unsuited to an automated procedure. However, this problem 

is han.dled quite effectively by increasing the sensitivity setting of the fluorometer 

which reads 4MU fluorescence generated by hydrolysis of the sulfated substrate. -

The importance of TS carrier screening programs is the identification of 

couples at risk for having an affected fetus and, ultimately, the prevention of TSD. 

Occasionally, a woman who is already pregnant requests testing for TS 

heterozygosity. The determination of carrier status during pregnancy presents 

problems due to a significant increase in the amount of heat-stable Hex isozyme 

present in serum. This increase is attributable to the synthesis of large amounts of 

Hex P, an enzyme that has electrophoretic and thermal characteristics identical to Hex 

l2 (Geiger et al, 1978) and is also a 8-chain oligomer (Beutler et al. 1975; Geiger et 

al, 1978). Most laboratories still employ the heat inactivation assay for TS 

heterozygote screening. The increased levels of heat-stable Hex in serum during 

pregnancy thus give the impression of a reduced Hex A component. Since Hex P is 

present in sera but not cells of pregnant women, O'Brien et al (1970) proposed that 

the assay of Hex A activity from leukocytes would more reliably identifY carriers 

during pregnancy. Navon et al (1973) demonstrated that leukocyte assays did reliably 

classify genotypes of pregnant women and, as a result, when a pregnant woman 

requests testing the assay is routinely performed on leuk.ocytes (Kaback et al, 1974). 

However, the isolation ofleukocytes from whole blood involves a tedious procedure. 

I investigated the usefulness of the sulfated substrate, 4MUGS. for the 

classiftcation of pregnant women as TS heterozygotes or normal homozygotes by 

assay of serum Hex A activity. The working assumption was that the specificity of 
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4MUGS for the a subunit active site would provide for a direct assessment of serum 

Hex A activity and, thus, the increased levels of heat-stable isozyme would not 

interfere with accurate genotype classification of the pregnant women. The results of 

this investigation (presented in table 6) indicate that the measurement of 4MUGS 

hydrolysis alone, without reference to total Hex activity, differentiates between 

pregnant normal homozygotes and pregnant TS heterozygotes. Hex A activity 

measured by application of the formula also appears to be a useful discriminant of 

genotypes. However, the '% Hex A' statistic detennined by application of the 

formula in the two-substrate assay procedure is still inaccurate since Hex P 

contributes to the total Hex activity measured by 4MUG. Since the sera of only 25 

pregnant women were tested, 7 ofwhom were TS carriers, it is clear that more testing 

is required before an accurate assessment can be made of the reliability of the sulfated 

substrate to identify carriers by serum during pregnancy. 

Ben-Y oseph et al (1985) reported that the 6-sulfated derivatives of 4MU-B-D

N -acetylglucosamine and 4MU-B-D-N -acetylgalactosamine were especially useful for 

the detection of TS heterozygotes by serum assay during pregnancy, which he based 

on the ability to clearly differentiate between pregnant normal controls and non

pregnant TS heterozygotes. They provided no data on sera obtained from pregnant 

TS carriers. More recently, however, Ben-Y oseph et al (1988) presented their 

findings on the usefulness of sulfated substrates for the detection of carriers using 

serum samples obtained from pregnant and nonpregnant normal homozygotes and 

obligate TS heterozygotes. They provide evidence that assays with these substrates 

cannot reliably detect carrier status in pregnant women when serum is utilized as the 

enzyme source. Ben-Y oseph et al (1988) found that the increased serum Hex activity 

during pregnancy is attributable not only to an elevation of Hex P, but that there is 

also an increase in Hex A activity during pregnancy which is evident upon 
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chromatographic isolation of serum Hex isozymes. They reported that serum Hex A 

activity gradually increases during pregnancy and that the increase appears to be 

influenced by the fetus' genotype since Hex A activities were found to be higher in 

pregnant TS heterozygotes who carried homozygous nonnal fetuses than in those 

carrying fetuses who were TS heterozygotes. Navon et al (1987) also observed a rise 

in levels of serum Hex A activity of pregnant women particularly after the fll'St 

trimester of pregnancy. They tested the sera of 19 pregnant women at various stages 

throughout their pregnancies. They reported no change in the Hex A levels of three 

pregnant obligate TS heterozygotes who were found by amniocenteses to be carrying 

affected TSD fetuses. In contrast, they found a 4-fold increase of Hex A activity in 

the sera of two women affected with the adult-onset form ofTSD who were found to 

be carrying unaffected fetuses. Hex A activites in the affected mothers returned to 

very low levels following delivery of their normal children. Thus, the increase of Hex 

A activity in the sera of pregnant women appears to be of fetal origin. The leakage of 

fetal enzymes into maternal serum has been reported in women carrying fetuses 

affected with I -cell disease (Hug et al, 1984). In addition, increases in the maternal 

serum of a-fetoprotein (Milunsky et al, 1980) and iduronate sulfate sulfatase 

activities (Zlotogora and Bach, 1984), both of which are of fetal origin, have been 

reported. 

While the source of Hex P in the sera of pregnant women is not known with 

certainty, it is believed to be the liver (Perez et al, 1971). Heat-stable Hex activity is 

also increased in the sera of women taking oral contraceptives (Kaback et al, 1973 

and 1974; Lowden et al, 1973). For this reason, the production of Hex Pis believed 

to be hormonally-stimulated. Since only the heat-stable component of Hex is elevated 

in the sera ofwomen taking oral contraceptives the sulfated substrate assay procedure 

might prove useful in the determination of carrier status. By the current thermal 
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fractionation assay procedure utilized in screening programs, these women frequently 

fall into the inconclusive zone for classification or are misclassified as normal 

homozygotes. However, during pregnancy serum Hex A as well as Hex P levels are 

elevated. It is important to note that the passage of Hex A across the placenta appears 

to be unidirectional, from the fetus to the mother, since the sera of newborn TSD 

infants lack Hex A activity (Perry et al, 1979; Kaback, personal communication, in 

Ben-Y oseph et al, 1988). Thus the sulfated substrates can be relied upon to accurately 

diagnose fetuses prenatally. It appears that they cannot be relied upon, however, to 

accurately classifY the genotypes of pregnant women by assay of serum Hex 

activities. Further testing might bear out Ben-Y oseph et al's (1988) conclusion that 

accurate classification of pregnant women can only be achieved by assay ofleukocyte 

Hex activities which are influenced neither by Hex P nor by fetal Hex A. 

D. Diagnosis of TSD using 4MUGS. 

Fibroblast cell extracts from patients with variant forms of GM2 

gangliosidosis were assayed for the purpose of determining the diagnostic value of 

the sulfated substrate. The two assay procedures employed in this study were: (i) the 

thermal fractionation of Hex activity toward 4MUG and (ii) an assay procedure 

employing both 4MUG and 4MUGS and based on the differential activities of Hex A 

and Hex B toward the sulfated substrate. Hex A specific activities and o/o Hex A 

values were determined in this assay procedure by application of the empirical 

fonnula. The results are presented in table 3. 

Infantile TSD in Ashk.enazi Jewish and French Canadian populations is 

associated with mutations that result in a complete absence of the a subunit of Hex A 

(Proia and Neufeld, 1982). The infantile TSD phenotype has also been described in 

individuals who are neither of Jewish nor French Canadian ancestry. Most of these 
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cases of infantile TSD are of the Bl variant type(s) in which Hex A is synihesized but 

with altered substrate specificity (Goldman et al, 1980; Kytzia et al, 1983; Inui et a.l, 

1983; Conzelmann et al. 198S; Besley et al, 1987a.; Gordon et al. 1988). 

Interestingly, most of the patients described in the literature appear to have either 

Puerto Rican or mixed Irish ancestry. Other cases of infantile TSD in non-Jewish, 

non-French Canadian individuals that have been reported in the literature include two 

unrelated TSD pro bands ofltalian descent. Both patients have CRM -positive a -locus 

mutations but do not produce Hex: A. The mutations in these two patients have been 

shown to be different (Proia and Neufeld, 1982; Zokaeem et al, 1987; Neufeld. 

1988, personal communication). 

The first ten infantile TSD cell strains reported in table 3 were obtained from 

patients of Asb.kenazi Jewish, French Canadian, or Italian descent who do not exhibit 

catalytic activity associated with Hex A. It should, therefore, be possible to obtain 

zero activity for Hex A measurements in tissues and fluids obtained from these 

individuals by using the constant, l'B, to determine the portion of 4MUGS hydrolysis 

attributable to Hex B (see Appendix A). However, by both assay procedures activity 

is detected in extracts obtained from cells of these patients. The source of observed 

residual Hex A activity in the sulfated substrate assay procedure was not determined. 

It is likely that it results from inaccurades in the calculation of the constant l'B since 

even with the greater amounts of Hex: B required to obtain measurements of 4MUGS 

hydrolysis by this isozyme, a small number of Jluorometric units are recorded. 

Alternatively. it cannot be completely ruled out that the apparent Hex A activity 

observed in infantile TSD fibrobla.sts against 4MUGS may be due to the action of a 

sulfata.se. If present, a sulfatase would hydrolyze the 6-0 sulfate linkage of 4MUGS 

to yield 4MUG which can be hydrolyzed by Hex B. Although phosphate, a powerful 

inhibitor of most sulfatases, does not inhibit the hydrolysis of 4MUGS to 4MU u-;ing 
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extracts ofTSD cells (shown in table 2) it is impossible to mle out that the low levels 

of 4MUGS hydrolysis are due to the action of a sulfatase not completely inhibited by 

phosphate. 

It is important to note that while there is detectable Hex A activity by both 

ruuy procedures, the values for Hex A specific activity and % Hex A are 

significantly lower when measured by the two-substrate procedure that employs 

4MUGS than by thennal fractionation. This is also evident in Hex A values for the 

sera of S infantile TSD probands assayed by both procedures (figure 11). An 

improvement in diagnosis is achieved by the sulfated substrate ruuy, narrowing the 

range for % Hex A in TSD sera from 9-11% detennined by the thermal fractionation 

assay to 0-2°~ by ruuy with both 4MUG and 4MUGS and application of the . 
empirical formula. 

The value of the sulfated substrate for the diagnosis of TSD is most 

dramatically evident in the assessment of Hex A activity of the Bl variant form(s) of 

TSD. The Hex A synthesized by cells of these patients has signiftcantactivityagainst 

4MUG but is unable to hydrolyze GM2 ganglioside and, thus, most patients present 

with a clinical phenotype indistinguishable from that of infantile TSD patients. A few 

patients have been described with a juvenile presentation of the disease (Inui et al, 

1983; Charrow et al. 1985). At least one case of prenatal misdiagnosis of a Bl TSD 

variant has been dowmented (Kolodny et al, 1983) when heterozygote levels of 

amniocyte Hex A activity were assessed by the thermal fractionation procedure with 

4MUG. 

I ruuyed cell extracts of two compound heterozygous Bl TSD patients, one 

of whom is the same patient whose misdiagnosis was reported by Kolodny et al 

(1983). A dramatic improvement in the ability to diagnose both patients as severely 

affected is achieved using the two-substrate assay that employs 4MUGS. In 
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fibroblast cell extracts both patients have 16o/o Hex A activity by the thennal 

fractionation assay procedure. Serum Hex A activity from one of t.he probands (the 

misdiagnosed patient) is 29% by thermal fractionation (figure 17). These values are 

considerably lower by assay with two substrates and application of the formula: % 

Hex A in fibmblast cell extracts of both patients is 0. 7% whereas senll1l Hex A 

activity against 4MUGS constitutes 0.9°A:! of total Hex activity. pNPGS has also been 

used successtb.lly in the diagnosis of B1 TSD patients (Fucbs et al. 1983; Kytzia et al, 

1983; Li et al, 1983). The improvement in diagnosis of the Bl variants has 

particularly important implications for prenatal diagnosis. Conzelmann et al (1985) 

reported the succesaful prenatal diagnosis of a B1 variant who would most likely have 

been rnisdiagnosed based on the 27% Hex A activity that was measured in 

amniocytes by the thermal fractionation assay procedure. Cultured. amniotic cells were 

unable to degrade GM2 ganglioside and were also significantly deficient in hydrolysis 

ofpNPGS. Thus, the sulfated derivatives of synthetic slucosaminide substrates have 

already proven valuable in diagnosing Bl variants of TSD. Does their diagnostic 

value hold for other TSD variants in whom symptoms are milder and appear at a later 

age? 

A problem often encountered in the diagnosis of many later-onset variants is 

the lack of correlation between the degree of enzyme deficiency and the severity of the 

disease. As shown in table 3, a clear distinction does not emerge between the 

juvenile, chronic. and adult TSD genotypes based solely upon measurement of 

residual Hex A activity by either the thermal fractionation assay procedure with 

4MUG or the two-substrate assay procedure employing both 4MUG and 4MUGS. 

Different mutant alleles at the a.-gene lOQ.IS yield Hex A with residual activities as 

measured by synthetic substrates which are nearly identical in patients with vastly 
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different clinical pictures. These differences in the severity of the disease might be 

attributable to the effect ofthe particular mutation on enzyme activity. Thus the mutant 

Hex A might have altered substrate specificities, or might be more susceptible to 

proteolytic degradation or inhibition within the lysosomal compartment (Sandhoff and 

Conzelmann, 1984). 

Alternatively, the action of other genes may influence the development of 

disease. Conzelmann and Sandhoff (1983) proposed a kinetic model that assumes 

that GM.2 ganglioside is delivered to the lysosomal compartment of neurons at a 

constant rate and that the amount of Hex A is sufficient to degrade GM2 at a rate at 

least as fast as that at which it is synthesized. They hypothesize that any reduction of 

Hex A, whether by a decrease in the amount or turnover of the enzyme, will result in 

a corresponding inaeaae in the steady state concentration of GM2 ganglioside. In 

most individuals with reduced Hex A (e.g., TS heterozygotes) there is no neuronal 

accumulation of GM.2 ganglioside because the enzymatic activity is still sufficient to 

cope with the substrate influx. However, in others the residual activity falls below a 

critical threshold value and the enzyme is unable to cope with the influx of GM2 

ganglioside, which accumulates at a constant rate. Still other variants of TSD are 

believed to be functioning at a level of Hex A activity that keeps them just above the 

critical threshold value. Grebner et al (1986) proposed that for these individuals, the 

balance may be tipped by other physiological factors or even environmental factors. 

This possibility was fust suggested by d'Azzo et a1 (1984) who demonstrated a defect 

of a·B subunit a&10Ciation of apparently the same magnitude in two siblings, yet only 

one of the siblings was affected with the chronic form of TSD; the other sibling was 

clinically normal. Thus. it is possible that in some individuals the action of other 

genes might force the level of Hex A activity below the critical threshold value, 
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resulting in a progressive accumulation of GM2 ganglioside and the development of a 

neurological disorder. Such genes that might tip the balance include those that control 

the amount of activator protein necessary for the hydrolysis of GM2 ganglioside or 

the amount of a neuraminidase which converts polysialogangliosides into GM2 

ganglioside. It is also possible that the gene encoding UDP-N-acetylgalactosaminyl 

transferase, a Golgi enzyme in the biosynthetic pathway of gangliosides which 

synthesizes GM2 ganglioside from GM3, might contribute to the pool of GM2 

ganglioside provided to the cell and, thus, to different clinical phenotypes. 

Besides other genes that might influence the level of Hex A activity and the 

development of disease, d'Azzo et al (1984) suggested that "environmental factors 

such as lysosomotropic agents in diet or medications may influence the level of 

residual enzyme in lysosomes and hence the clinical outcome." 

The juvenile TSD cell strains were obtained from patients who are likely to be 

homozygous for a mutation at the gene locus encoding the a subunit of Hex A 

(WG306 and WG312, siblings whose parents are first cousins) as well as individuals 

who are the offspring of unrelated parents and most likely compound heterozygotes 

for two different mutations at this locus (WG928 and WG1115). The four juvenile 

TSD probands are virtually identical in residual Hex A activity determined by both 

thermal fractionation with 4MUG and application of the empirical formula with 

4MUGS. In the case of the homozygous siblings, a partial deficiency of Hex A 

activity by the thermal fractionation procedure is found. These siblings are severely 

deficient in Hex A activity by the sulfated substrate assay procedure which employs 

the formula. Hechtman et al (1989; see Appendix B) studied the synthesis and 

processing of hexosaminidase subunits in cells of the siblings and found that both 

patients synthesize an a.-subunit prewrsor of normal size but do not produce mature 
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a subunit. In addition, a-B subunit association does not occur. d'Azzo et al (1984) 

found a similar defect of a-B subunit association in one other juvenile TSD patient. 

However, they found that the a subunit synthesized by cells of their patient gets 

phosphorylated, indicating that it reaches the Golgi compartment. In contras~, the a 

subunit synthesized by cells of the two juvenile TSD siblings studied by Hechtman et 

al (1989) are not phosphorylated. These mutant a subunits probably fail to exit the 

RER and are, imtead, degraded. Fibroblast cell extracts obtained from the two 

siblings with juvenile TSD were fractionated by ion-exchange chromatography. 

Isolated Hex A had an optimum pH identical to that of control Hex A. This indicates 

that a small amount of Hex A survives the targeting pathway and is probably 

functional within the lysosomes. Two-dimensional gel electrophoresis of 

immunoprecipitates would possibly provide evidence of this due to its superior 

resolution of a and 6 chains. 

In view of the likelihood that WG928 and WG1115 are compoWld 

heterozygotes, the reduced Hex A activity measured by the sulfated substrate assay 

procedure probably represents a more accurate assessment of the mutant allele that 

produces a defective a subunit. 4MUG, since it is specific for an active site on the 6 

subunit. does not accurately assess catalytic activity at the a subunit site. A severe 

deficiency of Hex A activity has been reported for other juvenile TSD patients based 

on their ability to degrade GM.2 ganglioside (O'Brien et al, 1977; Kolodny and 

Raghavan, 1983; Meek et al. 1984). 

Chronic and adult forms of GM2 gangliosidosis are indistinguishable from 

each other when Hex A activity is measured by either assay procedure (table 3). 
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Neither are these patients clearly distinguishable from patients with an infantile or 

juvenile presentation based on hydrolysis of 4MUGS by unfractionated cell extracts. 

OM2 ganglioside hydrolysis is also severely affected in these patients (Kolodny and 

Raghavan, 1983). Chromatographic isolation of Hex isozymes and assay of column · 

fractions with both 4MUG and 4MUGS might provide a useful means of 

discriminating the different genotypes. A comparison of the chromatographic proflles 

obtained from the separation of fibroblast Hex isozymes from patients with the 

infantile (figure 16), Bl variant (figure 18B), juvenile (Hechtman et al, 1989, figures 

lC and ID, Appendix B) and adult-onset (figure 23B) forms ofTSD indicates that 

these genotypes can be distinguished. Navon et al (1986b) reported a similar fmding, 

comparing chromatographic profiles based on 4MUG hydrolysis by isolated fetal 

skin flbroblast Hex isozymes to distinguish between a fetus with the adult-onset fonn 

ofTSD and one with the infantile fonn of the disease. 

Fibroblast cell extracts from two Hex A-deficient healthy adult variants have a 

partial deficiency of Hex A when measured by the heat inactivation assay with 4MUG 

(table 3). Hex A specific activities and o/o Hex A values against 4MUG in these 

individuals are indistinguishable from those obtained in the four juvenile TSD 

patients, yet the juvenile patients are affected with a severe neurological disease that 

invariably leads to death by the age of IS years, while the Hex A-deficient adults are 

asymptomatic. The sulfated substrate assay procedure which employs the empirical 

formula yields Hex A specific activities and % Hex A values that are in the 

heterozygote-to-nonnal range. Thus, the sulfated substrate represents a clear 

improvement in the ability to accurately detect these individuals as unaffected and, 

once again, yields a diagnosis that is similar to that obtained when GM2 ganglioside 

hydrolysis is assessed in cell extracts and fluids obtained from Hex A-deficient 

healthy adults. (Iallman et al. 1974; O'Brien et al, 1977 and 1978; Grebner et al, 
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1986). The 4MUGS assay procedure might prove particularly useful in the prenatal 

diagnosis of these individuals, providing a clear distinction between a fetus who will 

develop a severe form of TSD and a fetus who appears to have levels of Hex A 

activity comparable to those of the severely affected fetus measured by heat 

inactivation yet who will be clinically nonnal. 

Greenberg and Kaback (1982) have proposed that the rare tindina of Hex A 

deficiency (Hex A-) in individuals who reach adulthood is most likely due to 

compound heterozygosity for two mutant alleles, one ofwhich is a 'null' allele of the 

type that confers infantile TSD when in the homozygous state, and the other of which 

is a milder mutant allele. This includes the chronic, adult-onset and Hex A-deficient 

healthy adult variants. Greenberg and Kaback (1982) used three sets of data to 

estimate ~he frequency of these milder mutant alleles in the Jewish population of the 

U.S.: (1) data obtained from TSD carrier screenina programs (which includes data 

only from adult-onset and Hex A-deficient normal adults, since chronic TSD patients 

develop symptoms in childhood and would not present at a screenina clinic for carrier 

testina), (2) family data on relatives of TSD children, and (3) data on at-risk 

pregnancies. Based on their calculations they estimated that the frequency of all 

carriers of milder mutant A- alleles (i.e., excludina classical TSD alleles) in the 

American Jewish population is 1:1200 and that the frequency of the adult Hex A

phenotype is approximately 1:67000. They have determined that about 2-3% of those 

individuals who are identified as TSD carriers are acttJ.ally carriers of a milder variant 

allele and that about So/o of couples identified through screenina to be at risk for 

producina an infantile TSD offsprina are actually at risk for producing a child with a 

Hex A- phenotype who will survive into adulthood. A major concern thus becomes 

the likelihood of misdiagnosing a fetus as being affected with a severe form of TSD 

when, in fact, the fetus may be only mildly affected or unaffected. Clearly assessment 

of fetal Hex A activity by the assay procedure employing the sulfated synthetic 
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substra.te doesn't resolve all the problems of detection of these milder a.-locus alleles. 

While the most precise diagnostic information is provided by assessment of 

catabolism of the natural substrate, the procedures of isolating and labelling GM2 

gangliOSide are tedious a.nd enzymatic assays employing the radiola.belled substra.te 

are dependent on the addition of the activator protein which must· be prepared in a. 

highly purified state. Many laboratories are not equipped for this kind of analysis. 

The use of a synthetic substrate that is preferentially hydrolyzed at the a-subunit 

active site of Hex A such as 4MUGS (which is now commercially available), might 

provide an alternative to natural substrate assays.. My results suggest that the 

accuracy of both pre- and postnatal diagnosis of the later-onset forms of TSD might 

be improved by performing Hex A assays on untractionated cell extracts or fluids 

usiq the two different assay procedures described earlier (i.e., the thermal 

fractionation assay procedure with 4MUG and the two-substrate assay procedure that 

employs both 4MUG and 4MUGS) in combination with chromatographic 

fractionation of the Hex isozymes and assay of the column fractions with both 

substrates. 

E. Diagnosis of other forms of GM2 gangliosidosis using 4MUGS. 

Mutations at the B-gene locus or AP locus also produce forms of GM2 

gangliosidosis. Mutations at the gene locus encoding the .B subunit ofhexosaminidase 

result in absent or defective Hex A and Hex B since both isozymes contain B 

subunits. A number of variant forms of Sandhoff disease have been identified which 

vary in the amount of residual Hex activity and the age at which clinical symptoms 

present. Likewise, later-onset forms of GM2 gangliosidosis have been identified due 

to a variant form of activator protein deficiency. 
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Cell extracts from two patients with B-locus mutations were assayed with both 

4MUG and 4MUGS (table 3). Cells ofWG,34 were obtained from a patient with. the 

infantile form of SD. Cells ofWG1117 were obtained from a Hex A- and Hex B

deficient normal adult. Total Hex activity is severely reduced in both cell strains. The 

mean total Hex specific activity in 9 normal control cell strains (table 3) is 7557 

nmoles 4MUGI mg protein! hour. Total Hex specific activity in the infantile SD 

homozygote (WG534) is 3% of control whereas the clinically nonnal adult variant 

(WG1117) has 10% of control total Hex activity. In addition, the great majority of 

residual Hex activity is thermolabile, constituting 89% and 91% of total activity in 

WGS34 and WG1117 cell extracts, respectively. Cell extracts of both variants 

hydrolyze a significant amount of 4MUGS. Appllcation of the empirical fonnula to 

determine Hex A specific activities against the sulfated substrate yields values that are 

2- to 4-fold greater than total Hex (measured with 4MUG). The increased activity is 

thought to be attributable to Hex S, a dimer of a subunits that accumulates in SD cells 

in the absence of B subunits (Beutler et al, 1975; Potier et al, 1979). Because 

4MUGS specifically binds to the a-subunit active site, it is hydrolyzed by the Hex S 

isozyme and accounts for the elevated rate of 4MUGS hydrolysis observed in cell 

extracts of these two SD variants. 

Kytzia et al (1984) reported that pNPGS was unable to differentiate between 

infantile or juvenile SD patients and nonnal controls and thus has no diagnostic value 

for patients with SD. However, by application of the empirical formula that yields a 

% Hex A value in SD cells, I am able to identifY SD variants based on the very high 

values of'% Hex A' (200-400%) determined with the two-substrate assay procedure 

·that employs 4MUGS. Unfortunately, a clear distinction between the different SD 

variants or, for that matter, between a SD variant and a SD heterozygote probably will 

not emerge. 
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The AB variant form of GM2 gangliosidosis hydrolyzes synthetic substrates 

nonnally since hydrolysis of these substrates is not dependent upon the action of the 

AP and since the Hex A synthesized by AB variant cells is normal. A patient with an 

infantile form of GM2 gangliosidosis due to a deficiency of the activator protein 

(WG802, table 3) hydrolyzed. both 4MUG and 4MUGS within the range of the 

normal controls. Synthetic substrates, therefore, are not suitable for diagnosis of a 

GM2 gangliosidosis that results from a defect at the gene locus that encodes the AP 

necessary for hydrolysis of GM2 ganglioside. 

F. Biochemical characterization of the mutation in several infantile 

TSD probanda. 

Infantile TSD in individuals of ethnic origins other than Ashkenazi Jewish or 

French Canadian have been associated with mutations that are CRM-positive for the 

a. subunit of Hex A. Furthermore, the CRM-positive mutations identified include 

those in which no mature a subunlt is produced (due to failure of a-B subunit 

association. failure of the a subunit to acquire the mannose-6-phosphate recognition 

marker that targets the enzyme for the lysosome, or even failure of the a subunit to 

exit the RER for reasons not yet understood) as well as mutations in which Hex A is 

synthesized but unable to hydrolyze GM2 ganglioside. 

1. Infantile TSD in a proband ofltalian descent. 

Infantile TSD was suspected in a child of Italian descent because of loss of 

developmental milestones. The diagnosis ofTSD was confmned by Hex A assay of 
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selUJll and cultured skin fibroblast cell extracts. The results are presented in table 7. 

Hex A assays were performed by both the thermal fractionation procedure and the 

two-substrate procedure that employs 4MUGS. The affected proband has Hex A 

activity which is in the range of other severely affected probands by the heat 

inactivation assay with 4MUG. By the two-substrate assay procedure. proband Hex 

A activity in selUJll and fibroblasts is also within the range of other infantile TSD 

probands tested. The much lower values for Hex A activities and % Hex A by the 

assay procedure that employs 4MUGS exemplifies the improvement in diagnosis that 

is achieved using this substrate. The parents of the proband test comparably by both 

assay procedures as heterozygotes. The parents originate from the same small village 

in Italy and are related through both their fathers and their mothers, indicating that the 

proband is likely homozygous for an a-loa.JS mutant allele. An older sister of the 

proband is a normal homozygote. Carrier status was assigned to 6 of eleven other 

relatives of the proband who requested testing. Their relationship to the proband is 

indicated in the pedigree shown in figure 15. 

The absence of Hex A in fibroblasts of the proband is confirmed by the 

chromatographic separation of Hex isozymes, shown in figure 16. No enzymatic 

activity elutes at a position corresponding to nonnal Hex A (compare to figure 8A) by 

assay of the column fractions with either 4MUG or 4MUGS. A B-subunit-containing 

isozyme of intermediate electronegativity is observed in the chromatographic profile 

based on 4MUG hydrolysis. This isozyme is not present in nonnal cells. Its 

aca.unulation in cells of the proband further demonstrates the absence of mature a 

subunits. 

Biosynthetic labelling of fibroblast cell proteins of the proband and 

immunoprecipitation of the Hex subunits were performed by Zokaeem et al (1987, 
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refer to Appendix B). Precipitation of the subunits with anti-a antisenun indicates 

that an a-subunit precursor is synthesized by cells of the proband. The proband 

differs from Ashkenazi Jewish and French Canadian infantile TSD patients in this 

regard. However, the precursor synthesized is about 2-3 kDa smaller than the 

precursor synthesized by normal control cells. No mature a subunit is detected (by 

precipitation with anti-Hex A antiserum) and no enzyme is secreted in response to 

treatment of cultured cells with NI14Cl-containing medium. Thus, the mutant a ·chain 

fails to undergo further post-translational modifications and is probably degraded 

within the endoplasmic reticulum. Cells of both parents of the proband are 

heterozygous for the shortened a subunit providing evidence that the proband is, 

indeed, homozygous for the truncated a. -chain mutation. 

The mutation detected in this proband was recently identified by Neufeld 

(1988, personal communication) as a deletion of cytosine at nucleotide position lS 10 

of the a-chain gene. The deletion of this single nucleotide produces a ftameshift 

mutation which, in turn, results in a premature tennination codon at nucleotides 1522-

1524. 

Infantile TSD was identified in another patient of Italian origin (Proia and 

N eufeld, 1982) unrelated to the patient described here. While the mutation has yet to 

be characterized, cells of the patient were found to produce an insoluble a -chain 

precursor that fails to leave the endoplasmic reticulum for further processing and is, 

instead, degraded. However, the a prewrsor polypeptide synthesized by cells of this 

patient is of normal 67 kDa size. It is, therefore, interesting to note that there is 
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heterogeneity not only in the a-locus mutations that give rise to the infantile TSD 

phenotype between different groups, but also that heterogeneity is evident \\1t.lri...'l 

ethnic groups. This has been demonstrated in Ashkenazi Jewish and French Canadian 

populations, and now in pro bands of Italian descent. 

2. Infantile TSD in two Bl variant probands. 

The mutant Hex A synthesized by two Bl TSD variants was characterized and 

is discussed here. The two probands are unrelated and presented at 6 months of age 

with the typical signs of classical TSD. As mentioned previously, both pro bands have 

significant Hex A activity against the synthetic substrate, 4MUG, yet their Hex A is 

unable to hydrolyze GM2 ganslioside or 4MUGS; thus, the designation of these 

probands as Bl variants. Both patients are the offspring of unrelated parents from 

different ethnic backgrounds. 

Sera obtained from the parents of the two probands were assayed by both 

thermal fractionation with 4MUG and the two-substra.te assay procedure that employs 

4MUGS. All four parents are unambiguously identified as carriers by the assay 

procedure that employs 4MUGS. However, by thermal fractionation two parents (the 

father of patient 1 and the mother of patient 2) fall slightly outside the range for other 

obligate heterozygotes, into an inconclusive zone for classification. Thus, the mothers 

and fathers of both of the Bl variants I tested are likely carriers for different mutant 

alleles. Assuming this is an accurate assessment, both pro bands would be compound 

heterozygotes, which is suggested as well by the different ethnic backgrounds of their 

parents and the absence of consanguinity. The majority of the B1 variants described 

in the literature to date are thought to be genetic compounds (Goldman et al, 1980; 

.Cha:rrow et al. 1985; Conzelmann et al, 1985; Besley et al, 1987; Gordon et al, 
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1988). Most of the probands have an infantile-onset fonn of TSD and Hex A 

activities that approach the heterozygote range when assessed by the heat inactivation 

procedure with 4MUG. BI homozygotes, born to related parents, have also been 

reported (Goldman et al, 1980; Li et al. 1981; lnui et al, 1983) with a juvenile 

presentation and Hex A. activities in the nonnal range determined by thennal 

fractionation. 

The parents of the two probands I studied would most likely have been 

advised of their risk for having an affected fetus. However, both Charrow et al 

(1985) and Besley et al (1987b) reported on Bl TSD probands who had one parent 

testing well within the range of homozygous nonnals by the thennal fractionation 

assay with 4MUO. By assay with the sulfated substrate, however, they were clearly 

identifiedas heterozygote&. The two sets of parents reported by Charrow etal (1985) 

and Besley et al (1987b) would not be considered at risk for having an affected child 

since only one parent would be identified as a carrier based solely on 4MUG 

hydrolysis. The frequency of the Bl allele{s) is not known and would be impossible 

to determine by screening programs using 4MUO only. 

Normal control and patient fibroblast Hex isozymes were separated by ion

exchange chromatography. Based on 4MUO hydrolysis, an intennediate isozyme is 

present in the patients' profiles that is not seen in the proftle of the control. This 

isozyme, not present in nonnal cells, accumulates in TSD cells. Its presence has been 

noted in the chromatographic profiles of Hex isozymes isolated from fibroblasts 

obtained from classical TSD patients (Hechtman et al, 1983) as well as from patients 

with later-onset fonns of the disease in whom a subunits are produced yet defective 

in their ability to complex with 13 subunits (.Argov and Navon, 1984). 

Comparable values of 60% Hex A are obtained for the nonnal control when 
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Hex A activity is measured either by the thermal fractionation assay with 4MUG or 

by chromatographic fractionation of control Hex isozymes and assay with 4MUG: In 

contrast, proband 1 Hex A activity against 4MUG, measured after chromatographic 

separation of Hex isozymes, accounts for 30°Al (29% for proband 2) of the total . 
recovered Hex activity, or approximately twice the amount obtained by the heat 

inactivation assay on unfractionated cell extract. If it is assumed that the probands are 

compound heterozygotes for a mutant allele that does not encode an a subun.it 

polypeptide (or encodes an a subunit incapable of comple.xing with B subunits) and a 

mutant allele that encodes an a polypeptide that does associate with B subunits, then 

the Hex A activity that is measured is attributable only to the latter. The 30% Hex A 

activity measured after chromatography is 112 that of the nonnal control. Thus. it is 

likely that this allele synthesizes a normal amount of a subunit. 

It was necessary to rule out the possibility that the patients, in addition to 

having mutations at the gene locus encoding the a subunit of Hex, might also have a 

B-locus mutation producing a heat-labile form of Hex B. Mutations of this sort have 

been been associated with GM2 gangliosidosis (Momoi et al, 1978; Lane and J en.kins, 

1978; Dlott et al, 1988) as well as occurring as a benign condition (Dreyfus et al, 

197S and 1977; Hechtman and Rowlands, 1979; Navon et al, 198S; Dlott et al, 

1988). While it is unlikely that the patients would possess mutations at both a-and 6-

gene loci, a heat-labile form of Hex B could account for the thermolabile Hex activity 

measured in the heat inactivation assay with 4MUG. As expected, Hex B isolated 

from fibroblasts of both patients is as thermostable as normal control Hex B. 

However, the patients' Hex A differs from control Hex A in its thermal 

characteristics. It is more stable to heating than nonnal Hex A. The increased thermal 
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stability of both pro bands' Hex A is consistent with the finding of increased Hex A 

activity observed by chromatographic fractionation of patient ftbroblast cell extracts 

(29-30%) over that which is measured in the assay dependent upon thermal 

fractionation (16%). Patient Hex A also differs significantly from control Hex A in 

the optimum pH ofits activity against 4MUGS. The pH optimum of control Hex A is 

3.9. The .Hex A of the two Bl probands has a much lower pH optimum of 2.3, 

indicating that these enzymes may be nonfunctional within the lysosome. 

The Hex isozyme prorue of fibroblasts obtained from the two probands 

revealed severely reduced. though not completely absent, Hex A activity against 

4MUGS. Kinetic analyses were perfonned to determine whether the residual Hex A 

activity is attributable to hydrolysis occurring at the mutant a.-subunit active site or at 

the 8-subunit active site of Hex A. Km values of the pro bands' Hex A activity against 

4MUGS are virtually identical to the Km of normal control Hex A, suggestive of 

4MUGS hydrolysis occurring at a site with an identical binding affinity on both 

control and patient Hex A. However, Vmax values for patient Hex A differ 

significantly from that of control Hex A. Patient 1 Hex A has a maximum velocity 

that is about 113 that of control, whereas the maximum velocity of patient 2 Hex A is 

similar to that of control Hex B against 4MUGS. Vmax values are expressed as 

nanomoles of 4MUGS hydrolyzed per unit of enzyme (as measured by 4MUG 

hydrolysis) and, therefore, they reflect reduced catalytic activity at the a-subunit 

active site. If the Ymax had been expressed instead as nmoles of 4MUGS hydrolyzed 

per mg of protein, it would be difficult to determine whether the reduced value for 

patient Hex A was indicative of a decreased amount of enzyme or a normal amount of 

enzyme with reduced catalytic activity. 

The results of inhibition studies also point to the existence of an a. subunit 
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active site on patient Hex A capable of binding 4MUGS. The inhibition of 4MUG 

and 4MUGS hydrolysis by control Hex A and Hex B and both probanns' Hex A wa.s 

studied in the presence of an inhibitor specific for the B-subunit active site (NG) as 

well as one specific for the a-subunit active site (NGP). The significance of these 

inhibition studies as evidence for two distinct active sites on Hex A has been 

discussed previously (page 170). The discussion here will, therefore, be limited to 

the results as they pertain to the mutant Hex A. 

4MUG hydrolysis by both patients' Hex A is inhibited to the same extent by 

NG as is normal control Hex A and Hex B, indicating that hydrolysis of this 

substrate occurs at an active site common to normal and mutant Hex A and normal 

Hex B, i.e., at the active site on the B subunit. Normal and proband Hex A-catalyzed 

hydrolysis of 4MUGS is inhibited only slightly in the presence of NG, thus 

establishing that the catalytic site on the mutant Hex A has characteristics associated 

with an a-subunit active site. 

4MUGS hydrolysis by control and proband Hex A is strongly inhibited in the 

presence of low concentrations of NGP, indicating that the inhibitor and the sulfated 

substrate are competing for the same active site on both enzymes, i.e., for an active 

site on the a subunit of normal and mutant Hex A. While patient 1 Hex A-catalyzed 

hydrolysis of 4MUGS is as sensitive to inhibition by NGP as is 4MUGS hydrolysis 

by normal control Hex A, the inhibition profile for patient 2 Hex A is intermediate 

between that of control Hex A and control Hex B. Thus, both the a- and .13-subunit 

active sites of patient 2 Hex A may contribute to 4MUGS hydrolysis. This fmding is 

consistent with the much lower Vmax: of this proband's Hex A. 

While Bl variants have been described by others, some of whom have 

reported a similar dramatic improvement in the ability to diagnose these patients using 
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sulfated synthetic substrates, few have attempted to characterize the mutant Hex A 

synthesized by cells of the Bl TSD patients. The few who have performed such 

analyses (KytZia et al, 1983 and Charrow et al, 1985) have found the Hex A 

synthesized by their respective patients to be essentially identical to normal control 

Hex A in apparent Km, optimum pH, and thermostability characteristics. However, 

these parameters were assessed using the unsulfated substrate, 4MUG. Since this 

substrate binds to the cataltyic site on the 6 subunit of Hex A which is unaffected by 

the mutation. it does not accurately assess the product of the mutant a gene. 

The eluclation of the mutation in one Bl TSD variant. recently presented by 

Ohno and Suzuki (1988a). may provide some insight into the possible mutation 

mechanism operating in the two Bl variants I have studied. Ohno and Suzuki 

(1988a) cloned and characterized mutant cDNA from fibroblasts of the Bl variant 

reported previously by Goldman et al (1980) and Sonderfeld et al (1985). Northern 

analysis ofmRNA preparations from the patient's cells gave a band ofnonnal size for 

the a. chain of Hex A, yet the amount was approximately half that of normal control 

message. Their findings were consistent with those of Sonderfeld et al (1985) who 

reported reduced biosynthesis of a nonnal-sized a subunit precursor polypeptide that 

was processed normally by cells of this patient. Ohno and Suzuki (1988a) have 

suggested that since there is no record of consanguinity in the parents of their Bl TSD 

patient, it is llkely that the child is a compound heterozygote for a mRNA-negative a 

gene and a Bl-type a gene. Comparison of the mutant Bl cDNA with normal cDNA 

revealed a single base substitution that produces a change of one amino acid at the 
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different folding of the protein. A mutation of this type might be expected to w"Tect 

such characteristics of the mutant protein as its thermostability, optimum pH, and 

catalytic activity, particularly if the mutation affects the protein at or near the active 

site on the a subunit. 

Ohno and Suzuki (1988a) have proposed that it is likely that other Bl TSD 

patients possess mutant a alleles that affect the same region of the protein since the 

mutant Hex As synthesiZed by cells of these patients appear to have the same unique 

substrate-specificity characteristics. While it is tempting to speculate that the mutation 

in the two Bl variants I have studied is similar to that found by Ohno and Suzuki 

(198&), this remains to be determined. Indeed, it is possible that the two probands I 

have studied possess slightly different mutations. This is suggested by the observed 

differences in thermal stability, Vmax, and inhibition of 4MUGS hydrolysis by 

NGP. It is most likely that the molecular heterogeneity that has been discovered in 

other TSD variants will also hold for the Bl variants ofTSD. 

G. Prognostic value of 4:MUGS. 

A problem that has been encountered in carrier screening is the detection of 

healthy adults, usually in their late-teens, who have very low levels of Hex A activity 

measured by the standard thermal inactivation assay with 4MUG. The significance of 

such findings is not known since 4MUG has no prognostic value in determining 

whether an individual with low Hex A activity is awaiting a neurological disorder or 

whether that individual can expect to remain symptom-free. The prognostic value of 

the sulfated substrate assay in differentiating between these individuals was 
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investigated. 

The thermal fractionation assay pro<:edure is not a discriminant of genotypes. 

Adult TSD (WG1116) and Hex A-deficient healthy adult (WG1107 and WGllll) 

variants have Hex A specific activities that are significantly lower than the normal 

controls or obligate heterozygotes tested (table 9). Such individuals ascertained 

through routine screening would probably be diagnosed as likely to develop a 

disease. While the two Hex A-deficient healthy adults included in this study have a 

partial Hex A deficiency measured by thermal ftactionation, others have been reported 

with a severe deficiency, indistinguishable from infantile TSD probands (Vidgotf et 

al, 1973; Kelly et al, 1976; Grebner et al, 1986). 

The two-substrate assay procedure that employs 4MUGS and the formula 

does distinguish between neurologica.lly affected and healthy adults. Hex A specific 

activity is very low in the adult TSD cell extract yet is in (or approaches) the 

heterozygote range in the two Hex A-deficient healthy adult cell strains. However, 

while the sulfated substrate assay procedure is able to differentiate between affected 

and unaffected adults, a clear distinction does not emerge between patients affected 

with an early-onset form ofTSD and those in whom the onset of symptoms occurs in 

adulthood. The implications of this are most serious for prenatal diagnosis. 

Hexosaminidase isozymes were fractiona.ted by ion-exchange 

chromatography from fibroblast cell extracts of a normal control, the adult-onset TSD 

patient (WG 1116) and one of the Hex A-deficient healthy adults (WG 1107). The 

appearance of an intermediate isozyme in the chromatographic profl.les obtained by 

4MUG hydrolysis in the two a-locus variants is not unexpected. Cells from both 

adult-onset TSD patients (d'Azzo et al, 1984; Frisch et al, 1984; Navon et al, 1986) 

and Hex A-deficient healthy adults (Grebner et al, 1986; Navon et al, 1986) have 

been shown to synthesize reduced amounts of a-subunit precursor polypeptide. The 
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presence of Hex I in cells of adult-onset TSD patients (Argov and Navon, 1984) and 

Hex A-deficient healthy adults {Grebner et al, 1986) has been previously reported. 

Nor is the significant peak co-chromatographing with Hex A in the 4MUGS profile 

of the Hex A-deficient healthy adult unexpected, since Hex A of these individuals is 

capable of hydrolyzi.ng GM2 ganglioside (fallman et al, 1974; O'Brien et al, 1977 

and 1978; Grebner et al, 1986). A small, though measureable, amount of Hex A 

activity against 4MUGS is detected in the adult TSD chromatographic profile. This 

contrastJ with the relative absence of a Hex A peak in the chromatographic profiles of 

infantile TSD probands (figures 16 and 18) and might provide a useful means of 

discriminating these genotypes in a prenatal diagnosis. Navon et al (1986b) reported 

on the clear differentiation between an adult-onset TSD fetus and one with infantile 

TSD based on the chromatographic profiles of fetal fibroblast Hex isozyme activity 

against 4MUG. 

In the nonnal control cell extract, chromatographic fractionation and assay 

with 4MUG yields a peak of Hex A activity that represents 70% of total recovered 

activity, a value that is in agreement with that obtained by the heat inactivation as3ay. 

Significantly higher Hex A activity is measured chromatographically by 4MUG 

hydrolysis in the adult TSD and Hex A-deficient healthy adult cell extracts. As shown 

in figure 23, the adult-onset TSD Hex A peak represents 22% of the total recovered 

Hex activity. This is about 113 that of the normal control cell extract after 

chromatographic separation of the Hex lsozymes and is consistent with the reduced a. 

subunit synthesis observed in adult-onset TSD cells. However, the 22% Hex A by 

chromatography contrasts sharply with the 8% Hex A measured by thermal 

fractionation in the adult-onset TSD cell extract. The discrepancy is accounted for by 

a species of Hex A synthesized by cells of the adult TSD patient that is more stable to 

heating than normal control Hex A (figure 24). Navon et al (1986b) also reported a 
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discrepancy between Hex A activity obtained by the heat inactivation assay and by ion

exchange chromatography of Hex isozymes obtained from a fetus with the adult

onset form of TSD. The Hex A of the fetus was indistinguishable from that of an 

infantile TSD fetus by the heat inactivation assay with 4MUG. However, by 

chromatographic ftactionation of fetal Hex isozymes and assay of the column 

fractions with 4MUG, the fetus had Hex A activity that accounted for 17% of the total 

recovered Hex activity. 

Chromatographic isolation of the Hex A-deficient healthy adult isozymes and 

assay with 4MUG yields a Hex A-associated peak that represents 34% of total 

recovered Hex activity (figure 23). This value is approximately 1J2 that obtained by 

chromatography of the normal control cell extract, which is consistent with Grebner 

et al's (1986) report that cells of this Hex A-deficient normal individual synthesize a 

reduced amount of a subunit. This is not unexpected if such individuals are, as 

suggested by O'Brien (1978), compound heterozygotes for a 'classical' TSD allele 

and another mutant allele that produces an a subunit capable of associating with B 

subunits to form Hex A with altered substrate specificity. Compound heterozygosity 

was demonstrated in one such woman classified as a Hex A-deficient healthy adult 

who gave birth to a TSD infant (Vidgotf et al, 1973). However, it is possible that the 

Hex A-deficient healthy adult phenotype could also be attributable to homozygosity 

for the milder mutant allele or, alternatively, that other factors affecting Hex A could 

explain the apparent severe deficiency of this enzyme against unsulfated synthetic 

substrates, particularly in those individuals whose Hex A deficiency is not uniform 

in cells and fluids. 

The proflle of Hex isozymes fractionated from cells of the clinically normal 

adult (WG 1107) by ion-exchange chromatography differs significantly from the 

profile obtained by Grebner et al (1986) for this same individual. They found very 
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low Hex A activity that constitutes only 13% of the total recovered Hex activity. It is 

tempting to spea.Uate that this individual might have a nonunifonn deficiency of Hex 

A, since Grebner et al (1986) isolated plasma Hex isozymes whereas I fractionated 

Hex isozymes obtained from his fibroblasts. However, Grebner et al (1986) reported 

that this individual appeared to have unifonnly low levels of Hex A activity in 

plas~n.at leukocytes, and fibroblasts. Thus, the higher % Hex A obtained by 

chromatography is difficult to reconcile with Orebner's findings. In addition, the 

34% Hex A recovered by chromatography (figure 23) is very different from the 15% 

Hex A measured in the thermal fractionation assay with 4MUG (table 9). This is also 

difficult to reooncile in light of the finding that Hex A isolated from cells of this 

individual is identical to normal oontrol Hex A in its thermolability (figure 24). 

The inexplicable fin.di.ngs obtained for the Hex A-deficient healthy adult 

described here should not detract from the prognostic value of the sulfated substrate 

in distinguishing between individuals who have an adult-onset form of TSD and 

normal individuals who can expect to remain symptom-free. These genotypes are 

clearly indistinguishable based on the thermal fractionation assay with 4MUG. 

However, the healthy adults with low Hex A activity measured by thermal 

fractionation are clearly able to hydrolyze 4MUGS. They have also been shown to 

hydrolyze the natural substrate (Kolodny and Raghavan. 1983; Grebner et al. 1986) 

and thus their cells do not accumulate GM:2 ganglioside (Orebner et al. 1986). These 

findings argue for the conversion of the automated assay procedure to use with the 

sulfated substrate for carrier screening. 

H. The TSD gene in French Canadians of Quebec. 

French Canadians of eastern Quebec represent the only other ethnic group in 

whom TSD is prevalent and in whom a high heterozygote frequency has been noted. 



0 

c 

205 

The clinical presentation ofTSD in individuals of French Canadian descent as well as 

the absence of detectable Hex A in the probands• tissues a.nd fluids are fL'Ildi!lg& 

identical to those in infantile TSD probands of Ashkenazi Jewish ancestry. Cells of 

Ash.kenazi Jewish infantile TSD patients synthesize a primary RNA transcript 

whereas the deletion mutation in infantile TSD pro bands of French Canadian ancestry 

is inconsistent with transcription (Proia and Neufeld, 1982; Myerowitz and Proia, 

1984; Paw and Neufeld, 1988). The elucidation of the intron..exon organization of the 

u-chain gene (Mycrowitz et al, 1985; Proia and Sora.via, 1987) has led to the 

identification of a number ofTSD mutations, one of which is the 5' end gene deletion 

characterized by Myerowitz and Hogikyan (1986, 1987). This deletion explains the 

absence ofmRNA in cells from patients of French Canadian descent. It is believed to 

have arisen from unequal crossover between Alu sequences. Unequal crossover 

between Alu sequences during meiosis has also been implicated in the generation of 

deletion mutations of the low density lipoprotein receptor (Lehrman et al, 1985, 

1986, 1987; Hobbs et al, 1986) and globin (Vanin et al, 1983; Henthorn et al, 1986) 

genes. 

The majority ofTSD families in Quebec are situated in communities along the 

north and south shores of the St. Lawrence River in the eastern portion of the 

province. Andennann (unpublished) has extensively studied the genealogies of five 

TSD families, four of whom originate from communities along the south shore in 

Quebec (numbers 1, 2, 4, and 5 on the map, figure 25). The fifth family is from 

northern New Brunswick (number 3, figure 25). While Dr. Andermann has found 

common surnames in the pedigrees of these families, a single ancestor common to all 

of the families has not been identified. In spite of this, the similarity of these 

communities to other geographic isolates, such as the Pennsylvania Dutch in whom 

TSD occurs (Kelly et al, 1975), is suggestive of the founder effect as an explanation 
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low Hex A activity that constitutes only 13% of the total recovered Hex activity. It is 

tempting to speculate that this individual might have a nomwiform ~fi~~ncy of!!~! 

A. since Grebner et al (1986) isolated plasma Hex isozymes whereas I fractionated 

Hex isozymes obtained from his fibroblasts. However, Grebner et al (1986) reported 

that this individual appeared to have uniformly low levels of Hex A activity in 

plasma, leukocytes, and fibroblasts. Thus. the higher % Hex A obtained by 

chromatography is difficult to reconcile with Grebner's fmdings. In addition. the 

34% Hex A recovered by chromatography (figure 23) is very different from the 15% 

Hex A measured in the thermal fractionation assay with 4MUG (table 9). This is also 

difficult to reconcile in light of the finding that Hex A isolated from cells of this 

individual is identical to normal control Hex A in its thermolability (figure 24). 

The inexplicable findings obtained for the Hex A-deficient healthy adult 

described here should not detract from the prognostic value of the sulfated substrate 

in distinguishing between individuals who have an adult·onset form of TSD and 

normal individuals who can expect to remain symptom-free. These genotypes are 

clearly indistinguishable based on the thermal fractionation assay with 4MUG. 

However, the healthy adults with low Hex A activity measured by thermal 

fractionation are clearly able to hydrolyze 4MUGS. They have also been shown to 

hydrolyze the natural substrate (Kolodny and Raghavan, 1983; Grebneret al, 1986) 

and thus their cells do not accumulate GM2 ganglioside (Grebner et al, 1986). These 

findings argue for the conversion of the automated assay procedure to use with the 

sulfated substrate for carrier screening. 

H. The TSD gene in French Canadians of Quebec. 

French Canadians of eastern Quebec represent the only ethnic group, other 

than the Ashkenazi Jewish population, in whom TSD is prevalent and in whom a 



c 

205 

high heterozygote frequency has been noted. The clinical presentation of TSD in 

individuals of French Ca.11adian descent as well as the absen~ gf d~t~t~b!~ !!~!A in 

the probands' tissues and fluids are findings identical to those in infantile TSD 

probands of Ashkenazi Jewish ancestry. Cells of Ashkenazi Jewish infantile TSD 

patients synthesize a primary RNA transcript whereas the deletion mutation in 

infantile TSD probands of French Canadian ancestry is inconsistent with transcription 

(Proia and Neufeld, 1982; Myerowitz and Proia, 1984; Paw and Neufeld. 1988). The 

elucidation of the intron-exon orsanization of the a-chain gene (Myerowitz et al, 

1985; Proia and Soravia, 1987) has led to the identification of a number of TSD 

mutations, one of which is the 5' end gene deletion characterized by Myerowitz and 

Hogikyan (1986, 1987). This deletion explains the absence of mRNA in cells from 

patients of French Canadian descent. It is believed to have arisen from unequal 

crossover between Alu sequences. Unequal crossover between Alu sequences during 

meiosis has also been implicated in the generation of deletion mutations of the low 

density lipoprotein receptor (Lehnnan et al, 1985, 1986, 1987; Hobbs et al, 1986) 

and globin (V anin et al, 1983; Henthom et al, 1986) genes. 

The majority ofTSD families in Quebec are situated in communities along the 

north and south shores of the St. Lawrence River in the eastern portion of the 

province. Andermann (unpublished) has extell5ively studied the genealogies of five 

TSD families. four of whom originate from communities along the south shore in 

Quebec (numbers l, 2. 4, and 5 on the map, figure 25). The fifth family is from 

northern New Brunswick (number 3, figure 25). While Dr. Andermann has found 

common surnames in the pedigrees of these families, a single ancestor common to all 

of the families has not been identified. In spite of this, the similarity of these 

communities to other geographic isolates, such as the Pennsylvania Dutch in whom 

TSD occurs (Kelly et al! 1975), is suggestive of the founder effect as an explanation 
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of the increased frequency of the TSD gene in this region (Andermann et al, 1977). 

Myerowitz and Hogikyan (1986) found TSD probands from two of these 

five families to be homozygous for a S' end deletion which they identified using 

several probes, one of which is the 300-bp intronic probe that I employed in my 

study. Recently, the infantile form of TSD has been found in French Canadian 

families whose ancestors originated from regions of Quebec that are geographically 

remote from the communities along the south shore in the eastern portion of the 

province. These families correspond to numbers 6, 7, and 10-13 in figure 25. 

The TSD gene in the French Canadian population of Quebec was assessed 

with respect to the homogeneity of the S' end deletion. Southern analysis of genomic 

DNA isolated from leukocytes of 63 individuals and fibroblasts of 6 infantile TSD 

pro~ (figure 26) indicates that normal homozygotes typically possess one 

fragment of 9.5-kb size, generated from digestion of the DNA with EcoRI, 

eletrophoresis of the fragments, and hybridization with the 300-bp intronic probe. A 

single band of9.5 kb is also obtained by Southern analysis of genomic DNA isolated 

from fibroblasts of an Ashkenazi Jewish infantile TSD proband (WG93 in figure 26). 

Three probands from southeastern Quebec and one from northern New Brunswick 

(WG107, WG884, WG106S, and WG733, respectively) are homozygous for a 

fragment of 23 kb, the much larger fragment generated as a consequence of the 

deletion which abolishes three EcoRI restriction sites (figure 2). Thus, the size of 

fragments generated by digestion and Southern analysis of genomic DNAs isolated 

from a normal control, an Ashkenazi Jewish TSD proband, and the two French 

Canadian TSD DNAs, WG 107 and WG733, analyzed by Myerowitz and Hogikyan 

(1986) are in complete agreement with their fmdings. 

All of the individuals from the south shore who have Hex A activities in the 

heterozygote range by serum assay, including the obligates (such as WG885 and 

WG886 in figure 26), are also heterozygous for the 5' end deletion, possessing both 
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9.5- and 23-kb fragments by Southern blotting. This is indicative of the homogeneity 

of this mutation in the south shore communities. The obligate heterozygotes (D.P. 

and R.R.) who originate ftom Quebec City are first cousins and both are 

homozygous for the 9.5 kb fragment. Their child (WG 1499), affected with infantile 

TSD, likewise has a single band of9.5 kb. Clearly a mutant allele is segregating in 

this family that is distinctly different from the mutant allele segregating in the other 

French Canadian TSD families studied. 

Genomic DNA isolated from a sixth infantile TSD proband who is a Bl 

compound heterozygote (WG 1108) was also analyzed because his mother is of 

French Canadian descent. Her family originated from St. Germ.ain, Quebec (near 

Drummondville ). Assuming the mother of this patient is a carrier of the deletion-type 

mutant allele observed in the other obligate heterozygotes, Southern analysis of the 

proband's DNA should reveal both 9.5- and 23-kb ftagments inherited from his 

father and mother, respectively. However, only a 9.3 kb fragment is observed. Thus, 

the mutant a-locus allele for which the mother is heterozygous is not of the type 

observed in ~e obligate heterozygotes who originate from southeastern Quebec. The 

results obtained in the families not possessing the 5' end deletion are surprising, 

considering the commonly held notions about inbreeding among the French Canadian 

population. The molecular defect, whether the same or different, in the families 

originating from Quebec City and St. Germain remains to be determined. Additional 

studies eliminating one of the Asbkenazi Jewish mutations in these families are 

discussed below. 

Cells ofthe Bl TSD patient synthesize Hex A. The chromatographic profile of 

the proband's fibroblast Hex isozymes (figure 18B) indicates that the CRM-positive 

mutant allele inherited from the patient's father produces an apparently normal amount 
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of a subunit that associates with B subunits. In contrast. the mutant allele inherited 

from the proband's mother either produces no a subunit or produces an a subunit 

that is incapable of complexing with B subunits. It is very difficult to determine the 

contribution of maternally- and paternally-inherited alleles to the synthesis and 

maturation of the a subunit in cells of an individual who is heterozygous for two 

different mutant a -locus alleles. Thus. as I was unable to obtain cells directly from 

the mother of the proband it was not possible to determine whether the mutant a 

-locus allele for which she is heterozygous is a CRM-negative or CRM-positive 

mutation. However, since the parents of the infantile TSD proband, WG 1499, are 

related it is likely that they are carriem of an identical a-locus mutant allele. 

Fibroblasts of the proband were found to produce B subunit of normal size which 

amK>ciates normally with other B subunits to fonn Hex B and is proteolytically 

processed to mature size in the lysosome. In contrast, neither precursor nor mature a 

subunit is detected in cells of this proband. The proband is thus homozygous for a 

CRM-negative mutation at the a-locus. Biosynthetic labelling and 

immunoprecipitation of fibroblast cell proteins of two other French Canadian TSD 

probands (corresponding to numbers 10 and 12 on the map, figure 2S), performed 

recently by Berna.rd Boulay, indicate that they are also homozygous for a mutant 

allele that fails to synthesize an a precursor polypeptide. Southern analysis has not 

yet been performed on DNA isolated from these two probands. However, it will be 

interesting to discover if the CRM-negative mutation for which they are homozygous 

is of the deletion-type characterized by Myerowitz and Hogikyan (1986). 

Southern analysis of genomic DNA obtained from fiboblasts ofWG 1108 and 
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WG1499 clearly indicates that the a-locus mutation inherited from their French 

Canadian parents differs from the 5' end gene deletion found in other French 

Canadian probands originating from southeastern Quebec and northern New 

Brunswick. McKusick (1986) has suggested that TSD in the French Canadian 

population might represent an infusion of the TSD gene from Jewish fur traders at 

the time when various settlements were being established throughout Quebec. It has 

become feasible only recently to rule out this possibility. Only now are the defects in 

these two ethnic groups being investigated at the molecular level. Two mutations 

responsible for infantile TSD in the Ashkenazi Jewish population have been 

characterized. As well, one mutation associated with infantile TSD in the French 

Canadian population has been identified. While it is not beyond possibility that the 5' 

end deletion mutation detected in French Canadians of eastern Quebec will also be 

found by genomic DNA analysis of Ashkenazi Jewish TSD probands, this has not 

yet been seen. DNAs isolated from WG1108 and WG1499 fibroblasts were amplified 

by the PCR technique (performed by E. Arpaia, Hospital for Sick Children. Toronto, 

Ontario, Canada) to determine if the mutation in these two patients is similar to the 

intron 12 splice junction mutation found in the a--chain gene of some Ashkenazi 

Jewish TSD probands (Arpaia et al. 1988; Myerowitz, 1988; Ohno and Suzuki, 

1988b ). The two fragments of 85- and 35-bp generated by Dde I digestion of PCR

amplified Ashkenazi Jewish TSD DNA were not found in similarly treated DNAs 

isolated from the two French Canadian probands who do not possess the 5' end gene 

deletion. Instead, only one fragment of 120 bp was generated from DNA amplified 

from these patients as well as from normal controls. 

Thus, the mutation in these two probands is not the 5' end deletion mutation 

found in French Canadians of southeastern Quebec nor is it the splice junction 

mutation of intron 12 found in some Ashkenazi Jewish probands. It is likely that 
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multiple mutant alleles will be identified in the Ashkenazi Jewish population that 

produce an infantile form of TSD. It is not yet known whether WG1108 and 

WG1499 possess different mutant alleles inherited from their French Canadian 

parents or even if the mutations they possess will be found to differ tram those likely 

to be discovered in the Ashkenazi Jewish population. Likewise. DNA has not yet 

been analyzed from TSD pro bands and their parents who reside in communities along 

the north shore of the SL Lawrence River. The finding of an identical mutation in all 

individuals tested would have been strongly in favor of the founder effect as an 

explanation of the high heterozygote frequency in the French Canadian population. 

However. this was not the case. It is possible that the founder effect may explain the 

incidence of TSD in the French Canadian population of southeastern Quebec, since 

these communities constitute a 'genetic isolate'. Yet it clearly does not account for all 

cases of infantile TSD in the French Canadian population. The theory of selective 

advantage is somewhat strengthened by the discovery of multiple mutant alleles that 

contribute to the same phenotype. However, just what the selective factor could be 

and how heterozygosity for the TSD allele would result in a •fitter" genotype is 

unknown. 
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V. SUMMARY. 

I have attempted to deal with some of the problems inherent in TSD 

diagnosis and carrier detection by developing a 'new• substrate that measures the 

amount and catalytic activity of Hex A with increased acaJ.raCY and reliability. The 

improvement that assay with this substrate represents over the standard thermal 

fractionation assay procedure is attributable to the specificity of 4MUGS for the a

subunit active site of Hex A. 4MUGS represents a significant improvement in the 

ability to detect TS heterozygotess particularly carriers of variant a -locus alleles, by 

both manual and automated assay procedures. The ability to identifY patients with 

variant TSD phenotypes is also greatly improved by use of the assay procedure that 

employs the sulfated substrate. Biochemical characterization of mutant Hex As 

synthesized by TSD variants leads to an appreciation of the heterogeneity that exists 

not only between different ethnic groups but even between different kindreds within 

the same ethnic group. 

A multiplicity of mutant alleles at the a.-locus produce biochemical and 

clinical heterogeneity. Thus, the TSD mutations have come to resemble the B

thalassemia.s in the wide variations in severity of disease that are produced by 

numerous mutations. Mutations that are biochemically distinct can produce clinically 

indistinguishable effects. On the other hand. there are essentially benign mutations 

that do not affect the health of the individual in any discernible manner. The 

identification of these mutations is a new and exciting area ofTSD research that has 

been made possible by the elucidation of the stn.lctUres of the normal a.- and B-chain 

genes and by the development of techniques that amplifY segments of DNA for 

Wlysis. 
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There is currently no treatment for TSD. It is possible that sometime in the 

future enzyme replacement therapy or even gene therapy might be feasible. But until 

there is a treatment for TSD efforts must be aimed at preventing the births of infants 

affected with this lethal disease as well as improving the ability to detect milder forms 

of the disease which have no significant effect on longevity. Therefore, the effect that 

a partiwlar mutation has on the amount and catalytic activity of Hex A will remain of 

prime importance for the diagnosis ofTSD and the detection of carriers. 
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Claims to originality 

To the best of my knowledge the following work is original: 

1. I performed the first synthesis of 4-methylumbelliferyl-B-D-N -acetylglucosa.mine-

6-sulfate ( 4MUGS) and demonstrated its specificity for the a subunit of Hex A. The 

following parameters of normal control Hex A and Hex B activities were assessed 

using this substrate: 

i)kinetics 

ii) pH optimum 

iii) inhibition at a- and B-subunit active sites 

iv) thermal characteristics 

2. I undertook a comparison of manual screening methods (the standard thermal 

inactivation assay procedure employing 4MUG and an assay procedure employing 

both 4MUG and 4MUGS) for serum and compared the methods by the following 

criteria: 

i) the separation of means for normal control and heterozygote groups 

ii) the dispersion of Hex A and Hex B values within each group around the 

means 

ill) the correlation of% Hex A values obtained from each of the two forms of 

bivariate analyses 

iv) the ability to distinguish heterozygotes from controls by a single 

measurement 

3. I developed an empirical equation that transforms 4MUGS assay values into 

equivalent 4MUG enzyme units in order to facilitate comparison of the two assay 
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procedures. This equation incorporates the relative rates of hydrolysis of 4MUGSI 

4MUG by isolated Hex A and Hex B (i.e. the rA and 1'B constants). The m constant 

has been utilized as a measure of the purity of 4MUGS preparations. 

4. I evaluated the usefulness of the two-substrate assay procedure for special 

problems encountered in screening: 

i) the testing of pregnant women for carrier status using semm as the 

enzyme source 

ii) the detection of carriers of variant a -locus alleles such as the Bl hetero

zygotes 

ill) the differentiation between adults with low Hex A activity who are likely 

to develop a neurological disease and those who can expect to remain 

, symptom-free 

5. I demonstrated the feasibility of adapting the automated assay procedure employed 

for mass carrier screening to use with both 4MUG and 4MUGS. This adaptation can 

be achieved with an absolute minimum of changes to the apparatus. 

6. I evaluated the usefulness of the sulfated substrate for the diagnosis of TSD 

variants, particularly with regard to the ability of the assay procedure to distinguish 

between the variants. I demonstrated that: 

i) residual Hex A activities in infantile TSD probands more closely 

approximate zero 

ii) later-onset TSD variants (such as juvenile, chronic, and adult) are more 

accurately distinguished from infantile forms ofTSD 
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7. I undertook a detailed kinetic characterization of the Bl mutation using the 

4MUGS substrate and in so doing provided evidence for heterogeneity. 

8. I demonstrated that TSD in the French Canadian population of Quebec is 

attributable to more than one mutant allele, leading to an appreciation of heterogeneity 

within populations. 
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Appendix A; Derivation of empirical formula for the calculation of Hex A units using two
substrate assays. 

TERM SUBSTRATE EN2YME DIRECT MEASUREMENT or EN2YME(S) 
SOURCE ATIRIBUTED TO 

G 4MUG mixture direct A+B 

s 4MUGS mixture direct A+B 

&A 4MUG mixture attributed A 

gA 4MUG isolated A direct A 

SA 4MUGS mixture attributed A 

s' A 4MUGS isolated A direct A 

gB 4MUG mixture attributed B 

gB 4MUG isolatedB direct B 

SB 4MUGS mixture attributed B 

s'B 4MUGS isolatedB direct B 

Each term represents a measurement of fluorometric units with one of the two substrates, 
using either an unfractionated mixture of Hex A and Hex B or one of the two enzymes 
resolved by ion-exchange chromatography. The equation applied in the text determines the 
activity of Hex A in an unfractionated mixture of the two isozymes in terms of the rate of 
hydrolysis of 4MUG by Hex A. This calculation facilitates comparison of the number of Hex 

A units determined by thennolability with the number of Hex A units determined using both 

4MUG and 4MUGS in an assay without thermal fractionation. The prime (') symbol has 

been employed to denote the rate of hydrolysis of a substrate by pure enzyme. The derivation 

of the equation depends upon the assumption that in an isozyme mixture Hex A and Hex B 
behave independently. l'lnm, isolated enzyme activity should be equivalent to activity 

attributable to the same isozyme in an unfractionated enzyme mixture. 



Q 

0 

Derivation 

(1) rA • .J.A • ratio of the rate of hydrolysis of the two substrates by pure Hex A. 
g'A 

(2) l'B • i..B- ratio of the rate of hydrolysis of the two substrates by pure Hex B. 
g'B 

(3) S • SA+ SB 

(4)G • &A+ &B 

cs> s'B-o 
l'B 

(7) SB • S- SA 

(8)G•gA+~ 

l'B 

(9) s'A • rA X g•A 

(lO)G•gA+~ 

I'B 

(11) (l'B X G) • (l'B X gA) + S- (rA X gA) 

(12) (rA X g'A)- (rB X SA) • S - (l'B X G) 

(13) gA (rA- rB)- S- (l'B x G) 

(14) SA • S - (G X m) 
rA -l'B 

by definition 

by definition 

byrearrangernentof(2) 

by substitution into (4) 

by rearrangement of(3) 

by substitution into (6) 

by rearrangement of (1) 

by substitution into (8) 

multiplying (10) by l'B 

by rearrangement of (11) 

by rearrangement of(l2) 

dividing (13) by (rA- rB) 
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Summary 

Measurement of hexosaminidase A (Hex A) is an important clinical chemical 
procedure in the classification of GM2 gangliosidosis genotypes. We have synthe
sized a new substrate which may be useful in both the biochemical diagnosis of GM 2 

gangliosidosis and the detection of heterozygotes for the Tay-Sachs disease (TSD) 
allele. 

4-Methylumbelliferyl-P..o-N-acetylglucosamine-6-sulfate (4MUGS) was synthe
sized by sulfation of 4MU-P-o-N-acetylglucosamine (4MUG) with chlorosulfonic 
acid and purified through gel filtration and ion-exchange chromatography. The 
structure of 4MUGS was verified by elemental analysis and NMR. 

Hex A is approximately 100 times more active toward 4MUGS than Hex B. The 
advantage of this increased specificity is that Hex A can be determined in a one-step 
procedure which allows separation of normal control serum values from those of 
obligate heterozygotes. 

Alternatively, assay values obtained using both substrates can be transformed by 
application of an empirical equation that allows the calculation of both Hex A and 
Hex B without the requirement of thermal fractionation. Lower values for % Hex A 
in serum have been obtained for Tay-Sachs homozygotes using the 4MUGS assay 
procedure. 

The results of Hex A assays on fibroblast cell strains obtained from Tay-Sachs 

This is publication number 84032 of the McGill University-Montreal Children's Hospital Research 
Institute, Montreal, Quebec, Canada. 

0009-8981/84/$03.00 © 1984 Elsevier Science Publishers B. V. 
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homozygotes, variant forms of GM 2 gangliosidosis and normal controls are also 
discussed. 

Introduction 

The GM 2 gangliosidoses are a group of neurodegenerative diseases characterized 
by autosomal recessive inheritance. Gangliosides are acidic glycolipids containing 
N-acetylneuraminic acid. The enzyme which catalyzes the hydrolysis of GM 2 gang
lioside is hexosarninidase A which cleaves the N-acetylgalactosaminyl linkage to 
yield GM3 ganglioside. It is this pathway that is blocked in the GM 2 gangliosidoses 
resulting in accumulation of GM 2 ganglioside primarily in nerve tissue. 

There are two major hexosarninidase isozymes: hexosaminidase B (Hex B), a 
homopolymer of 4 /3 subunits and the more anionic form, hexosaminidase A (Hex 
A), with a subunit structure of a/32 • A third isozyme, hexosaminidase I (Hex I), is the 
major form of heat-stable hexosaminidase activity in serum with an isoelectric point 
intermediate between H~x A and Hex B [1.]. 

Present methods of Hex A determination rely primarily on the use of the 
fluorogenic substrate 4-methylumbelliferyl-/3-o-N-acetylglucosamine ( 4MUG) or the 
less sensitive colorimetric substrate para-nitrophenyl-/3-o-N-acetylglucosamine 
(PNP-/3-glcN ac ). 

There are, h<,>wever, disadvantages associated with 4MUG as a substrate for the 
determination of Hex A. Since 4MUG is cleaved by both Hex A and Hex B, the two 
isozymes must be distinguished by their differential thermolabilities. Hex A is 
inactivated at 50°C, whereas Hex B is stable at this temperature [2]. 

Sulfation of PNP-/3-glcNac [3,4] produces a substrate specific for Hex A, thus 
offering the potential for an assay method for Hex A which does not rely on 
differential heat lability. Recent evidence [5] suggests that assays of Hex A with this 
substrate may improve the classification of GM 2 gangliosidosis genotypes. However, 
fluorescent substrates will continue to be more useful in clinical chemistry because of 
their greater sensitivity. 

In this paper we report on the synthesis of 4-methylumbelliferyl-/3-o-N
acetylglucosarnine-6-sulfate (4MUGS), a substrate specific for Hex A. 4MUGS can 
be prepared in high yield by sulfation of 4MUG with chlorosulfonic acid [6] and 
purified as a sodium salt using three chromatographic steps. 

We have compared the results of assays using sera obtained from obligate 
Tay-Sachs (TS) heterozygotes, infantile TS homozygotes and normal controls by 
thermal fractionation with 4MUG and by the 4MUGS substrate. Both procedures 
give identical classification of all individuals tested. There is a slight statistical 
improvement in classification using the sulfated substrate assay. 

Fibroblast cell extracts obtained from individuals diagnosed with several of the 
variant forms of GM 2 gangliosidosis were assayed for Hex A. The classification of 
the infantile and juvenile TS forms is identical with both synthetic substrates. 
However, quite different results for the chronic GM 2 gangliosidosis and Sandhoff 
homozygote cell strains were obtained when assayed with 4MUGS. The potential of 
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the sulfated substrate for the classification of the variant forms of GM 2 gangliosido
sis is discussed. 

Materials and methods 

Preparation of 4-methylumbe/liferyl-{3-D-N-acety/g/ucosamine-6-sulfate 

· Reagents 4MUG was purchased from Koch-Light (Edmonton, Alberta, Canada). 
Traces of free 4MU were removed by stirring 1 g of 4MUG overnight in 450 ml of 
acetone at 4°C, followed by filtration and storage in a vacuum dessicator. Pyridine 
(technical grade) was distilled and stored over KOH pellets. Dichloromethane was 
purchased from Eastman (Rochester, NY, USA) and dried over Davison molecular 
sieves, 4 A pore size, purchased from Fisher (Montreal, Quebec, Canada). 4-Dimeth
ylaminopyridine was purchased from Sigma (St. Louis, MO, USA). Chlorosulfonic 
acid was purchased from Fisher. Diethylaminoethyl (DEAE) cellulose, purchased 
from Bio-Rad (Richmond, CA, USA) was washed with 11iter 1 N HCI followed by 
distilled water. It was then washed with J..Iiter 0.5 N NaOH and washed again with 
distilled water to neutrality. This was followed by equilibration in 10 mM 
NaH2 POcNaOH, pH 6.0. The cation exchange resin, AG50W-X12, 200-400 mesh, 
hydrogen form, was purchased from Bio-Rad. It was washed with 0.5 1 1 N NaOH 
and then with distilled water to neutrality. Sephadex G-25 was obtained from 
Pharmacia (Uppsala, Sweden). 

Synthesis One gram (2.67 mmol) of washed 4MUG was dissolved in 35 ml 
distilled pyridine. Fifty milligrams of 4-dimethylaminopyridine were added. The 
mixture was stirred in a sealed vial for 30 min at 0°C, 266.5 p.l (4.01 mmol) 
chlorosulfonic acid were added to 3.5 ml dry dichloromethane. The chlorosulfonic 
acid solution was injected dropwise by syringe into the reaction mixture, which was 
allowed to stir at 0 ° C for 3-4 h and then at 25 ° C for 2 h. The reaction mixture was 
chilled and 10 ml cold distilled water were added. 

Purification The reaction mixture was taken to dryness in a vacuum at 25 ° C. 
Residual pyridine was removed by taking the residue up in distilled water and 
lyophilizing. This was repeated twice. The sulfated material was separated from 
unreacted starting material by ion exchange chromatography on DEAE cellulose. 
The redissolved residue was applied to a DEAE cellulose column (10.2 x 2.5 cm) 
equilibrated in 10 mM NaH2POcNaOH, pH 6.0. The column was washed with 
distilled water and the eluate was monitored for absorption at 320 nm (A 320 ). After 
the ultraviolet absorption of the eluate decreased to zero, the column was washed 
with 0.15 M ammonium acetate. Column fractions eluting with the salt solution with 
high A320 were pooled and lyophilized, leaving a wet salt residue. The ammonium 
salt of 4MUGS was dissolved in distilled water and NH! exchanged for Na + by 
application of the redissolved residue to a column of AG50W-X12 (7.9 X 1.8 cm). 
Fractions with high A 320 in the distilled water eluate were pooled and lyophilized. 
Inorganic salts were removed from the redissolved residue by gel filtration on a 
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Sephadex G-25 column (61.2 X 2.5 cm) swollen in and eluted with distilled water. 
Fractions with high A 320 were pool-.:d, lyophilized and stored in a vacuum dessicator 
at 4°C. 

Analysis of4MUGS Sulfur analysis was performed by Dr. R.N. Pandey, Guelph 
Chemical Laboratories, Ltd. (Guelph, Ontario, Canada). Nuclear magnetic reso
nance (NMR) was performed in 0 20 jpyridine at 200 and 400 mHz. UV spectra of 
4MUG and 4MUGS were determined using 0.25 mM solutions of both 4MUG and 
4MUGS in 0.1 M sodium citrate-sodium phosphate, pH 4.4. 

Measurement of hexosaminidases Hexosaminidase activity was determined fluo
rometrically according to the method of Leaback and Walker [7]. Reaction mixtures 
contained sodium citrate-sodium phosphate buffer, 0.05 M, pH 4.4, human serum 
albumin (HSA), 2.5 mg/ml (Connaught Labs., Toronto, Ontario, Canada), 4MUG, 
0.5 mM and enzyme in a volume of 200 ,ut. Enzyme was omitted in blank tubes. 
Reaction mixtures were incubated for 30 min at 37 °C and terminated with 5 ml of 
0.2 M 2-amino-2-methyl-1-propanol (AMP), pH 10.2. Fluorometric units were 
recorded on a Turner fluorometer using 4-methylumbelliferone (4MU) standards 
which were purchased from Koch-Light. One unit of enzyme activity is that amount 
of enzyme which hydrolyzes 1 nmol 4MUGjmin at 37 °C. Thermolability studies 
were performed by heating enzyme preparations for 2 hat 50°C for fibroblasts (30 
min at 52°C for sera) in a volume of 100 ,ul containing 0.1 M sodium citrate-sodium 
phosphate buffer, pH 4.4 and HSA 5 mgjml. 

For Hex A determinations with the 4MUGS substrate, reaction mixtures con
tained sodium citrate buffer, 0.04 M, pH 4.2, HSA 2.5 mgjml, 4MUGS, 0.5 mM 
and enzyme in a volume of 200 ,ul. The substrate concentration used resulted in a 
maximum ratio of Hex A/Hex B activities. Reactions were incubated at 37 ° C for 
30 min and were terminated with 5 ml of 0.2 M AMP, pH 10.2. 

For purposes of classification of genotypes it is desirable to obtain estimates of 
both Hex A and Hex B from assay values. When thermal fractionation is used the 
percentage of Hex A and Hex B can be directly determined from assay values since 
the turnover numbers for 4MUG hydrolysis for the two isozymes are equal [8]. Since 
the V max for the hydrolysis of the 4MUGS substrate is very different for the two 
isozymes, we have developed an empirical formula which allows the transformation 
of assay values obtained using mixtures of the two enzymes with each of the two 
substrates. The formula incorporates relative rates of hydrolysis of the two substrates 
by each of the two partially purified enzymes and allows the calculation of Hex A 
and Hex B enzyme units in terms of nanomoles of 4MUG hydrolyzed. The purpose 
of this transformation is to facilitate comparison with the quantity of '% Hex A' 
obtained by thermal fractionation. The conversion of fluorometric measurements 
obtained with 4MUGS to enzyme units based on 4MUG hydrolysis is achieved by 
employing the following formula: 



c 

c 

77 

For the definition of terms and derivation of the formula, refer to the Appendix, 
pages 86-88. 

Separation of Hex A and Hex B Resolution of the ,8-hexosaminidases by ion 
exchange chromatography was performed according to the procedure of Nakagawa 
et al [9]. 

Fibroblasts Human fibroblasts were grown from skin biopsies in roller bottles 
(480 cnr) using Eagle's MEM plus 10% FCS. Confluent cultures were harvested by 
trypsinization. Cell pellets were washed three times with normal saline and stored at 
- 20 ° C. Cells were disrupted by three cycles of freezing and thawing and the 
supematants were obtained by centrifuging at 10000 x g for 10 min at 4°C. Cell 
strains WG103, WG93 (obtained from patients of Ashkenazic Jewish ancestry), 
WG107 and WG884 (from French-Canadian patients) were classified as having the 
classical infantile form of Tay-Sachs disease (TSD). In these cases GM 2 ganglio
sidosis was conflrmed by thin layer chromatography of brain gangliosides. Cell 
strain WG534 was obtained from a patient with Sandhoffs disease, also confirmed 
by thin layer chromatography of brain lipids. WG312 came from an individual with 
juvenile TSD. Diagnosis was made on the basis of clinical criteria, reduced Hex A 
activity in skin fibroblasts and age of onset. The patient corresponds to IV-6 in 
pedigree N reported by Andermann et al [10]. Cell strain WG928 was obtained from 
an individual with chronic GM2 gangliosidosis exhibiting dystonic features, as 
reported by Meek et al [11 ]. These patients, initially diagnosed at the Montreal 
Neurological Institute, were biopsied at our facility. 

Serum Serum was prepared from clotted whole blood by centrifugation at 
25 ° C. Sera was obtained from children With infantile TS disease, obligate TS 
heterozygotes (i.e. parents of children with infantile TS disease) and normal controls. 

Protein was determined by the method of Lowry et al [12] using crystalline bovine 
sentm albumin, purchased from Sigma, as the standard. 

Results 

Synthesis of 4-methy/umbelliferyl-,8-D-N-acety/g/ucosamine-6-sulfate 
Ion exchange chromatography on DEAE cellulose resolves the negatively-charged 

product, 4MUGS, from unreacted 4MUG. The starting material, which is un
charged, was eluted with distilled water. 4MUGS, which eluted with 0.15 M 
ammonium acetate, represented 83% of the UV-absorbing material applied to the 
column. 

The UV absorption spectra of 4MUG and the sodium salt of the 4MUGS 
preparation obtained after gel filtration on Sephadex G-25 were nearly identical, 
with the absorption maximum for both compounds occurring at 320 nm. The 
identity of the two maxima indicates that the umbelliferone ring was not modified 
by the sulfation reaction. 4MUGS had a slightly greater optical density at the 
absorption minimum (A= 254 nm). Since this wavelength corresponds to the Amax of 
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pyridine a second cycle of gel filtration was undertaken to separate possible 
contaminating pyridinium salts. No change in the absorption spectrum of the 
product occurred following rechromatography on Sephadex G-25. 

The yield of lyophilized material following purification on Sephadex G-25 was 
76% of expected by weight and 77% by recovery of A 320 units. 

NMR spectra of 4MUG and 4MUGS, dissolved in 0 20/pyridine, are shown in 
Figs. lA and B. Comparing the original glycoside and the sulfated product, the only 
significant change is in the position of the two 6-hydrogens which are displaced 
downfield, as expected on 0-sulfation at the 6-position. Not only are the positions of 
the two 6-hydrogens characteristic, but their splitting patterns are characteristic 
indicating sulfation at position 6. The pattern of hydrogens 3 and 4 in the 4MUG 
and 4MUGS spectra indicates there is no substitution at these positions, thus 
disulfation has not occurred. All the protons are accounted fo_r in the 4MUGS 
spectrum, indicating the presence of only one compound, and, therefore, the absence 
of starting material. 

The theoretical percent sulfur was calculated to be 10.97 for a disulfated product 
and 6.65% for a monosulfated compound. The value foun·: ·-~, elemen:~! analysis, 
6.41 %, is thus more consistent with a monosulfated product. 

A. 

B. 

• 

Oil 
ID 

Fig. 1. NMR spectra of 4MUG (A) and 4MUGS (B). Compounds were dissolved in D20jpyridine and 
NMR spectra performed at 200 mHz. Arrow 1 indicates downfield displacement of C6 hydrogen atoms in 
4MUGS. Arrow 2 indicates the identity of C3 and C4 hydrogen atoms in both 4MUG and 4MUGS. 
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Activity of Hex A and Hex B toward 4-methylumbe//iferyi-/1-D-N-acetylglucosamine-6-
su/fate 

Hex A and Hex B from fibroblasts and Hex A, Hex B and Hex I from normal 
human serum were separated by ion exchange chromatography on DEAE cellulose 
(Fig. 2). The human liver isozymes were enriched 1100-fold according to a previously 
published procedure [13] before resolution by ion exchange chromatography. Col
umn fractions were assayed for hexosaminid~se activity with both 4MUG and 
4MUGS substrates. All three serum enzymes have activity toward 4MUG while Hex 
B and Hex I have barely detectable activity toward 4MUGS. Comparable results are 
obtained upon fractionation of normal liver and fibroblast hexosaminidases except 
that the intermediate species, Hex I, is absent in these tissues. 

Enzyme-containing fractions were dialyzed against column buffer and con
centrated by aquacide II (Calbiochem-Behring, LaJoUa, CA, USA). The relative 
rates of hydrolysis of 4MUGS/4MUG by Hex A and Hex B separated from normal 
liver, fibroblast and serum (and Hex I obtained from serum only) were as follows: 
for Hex A, 0.10 (liver), 0.066 (fibroblast) and 0.10 (serum); for Hex B, 0.0034 (liver), 
0.0015 (fibroblast) and 0.0014 (serum); for Hex I, 0.012 (serum). The empirical 
formula (stated in 'Materials and Methods') incorporates these relative rates of 
hydrolysis for the determination of Hex A specific activity and % Hex A using the 
sulfated synthetic substrate. 

pH-activity curves of Hex A and Hex B for 4MUGS are shown in Fig. 3. The pH 
optima of Hex A and Hex B, respectively, 3.9 and 3.2, are lower than the pH optima 
for the 4MUG substrate which is 4.4 for both isozymes (data not shown). For 
maximum selectivity of Hex A determination using the 4MUGS substrate, a buffer 
at pH 4.2 was used. 

Lineweaver-Burke plots for normal liver and fibroblast Hex A and Hex B •. 
determine1 with 4MUGS, are shown in Fig. 4. Liver Hex A (Fig. 4, top) has a Km 
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Fig. 2. DEAE cellulose chromatography of serum hexosaminidases. 1.3 ml control serum were dialyzed 
against 300 ml column buffer and hexosaminidases resolved by ion-exchange chromatography according 
to the procedure of Nakagawa et al. Fractions were assayed with 4MUG (0--0) and 4MUGS 
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of 0.94 mM and a Vmax of 0.31 nmoljmin per Unit of enzyme, while liver Hex B has 
a Km of 5.6 mM and a Vmax of 0.03 nmoljmin per Unit of enzyme. The Km of 
normal fibroblast Hex A (Fig. 4, bottom) is 0.65 mM with a Vmax of 0.40 nmoljmin 
per Unit of enzyme. Fibroblast Hex B has a Km of 5.9 mM while its V max is 0.004 
nmoljmin per unit of enzyme. The Vmax for liver Hex A is 10-fold greater than the 
V max for liver Hex B, whereas a 100..fold difference is observed for the V max of the 
fibroblast isozymes. A possible explanation is the presence of a sulfatase in the 
partially purified liver Hex B preparation. A sulfatase which acts on 4MUGS could 
convert this substrate to 4MUG, which is easily hydrolyzed by Hex B. 

Phosphate is a powerful inhibitor of most sulfatases. The presence of phosphate 
in reaction mixtures containing a Hex B preparation and 4MUGS should inhibit the 
release of 4MU if the hydrolysis of the glycoside linkage is dependent on the action 
of a sulfatase. In the presence of sodium citrate-sodium phosphate buffer (100 mM 
NaH2 P04 ) the release of 4MU was inhibited 20% compared to the reaction mixture 
containing no phosphate ion when a partially purified liver Hex B preparation was 
used. When either fibroblast Hex B or an unfractionated extract of a homozygous 
Tay-Sachs cell strain was used phosphate inhibition of 4MU release from 4MUGS 
was not observed. Thus, in the liver Hex B preparation some sulfatase activity 
contributes to the hydrolysis of the glycoside linkage of 4MUGS although the 
phosphate inhibitable component does not appear to be large enough to account for 
the higher V max determined for liver Hex B compared to the fibroblast Hex B 
preparation. 

A. 
10 

0 

(4MUGS]mM·' 

Fig. 3. pH optima of hexosaminidase-catalyzed hydrolysis of 4MUGS. Liver (A) and fibroblast (8) Hex A 
(0--0) and Hex B (e--e) were assayed in sodium citrate buffer at the indicated pH's. One 
unit of enzyme activity is that amount of enzyme which hydrolyzes 1 nmol of 4MUG/min. 

Fig. 4. Lineweaver-Bucke plots of liver (top) and fibroblast (bottom) Hex A and Hex B. 0--0. 
Hex A; e--e, Hex B. 
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Hydrolysis of4MUGS by fibroblast extracts 
The results of fibroblast Hex A assays using both synthetic substrl' t.:s are shown 

in Table I. The range for % Hex A in the normal controls ( n = 7) wa:, 56-79% when 
4MUG was used and 46-73% with 4MUGS. For the homozygous infantile 
Tay-Sachs cell strains (n = 4), the range for% Hex A was < 1-5% with 4MUG and 
< 1-2% with 4MUGS. Percent Hex A values for the juvenile Tay-Sachs cell strain 
were comparable by both procedures - 19% Hex A was found by thermolability; 
20% Hex A by the 4MUGS assay. Quite striking differences, however, were observed 
in the% Hex A determined by the two procedures for the chronic GM2 gangliosido
sis and Sandhoff cell strains. 

Determination of Hex A in human serum 
Serum hexosaminidase assays using both 4MUGS and thermal fractionation of 

activity toward 4MUG were undertaken in order to compare the usefulness of the 
two procedures for classification of Tay-Sachs carriers. The reliability of the two 
procedures was assessed by comparing the coefficients of variation (sojmean) for 

TABLE I 

Determination of Hex A activity in human fibroblast cell extracts 

Fibroblast Hex A by thermolability Hex A by applicatior. of formula 
cell . using4MUG using4MUGS 
strain 'I Hex A Spec. act. a %Hex A Spec. act. • 

Normal Controls 
I 76 10300 50 6.680 
2 58 3,900 46 3,080 
3 70 9,280 63 8,290 
4 56 3,660 67 4,360 
5 69 3,340 73 3,530 
6 61 3.260 63 3,380 
7 79 6,940 56 4,920 

Infantile TSD 
WG103 <1 <32 1.4 45 
WGI07 5 120 1.4 33 
WG884 <1 <82 <1 87 
WG93 4 140 2 69 

Juvenile TSD 
WG312 19 768 20 803 

ChronicGM 2 
gangliosidosis 
WG928 11 422 3 108 

Sandhoff 
WGS34 89 242 995 b 

• Spec. act. is expressed in nmol substrate hydrolyzed/mg protein per h and represents the mean of four 
determination&. 

" Application of the formula may not be valid, possibly due to the presence of another enzyme in 
Sandhoff cells. 
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eight determinations performed on single serum samples obtained from a normal 
control and an obligate heterozygote. The coefficients of variation for the control 
were 0.010 for total hexosaminidase (4MUG), 0.020 for heat labile hexosaminidase 
(4MUG) and 0.0084 for hexosaminidase activity against 4MUGS. For the hetero· 
zygote the coefficients of variation were 0.0073 for total Hex, 0.032 for heat labile 
Hex and 0.012 for 4MUGS Hex activity. Thus, the reliability of Hex A measure· 
ments was improved approximately 3-fold by use of 4MUGS for the measurement 
of Hex A. 

Figure 5 presents the results of Hex A and Hex B determinations using sera 
obtained from 37 normal controls, 19 obligate Tay-Sachs heterozygotes and 5 
infantile Tay-Sachs homozygotes. Each point represents the mean of four de
terminations on a single serum sample. The values plotted on the ordinates of Figs. 
5A and B represent the sum of Hex B and Hex I. However, since these isozymes 
behave identically in the thermal fractionation procedure and since both species 
have identical ratios of activity toward the two substrates, the ordinates have been 
labelled 'Hex B' for convenience. 

Figure 5A shows the values of Hex A and Hex B, obtained from measurements of 
heat labile and heat stable hexosarninidases, plotted as a two-discriminant test. In 
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Fig. 5. Determination of Hex A in human serum. Hex A was determined by thermolability using 4MUG 
(A) and by application of the equation using 4MUGS (B). (A) Thermal fractionation with 4MUG: Hex 
A, mean±so for controls 5.38±0.91, for heterozygotes 3.29±0.59. Hex B, mean±sD 2.61±0.77 for 
controls, 4.11 ± 1.19 for heterozygotes. (B) 4MUGS procedure: Hex A, mean± SD 5.66 ± 0.82 for controls. 
3.12 ± 0.54 for heterozygotes. Hex B. mean± SD 2.32 ± 0.98 for controls, 4.33 ± 1.27 for heterozygotes. 
•- normal controls, 0 - obligate Tay-Sachs heterozygotes, • "" infantile Tay-Sachs homozygotes, 
A - mean values for carrier and normal control groups. 
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Fig. 58, Hex A and Hex 8 values were obtained by measurement of total Hex 
activity with 4MUG and transformation of 4MUGS assay results using the equation 
derived in the Appendix. Using this transformation. the values for Hex A and Hex 8 
can be plotted as a two-discriminant test, comparable to that of Fig. SA. 

While the two graphs look essentially similar, closer inspection of the distribution 
of data points indicates that greater separation of 91eans for each group as well as 
smaller so values are obtained with 4MUGS (Fig. 58} than when heat-labile 
hexosaminidase activity is measured with 4MUG (Fig. SA). 

The classification of genotypes based on two discriminants has been shown to 
allow greater resolution of test values for the two groups than can be obtained with a 
single test [14]. However, we have provided a comparison of serum Hex A values for 
the three genotypes plotted as a single discriminant and without reference to total 
Hex activity. The data, plotted in Fig. 6, indicate that the· range of Hex A values 
(measured as 4MUGS-cleaving activity) for control sera does not overlap with the 
range of heterozygote values, whereas considerable overlap is observed between the 
control and heterozygote groups when serum Hex A activity is based on thermal 
fractionation. 

In Fig. 7, % Hex A values determined by both procedures are plotted for each 
subject. The values of % Hex A plotted on the ordinate were obtained by measuring 
total activity against both 4MUG and 4MUGS and transforming these values by the 
equation. The % Hex A values plotted on the abscissa were obtained by measure
ment of heat labile Hex activity with 4MUG. The graph indicates a high degree of 
correlation (r = 0.78) between the two sets of values. The control group had a range 

- - 8 'E • 'E ..... 
c:: • ..... 
"§ c: 7 I • .E ..... f ' <ll ..... 
..91 <ll ... 6 • 0 

t 
0 

I 
E E .::. c:: 
en 0.5 

<:.:l <:.:l 
:::l :::l 0 

::e ::e 0 ..,. 0.4 

! 
..,. 4 - 0 

-;;; - • 

' 
"' c: c:: 

<0 0.3 "<i'j 3 
Cl 0> 

< < £ 
if!' 0 if!' 
:i: 

0.2 ~ 2 

t) ti 
! < < 

0 1 < < t ~ .t.. )( 
Q) 

:X: 0 :X: 0 
L---1 L---1 L---1 L---1 L---1 L---1 
Normal Obligate ITS Normal Obligate ITS 
controls Hetero· Homo· controls Hetero· Homo-

zygotes zygotes zygotes zygotes 

Fig. 6. Activity of sera toward 4MUOS (left) compared to heat labile activity toward 4MUO (right). 
Hexosaminidase A measurement using 4MUOS: mean±SD 0.57±0.08 for controls, 0.31±0.05 for 
heterozygotes. •- normal controls, 0 .. obligate Tay-Sachs heterozygotes, • - infantile Tay-Sachs 
homozygotes, 1::. • mean values for carrier and normal control groups. 
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of 61-81% Hex A measured as heat-labile hexosaminidase. The range for hetero
zygotes measured by thermal fractionation was 34-54% Hex A. Using the 4MUGS 
procedure. the range for the controls was 60-88% Hex A and for heterozygotes 
35-55% Hex A. 

Discussion 

The usefulness of an enzyme assay for carrier screening and diagnosis of affected 
homozygotes depends upon the ability of the procedure to yield values which divide 
the population at risk into distinct clusters. 

The synthetic substrate for Hex A assay employed by most laboratories, 4MUG, 
depends upon the differential thermolabilities of the isozymes. While satisfactory for 
most diagnostic purposes, the requirement for thermal fractionation introduces a 
tedious procedure as we!l as associated inaccuracies due to variability in the amount 
of Hex A remaining or the amount of Hex B.inactivated. 

A procedure is required which detects enzyme activity unique to the Hex A 
isozyme. Other procedures currently in use employ the radiolabelled physiological 
substrate, GM2 ganglioside. This has been used for diagnostic purposes with intact 
fibroblasts [15] and with extracts of fibroblasts in the presence of a Hex A activator 
protein prepared from human tissues [16]. While the use of the natural substrate 
yields more precise diagnostic information, the difficulties inherent in isolating and 
labelling the substrate make it unlikely that it would come into routine laboratory 
use. 

The two procedures used in this study for determination of Hex A were: (i) 
thermal fractionation of hexosaminidase activity toward 4MUG and (ii) a new assay 
procedure based on the differential activities of Hex A and Hex B toward 4MUGS. 

Although a detailed kinetic analysis of the interaction of 4MUGS with the 
hexosaminidase isozymes has yet to be undertaken, the analysis depicted in Fig. 4 

100 

20 ~f) 60 80 100 
% HexA by 4MUG 

Fig. 7. Correlation of '.I) Hex A determined with 4MUOS and by thermal fractionation with 4MUG. 
Percent Hex A mean by therrnolability 68% for controls and 45% for heterozygotes. Percent Hex A mean 
by the 4MUOS procedure 72'.1', for controls, 42% for heterozygote&. • = normal controls, 0 = obligate 
Tay-Sachs heterozygotes, .a. = infantile Tay-Sachs homozygotes, A • means for carrier and normal 
control groups. The line represents the expected agreement between pairs of assay values. Correlation 
coefficient • 0.78. 
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strongly suggests that an active site located on the a subunit of Hex A has a much 
greater affinity for the sulfated substrate than does the active site located on the P 
subunit common to both isozymes. Kresse et al [17] and Fuchs et al [5] have reported 
that PNP-/J-glcNac-6-S04 behaves as a substrate specific for Hex A. The a subunit 
also possesses a site for GM2 ganglioside and is the subunit encoded by the locus at 
which the TSD mutation occurs. Li et a1 [18] have shown that one of the forms of the 
so-called AB variant of TSD possesses normal levels of Hex. A and Hex B when 
measured with PNP-/3-glcNac, but is completely deficient in activity toward the 6-0 
sulfated derivative of this substrate. 

The results of both assay procedures, using extracts of infantile Tay-Sachs 
fibroblast cell strains (Table I), indicate that detectable activity is present in the cells 
of three of the four patients studied. Infantile TSD in the Ashkenazic Jewish and 
French-Canadian populations is associated with a mutation that results in complete 
absence of the a subunit of Hex A ([19] and E. Neufeld, pers. eommun.). It should, 
in theory, be possible to obtain zero activity for I-Jex A measurements using fluids 
and tissues obtained from affected individuals from these populations by using the 
constant r8 to determine the portion of 4MUGS activity attributable to Hex B. 

Although the source of the observed residual Hex A activity in homozygous TSD 
fibroblasts was not determined, two possibilities may account for it. The activity of 
Hex B toward the sulfated substrate is much lower than Hex B activity toward 
4MUG. Consequently, greater amounts of this enzyme are required to obtain 
accurate measurements of 4MUGS hydrolysis. This may introduce inaccuracies into 
the calculation of r 8 • 

Alternatively, the apparent Hex A activity observed in TSD fibroblasts against 
4MUGS may be due to the action of a sulfatase. If present, a sulfatase would 
hydrolyze the 6-0 sulfate linkage of 4MUGS to yield 4MUG which can be rapidly 
hydrolyzed by Hex B. Although phosphate, a potent inhibitor of most sulfatases, did 
not inhibit the hydrolysis of 4MUGS to 4MU using extracts of TSD cells, it is 
impossible to rule out completely that the low levels of 4MUGS hydrolysis in TSD 
cell extracts are due to the action of a sulfatase not inhibited by phosphate. 

The juvenile TSD cell strain (WG312) shows moderately reduced Hex A activity 
by both assays. The % Hex A determined for this patient is comparable to results 
published in the initial report describing this variant [10). The agreement between 
Hex A values obtained by both assay procedures, together with the fact that the 
child is the offspring of consanguinous parents, indicates that this patient is most 
likely a homozygote. It should be noted, however, that the juvenile TSD phenotype 
has been associated with residual Hex A values ranging from 0-35% and that in 
some families evidence supports the hypothesis that the patients are compound 
heterozygotes [20). 

The chronic GM2 gangliosidosis cell strain (WG928) was obtained from a patient 
with dystonic features whose clinical and biochemical phenotype have been reported 
elsewhere [11 ]. The striking differences between heat labile hexosaminidase and 
4MUGS activity suggest that this genotype may represent a genetic compound of 
one null allele and another allele with severely reduced, but not completely deficient, 
activity of the a subunit active site. 
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Sandhoff disease involves a mutation at the gene locus encoding the P subunit 
that is common to both Hex A and Hex B. The finding of severely reduced total 
hexosaminidase in the Sandhoff cell strain (Hex S; 3.2% of the mean of seven 
normal controls) together with the observation that 89% of the hexosaminidase 
activity is thermolabile is not unexpected. What is surprising, however. is that 
specific activity measured by the 4MUGS procedure is 4-fold greater than specific 
activity determined by thermal fractionation. It has been noted that Hex S, an 
isozyme more thermolabile and more anodal than Hex A, accumulates in cells which 
are homozygous for the Sandhoff mutation [21,22]. If this isozyme is composed 
entirely of a subunits [23] then Hex S may· be the source of this elevated rate of 
4MUGS hydrolysis. 

Serum was analyzed using both assay procedures for the discrimination of 
Tay-Sachs homozygotes, heterozygotes and normal controls. While both methods are 
satisfactory for classifying genotypes using a two-discriminant plot (Figs. SA and 
58), the 4MUGS procedure does offer a slight improvement in classification as 
shown by the greater difference in the means for enzyme activity and the smaller 
standard deviations. 

In the single-discriminant plot (Fig. 6), however, the control and heterozygote 
ranges of assay values for 4MUGS hydrolysis do not overlap whereas there is 
considerable overlap in the values for heat-labile hexosaminidase. In theory, there
fore, a one-step assay procedure could be used for the detection of Tay-Sachs 
heterozygotes by measurement of hydrolysis of 4MUGS. We do not suggest, 
however, that the superior resolution offered by the use of two discriminants be 
abandoned in favor of the increased speed of the one-step 4MUGS procedure. 

Among the five infantile TSD homozygotes (two Jewish, two French-Canadian 
and one Italian) whose serum Hex A was determined, the range for % Hex A 
(9-11%) by thermolability was much higher than the range (0-2%) measured with 
4MUGS. The measurement of thermolabile hexosaminidase in fluids obtained from 
TSD homozygotes frequently gives values as high as 15% Hex A [24]. This artefact is 
presumably due to loss of variable amounts of the Hex B during the thermal 
fractionation procedure. 

The inaccuracies associated with the thermal fractionation procedure make it 
difficult to reliably differentiate infantile, juvenile and chronic cases of GM 2 

gangliosidosis, or to differentiate any of these phenotypes from the Hex A deficient 
healthy adult [25] based upon differences in residual Hex A activity. We suggest that 
the 4MUGS assay procedure, used in conjunction with the thermal fractionation 
procedure, may have the benefit of biochemically differentiating some of the 
clinically diverse cases of GM 2 gangliosidosis which are associated with deficient or 
defective Hex A. 

Appendix 

Derivation of empirical formula for calculation of Hex A units using two 
substrate assays 
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Term Substrate Enzyme Direct measurement or Enzyme(s) 
source attributed to 

G 4MUG mixture direct A+B 
s 4MUGS mixture direct A+B 
g,.,. 4MUG mixture attributed A 
g;.. 4MUG isolated A direct A 
s,.,. 4MUGS mixture attributed A 
s.:. 4MUGS isolated A direct A 
gB 4MUG mixture attributed B 

g8 4MUG isolated B direct B 

ss 4MUGS mixture attributed B 

se 4MUGS isolated B direct B 

Each term represents a measurement of fluorometric units with one of the two substrates, using either 
an unfractionated mixture of Hex A and Hex B or one of the two enzymes resolved by ion exchange 
chromatography. The equation applied in the text determines the activity of Hex A in an unfractionated 
mixt_ure of the two isozymes in terms of the rate of hydrolysis of 4MUG by Hex A. This calculation 
facilitates comparison of the number of Hex A units determined by thermolability with the number of 
Hex A units determined using both 4MUG and 4MUGS in an assay without thermal fractionation. We 
have employed the prime symbol (') to denote the rate of hydrolysis of a substrate by pure enzyme. The 
derivation of the equation depends upon the assumption that in an isozyme mixture Hex A and Hex B 
behave independently. Thus, isolated enzyme activity should be equivalent to activity attributable to the 
same isozyme in an unfractionated enzyme mixture. 

Derivation 

(1) rA = s;Jg~ =ratio of the rate of hydrolysis of the two substrates by pure Hex 
A. 
(2) r 8 = s~/g~ =ratio of the rate of hydrolysis of the two substrates by pure Hex 

B. 
(3) S =sA+ s 8 , by definition. 
(4) G = gA + g 8, by definition. 
(5) g~ = s~jr8 , by rearrangement of (2). 
(6) G = gA + s~jr8 , by substitution into (4) .. 
(7) s8 = S- si)! by rearrangement of (3). 

::; - s 
(8) G = gA + __ A, by substitution into (6). 

ra 
(9) s~ = rA · g;,., by rearrangement of (1). 

(10) G = gA + S- ( rA. g;,.) , by substitution into (8). 
ra 

(11) (r8 ·G)= (r8 • gA) + S- (rA · g;,.), multiplying (10) by r8. 
(12) (rA · g;._)- (r8 · gA) = S- (r8 ·G), by rearrangement of (11). 
(13) gA(rA- r 8 ) = S- (r8 ·G), by rearrangement of (12). 

S-(G·r8 ) ... 
(14) gA = , dlVldmg (13) by (rA- r 8). 

rA -ra 

Example of application of formula 

(1) Fluorometric unit values obtained per 30 min incubation, normal control no. 1 
(Table I): 
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4MUGS = 96.7 p.l of undiluted extract; 
4MUG == 28.75 p.l of extract diluted 100: 1. 
S = FU/ml/30 min = 96 700 for the 4MUGS substrate; 
G = FU jml/30 min ... 2.875 x 106 for the 4MUG substrate. 

S-(G·r8 ) 

(2) gA = r - r ' 
A B 

96 700- (2.875 X 106) (0.0015) 
0.0643 

=- 1436 820 equivalent number of 4MUG FU /ml per 30 min attributed to 
Hex A. 

(3) % Hex A= g./G, 
'1436820 

2.875 X 106 ' 
=50%. 
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SUMMARY 

Fibroblasts derived from a 13-hexosaminidase A (HexA)-deficient in
fant with clinically classic Tay-Sachs disease synthesized a precursor 
a.-chain that was smaller than its normal counterpart. Fibroblasts from 
the infant's parents, who were consanguinous, produced both normal 
and mutant a.-chains. The size difference, estimated to be 2-3 kilodal
tons on the basis of sodium dodecyl sulfate-polyacrylamide-gel elec
trophoresis, persisted after removal of oligosaccharides with endo-H 
and is therefore attributable to a shortened polypeptide. The mutant 
a-chain did not undergo the further posttranslational modifications 
characteristic of its normal counterpart-i.e., synthesis of the man
nose phosphate recognition marker, association with the 13-chain to 
give HexA, and proteolytic conversion to the mature form. Nor was it 
secreted, even in the presence ofNH4CI. Instead, it disappeared in the 
course of a 20-h chase. These results suggest that the mutant a.-chain 
was trapped in an early biosynthetic compartment, either the endo
plasmic reticulum or the cis-Golgi. The mutation appears to be differ
ent from all those previously described in patients with clinically 
classic Tay-Sachs disease. 

INTRODUCTION 

Tay-Sachs disease is a neurologic disease caused by mutation of the locus 
encoding the a.-chain of 13-hexosaminidase; this results in absence of the A 
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isozyme (Hex.A) and neuronal accumulation of GM2 ganglioside (Sandhoff and 
Christomanou 1979; O'Brien 1983). There is clinical heterogeneity in the dis
ease, which ranges from the infantile (classic) form to juvenile, chronic, and 
adult forms with progressively later onset and milder clinical manifestations 
(Kolodny and Raghavan 1983; O'Brien 1983); asymptomatic adults have also 
been reported, though some of them later developed neurologic problems (Na
von et al. 1986). The milder forms are associated with detectable ability to 
hydrolyze GM2 ganglioside, whereas such residual activity is lacking in the 
classic disease (Conzelmann et al. 1983). 

Recent studies have revealed molecular heterogeneity within clinically 
classic Tay-Sachs disease. Fibroblasts derived from a number of Tay-Sachs 
patients of Ashkenazi-Jewish origin were found to synthesize no a-chain pro
tein (Proia and Neufeld 1982) and to contain no detectable mRNA (Myerowitz 
and Proia 1984; Myerowitz et al. 1985; Komeluk et al. 1986). This was also 
found for fibroblasts from non-Jewish Tay-Sachs patients of French-Canadian 
origin, but the mutations were shown to differ. A 5-8-kb deletion has been 
found at the 5' end of the a-chain gene in the French-Canadian patients, 
whereas the genomic DNA of Ashkenazi patients was found to be generally 
intact (Myerowitz and Hogikyan 1986). Ashkenazi Tay-Sachs fibroblasts ap
pear able to initiate mRNA transcripts, suggesting a defect in mRNA process
ing or transport (B. H. Paw and E. F. Neufeld, unpublished results). 

Cells from several classic Tay-Sachs patients belonging to neither of the 
above groups synthesize an altered a-chain. The altered a-chain may give rise 
to a defective HexA either with low catalytic activity and/or stability (Kolodny 
et al. 1983) or with different substrate specificity (Kytzia et al. 1983). Fibro
blasts of one patient of Italian descent were found to produce an a-chain that 
appeared to be trapped in the endoplasmic reticulum (Proia and Neufeld 1982). 

Fibroblasts from a number of patients with milder forms of HexA deficiency 
were found to synthesize an a-chain precursor that failed both to associate with 
the ~-chain and to be converted to the mature form (d' Azzo et al. 1984). It is 
likely that in several of these cases there was compound heterozygosity with 
the Ashkenazi classic Tay-Sachs (null) allele. 

We here describe a defect of the a-chain that differs from all those previously 
described, one that was found in cells of an Italian non-Jewish patient with 
clinically classic Tay-Sachs disease. 

CASE HISTORY 

The proband was 12 mo old when she was brought to the Montreal Children's 
Hospital for evaluation because of loss of milestones. Her parents came from 
the same town of 3,.500 inhabitants in Italy. Her grandmothers were second 
cousins, and her grandfathers were third cousins. She had an unaffected sister. 
At 12 mo she appeared to be unaware of her environment; she did not babt;>le 
and could not sit unsupported. She startled easily. Cherry-red spots were seen 
in the fundi. Diagnosis of Tay-Sachs disease was confirmed by the finding of 
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profound HexA deficiency in serum and fibroblasts. The family returned to 
Italy where the infant died ·at 2'12 years of age. 

MATERIAL AND METHODS 

Fibroblasts from the patient and her parents were provided by the Reposi
tory for Mutant Cell Strains, Montreal, Canada, under the numbers WG1051, 
WG1053, and WG1054, respectively. The normal cell strain IMR90, used as a 
control, was obtained from the Institute for Medical Research, Camden, NJ. 

All procedures for maintenance and labeling of cells; for preparation of cell 
extracts and medium concentrates; for immunoprecipitation of HexA, HexB, 
and their subunits; and for electrophoretic separation and ftuorographic visuali
zation of the ~-hexosaminidase subunits were as described elsewhere (Proia et 
al. 1984), except for the following differences in culture media: the growth 
medium used in the present study was Eagle's Minimal Essential Medium in 
Earle salts (Gibco) supplemented with nonesst:...ltial amino acids, penicillin, 
streptomycin, 1 mM pyruvate, and 15% fetal bovine serum (Tissue Culture 
Biologicals or lrvine Scientific). Labeling medium was Eagle's Minimal Essen
tial Medium in Earle salts prepared from the Gibco Selectamine Kit to be free 
ofleucine or phosphate for labeling with [ 3H]leucine or [ 32P]phosphate, respec
tively; it was supplemented with antibiotics, 1 mM pyruvate, nonessential 
amino acids, and 5% dialyzed fetal calf serum (Gibco). 

Activity 9f HexA was determined ftuorometrically using 4-methyl-umbelli
feryi-~-N-acetylglucosaminide 6-sulfate (4MUGS), as well as the unsulfated 4-
methylumbelliferyl-~-N-acetylglucosaminide (4MUG), as substrates (Bayleran 
et al. 1984). Endo-~-N-acetylglucosaminidase H (endo H) was purchased from 
Miles Scientific; it was used as described elsewhere (Proia and Neufeld 1982) 
but with the concentration of endo-H increased to 0.03 units. 

RESULTS 

Absence of HexA Activity in Proband's Serum and Fibroblasts 

The HexA activity in the sera of the proband and members of her family was 
determined by the conventional measurement of heat-labile ~-hexosaminidase 
activity toward 4MUG substrate, as well as by hydrolysis of the more specific 
4MUGS substrate. Table 1 shows (l) the proband's HexA activity, as mea
sured by both procedures, to be in the range characteristic of Tay-Sachs 
homozygotes, (2) that of her parents to be in the range characteristic of Tay
Sachs heterozygotes, and (3) that of her sister to be in the range characteristic 
of controls. A profound deficiency of HexA was also found in extracts of her 
fibroblasts. The apparent "HexA" activity observed in the serum and cell 
extracts of the proband and of other Tay-Sachs patients by means of the ther
molability assay is an artifact due to variable loss of HexB during heating rather 
than true residual activity of HexA; use of the sulfated substrate, toward which 
HexB is essentially inactive, gives a more reliable estimate of HexA activity. 
On DEAE-cellulose chromatography of an extract of the proband's fibroblasts, 
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TABLE 1 

DETERMINATION OF HexA ACTIVITY 

Hex.A SPECifiC ACTIVITY AS 

TISSI12 AND SUII.JECT (N) Thermolability (%} 4MUG Equivalents• (%) 

Serum: 
Proband ........................... 64 (10) 0.6 (0) 
Mother ......................... 147 (45) 131 (40) 
Father ························. 242 (39) 230 (38) 
Sister .......................... 389 (65) 410 (68) 
Controls (45) ..........••........ 218-474 (60-81} 243-457 (60-88) 
Heterozygotes (28) .............. 130-276 (34-57) 79-228 (35-55) 
Tay-Sachs patients (5) .............. 32-74 (9-11) 0.6-17 (0-2) 

Fibroblasts: 
Proband ••••••••• ~ •••••••• 0 0 •• 0 • 120 (5) 33 (1.4) 
Controls (8) ..................... 3,260-9,280 (47-79) 3,080-8,294 (46-89) 
Tay-Sachs patients (7) ............ 32-140 (1-5) 9-87 (0.4-2) 

Non.-For serum, specific activity is expressed as nmol of 4MUG hydrolyzedlh/ml; for fibroblast extract, 
serum activity is expressed as nmol of 4MUG hydrolyzed/h/mg protein. 

• Measured usine 4MUGS as substrate and converted to 4MUG equivalents by means of the formula of 
Bayleran et al. (1984). 

no activity eluting in the position of HexA was detected with either the 4MUG 
or the 4MUGS substrate (not shown). 

Synthesis of an a-Chain Precursor with Abnormal Electrophoretic Mobility 

Figure 1 shows the results of a 3-h pulse of [ 3H]leucine administered to 
normal cells and to cells ofthe proband, 1051. Three goat antisera were used in 
this and subsequent experiments: anti-HexA, which precipitates all a.- and 13-
chains, whether free or associated into HexA, HexB, or HexS; anti-HexB, 
which precipitates alll3-chains but only those a-chains that are associated with 
13 into HexA; and anti-a-chain, which reacts only with a-chains that are mono
meric (Proia et al. 1984). After a 3-h pulse, the two chains of 13-hexosaminidase 
were found to be in the precursor form, a finding in agreement with previous 
studies (Hasilik and Neufeld 1980a). The normal precursor a-chain (a.p), which 
previously had been assigned an apparent molecular weight of 67,000, and the 
normal precursor 13-chains (two bands that differ in oligosaccharide content), 
which previously had been assigned apparent molecular weights of 63,000 and 
61,000, respectively (Hasilik and Neufeld 1980a; Proia and Neufeld 1982), are 
clearly seen in the normal cell extract immunoprecipitated with anti-HexA (fig. 
1). By contrast, the labeled material precipitated from extracts of 1051 by anti
HexA is seen as a broad band in the region of the normal 13-chain. Use of anti
HexB and of anti-a.-chain showed that this broad band was a composite of the 
normall3-chain doublet and of an altered a-chain monomer that migrated more 
rapidly than its normal counterpart. 

Similar labeling of fibroblasts derived from the patient's mother (1053) and 
father (1054) revealed two precursor a.-chains, one of normal and one of abnor
mal mobility, the normal chain being more intensely labeled (fig. 2). After the 5-h 
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FIG. I.-Synthesis of abnormal precursor a-chain by 1051 fibroblasts. Confluent cultures of 

normal (IMR90) and the proband's {1051) fibroblasts in 100-mm Petri dishes were labeled with 
[lH]Ieucine (0.25 mCi/dish) for 3 h. Cell extracts from each plate were treated with one of the 
indicated antisera-anti-HexA, anti-a-chain, or anti-HexB-according to the method described 
elsewhere (d'Azzo et al. 1984; Proiaet al. 1984). The immunoprecipitates were subjected to sodium 
dodecyl sulfate-polyacrylamide-gel electrophoresis (SOS-PAGE) under denaturing and reducing 
conditions, and the radioactive bands were visualized by means of fluorographic exposure for 2 
days. ap = Precursor a-chain; and PP = precursor p-chain. Arrowheads point to the a-chain of 
lOSt. 

labeling period, some of the normal precursor a-chain was precipitated by anti
HexB, a result showing that it had associated with the 13-chain. But the abnor
mal a-chain was not seen in the anti-HexB immunoprecipitates, even after 
much longer (21-day) ftuorographic exposure (not shown), a result indicating 
that it did not associate with the 13-chain. 

Persistence of Abnormal Electrophoretic Mobility after Treatment 
with Endo-H 

Both a- and 13-precursor chains have N-linked "high mannose" oligosac
charides that can be removed by the bacterial enzyme endo-H (Proia and 
Neufeld 1982). Figure 3 shows that the difference in mobility between the 
normal and mutant a-chains persisted after the treatment with endo-H. For this 
experiment, the [ 3H]leucine-labeled cell extracts were subjected to sequential 
immunoprecipitation with anti-a-chain and anti-HexB. Because of the short (1-h) 
labeling time, none of the normal a-chain would have been associated with 13 
(Proia et al. 1984), and thus the sequential immunoprecipitation gave a com
plete separation of a- and 13-chains. 

Apparent molecular weights were determined on the basis of the elec
trophoretic mobilities. For normal cells the weights were as follows: precursor 
a-chain, 67,000; endo-H treated, 63,000; precursor 13-chain, 63,000 and 61,000; 
and endo-H treated, 57,000. For cells of 1051 the weights were as follows: 
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Fto. 2.-Synthcsis of both normal and abnormal precursor a.-chains by the parents' fibroblasts. 

Confluent cultures of the mother's (1053), the father's (1054), the proband's (1051), and normal 
(IMR90) fibroblasts in 100-mm petri dishes were exposed forS h to (3H]Ieucine (0.25 mCi/dish). 
CeU extracts were treated sequentially with anti-a-chain and anti-HexB. The immunoprecipitates 
were subjected to SOS-PAGE as in fig. I; fluorographic exposure was for 3 days. 

precursor a-chain, 65,000; endo-H treated, 61,000; precursor ~-chain, 63,000 
and 61,000; and endo-H treated, 57,000. 

Lack of Phosphorylation of the Abnormal a-Chain 

Enzymes destined for lysosomes normally acquire the mannose 6-phosphate 
recognition marker by way of a two-step enzymatic pathway that takes place in 
the Golgi (reviewed in Kornfeld 1986; von Figura and Hasilik 1986). Both 
chains of ~-hexosaminidase acquire this marker, as can be readily demon
strated by exposure of intact fibroblasts to [l2P]phosphate (Hasilik and Neufeld 
l980b). 

Figure 4 shows that although the 1051 fibroblasts synthesized a considerable 
amount of a-chain precursor (seen in the 3H lane), they did not phosphorylate 
it, as evidenced by the absence of a detectable band of comparable mobility in 
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Fto. 3.-Effect of endo-H on the electrophoretic mobility of the normal and 1051 precursor a· 

and Jkhains. Confluent cultures of normal (IMR90) and the proband's (1051) fibroblasts in 150-cm2 

flasks were labeled with [3H]Ieucine (1.5 mCi/flask) for I h. CeU extracts were subjected to 
sequential precipitation with anti-a-chain and anti·HexB to bring down a- and ~chains, respec· 
tively. The immunoprecipitates were treated with endo-H, concentrated by means of lyophiliza· 
tion, and subjected to SDS-PAGE. Fluorographic exposure was for 11 days. 



c 

c 

INFANTILE TA Y-SACHS DISEASE 543 

anti : a B a a B a B 
F1o. 4.-Lack of incorporation of [l2P] into the 105 I a-chain. Parallel cultures of normal (IMR90) 

and the proband's (1051) fibroblasts were labeled in 100-mm petri dishes with [1H]Ieucine (0.25 
mCi) or [l2P]phosphate (1 mCi) for 3 h. Cell extracts were treated by means of sequential immuno
precipitation with anti-a-chain and anti-HexB. The immunoprecipitates were subjected to SOS. 
PAGE. Fluorographic exposure was for 2 days; a Dupont Cronex Lightning Plus screen was used 
to intensify the 32P signal. 

the 32P lane. The 13-chain precursor of 1051, which served as internal control, 
was phosphorylated. 32P/3H ratios, determined after excision and solubilization 
of appropriate areas of the gel, were found to be (per J,OOO cpm 3H) as follows: 
1051 a-chain, 0; 1051 13-chain, 9; normal a-chain, 17; and normall3-chain, 42. 
The quantitative measurement confirms the impression given by visual exami
nation of figure 4-i.e., that the 1051 cells were less efficient than normal cells 
in phosphorylating their 13-chain precursor. The reason for this is not known. 
However, a greater amount of material was loaded onto the gel to compensate 
for this reduced phosphorylation, so that phosphorylation of the 1051 a-chain, 
bad it occurred at one-third the level of the 13-chain, would have been detected 
very easily on the film. 

Lack of Maturation and Disappearance of the Abnormal a-Chain 

Normal cells are known to process the precursor a-chain to a smaller mature 
form with an apparent molecular weight of 54,000; the proteolytic processing, 
which is thought to occur in lysosomes, takes -10 h for completion (Proia et al. 
1984). Figure 5 shows that there was no band corresponding to mature a-chain 
in the 1051 cells after a 20-b chase. The shortened precursor a-chain that had 
been present in the 3-b pulse was no longer seen on precipitation with any of 
the three antisera; nor had it become converted to any other species during the 
chase period. The precursor 13-chain, an internal control, was converted in 
normal fashion to the major chain of 29,000 plus several smaller fragments that 
comprise the mature 13 (Hasilik and Neufeld 1980a). 

Lack of Secretion of the Abnormal a-Chain 

The a-chain that disappeared from the 1051 fibroblasts during the chase was 
not found in the medium (fig. 6, right-hand lanes). For this determination, the 
medium concentrate was treated sequentially with anti-a-chain, anti-HexB, 
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FtG. 5.-Loss of the lOSt a-chain during chase. Conftuent cultures of normal (lMR90) and the 

proband's (1051) libroblasts were labeled by means of a 3-h exposure to eHJleucine conducted in 
parallel with the experiment described in fig. I (pulse). Unlabeled leucine was then added (I mg/ 
plate), and the incubation was continued for 2 h (chase). The cell extract from each plate was 
treated with one of the three designated antisera: anti-HexA, anti-«-chain. or anti-HexB. lm
munoprecipitates were subjected to SDS-PAGE. Ftuorographic exposure was for 16 days. am = 
Mature a-chain; and ~m = mature ~-chain fragments. Other abbreviations are as in fig. I. 

and anti-HexA to recover, respectively, any monomeric a-chain, HexA plus 
Hex..;, and HexS that might have been secreted. It can be seen that whereas a 
small amount of both a- and ~-chains appear in the lane corresponding to 
normal secretions treated with anti-HexB, only a trace of ~-chain is present in 
the 1051 immunoprecipitates (fig. 6, arrow). 

Figure 6 (left-hand lanes) also shows that the amount of HexA and HexB 
secreted by normal fibroblasts was greatly enhanced if the pulse-chase was 
carried out in the presence of 10 mM NH.Cl, as has been demonstrated else
where (Hasilik and Neufeld 1980a). Even a small amount of monomeric a.-chain 
could be seen in the NH.CI-induced secretions of normal cells (fig. 6, arrow
head). However, the 1051 fibroblasts failed to secrete any a.-chain, free or 
associated, in the presence of NH4Cl, even though their secretion of ~-chain 
(presumably as HexB) was much enhanced. 

DISCUSSION 

The a-chain synthesized by 1051 cells was abnormal in many ways. It had an 
increased electrophoretic mobility in SOS-PAGE, corresponding to a reduction 
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FIG. 6.-Absence of a-chain from the secretions of 1051 fibroblasts. Conftuent cultures of normal 
(IMR90) and the proband's (1051) fibroblasts in tOO-mm petri dishes were labeled for 3 h with 
[ 3H]leucine (0.25 mCi/dish) after which unlabeled leucine (l mg/dish) was added and incubation 
continued for an additional 18 h (chase). Where indicated, 10 mM NH4Cl was included in the 
labeling medium. Medium concentrates were treated by means of sequential immunoprecipitations 
with the three indicated antisera anti subjected to SDS·PAGE. Fluorographic exposure was for 17 
days. 

in molecular size of2-3 kilodaltons. Though it was N-glycosylated, as shown 
by susceptibility to digestion with endo-H, it did not undergo the further post
translational modifications characteristic of the normal a-chain-namely, ac
quisition of the mannose 6-phosphate recognition marker, association with the 
j3-chain to give HexA, and processing to the mature form. This means that the 
mutant a-chain entered the endoplasmic reticulum, the site of N-glycosylation 
(Kornfeld and Kornfeld 1935) but failed to reach lysosomes, where proteolytic 
conversion to the mature form is believed to take place (Frisch and Neufeld 
1981; Gieselman et al. 1983; Skudlarek et al. 1984). It may be that the a-chain 
was not transported from the endoplasmic reticulum to the cis-Golgi, the prob
able site of the first step leading to the synthesis of the mannose 6-phosphate 
recognition marker (Kornfeld 1986; von Figura and Hasilik 1986). An alterna
tive hypothesis would have the a-chain reach the cis-Golgi but not be recog
nized as a substrate by phospho-N-acetylglucosamine transferase, the first of 
two enzymes needed to synthesize the marker. In contrast to a recently de
scribed mutant 13-galactosidase that, lacking the recognition marker, was se
creted into the medium (Hoogeveen et al. 1986), the 1051 a-chain was not 
secreted even in the presence of 10 mM NH4Cl, an agent that causes newly 
made lysosomal enzymes to be secreted ratber than packaged into lysosomes 
(Gonzalez-Noriega et al. 1980; Neufeld and Hasilik 1980a). Instead, the abnor
mal a-chain decayed within 20 h, presumably owing to proteolytic digestion 
within the endoplasmic reticulum or early Golgi. 

The difference in molecular size persisted after removal of oligosaccharide 
chains by means of digestion with endo-H. This indicates that the size differ
ence was due to a shortened polypeptide rather than to a reduction in carbohy
drate content in the mutant a-chain. We do not yet know whether the shorten
ing is the result of an internal deletion or of premature termination at the 
carboxyl end. The missing stretch of polypeptide may contain specific signals 
for posttranslational modifications or intracellular transport; it is possible, how
ever, that the shortened polypeptide does not fold correctly and for that reason 
is not recognized by enzymes or receptors along the pathway to lysosomes. 
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The consanguinity of the parents suggested that the proband would be homo
zygous for an a-chain mutation, rather than be a compound heterozygote with 
two different mutant alleles. This was borne out by biochemical evidence; cells 
of both parents synthesized the shortened a-chain. We currently have no expla
nation for the reduced amount of abnormal a-chain, relative to its normal 
counterpart, in the cells from the parents. Cells of the proband did not appear 
to synthesize a reduced amount of a-chain, as gauged by comparison with 13-
chain synthesis. 

Several of the abnormalities of the 1051 a-chain are reminiscent of those 
described for GMlllO, which were derived from another classic Tay-Sachs 
patient of Italian origin (Proia and Neufeld 1982). The a-chain of GMlllO was 
likewise N -glycosylated but not phosphorylated, secreted, or processed to the 
mature form. It was also thought to be trapped in the endoplasmic reticulum. 
However, the GMlllO a-chain was of normal size and of reduced solubility. 
The structural difference between the a-chains of 1051 and GMlllO under
scores the heterogeneity of mutations of the a-chain gene that can give rise to 
clinically classic Tay-Sachs disease; these may differ not only between major 
ethnic or demographic groups but even between different kindreds within a 
group. 
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SUMMARY 

Cases of infantile Tay-Sachs disease (TSD) with high residual hex
osaminidase A (Hex A) activity have recently been described. The 
clinical presentation of the disease in these patients is identical to that 
found among Ashkenazi-Jewish patients. Fibroblasts from two such 
TSD patients had Hex A activity comprising 16% of total Hex when 
measured by thermal fractionation and quantitation with 4-methylum
belliferyl-~-o-N-acetylglucosamine (4MUG). Hydrolysis of 4-metbyl
umbelliferyl-~-o-N-acetylglucosamine-6-S04 (4MUGS) by patient 
fibroblast extracts is catalyzed by an enzyme activity that comprises 
< 1% of total Hex. Kinetic analysis of patient Hex A by using 4MUGS 
revealed Km's similar to that of control Hex A but V max' s significantly 
different from that of the control enzyme. The inhibitors N-acetyl
glucosamine and N-acetylglucosamine-6-P04 were used to distin
guish between active sites associated with the two different subunits 
of Hex A. A ~-subunit site with little activity toward 4MUGS is sensi
tive to N-acetylglucosamine but resistant to N-acetylglucosamine-6-
P04. This site accounts for most of the hydrolysis of 4MUG. By 
contrast, an a-subunit site that is sensitive to N-acetylglucosamine-6-
P04 but resistant to N-acetylglucosamine accounts for almost all of 
the hydrolysis of 4MUGS. In mutant cells, this site retains the ability 
to bind substrate but is deficient in catalytic activity toward 4MUGS. 
The pH optima of patients' Hex A is shifted to a more acidic range, 
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and the enzymes are significantly more thermostable than control Hex 
A. By using the thermal fractionation procedure for serum isozyme 
discrimination, one parent of each patient is unambiguously classified 
as heterozygous for the TSD gene whereas the other parent has test 
values in the grey zone. When parents are tested by use of 4MUGS, 
however, all four parents are classified as heterozygotes. Comparison 
of the results of both assay procedures allows the carrier of the atyp
ical TSD allele to be recognized and identifies the probands as com-
pound heterozygotes. · 

INTRODUCTION 

533 

The GM2 gangliosidoses are a group of neurodegenerative diseases with an 
autosomal recessive mode of inheritance. In all forms of GM2 gangliosidosis 
cleavage of the ~N-acetylgalactosaminyl terminal linkage of GM2 ganglioside is 
reduced or absent usually owing to deficient hexosaminidase A (Hex A). 

Two isozymes account for the majority of hexosaminidase activity in tissues: 
(1) Hex B, a thermostable isozyme with the subunit structure 2(f3af3b), and (2) 
the more anionic form Hex A, a thermolabile enzyme with a subunit structure 
of af3af3b (Mahuran et al. 1985). 

Defects in three gene loci lead to the accumulation of GM2 ganglioside. Muta
tions in the gene locus encoding the a subunit of Hex A, which map to chromo
some 15, include Tay-Sachs disease (TSD) or variant B. Mutations in the gene 
encoding the (3-subunit, which map to chromosome 5, include Sandhoff disease 
or variant 0. Mutations at a locus encoding an activator protein are associated 
with a form ofGM2 gangliosidosis termed the AB variant. This gene has recently 
been mapped to chromosome 5 (Burg et al. 1985). A number of variant forms of 
the GM2 gangliosidoses exist that are due to allelic mutations at the two subunit 
loci and that differ with respect to age of onset, severity of symptoms, and 
central nervous system involvement. 

The infantile, or classical, TSD occurs with greatest frequency in Ashkenazi
Jewish and French-Canadian populations (Andermann et al. 1977). These pa
tients, though recently shown to possess different mutant alleles (Myerowitz 
and Hogikyan 1986), do not synthesize the a-subunit of Hex A (Proia and 
Neufeld 1982; E. F. Neufeld, personal communication) and thus possess CRM
negative mutations. Infantile TSD cases with an enzymatically aberrant but 
neurologically classical form of TSD recently have been described. Such pa
tients have significant Hex A activity against synthetic N-acetylglucosaminide 
substrates but no activity against the 6-sulfated derivates of these synthetic 
substrates. The use of unsulfated synthetic substrates for prenatal diagnosis 
has resulted in one known misdiagnosis of an "atypical" TSD fetus (Kolodny 
et al. 1983). Correct prenatal diagnosis, by use of an assay based on the sulfated 
synthetic substrate, of a fetus affected with this form of TSD also has been 
reported (Conzelmann et al. 1985). 
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In the present paper we report the characterization of the abnormal Hex A 
obtained from fibroblasts of two TSD patients who have significant Hex A 
activity. These patients are most likely to be compound heterozygotes having 
one classical (CRM~negative) TSD allele and another allele that produces a 
normal amount of a catalytically defective a~subunit. An abstract of this work 
has been presented elsewhere (Bayleran et al. 1985). 

MATERIAL AND METHODS 

Clinical Evaluation of Patients and Families 

Patient 1 (Massachusetts).-This patient, who was misdiagnosed when am
niocyte Hex A activity was measured by use of 4MUG, was the younger sib of 
a brother who was diagnosed as having TSD. The mother is of French
Canadian origin and the father of English, Irish, Scottish, and German ances~ 
try. In the original report (Kolodny et al. 1983) both parents were (ound to be 
heterozygous on testing. Prenatal diagnosis based on measurement of ther~ 
molabile hexosaminidase indicated that the fetus was a heterozygote for the 
TSD allele and he was allowed to come to term. By 6 mo of age the exaggerated 
startle response and the macular cherry red spot anticipated the development 
of the classical stigmata of TSD. Retesting of the patient resulted in Hex A 
values of20% in serum and 31.5% in fibroblasts. A more detailed account of the 
clinical findings will be reported shortly. 

Patient 2 (California).-This patient was a female who presented with a 
typical course ofTSD. Examination at 6 mo revealed the presence of a macular 
cherry red spot. By 12-14 mo seizures, psychomotor symptoms, and dementia 
were apparent. Serum Hex A was within the TSD-homozygote range, but in 
fibroblasts Hex A was found to be 12%-14% of total hexosaminidase activity. 

The mother, who tested in the inconclusive range on the basis of both serum 
and leukocyte testing, is of Scottish~Irish ancestry, and the father, who was 
found to be a heterozygote, is of German~Scandinavian origin. 

Measurement of hexosaminidases.-Hexosaminidase activity against 
4MUG and 4MUGS was measured fluorometrically by the method of Leaback 
and Walker (1961). In table 1 data are presented in the form of both percentage 
of Hex A and Hex A specific activity, as calculated by three methods. Column 
I of table 1, as well as figure lA, show the values obtained by measurement of 
thermolabile hexosaminidase activity toward 4MUG. Hex A and Hex B activi~ 
ties against 4MUG are distinguished by their differential thermolabilities. Since 
the turnover numbers for 4MUG hydrolysis of the two isozymes are equal 
(Geiger and Amon 1976), the percentage of Hex A and Hex B can be deter
mined directly from assay values. Column 2 of table 1, and figure lB, show the 
values obtained by measurement of Hex A activity toward 4MUGS. Since the 
V max for hydrolysis of 4MUGS is very different for Hex A vis-a~ vis Hex B, we 
have employed an empirical formula reported elsewhere (Bayleran et al. 1984) 
that transforms 4MUGS assay values into equivalent 4MUG units. This trans~ 
formation makes it possible to compare the accuracy of genotypic classification 
of parents as based on the two substrate assay procedures (for the equation and 
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TABLE I 
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DETERMINATION OF Hex A AcTIVITY IN HUMAN FlBROBLAST CELL EXTRACTS AND SERA 

% (Specific Activity) of Hex A AS DETERMINED BY 

Fibroblasts:a 

SoURCE AND 

SUBIECT 

Patient I ....................... . 
Patient 2 ....................... . 
Controls (N = 8) ............... . 
TSD (N = 7) .................. . 

Sera:b 

·Patient I ....................... . 
Mother ........................ . 
Father ......•................... 
Patient 2 ....................... . 
Mother ........................ . 
Father •••••••••••••••••••••••••• 

Controls (N = 45) .............. . 
Obligate heterozygotes (N = 28) .. 
TSD (N = 6) .................. . 

NoTE.-NT = not tested. 

4MUGSand 
Thermal Fractionation 

16 (538) 
16 (1,377) 

4_7-79 (3,260-9,280) 
1-5 (32-140) 

29 (1.2) 
51 (2.5) 
57 (2.2) 

NT 
55 (4.6) 
51 (4.1) 

60-81 (3.6-7.9) 
34-57 (2.2-4.6) 
9-11 (0.53-1.2) 

4MUGSand 
Formula 4MUGS 

0.7 (26) 3.6 
0.7 (67) 2.2 

46-89 (3,080-8,294) 230-460 
0.4-2 (9-87) Ll-6.7 

0.96 (0.04) 0.01 
42 (2.1) 0.21 
35 (1.3) 0.13 

NT NT 
44 (3.7) 0.37 
47 (3.8) 0.39 

60-88 (4.1-8.6) 0.43-0.87 
35-55 (1.3-3.8) 0.13-0.39 

0-2 (0.01-0.28) 0.01-0.05 

• Specific activity is expnessed in nmol substrate hydrolyzedlh/protein and represents the mean of four determi
nations. Data presented in column headed "'4MUGS and Formula" have been transformed to equivalent 4MUG 
units by application of the empirical formula (Bayleran et al. 1984). 

• Specific activity is expressed in nmol substrate hydrolyzedlminlml and represents the mean of four determi
nations. Data presented in column headed "4MUGS and Formula" have been transformed to equivalent4MUG 
units by application of the empirical formula. 

a definition of terms, refer to the Appendix). Column 3 of table 1 presents Hex 
A values as nanomoles of 4MUGS hydrolyzed, i.e., without application of the 
equation. 

4MUG was purchased from Koch-Light (Edmonton, Alberta). 4MUGS was 
synthesized in our lab according to the method of Bayleran et al. (1984). N
acetylglucosamine and N-acetylglucosamine-6-P04, which were employed as 
enzyme inhibitors, were purchased from Sigma (St. Louis). 

Biological samples.-Skin fibroblasts were cultured and prepared for assay 
as described elsewhere (Bayleran et al. 1984). Leukocytes were prepared from 
whole blood by the method of Kaback et al. (1977). Serum was prepared from 
clotted blood by centrifugation at 25 C. Hexosaminidase isozymes were sepa
rated by ion-exchange chromatography on DEAE-cellulose by the method of 
Nakagawa et al. (1977). 

Protein estimation.-Protein was estimated by the method of Lowry et al. 
(1951), using crystalline bovine serum albumin as standard. 

RESULTS 

Hexosaminidase Activity of Patients and Parents 

The evidence on the basis of which the two patients are classified as having 
biochemically atypical forms of TSD is presented in table l and figure 1. In the 
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laboratories at which the patients were identified, levels of Hex A were 
significantly greater than expected for classical TSD. Confirmation of these 
anomalous results appears in table 1, which reports 16% Hex A for fibroblasts of 
both patients. These values, as well as the corresponding specific activities for 
Hex A, are significantly higher than the 0%-5% Hex A expected for classical 
TSD. The most frequent mutant alleles associated with the classical form of the 
disease (i.e., those occurring in the Ashkenazi-Jewish and French-Canadian 
patients) are now understood to be the result ofCRM-negative mutations (Proia 
and Neufeld 1982; E. F. Neufeld, personal communication). Hex A values 
greater than zero in cells of this genotype are usually considered to be an 
artifact of thermal fractionation. 

With serum testing, the Hex A value obtained for patient 1 is 29%, which is 
within the heterozygote range and would result in misdiagnosis of the patient. 
However, when the 4MUGS assay for determination of the activity of this 
enzyme is used, both patients are unambiguously diagnosed as Hex A deficient. 
As measured by this procedure, Hex A values for patient 1 serum and fibro
blasts of both patients are indistinguishable from those found in serum or 
fibroblasts of patients with the classical form of the disease. 

The parents' sera were assayed for Hex A both by thermal fractionation with 
4MUG and by direct estimation with 4MUGS. Two of the parents (the mother 
of patient 1 and the father of patient 2) test comparably by both substrate 
procedures and fall within the heterozygote range for both percentage of Hex A 
and Hex A specific activity. Comparable values by the two substrate proce
dures were not obtained for the father of patient 1 and the mother of patient 2. 
Values of Hex A and Hex B measured by thermal fractionation and plotted as a 
two-discriminant test (fig. lA) place these two parents slightly outside the range 
for other heterozygotes for the TSD gene. When Hex A is measured by the 
4MUGS assay procedure (fig. IB), all four parents are unambiguously classified 
as carriers. Both couples would most likely be advised of their risk for having 
an affected fetus, based on the results of the thermal fractionation assay. How
ever, the 4MUGS assay procedure more clearly identifies them as couples at 
risk. 

The observation that the father of patient I and the mother of patient 2 fall 
into the grey zone for classification on the basis of 4MUG hydrolysis yet are 
clearly heterozygotes on the basis of 4MUGS hydrolysis may indicate that the 
probands are compound heterozygotes for the CRM-negative TSD allele and a 
mutant allele that produces a defective but not deficient form of the a subunit of 
Hex A. The presence of the former type of allele can be detected equally well 
by both 4MUG and 4MUGS. The allele that produces the defective a subunit 
with altered catalytic properties is accurately detected only by 4MUGS, a 
substrate that is specific for the a·subunit catalytic site. 

Fractionation of Hexosaminidases from Normal and Mutant Fibroblasts 

Both probands produce a form of hexosaminidase that is thermolabile and 
that hydrolyzes 4MUG but does not hydrolyze 4MUGS and, presumably, does 
not hydrolyze GM2 ganglioside. To understand the biochemical basis for this 
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type of mutation, we undertook a fractionation of the hexosaminidase isozymes 
of patient and control fibroblasts and a study of the catalytic properties of the 
Hex A obtained from the fibroblasts of both patients. 

Figure 2 shows the ion-exchange chromatography of hexosaminidases ob
tained from control fibroblasts (fig. 2A) and from patient 1 (fig. 28). The chro
matographic profile of hexosaminidases obtained from patient 2 was virtually 
identical to that of patient 1 and therefore is not shown. Assay of column 
fractions with 4MUG revealed activity peaks corresponding to Hex A and Hex B 
in control fibroblasts (fig. 2A, open circles), whereas in the fibroblasts of patient 1 
a third species intermediate between Hex A and Hex B was seen (fig. 28, open 
circles). This form of hexosaminidase is more anionic than Hex B yet is ther
mostable under conditions that completely inactivate Hex A. We have 
speculated that this intermediate species is a homopolymer of ~ subunits of a 
form that are usually incorporated preferentially into Hex A. In the absence of 
a: subunits, this intermediate accumulates in TSD cells. No Hex A peak was 
seen foUowing fractionation of TSD fibrobla:. .:xtracts .Jbtained from Ash
kenazi-Jewish or French-Canadian patients (Hechtman et al. 1983). 

Significant hexosaminidase activity toward 4MUGS was associated only 
with the Hex A peak from control cells (fig. 2A, closed circles). The ratio of 
Hex A hydrolysis of 4MUGS divided by its hydrolysis of 4MUG was 0.082 
(using 1 mM concentrations of both substrates). We have found this ratio for 
fresh preparations of both serum and fibroblast Hex A. Serum-derived Hex A 
retains this ratio after either prolonged storage at -20 C or multiple freezing 
and thawing. Fibroblast Hex A suffers a threefold to fourfold decrease in the 
ratio under these conditions. Storage in the presence of human serum albumin 
(5 mg/ml) stabilized the fibroblast Hex A preparations. · 

The ratios associated with patient Hex A were 0.002 for patient 1 and 0.003 
for patient 2. These ratios are within the range obtained for normal Hex B 
preparations. 

Hex A activity (as defined by 4MUG hydrolysis) measured after chromatog
raphy of the control-cell supematant accounted for 60% of the total recovered 
hexosaminidase activity (fig. lA). This value is in accord with the estimation of 
percentage of Hex A in the unfractionated control-cell supematant as measured 
after thermal fractionation (table l). By contrast, Hex A recovered after 
chromatography of patient l fibroblast supematant (fig. 28) accounted for 30% 
of the eluted hexosaminidase activity, or twice the percentage estimated by 
means of thermal fractionation (table 1). 

Catalytic Properties of Patients' Hexosaminidase A 

Thermal inactivation of hexosaminidase is shown in figure 3. Hex B re
covered from the two atypical TSD fibroblasts was heated for intervals up to 
2 h and assayed with 4MUG. The probands' Hex B behaved identically to 
control Hex B. Thermal inactivation of control and patient Hex A at 42 C for 
2 h and assay with 4MUGS revealed Hex A from both patients to be more 
thermostable than control Hex A. For two normal cell strains, the T50 values for 
Hex A inactivation were 19.5 min and 20 min. The T50 values for inactivation of 
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42 C and assayed with 4MUGS at 37 C. Hex B was denatured at 47 C and assayed at 37 C with 
4MUG. 

the probands' Hex A were 36 min (patient l) and 111 min (patient 2), indicating 
a significant difference from that of control Hex A as weU as from each other. 
The increased thermostability of patient Hex A accounts for the discrepancy in 
percentage of Hex A values obtained by thermal fractionation (16%) versus 
chromatographic fractionation (30%) of patient fibroblast supernatants. 

pH Activity curves of Hex A-catalyzed hydrolysis of 4MUGS are shown in 
figure 4. The pH optimum of control Hex A, at 3.9, was significantly different 
from that of the patients' enzymes, which occurred at a pH of 2.3. 

Kinetic Analysis of Proband Hex A 

Evidence has been accumulating (Kytzia and Sandhoff 1985) that supports 
the existence of two distinct catalytic sites on Hex A. A site on the ~-subunit 
has preference for 4MUG and other substrates that carry no electric charge, 



c 

c 

1.4 

' I • 12 
Q:) 

E 
>- 1.0 N c: 
Q:) -·c: 0.8 
::!1 

........ 
c: ·e 0.6 

........ 
(,/) 
Q:) 

0 0.4 
E 
c: 

0.2 

0 

HEXOSAMINIDASE A IN TAY-SACHS DISEASE 

;' 
I 

o--.0--fl'"" 
,.tl 

20 2 4 2.8 3 2 3.6 

,.-. 
\ Control 1 

\ 
\ 

' .... ...._ 
' ' q 

' \ 
\ 

\ 
\ 

4.0 4.4 4.8 5.2 5.6 6.0 

pH 

541 

I 
Q:) 

E 
>
N 
c: 
Q) 

0.020 ~ 
::!1 

........ 
c: 

o.o15 ·e 
........ 
(,/) 

0.010 ~ 
E 
c: 

0 
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patient fibroblast Hex A were assayed in 0.04 M sodium citrate buffer at the indicated pH's with 1.5 
mM substrate. One unit of enzyme activity is that amount of enzyme which catalyzes the hydroly
sis of 1 nmol 4MUG/min under standard conditions of temperature and pH. 

whereas the a-subunit has a site that possesses affinity for4MUGS, GM2 gangli
oside, and substrates carrying a negative charge. 

Although hydrolysis of 4MUGS by patient Hex A was severely reduced, it 
was not completely absent. This observation alone made it impossible to distin
guish between the following two possibilities: (1) that the mutant a-subunits 
retained active sites that functioned at a severely reduced rate of hydrolysis or 
(2) that the mutant a-subunits did not possess active sites and that the residual 
catalytic activity of proband Hex A toward 4MUGS was, therefore, entirely 
due to hydrolysis occurring at the active site on the ~-subunit. 

Lineweaver-Burke plots for normal fibroblast Hex A and Hex B, determined 
with 4MUGS, are shown in figure 5. Control Hex A has a Km of 1.3 mM and a 
V max of0.9l nmoVmin/4MUG unit of enzyme. Control Hex B (fig. 5, insert) has 
a Km of 5.9 mM with a Vmax of 0.004 nmollmini4MUG unit of enzyme. This 
kinetic analysis clearly indicates that an active site on the a subunit of Hex A 
has a much greater affinity for the sulfated substrate than does the active site on 
the ~ subunit (this latter active site being common to both isozymes). 

Figures 6 and 7 show the results of studies of the inhibition of 4MUG and 
4MUGS hydrolysis by N-acetylglucosamine and N-acetylglucosamine-6-P04• 

The upper graphs in both figures demonstrate the specificity of the two in
hibitors for the ~- and a-subunit active sites, respectively. Thus, comparison 
of figures 6A and 6B reveals that the hydrolysis of 4MUG (open circles) by 
either control Hex A or control HEX B is inhibited to the same extent by N-
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FIG. 5.-Lineweaver-Burke plots of control and patient fibroblast Hex A and control fibroblast 
Hex B (insert) for hydrolysis of 4MUGS. Km for control Hex A = 1.3 mM; V max = 0.91 nmollminl 
unit enzyme. Km for patient I Hex A= 1.7 mM; Vmax = 0.26nmollmin/unitenzyme. Km for patient 
2 Hex A = 1.5 mM; V max = 0.006 nmollminlunit enzyme. K,.. for control Hex B = 5.9 mM; V mu = 
0.004 nmollmin/unit enzyme. 

acetylglucosamine. This suggests that this substrate is hydrolyzed by an identi
cal active site on both enzymes. By contrast, hydrolysis of 4MUGS (closed 
circles) by control HEX A is inhibited only 18% at a concentration of 12 mM N
acetylglucosamine, whereas 4MUGS hydrolysis catalyzed by control HEX B is 
95% inhibited at a concentration of 6 mM N-acetylglucosamine. 

Similar results were obtained with the inhibitor N-acetylglucosamine-6-P04. 
Figure 7 A shows that this compound is an inhibitor of the control a-subunit 
active site but has little effect on hydrolysis occurring at the P-subunit active 
site. 

Lineweaver-Burke plots for patient Hex A hydrolysis of 4MUGS (fig. 5) 
were compared with those for control Hex A and Hex B. The Km's of both 
patients' Hex A, at 1.7 and 1.5 mM for patients l and 2, respectively, were 
similar to that of control Hex A. The V max of patient 1 Hex A was 0.26 nmoU 
min/4MUG unit of enzyme. The V max of patient 2 Hex A was 0.006 nmoUminl 
4MUG unit of enzyme. The hydrolysis of 4MUGS by patients' Hex A therefore 
occurs at a site with a binding affinity that is more characteristic of an a-subunit 
active site than of a ~-subunit active site. 
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FIG. 6.-Inhibition of 4MUG (o--..o) and 4MUGS (--)hydrolysis by N-acetylglucosamine. 

Concentration of both substrates was 0.5 mM. 

Hydrolysis of 4MUG by patients' Hex A is inhibited by N-acetylglucosamine 
to the same extent as is that of control Hex A and Hex B (fig. 6C, 6D). 
However, hydrolysis of 4MUGS by Hex A preparations from both patients is 
reduced by only 19% in the presence of 12 mM N-acetylglucosamine, establish
ing that the catalytic site of the patients' Hex A has characteristics associated 
with an o.-subunit site. 

Figures 7C and 7D show inhibition of 4MUG and 4MUGS hydrolysis by 
patients' Hex A. Hydrolysis of 4MUGS by patient l Hex A (fig. 7C, closed 
circles) is as sensitive to N-acetylglucosamine-6-P04 inhibition as is that by 
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F1o. 7.-Inhibition of 4MUG (o..--O) and 4MUGS (---..)hydrolysis by N-acetylglucosamine-

6-P04. Concentration of both substrates was O.S mM. 

control Hex A (fig. 7A). However, the inhibition curve for patient 2 Hex A (fig. 
7D) is intermediate between that of control Hex A and control Hex B, suggest
ing that, for this patient's Hex A (which has a much lower Vmax than patient l 
Hex A), both active sites may contribute significantly to the residual 4MUGS 
hydrolysis. 

DISCUSSION 

For carrier detection and diagnosis, hexosaminidase activity is most often 
measured by use of the synthetic substrate 4MUG. Because 4MUG is hydro-
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lyzed by both Hex A and H~x B, the assay requires a two-step procedure based 
on the differential thermolabilities of the two isozymes. Since 4MUGS is hy
drolyzed primarily by Hex A, with Hex B activity against 4MUGS being negli
gible, assays employing this substrate have been shown to improve 
classification and diagnosis of the GM2 gangliosidoses (Fuchs et al. 1983; Bayle
ran et al. 1984; Ben-Yoseph et al. 1985). 

Recently, cases of TSD have been described with significant Hex A activity 
against 4MUG but severely deficient activity against 4MUGS and GM2 ganglio
side (Goldman et al. 1980; Li et al. 1981; Inui et al. 1983; Kytzia et al. 1983; 
Charrow et al. 1985). These patients have been referred to as Bl variants since 
they have been shown to be allelic (Sonderfeld et al. 1985) to classical TSD, 
i.e., to be variant B. Alternatively, these mutations have been referred to as 
pseudo-AB or AmB variants (lnui et al. 1983) because the cells synthesize both 
Hex A and the activator protein yet are unable to hydrolyze GM2 ganglioside. 
As a consequence of their inability to cleave GM2 ganglioside, they store this 
substance in massive amounts and have a clinical phenotype identical to that of 
either infc. .. uie TSD (Goldman et al. 1980; Li et al. 1981; Kytzia et al. 1983) or 
juvenile-onset (lnui et al. 1983; Charrow et al. 1985). 

Classification of the two infantile TSD patients reported here is vastly im
proved when Hex A activity is measured with 4MUGS. Similarly, the unambig
uous classification of all four parents as heterozygotes when serum Hex A is 
measured with 4MUGS indicates that the thermal fractionation procedure is 
not detecting atypical TSD alleles in the heterozygous state. Our results are 
similar to those reported by Charrow et al. (1985) for a family with a proband 
who had late-onset GM2 gangliosidosis and near-normal Hex A activity against 
4MUG but deficient activity against 4MUGS. This improvement in classifica
tion of genotypes by use of 4MUGS for measurement of Hex A has clear 
implications for prenatal diagnosis and heterozygote screening, particularly as 
it reaches out to non-Jewish communities. 

The characterization of the mutant phenotype at the enzymatic level in the 
two probands extends the range of known mutation mechanisms that result in 
GM2 ganglioside storage. These defects include both deletion and nondeletion 
(Myerowitz and Hogikyan 1986) CRM-negative mutations, as well as CRM
positive mutations without and with catalytic activity. Among reports of pa
tients in the latter group, ours is not the first report of an altered catalytic site 
(Conzelmann et al. 1983; Kytzia et al. 1983). However, to our knowledge, it 
does represent the first case in which the effect of the mutation on the catalytic 
site of the enzyme has been studied in detail by use of a synthetic substrate 
specific for this site. Previous attempts to demonstrate kinetic differences in 
proband Hex A employed 4MUG and therefore did not directly assess the 
product of the mutant gene. A large number of cases of the variant forms ofGM2 

gangliosidoses should now be reexamined for possible defective catalytic activ
ity, using sulfated synthetic substrates to determine whether any correlations 
exist between clinical phenotypes and enzymatic alterations. 

The model that we propose as a means of explaining the genotypes of the two 
probands encompasses the following features: (l) Both patients are compound 
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beterozygotes. (2) One allele is CRM negative for the tt-subunit (Ragbavan et 
al., personal communication). (3) The other allele encodes an tt-subunit that is 
produced in normal amounts and associates normally with J3-subunits. (4) Pro
band Hex A binds to and hydrolyzes 4MUG normally because the mutation 
does not affect the J3 subunit. (5) The catalytic site on the tt-subunit binds 
4MUGS but has a diminished capacity tp hydrolyze this substrate. The cataly
tic alteration is revealed as a shift in the pH-activity curve of the mutant 
enzymes. (6) Significant-but probably functionally irrelevant-differences in 
T so for thermal inactivation and in V max for the two pro bands' Hex A's suggest 
that the two CRM-positive mutations represent different alleles. The frequency 
of such CRM-positive alleles in the population is not at present known. 

A crucial assumption in the model presented above is the presence of two 
distinct active sites on Hex A. In an earlier paper we bad proposed, on the basis 
of the inability of GM2 ganglioside to competitively inhibit hydrolysis of 4MUG, 
that distinct sites for 4MUG and GM2 ganglioside exist (Hechtman and Kachra 
1980). More recently, Kytzia and Sandhoff(l985) have provided kinetic data in 
support of a two-site model. In the present report, the different responses of 
Hex A- and Hex B-catalyzed hydrolysis of 4MUG and 4MUGS to inhibition 
by N-acetylglucosamine and N-acetylglucosamine-6-P04 also point to the like
lihood of Hex A being a bifunctional enzyme. 
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APPENDIX 

EMPIRICAL FORMULA FOR CALCULATION OF Hex A UNITS BY MEANS OF TWO 
SUBSTRA TE ASSAYS, AND DEFINITION OF TERMS 

gA = S - (G X rs); %Hex A = gA X 100 . 
rA- rs G 

G = Total ftuorometric units when 4MUG is used as substrate; S = total ftuorometric 
units when 4MUGS is used as substrate; gA = fluorometric units attributable to Hex A 
when 4MUG is used; rA = ratio ofthe rate of hydrolysis of the two substrates (4MUGS/ 
4MUG) by pure Hex A: and r8 = ratio of the rate of hydrolysis of the two substrates 
(4MUGS/4MUG) by pure Hex B. 
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Tay-Sachs Disease: 
Bl Variant 
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Peter Heehtman, PhiM 

This nm child of non·Jewish parents had nystagmus at 
4 months of age, bilateral eberry·red macular spots at 7 
months of age, and hyperac:usis at 8 months of age; the 
patient has deteriorated progressively follo'lling a cUni
eal course typic:al of Tay-Saehs disease B variant. Total 
~N-aeetylhexosaminidase assayed with 4-methylum
belllferyl-~ucosamine (4 MU Gk~Ac:) as substrate 
was 'llitbin the normal range in plasma and cultured 
dermal nbroblasts and 2

/3 the normal mean in 
leukOC)1es. The hexosaminldase A activity, assayed with 
the same substrate in plasma and cultured fibroblasts, 
approximated Tay-Sachs disease heterozygote levels; 
however. the activity of hexosaminidase A assayed with 
4 Ml: Glc: NAc-6-sulfate in the plasma, Jeukocytes. and 
cultured fibroblasts was< S. 2. and 1%, respecth·ely of 
the control mean. This female infant with the B 1 variant 
ofTay-Sac:hs disease demonstrated an earlier onset and 
more rapidly progressive course than was observed in 4 
of the 5 previously reported patients with this Tay-Sachs 
disease variant. 

Gordon BA. Gordon KE. Hinton GG. Cadera W. Feleki V, 
Bayleran J, Hechtman P. Tay-Sachs disease: B 1 variant. 
Pediatr Neurol 1988:4:54-7. 

Introdlldion 

Four variant fonns of infantile GM~ gangliosidosis have 
been described. each with a unique enzymopathy.ln rwo of 
these 'ariants, the classic Tay-Sachs disease (i.e .• the B 
varianu and Sandhoff (0! variant, the enzyme defect is 
readily identified by hexosaminidase assays employing the 
synthetic substrate, 4-methylumbelliferyl-a-N-acetyl
gluc0'>311lide (4 MU GkNAc)or p-nitrophenyl-a-N-ocetyl
!!luco-amide (pNpGlcNAcl]l j. For the ill •·iro hydrolysis 
of ganglio,ide GM2. a protein activator is required in addi-

Frnm th<- -u"·p.-nmcm of Hw~:hemis1ry: Childrt'n· .. p.,)t:hiatnc 
Rt-.ean;h lll'ttiUil": 'llniwr-.tt) ot Wc,tt.~m Ornarin: :Ocpanml-nt of 
Paec.hatru.: '"'·urnlnl!y: Chaldrt.·n·, Hn .. ru.tl nf We,.tcm Ontario: 
tDcranm::nt <~ ()pt\thalmoln!!y: St. J•~·ph \ HP'f'U<il: t.A.mdnn. Ontario, 
Ctruub: De K1.•!1e l.ahur~lt,tt} hlf Bu)t.ll\."f111••:at Gcncllt. ,; \hmm..•al 
Chddn:n ·, Ht~pil<d: Mt"ltrt.';ll. Qttt•fxx·, CamuJ.t 

tion to hexosaminidase A [2- 4). The acthatordef~eiency in 
tissues of the AB variant onJy became apparent when an iro
munoassay for the activator was perfOillled or an attempt 
was made to use the patient tissues as a SOW'te of activator. 

In the fourth variant, 8 1 [3.5-9], tissues from the patient 
have appreciable hexosaminidase A activity when assayed 
with either of the above synthetic substrates. as well as ade
quate tissue activator levels. but in rirro assays fail to 
hydrolyze the natural substrate, ganglioside GM2. lt has 
recently been established that the synthetic substrates that 
are sulfated in the 6 position will identit) the enzyme defect 
in the hexosaminidase A of tissues from B 1 variant patients 
[5.6,8]. 

Case Report 

The patient was bom after an uncomplicattd pn-gnancy. labor. and 
delivery to a 26-ycar-<>ld primigravida mother. Birth -.eight was 3.l.'IO 
gm. Her pamns were nmconsanguineou;; m. mother was of 
O.nnan/Romanian origin and lbo father was of En£hshllrish oripn. Site 
voas referred at a,e 7 months for assessmem C'f n~"tagmus which had 
been ....CO!flized 4 m<>nd1s earlier. Ex.aminatioo m <;~ltd bilateral. ra(lld 
p<11dular horizontal nystasmus of ftne amplituJ< "ith a'>OCiattd head 
nod. Gra,- macular.....,. with cltetry·N:d spot;"<'" ot>><rved bilaterally. 

On examinarioo at 8 months of "BC Iter wr~~h: "•• Q,6 kg (90th per· 
centilt!. height 74 cm (97th pen:entiltl. ancl h....: ;m;umfenmc~ 4~.5 cm 

. ~75th perccntUe). She was a p•acid infant. C:m±·.:-\a..~ular txarnination 
\\IS normal, Titcre was :no visceromegaly. Ny~upu.; had become inter~ 
minem. while visuaJ pursuit was inconsistent. He: hands were held in a 
"clawed" position. She reached for IIIJl!e objt.:t• "ith a palmar grasp. 
There .,...as moderate head Jag. She dld not sit "1t..": l.)r without support or 
_,ptto roll over. She was mildly hypo<on". Deep tendon reflexes 
were nonnoactive and symmetric: plantar fe"J'.Y!~ \\~ extensor. She 
demonstrated an exagger.ued but fatigablt ;u.-.ie. D<•elopmental age 
was at a 4 month leveL 

"Wllen examined at 10 rnondts of age rhe n~ "-!..4~-mus was no longer 
pr<sent. Head la@ was less evident ind sh< r,,:,<d o-.r. Deep 1endon 
reflexes were increased with clonus at the anl.Jt .. .ll\J hyperexten~ion of 
the less in suspension. The Y~tartle rcspm;,c had f)e(;omc more 
pronotan<:cd. 

On examination at .21 months of ag-e bH W4!'l$-l;: ~a~ 14.4 kg. length 94 
cm. and head circumference 51 cm. an of \\tn~~ \\("re above the 90ih 
peruntile. She wa.' almost Wlaware of hrr en\ ~:",_lnmcnt: htr -optic discs 
'ACre pale. She had no speech and made fe\\ lk"J~~. During examimuion 
"'he moved her upper limbs 10 push the exiU'l"".:':1!:'r 3\\ ay. s~ had just 
beg.WJ having numerous seizures voilh head an.! c~ ~ turned to the left 
and secondary generalization. ~ ~izurl!':- .._x: .. ·urud in paruxysmlj, 
t~:ery 5- JO min for as km' as 2~3 hours. and h." J.ue haw been resistant 
to aruiepilepk drug treatment. At ~ mornth. ~,,~ ~~ the head cin:um~ 
ference had increa.'itd drnmatically to 54 cm. s:.: v. J> totally dependent 
011others for her care. 

Total P~N~acetylhexosamini~ activit)' V~a~ J.~ .. .~~cd with 4 W~ 
Gk::-;Ac <S•gma Chemical Co .. SI. Louis. ~10 ~- •u,.u-are 110]. The 
contribution of iM'Ie'ftl}'tne A to total ht'XO;..tm;r:tJa:-e activity was as
'<~ af1er inacti\·atlng: thi!'r> isoenzyme h~ ;o..;u~atlilfl al soQr for 4 
ht'Urs. 'l"bc: s.am~ cn1~me DCtl,·ity \\a.., a.-.sa}·~~ -.~th-' \1lt GlcNAc-6-S 
! 111. Thi~ lan'-"r ~uihtratc "a' ~ynrhc!,wtd b) s~.- :~·r..111 c=1 al. (I I). 

(\tmmunt~.:ation.., ~ht•uld ~ addi"C' .. ~d to: 
l>L R. A. Gordun: {"hildren\. P'>\·c:hiJtnc Re'<'.£"-.-"' ln ... t!IUte: 
P.(}. An' ~.l~J: London. Ontan,;. Canada NO+\ .!t'tt-. 
Rl't.:ch.·cd ()t:tohcr 7. 1~7: m:l:Cpll'tl '\uvcm~r "'· !\~,.;-. 
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Table%. Tay·SadiS...._ 8 1 Vllrlut 

l'lltitm Number, 1, l. 3, 
Ref....,_ [3,5) [6) (7,8) 

Ethnic backgt<>und Puono Fmlch 
Rican 

Puono 
Rican 

Sex M F 

s ,...,......, 
Early development N N N 

O.velopmenlll 24 30 
ams< (months) 

Domenlia Yes Yes 

Dysphasia Yes Yes 

Seizures Yes Yes 

Sir•• 
Head size Micro 

Hyperacusis Yes 

Ophthalmologic: 
Nys<agmus Yes Yes 
Cberry-red spelt Yes 
Macular deposits Yes 

Early hypo<onia Yes 

Late: 
Spasticity Yes Yes 
Ataxic gait Yes 
Paraple!Ua. Yes Yes 
quadriple!lia 

Yes 

Yes 

Muscle atrophy Yes Yes 

O.ath 56mos 8yrs 

Bio<:lttlffi!try 

Hex A: 
-1 Ml!/pNP-GkNAc N N 
4 Ml!/pNP-GicNA-6-S .1. .1. 
G\t:: +activator .1. 

N 

BrainGM2 

5 pa1ien1s. as well as our pa1iem and an additional one iden
tified as BIB 1 compound heterozygote are summarized in 
Table 1. The initial patient reponed by Goldman el al. ( 3.5] 
and !he third and founh patients reponed by lnui et a!.(7.8J 
were Puerto Rican. while parents of the others were of 
European origin. The 4 previously reponed patienls as well 
as the BIB 1 compound patient did not show conspicuous 
developmemal problems for the first I 'h to 2 years of life. 
although 1 patient was described as developmentally 
delayed. Initial problems in this group were ataxic gait. dys
phagia and/or increasing spa.-ticity. and ophthalmologic 
findings including nystagmus. cherry-red macular spots. or 
bro.,.nish macular deposits. If early hypotonia were evi
dent. pn>gressively increasing spasticity. hyperretlexia. and 
paraplegia or quadraplegia would ensue. Mu,cle atrophy 

~(, PEDtATRtC NEliROLOOY \'vt 4 ~ .. I 

4, 
(7,8) 

Puono 
Rican 

M 

N 

Yes 

Yes 

No 

Yes 

Yes 
Yes 

Yes 

7yrs 

5, 
(91 

Abn 

Yes 

Yes 

Yes 

Yes 

Yes 

23mos 

Hz 

6, 
(I'Nsem 

l'atlenll 

Englisb/ 
Irish} 

German/ 
Romanian 

F 

Abn 

10 

Yes 

Yes 

Macro 

Yes 

Yes 
Yes 

Yes 

Yes 

Yes 

Hz 
.1. 

8181 

c-pound. 
1161 

Irish} 
American 

F 

N 

18 

Yes 

Yes 

Yes 

Macro 

Yes 

Yes 
Yes 

Yes 

Yes 
Yes 

was frequently encountered later. Epilepsy was observed in 
most patients: they manif~ted either myodonus. absence. 
or clonic seizures as the~ deteriorated. Our p;uient. as well 
as one described by Conzelmann et al.(9(. experienced a 
plateau in development" ithin the first year of life.then had 
a more precipitous decline than reponed for the others (i.e .. 
acoursemoretypicalofthe B variantofTay·Sachsdiseasel. 
In the 4 patients with a later onset of clinical manifestations 
and slower progression. death occurred at-' 1

/, to 8 years of 
age in 3: however. the patient whose course most· closelv 
par.dleled our patiem. died at 23 months of age. The B/B 1 

compound patienl reponed hy Charrow et al.(l51 had man) 
similaritie' to the fiN four B 1 variant paticms reponed. 
Studies of brain gangli<>,ides at autopsy revealed that GM~. 
which normally con,titutes < 5% of the total brain 
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Table I. ~N_,..._iaidastadhityln_..... -trois 

....._ 
Leu~es Flbroblasts 

Tollll* tu• Tollll* TocaJI Tocal* TocaJI 
lnMimJ/llr) .. ,.. (aMimllilr) (aM/mllilrl -.A' (IIM/ftll/br) (DMII1JI/IIrl -.A' (nMima/hrl 

Me111 1.157 70 29.6 925 6S 180.8 18.616 ss 800 

CRinge) 1637- (64- (24.0- (766- (63- (127.6- (7,564- (45- (687-
1.947) 79) 36.0) 1.09ll 68) 270.9) 33.970) 66) 89!) 

Patient 2.406 42 2.4 620 S7 3.3 I I .SS! 38 3.7 

Fatller 1.046 44 IS.8 1.240 76 64.6 13.670 41 183 

Mother 1.294 52 14.2 1.078 6S 66.6 12.974 38 !OS 

• Assayed widl4 MU Olc:NAI: as substnae [ 10). 
' Pttcent of isoenzyme assayed widt 4 MU OkNAc .. substrace in a dtermal ina<tivatioo ....,y. 
t Assayed,.itb4 MU GkNAc-0-S as substrale {ll]. 

Results 

Activities of a series of acid hydrolases including 
~galactosidase. a-N-acetylneuraminidase, acid-~ 
glucosidase. and arylsulfatase A were wilhin normal limits. 
The total 13-H·acetylhexosaminidase assayed in !he 
patient's plasma, leukocytes, and cultured fibroblasts wilh 
4 MU GlcNAc as substrate was below normal only in 
leukocytes (Table I). The pen:emage of isoenzyme A in 
plasma and fibroblasts (i.e .. hexosaminidase thermolabile 
at 50"C after 4 hours) was reduced approximately to levels 
observed in !he B variant Tay-Sachs disease heterozygotes. 
With the sulfated substrate 4 MU GlcNAc-6-S. levels of 
hexosaminidase activity in the patient's plasma. 
leukocytes. and cultured fibrobiasts were < 8. 2. and I% of 
the control mean, similar to activities observed in tissues 
frotn a Tay-Sachs disease B variant hotnozygote. 

With the 4 MU GlcNAc as substrate and plasma. 
leukocytes. or cultured fibroblasts from !he parents: total 
hexosaminidase activities as well as the proportion of 
isoenzyme A in leukocytes were within the control range. 
The percentage of the A isoenzyme in the parents· plasma 
or fibroblasts was wilhin the range previously observed in 
Tay-Sachs disease B variant heterozygote's. With the 4 MIJ 
GlcNAc-6-S as substrate. the heJ~osaminidase activities in 
either paren!'s plasma. leukocytes. and cultured fibroblasl' 
were< 53. 37. or 22% of !he respective control mean. 

Discussion 

The total ~N-acetylhexosaminidase and proportion of 
isoenzyme A a.,_,ayed with the 4 MU-Gk:NAc as substrdte 
suggested that neither B or 0 variants ofTay-Sachs dihl!ase 
were responsible for her neurodegenerdtive features. The 
marked lad of activity when 4 MU GlcNAc-6-S was util
ized as substrate indicated a severe dysfunction of 13-N
acetylhe\<haminidase A isoenzyme similar to that reponed 
by other authors in B 1 variant Tay-Sachs disease 
(5.6.11.9.1 ll.t••id<• it!{ra). 

The ~N-acetylglycosaminidic linkages have a wide· 
spread distribution in glycolipids, giycoproteins, or 
glycosaminoglycans. They differ in susceptibility to 
hexosaminidase isoenzymes. Hexosaminidase A is !he only 
isoenzyme capable of hydrolyzing this linkage in 
ganglioside G~2 (in !he presence of !he activator protein) 
[ !], in the 6-sulfated oligosaccharide derived from such 
glycosaminoglycans as keratan suifate [ 12}. or in !he 6-sul
fated synlhetic substrate 4 MU GlcNAc-6-S [5,6,8.11.12). 
Other hexosamine-containing oligomers. including !he 
cotnmonly used synthetic substrate 4 MU GlcNAc, are also 
susceptible to hydrolysis by hexosaminidase B. 

Hexosaminidase A consists of two different polypeptide 
subunits. a and p. "·hereas hexosaminidase B consists of 
only p subunits ( 1]. From competition experiments per· 
fonned with !he natural substrate ganglioside G~c (in the 
presence of activator) or the synthetic substrates. 4 MU 
GlcNAc and 4 Mt.: GlcNAc-6-S. and hexosaminidases A. 
B. or a homopolymer of a subunits. Kytzia and Sandhoff 
[13] reponed !hat ganglioside Gm and lhe4 MUGicNAc· 
6-S interact wilh the same active site on the a-subunit. 
However. 4 MU Glc:-.!Ac interacts with an active site on the 
~subunit. The activator that binds GM2 also probably binds 
to !he a-subunit. 

The B 1 variant of Tay·Sachs disease like the B variant. is 
a consequence of a mutation involvin!! the a-gene locus. By 
fusion experiments the B and B 1 variant mutations have 
been demonsm11ed to be allelic I 14]. The B 1 variant patients 
synthesize a hexosaminida.<;e A which has lost its activity 
against sulfated synthetic substrates (or the GM2 

ganglioside in the presence of activators) but has retained 
its activity against the non•uifated synthetic sul:ostrate.lt ap· 
pears that the mutation ha' inactivated the reactive site on 
the a-subunit without interfering with other funt'lions of the 
enzyme. 

Five patients with the B 1 variant of Tay-Sa.:hs di-ease 
have been reported in the literature. Characteri,tics of these 
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5 patients, a,- well as our patient and an additional one iden
tit'ied as BIB 1 compound heterozygote are summarized in 
TJ!>Ie ::!. The initial patiem reponed by Goldman et al.(3.51 
and the third and fourth patients reponed by lnui et al. [7,8[ 
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was frequently encountered later. Epilepsy wa> observed in 
most patients: they manifested either myoclonu,. absence, 
or clonic; seizures as they deteriorated. Our patient as well 
as one described by Conzelmann et al. 19). e\perienced a 
plateau in development within the first year oflife .then had 
a more precipitous decline than reponed for the others (i.e .. 
a course more typical of the B 1 ariant ofTay-Sa.:hs disease l. 
In the 4 patient' with a later onset of clinical manifestations 
and slower progres>ion, death on·urred at 4 '!: to X years of 
age in 3: however. the patient ''hose course m~t closely 
parallel<'d our patient. died at 13 months or age. The BIB 1 

c'<l!npound patient reponed h~ Charrow et al.l151 had many 
,jmilarities 10 the first four B 1 ';1riant patient' reponed. 
Studies of brain g:~ngliosidc·s at autopsy reveakllthat G\J:!. 

which normally constitut<'' < 5'1 of th<' total brain 
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ganglioside in these patients, constituted more than 55% of 
the total. The activity of total hexosaminidase or isoenzyme 
A assayed with 4 MU or pNP-GicNAc was either normal 
or at heterozygore levels but was severely depressed when 
assayed with the sulfated synthetic substrate. 

Our patient, diagnosed at 8 months of age. appears to 
have a clinical course similar to that observed in the clas
sic B patients rather than the later onset and somewhat more 
protracted course reported in the previously described 8 1 

variant patiems. 
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juvenile-onset Tay-Sachs disease among 
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3Neurogenetics Unit, Department of Neurology and Neurosurgery, Montreal Neurological Hospital; 
and 4Departmcnt of Biology, MeGill University, Montreal, Quebec, Canada 

Expression of the hexosaminidase isozyme~ was evaluated in fibroblast cc1llines obtained from 
two sibs of Lebanese-Christian origin who presented with juvenile-onset Tay-Sachs disease. In 
the normal control fibroblasts the a subunit of bexosaminidase A (hex A) is synthesized as a 
67 KD precursor which is deaved in lysosomes to a mature 54 KD peptide. The patients' 
fibroblasts were capable of synthesizina the 67 KD precursor but failed to convert it to 
the mature subunit. The a subunit precursor synthesized by patients' cells could not be 
phosphorylated, nor wa.s the patients' a subunit precursor scc:reted into the medium in response 
to NH.CL. which caused accumulation of both a and p subunit precursor in the medium of 
the normal control fibroblasts. The mcasurcment of residual enzyme activity in the fibroblasts 
of patients which best correlated with the onset of the illness was the ion exchange cbromatogra· 
phic separation or Hex A-associated hydrolysis of the synthetic substratc 4-methylumbelliferyl 
N·acctyi·P.D·glucosamiJI.e.6.sulfatc (4MUGS). The patients had 0.32% and 0.36o/. of Hex A
associated 4MUGS cleaving activity compared to normal control fibroblasts as compared to 
<0.016% for infantile Tay-Sachs disease fibroblasts. The residual Hex A activity in patients' 
cells had a pH optimum identical with normal enzyme (pH 3.9-4.0), a reduced specific activity 
for 4MUGS {relative to hydrolysis of unsulfated synthetic substratc), and a greatly enhanced 
thermal stability. The occurreuce of this form of Tay-Sachs disease in Lebanon, the fact that 
the condition has becD described in three unrelated Lebanese immigrant families in Canada, 
together with the fact that the grandparents of the unrelated probands come from villages in 
both th northern and southern regions of Lebanon, leads us to speculate that a gene causing 
juvcnile-onselt Tay-Sachs disease may not be infrequent in Lebanon. 
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Mutations at three gene loci result in the 
occurrence of variants of the neurodegener
ative lipid storage diseases known as the 
G~oe2 gangliosidoses. Biochemk:ally, the com
mon feature of aU forms of 0.,.2 gangliosido
ses is the accumulation in neurones of the 
acidic glycolipid Gw2 ganglioside. The gen-

etic defect occurs in the locus encoding the 
a subumt of the enzyme hexosaminidase A 
(Hex A) in Tay-Sachs disease (TSD) or in 
the locus encoding the p subunit common 
to both Hex A and Hex B in Sandhoff 
disease. A rare form of Gt.u gangliosidosis 
has also been described in which the mu-
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tation occurs at a locus encoding an acti
vator protein required for the action of Hex 
A on glycolipid substrates. 

The existence of a variety of mutant alle
les at the a subunit locus has been reported. 
Their biochemical characterization contri
butes much information to the understand
ing of genetic control of protein processing, 
maturation and targeting. In some cases the 
same clinical phenotype is compatible with 
different mutant alleles. Thus, the classical 
or infantile onset form of TSD occurs in 
the Ashkenzai Jewish population as a result 
of at least two mutant alleles, one of which 
is an exon 12 splicing defect (Arpaia et al. 
1988, Myerowitz 1988). An identical pheno
type in French Canadians occurs as a result 
of at least two mutant alleles {Bayleran et 
al. 1988), one of which is a 7 KB deletion 
which includes exon l (Myerowitz & Hogi
kyan 1986). In contrast to these mutations 
which result in deficiency of Hex A, other 
allelic mutations, known as Bl mutations, 
produce normal amounts of catalytically 
defective enzyme (reviewed in Gordon et al. 
1988). 

Mutations occurring at the a locus are 
also associated with later..onset forms of 
TSD (reviewed in Johnson et al. 1980) or 
with variants of GMl gangliosidosis with no 
cortical involvement. Examples of such mu
tations include juvenile- (Brett et al. 1973, 
Meek et al. 1984, Pames et al. 1985) and 
adult..onset TSD as weU as chronic forms 
of the disease which present without intel
lectual impairment (Rapin et al. 1976, 
WiUnc:r et al. 1981, Argov & Navon 1984). 
Many of these variant forms of G~o~1 gan~ 
gliosidoses are likely to be the result of com
pound. heterozygosity at the a locus. The 
existence of two different mutant a locus 
alleles in the same cell presents difficulties in 
evaluating the contributions of each mutant 
allele to the cellular or enzymatic pheno
type. 

We present here the enzymatic analysis of 

a juvenile-onset form of Tay~Sacbs disease 
which has been identified in Lebanese immi
grant families in Canada. The clinical defect 
was initially described by Andermann et al. 
{1977}. 

The relationship of this mutant allele to 
forms of Tay-Sacbs disease occurring in Le
banon is difficult to assess. A survey of 
15 eases of Gt.e gangliosidoses in Lebanon 
revealed only two likely cases of infantile
onset TSD with both Muslim and Christian 
ethnic background (Der Kaloustian et al. 
1981). The mutation identified in Canada 
occurs in three Christian Lebanese families 
and is clearly a later-onset form of the dis
ease. No common ancestor was found link
ing any of these families. Grandparents 
came from villages in both northern and 
southern Lebanon, but the majority of the 
gradparents originated from adjacent small 
villages in the vicinity of Mt. Hermon in 
southern Lebanon and in what is now the 
Golan Heights in Israel (Andermann et al. 
1977). These preliminary findings suggest a 
relatively high frequency of this mutant alle
le which is consistent with the occurrence 
of a number of cases of juvenile..onset TSD 
in the Maronite community of Lebanon it
selg (Y. M. Der Kaloustian, personal com
munication). 

Material and Methods 

Patients 
The two patients whose cultured fibroblasts 
are the subject of this investigation are sibs 
of family N reported by Andermann et al. 
(1977). The parents are first cousins. The 
probands had normal developmental mile
stones until the age of 18 months to 2 years, 
followed by progressive deterioration of 
gait and mental functioning with gradual 
development of ataxia and spasticity. Un
like infantile TSD patients, these patients 
had no seizures. However, the EEGs 
showed active generaliz.ed epileptic dis~ 
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charges with severe generalized disturbance 
of cerebral activity, suggesting diffuse cor
tical and subcortical grey matter encepha
lopathy. Preliminary diagnosis of juvenile 
Tay Sachs disease was made by brain biopsy 
on the older sibling and subsequently con
fumed by serum hexosaminidase assays per
formed on both patients and the parents. 

By the age of 5 years, the older boy had 
no comprehensible speech and no manifes
tation of interest in his surroundings. He 
had a markedly ataxic gait, with spasticity 
in all four limbs, particularly the lower ex
tremities. Grasping and sucking reflexes and 
a very active reflex were present. The 
younger sibling. who talked well by the age 
of 2 years, had lost the ability to speak by 
3! years. He was also markedly ataxic and 
bad an unusual gait with abduction of the 
arms. Both boys had generalized hyper
cflexia. The patients died at ages 8 and 7, 
respectiveJy. 

Cultured frbroblasts 
Conditions for culturing human skin fibro· 
blasts were described previously (Baylcran 
et al. 1984). Fibroblasts obtained from the 
older of the two patients are referred to as 
WO 306 and the younger as WG 312. 

Biosynthetic Labelling Studies 
Biosynthetic labelling of proteins with liKl 

Leucine or »PO., immunoprecipitation. 
electrophoresis and radioautography of 
protein subunits were performed according 
to Proia et al. {1984). Goat antisera directed 
~-. ·:1st purified Hex A, Hex B and a chain 
were a generous gift of Dr. Elizabeth Ne
ufeld. The following modifications were 
used: fibroblast lysates were prepared in a 
buffer containing 1.4 M NaCI and prior to 
the preclearing step, lysates were centri
fuged at 145 000 x g for 45 miD at 4 °C. 

Assay of Hexosaminidases 
Hexosamioidascs were assayed fluorime
trically using the unsulfated synthetic sub-

strate 4 methylumbelliferyl N-acetyl-P..D
glucosamine (4MUG) (St. Louis, Mo, USA) 
and using the sulfated substrate 4 methy
lumbelliferyl N-acetyl-P-D-glucosamine-6-
S04 (4MUGS). The sulfated substrate was 
purchased from the Sick Children's Hospi
ral Development Corp. (Toronto. Ontario, 
Canada) and was purified by chromatogra
phic procedures reported earlier (BayJeran 
et al. 1984). Fibroblast Hex A and B were 
separated by ion exchange chromatography 
according to Nakagawa et al. {1977). 

Protein 
Protein was determined by the method of 
Lowry et al. (1951) using crystalline BSA as 
standard. 

Results 

Hexosaminidase Activity in Patients' Fibro
blaszs 
Hexosaminidases A and B were measured 
in normal control and mutant fibroblasts 
by four procedures: a) thermal fractionation 
of fibroblast lysate hexosaminidase activity 
using 4MUG; b) measurement of enzyme 
activity toward both 4MUG and 4MUGS 
with application of an empirical formula 
(Baylcran et al. 1984); c) hydrolysis of 
4MUGS by fibroblast lysates; and d) ion 
exchange chromatographic separation of 
isozymes. 

The first two procedures gave values for 
Hex A activity which were greatly reduced 
compared to values for Hex A in normal 
control fibroblasts, but were significantly 
greater than assay values obtained using 
fibroblasts obtained from patients with 
classical infantile Tay-Sachs disease (of Ash· 
kenazic Jewish origin). The results are 
shown in Table 1. 

A more definitive measurement of Hex A 
activity which correlated with the differ
CDCCS in age of onset is obtained by chroma
tographic separation of enzymatic activity 
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T•ble1 

Hexosaminldaae A. determinations in control and mutant flbroblast cell lines 

nmol/htmo protein 

Hex A 
4MUG and 4MUGS associated-

Thermolabile hydrolysis 4MUGS 44UGS 
Cell line llexosaminidaae by formula hydrolysis hydrolysis 

Normal control !iT 76 
WG306JTSD 14 0.112 
WG312JTSO 13 2.15 
WG 931TSO 5.2 0.29 

catalyzing hydrolysis of the 4MUGS sub-
strate. The results of these separations are 
shown in Fig. 1. Fig. 1 C and D show separ
ation of hexosaminidase isozyme in lysates 
of fibroblasts WG 306 and WG 312 respec
tively. When hydrolysis of 4MUGS is moni
tored in each column fraction, respectively 
49% and 39% of the recovered enzyme ac
tivity cochromatographs with Hex A. The 
remainder of 4MUGS hydrolyzing activity 
cochromatographs with Hex B. By contrast, 
in infantile TSD fibroblasts (Fig. B), all de
tectable 4MUGS bydrolyzing activity coch
romatographs with Hex B. In normal con
trol fibroblasts a numerically larger scale is 
required for the representation of 4MUGS 
hydrolysis by chromatographic column 
fractions. Therefore the small Hex B-associ
ated hydrolysis of 4MUGS, though present, 
does not appear on this chromatographic 
profile. Table 1 also records Hex A associ
ated 4MUGS hydrolysis for the juvenile and 
infantile onset TSD fibroblasts. 

Fig. 1 C and D also show that chromato
graphic recovery of Hex A-associated 
4MUG hydrolysis is greatly reduced in the 
juvenile TSD cells compared to the normal 
control cells. This fmding is similar to the 
results obtained for infantile TSD cells but 
strikingly different from results obtained 
with fibroblasts from infantile patients who 
are a locus compound heterozygotes for the 
Bl allele (Bayleran et al. 1987). The sign.ifi· 

1094 1094 
7.14 3.5 

10.1 3.9 
4.2 <0.175 

canc:e of this difference is described in the 
Discussion. 

a Chain Maturation in Juvenile TSD Fihro-
blasts · 
Fig. 2 shows the biosynthetic labelling and 
immunoprecipitation ofbexosaminidase su· 
bunits. Fig. 2 (top) shows the expected pat
tern of a subunit labelling in normal control 
cells and Ashkenazi Jewish infantile TSD 
cells following a 2-h pulse with liHI..Jeucine 
and a l·h chase with unlabelled leucine. A 
67 KD a subunit precursor is seen in normal 
cells Oane 1) and is absent in classical TSD 
cells Oane 6). In the juvenile TSD cells WG 
306 a subunit precursor of normal size is 
also synthesized Oanc 3). After a chase per· 
iod of 17 h. no a subunit precursor can be 
immunoprecipitated with antiserum di
rected against free a subunit from either 
control Oane 2) or juvenile TSD cells (lane 
4). 

Fig. 2 (bottom) shows the results of im
munoprecipitation, electrophoresis and 
Ouorography using antiserum directed 
against Hex B. This procedure detects both 
P subun.its as well as a subunits associated 
wiih them but not free a subunits. In normal 
control cells the P subunit precursor is de· 
tected after pulse-chase (1 hour) Oane 2}, 
whereas the overnight chase results in the 
appearance of the mature p S\Jbun.its (28 
and 29 KD) as well as the mature ,8-bound a 
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subunits (54 KD) (lane 3). In both classical 
infantile TSD ceUs (WO 93) and WG 306 
(lane S) only the mature P subunits are pre
cipitated. WO 312. the cell line obtained 
from the affected sib ofWG 306 has a label
ling pattern identical to WG 306 (data not 
shown). 

It would appear that an a subunit precur
sor is synthesized in the cells of the Lebane
se JTSD patient but the precursor fails to 
mature and is degraded. 

Fig. 3 shows the biosynthetic labelling of 
a and p suhunits with »FO •. After the pulse 
and 1-h chase period. labelled a and p subu
nit precursor are detected in the normal 
control cells (lanes 2 and 6). whereas in the 
JTSD cells only the p subunit precursor is 
labelled. These results support the hypothe-
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sis that a subunit precursor is synthesized 
normally in the JTSD cells but not pho
sphorylated. Since the site of phosphoryla
tion of enzymes destined for the lysosome 
is the Golgi apparatus. the defect in the 
JTSD fibroblasts may be due to failure of 
the mutant a precursor to reach the Golgi 
or to failure of the subunit to be recognized 
as an acceptor substrate for the Golgi ap
paratus enzyme UDP-N-acetylglucosami
nyl phosphate transferase. 

In Fig. 4 nexosaminidase subunits were 
labeUcd with 3!HI..Jeucine and following a 17-
h chase period were immunoprecipitated 
from the culture medium with antiserum 
directed apinst Hex A. This antiserum de
tects free a subunits as well as a and P 
subunits bound in Hex A or Hex B. The 

c 

Fig. 1. Separation of hexosamlnldue lsozymes from normal and Tay.Sachs disease fibroblast cell lines. 
Fibroblasts ~• disrupted by sonication In water followed by centrifugation at 10000 x g at 4". Soluble extracts 
ware chromatographed on DEAE Cellulose accordino to Nakagawa et al. (1977). Column fractions were asnyecl 
for huosamlnldase activity with 4MUG {open circles, dashed lines). Enzyme units lor 4MUG hydrolysis are 
represented on left scale. Column fraetiona ware also aasayed for 4MUGS (closed circles, solid lines). Enzyme 
units for 4MUGS hydrolysis are represented on the left scale In Fig. 1A and on the right hand scale in Fig. 18, 
C and D. Enzyme units recovered are normalized to mg soluble fibroblast protein applied. A) MCH24, normal 
control cell line, B) WG 93 Aahkanazi..Jewllh infantile Tay.Sachs dlseaae call line. C) WO 306 Lebanese..Juvenlle 
Tay.Saells disease cell line; D) WG 312 t.ebanesa-Juvenla Tay.Sachs disease cell line (sib or WG 306). 
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Fig. :t. lmmunoprecipitation and elec:1rophoresis of 
hexosaminidase subunits blosynthetlcally labelled 
with "[HJ leucine from celllysates. Top. Radiolabelled 
antigens precipitated with anti Mntiserum. Pulse per
Iod for all lanas ia 2 h. Lane 1 normal control fibre
blasts, chase period 1 h. Lane 2 normal control flbro
blasts, chase period 17 h. Lane 3 Juvenile Tay-Sac:hs 
disease fibroblasts (WG 306). Chase period 1 h. t..ane 
4 Juvenile Ta)'"Sachs disease flbroblasts (WG 306). 
Chase period 17 h. Lane 5 Normal control flbroblasts. 
Chase period 1 h. Chase period 17 h. Lane 5 Infantile 
Tay-Sachl disease flbroblasts (WG 93). Chase period 
1 h. Lane 7. Molecular weight standards. Botlom. Ra
dlolabelled antigens pntelpitated with antiHex 8 anti
serum. Pulse period for all lanas is 1 h. Lane 1. Mol
ecular weight standards. t..ane 2. Normal control fibre
blasts. Chase period 1 h. Lane 3. Normal control 
flbroblasts. Chase period 17 h. Lane 4. Juvenile Tay
Sachs disease flbroblast (WG 306). Chase period 1 h. 
Lane 5. Juvenile Ta)'"Sachs disease fibrobiasts (WG 
306). Chase period 17 h. l.ane 5. Normal control fibre
blasts. Chase period 1 h. Lane 7. Infantile Ta)'"Sechs 
disease libroblasts. Chase period 1 h. Numbers at side 
are molecular weights in kilodaltons. 

medium in which normal cells are grown 
shows the presence of both a and p Hex 
subunits secreted in response to the presence 
of NaCJ in the medium (lane 1). Under 
these conditions the mature a and p subu
nits are not secreted into the medium. In 
the JTSD cells only p subunit secretion oc
curs in the presence of NH.CI (lane 2) . 

Ammonium chloride is understood to act 
by preventing dissociation of the mannose-
6-phosphate receptor from lysosomal en
zymes within the lumen of the lysosome 
or a prelysosomal compartment. Since the 
MRP functions in the transport of lysoso
mal enzymes from the Golgi apparatus and 
since the MRP is present in limiting 
amounts, a block in recycling of the MRP 
results in bulk. movement of phosphorylated 
lysosomal enzymes outside the cell. Alterna
tively, lysosomal enzyme which cannot be 
phosphorylated (for example, in cells with 
Mucolipidoses 11 or Ill) will be secreted into 
the medium in the P.bsence of weak bases. 
The fact that a chains are synthesized but 
not secreted by the JTSD fibroblasts we 
interpret as evidence that the a subunit pre
cursor is degraded before it reaches the Gol
gi apparatus, and that this event most likely 
occurs in the rough endoplasmic reticulum 
of the cell. 

Characteristics of Residual Hex A A.ctil'ity 
in Mutant Fibroblasts 
Hexosaminidase A activity obtained by ion 
exchange chromatography oflysates of nor
mal control and JTSD fibroblasts were 
compared with respect to thennolability, 
pH optima and substrate specificity. The 
results of these comparisons are presented 
in . Table 2. Hexosaminidase A obtained 
from chromatography of JTSD patient cells 
is strikingly more stable to heating at 47°C 
than is normal fibroblast Hex A. In fact, its 
thennostability is comparable to that of 
Hex B. This surprising finding makes it dif
ficult to explain why any thermolabile 
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hexosaminidase activity should be detect
able iD the unfractionated fibroblast lysate. 
Hexosa.minidase A, which was prepared 
chromatographically from secretions in
duced by culturing normal control .fibre
blasts for 17 h iD the presence of 10 mM 
NH.CI-containing medium. was thermosta
ble (Table 2), iD contrast to cellular Hex A 
from normal control cells. The extracellular 
form of Hex A is known to consist of unpro
cessed a and {J subunits (Hasilik et al. 1982). 

Hex A prepared from ITSD fibroblasts 
bydrolyzcs 4MUGS at a rate relative to 
4MUG hydrolysis that is intermediate be
tween normal fibroblast Hex A and Hex B. 

1 2 3 4 5 

The pH optima of Hex A from both normal 
and JTSD fibroblasts for 4MUGS hydroly
sis is 3.9-4.0. 

Discussion 

The detailed study of the effect of different 
a and {J locus mutations on the enzymatic 
phenotype of cultured cells obtained from 
patients with variant forms of Gt.a ganglios
idoses serves two important purposes: (1) it 
may provide new insights into basic eucary
otic cellular mechanisms of expressing gen
etic information and targeting gene pro
ducts; and (2) it may offer explanations in 

6 7 8 9 10 

-• - - -... 
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68 .,._ _. 

•s 

29 

•• • ·-
F1g. 3. lmmunoprecipitatlon and electrophoresis of hexosarntnldase subunils biosynthetlcally labelled with "*PO. 
from cell !pates. Lane1 1 and 10. Molecular weight standards. Lane 2. Normal control 1 h chase, precipitation 
with anti-a-antiserum. Lane 3. Normal controf, 17 h chase precipitation with antl+serum. Lane 4. Juvenile Tay. 
Sacha disease tlbroblata. 1 h chua, precipitation with llllti-a .. ntlserum. Lane 5. Juvenile Ta)I-Sachs disease 
libroblasiS, 17 h chase, precipitation wiltl anti+antlserum. Lane 6. Normal control libroblasts, 1 h chase, 
preclpilated with anti·Hu 8 antiserum. Lane7. Normal control fibrobiuts, 11 h chue period, precipitation with 
anti-hex B antiserum. Lane 8. Juvenile Ta~ cfasease libroblests, 1 h Ch11$11 period, precipitation with anti
Hex 8 1111tlserum. Lane 8. Juvenile Ta)'-&lchs disease flbrobiUIS, 17 h chase period, precipitation with anti-Hex 
B antiserum. Numbers at left are molecular weights In kllodaltons. 
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biochemical or enzymatic terms for pbeno
typic (i.e. clinical) differences between pa· 
tients carrying different mutant alleles. In 
this discussion we compare fmdings in the 
Lebanese JTSD patients with observations 
made on previous patients investigated both 
at our centre and elsewhere. 

We believe that the mutation observed in 
this family (and by inference, in the other 
Lebanese-Canadian families reported by 
Andermann et al. (1917)) is one which af. 
fects primarily the quantity of mature Hex 
A delivered to the lysosome by degradation 
of the a subunit precursor in an early com
partment of the protein targeting pathway. 
This class of a locus mutation is quite dis
tinct from the Bl mutations in which a nor
mal amount of Hex A is produced but the 

1 2 

- ~ f-1 
:::::=- c P!l = 69K 

- -.. ... 46K 

..... .. 30K 

Fig. 4. lmmunoprecipitalion and electrophoresis of cui· 
lure medium. Hexouminidases bloaynthetically 
labelled with ""4euclne. Chase period 17 h In the 
presema of 10 mM NH.CI. Antigens precipitated with 
antl Hex A antiSMUm. l.ane 1 normal control cella. 
Lllne 2. Juvenile Tay.Sachs Dlseau flbroblasts. 

a subunit, although capable of associating 
with the P subunit, is catalytically defective 
and unable to degrade Gr.u gan~~oside 
{Kytzia & SandhotT 1985) and 4MUGS 
(Bayleran et al. 1984). A third class of a 
locus mutations suggested to account for a 
number of cases of so-called '"chronic" or 
adult-onset forms of TSD was also docu
mented by d' Azr.o et al. (1984). In cells with 
these mutant alleles the defective a chains 
are unable to associate with p subunits. The 
a subunit produced by these "association 
defective" patients is, however, phosphory
lated and does accumulate in the culture 
medium in response to NH...Cl. Thus, the 
block in maturation of Hex A in these pa
tients with milder clinical abnormalities 
does occur at a later stage in the targeting 
pathway than is the case for the patients 
described here. 

The mutation mechanism observed in the 
Lebanese JTSD patients is evidently not an 
uncommon mutation mechanism at a num
ber of human gene loci. Sequestration of 
mutant gene product within the endoplas
mic reticulum accounts for a frequent form 
of a, antitrypsin deficiency (Hercz & Harpaz 
1980). 

An ITSD patient of Italian origin report
ed by Zoakeem et al. ( 1987) also had a 
mutant Hex A a subunit which also under
goes degradation in an early processing 
compartment. Although it is tempting to. 
conclude that tbe same type of mutation 
mechanism is compatible with both ITSD 
and JTSD phenotypes, there are also some 
striking differences in enzymatic phenotype 
between the Italian and the Lebanese pa
tients which are relevant to their clinical 
differences. Thus, the Italian patient pro· 
duces an a chain truncated by 3-4 KD at 
the C-terminal end (Zoakeem et al. 1987). 
The cells of this patient produce no Hex A
associated 4MUGS cleaving activity (un
published) in common with ·cells obtained 
from null mutant patients of French Canad-
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Tule 2 

Properties of fibroblast and medium hexcsaminidases from control and mutant fibrcblast cell 
· lines 

EIUyme source' 4MUGS14MUG' Tw• pH optimum• 

Normal control Hex A 0.143 35min 3.9-4.0 
Normal control Hex B 0.001 810mln 
WG308Hea A 0.011 810 mln 3.9-4.0 
WG312HexA 0.0099 810 min 3.9-4.0 
NH.CI<ulture medium Hex A1 0.129 240 mln 

' Ratio of rate of hydrolysis of substrates. Concentration• 1 mM. 
• Time required lot inactivation of 50% ol eiUyme at 47"C. 
• O.D8 Citric Acld--NaOH. 
• lsozymes npareted by the procedure of Nalcagawa et al. (1977). 
• Culture medium plus NH.CI {10 mM) exposed to confluent normal cells 24 h. 

ian and Ashkena:zi Jewish origins. By con
trast, the cells of the Lebanese TSD patients 
do produce some Hex A-associated 
4MUGS cleaving activity (0.32% and 
0.36% relative to normal control). Never· 
theless., the possibility that the many mu
tations which prevent proteins from exiting 
the RER all alter a common recognition 
signal remains an intriguing hypothesis. 

A number of methods for measurement 
of hexosaminidase A activity in patients' 
ceUs and fluids are in use. Many of these 
methods will discriminate between the gen· 
eral categories of "'affected" and "unaffec
ted" (e.g. Raghaven et al. 1985) but not 
between the variant phenotypes of GNl gan
gliosidosis which differ in severity, age of 
onset, cortical involvement and speed of 
progression. Thus, the common sense sug
gestion that the clinical severity of an en
zyme deficiency disease will be inversely re
lated to the amount of residual enzymatic 
activity in the patient is frequently negated 
in practice by limitations on the accuracy 
or sensitivity of available methods of en:zy
matic assays. 

A survey of 25 cases of juvenile TSD 
revealed a range of leucocyte % Hex A 
(measured as thermolabile hexosaminidase 
activity toward 4MUG) among patients 
that varied between 0-35 (Johnson et al. 

1980). This range is partly accounted for 
by the fact that many different al!eles are 
associated with the JTSD phenotype 
(Greenberg & Kaback 1982). However, it 
also reflects di.fi'erences between laborator· 
ies in the application of the thermal frac
tionation procedure for differential determi
nation of hexosaminidases. 

Conzelmann et al. (1983) have demon
strated that measurement of fibroblast Hex 
A catalyzed hydrolysis of Gt.tl ganglioside in 
the presence of human liver Hex A activator 
protein detects residual enzyme activities 
that correlate well with the neurological se
verity of the variant phenotype. It would be 
desirable to have an assay for residual Hex 
A activity which correlated as well with 
phenotypic severity but which is accessible 
to laboratories that are not equipped for 
the isolation and purification of both Gw2 
ganglioside and activator protein. We pro
pose that the combination of ion exchange 
chromatographic separation of Hex A with 
the use of the synthetic fluorescent substrate 
4MUGS may serve this purpose. 
· It is instructive to compare the enzymatic 
phenotype of the Lebanese JTSD patient 
with those of patients carrying the B 1 mu
tations. 1\vo Bl compound heterozygous 
patients investigated by us had the infantile
onset form ofTSD. Other patients classified 
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as Bl have juvenile onset forms of the dis
ease (Charrow et al. 1985). It is likely that 
the phenotypic ditrerences between JTSD 
and ITSD Bl patients may be due to ditrer
ences in the catalytic site of the enzyme, 
which may reflect the ability of the enzyme 
to function under physiological conditions. 

Thus the two unrelated BliTSD patients 
we recently investigated have half of the 
normal amount of Hex A, but this enzyme 
has a pH optima of 2.4 when 4MUGS is 
used as the substrate. This species of enzyme 
is likely to be completely nonfunctional in 
lysosomes (Bayleran et al. 1987). The pH 
optima of fibroblast Hex A obtained from 
the JTSD patients who are the subjects of 
the present study is pH 3.9-4.0, which is 
identical to that of Hex A from normal 
control cells. On the basis of this property, 
we expect the small amount of Hex A that 
survives the targeting pathway in JTSD cells 
to be functional in lysosomes. 

A property of Hex A is strikingly differ
ent in the normal control and JTSD geno
type is the greater thermostability of the 
mutant Hex A. The physiological signifi· 
cance of this property is not known. It is 
possible that the greater thermostability of 
the mutant Hex A is a direct consequence 
of the effect of the amino acid substitution 
on protein folding, as has been suggested 
by Ohno & Suzuki (1988) in the case of the 
Bl mutation. 

Alternatively, we suggest that the greater 
thermostability of the mutant Hex A may 
be a consequence of failure of the a subunit 
precursor to undergo the final proteolytic 
cleavage step that occurs in lysosomes (Fri
sch & Neufeld 1981). This suggestion is 
made because normal fibroblast Hex A, ob
tained by chromatographic separation of 
NlLO-induced secretions, is also a con
siderably more thermostable enzyme than 
normal cellular Hex A (Table 2). This en
zyme, which is secreted from the cell with
out entering the lysosome, is an unprocessed 

form of the Hex A with a 67 KD a subunit. 
The thermolability of the normal cellular 
enzyme may therefore be acquired following 
proteolytic c1eavage of the precursor of the 
a subunit in the lysosomes. 

Few, in any, cases of juvenile TSD have 
been the subject of detailed biochemical 
analysis. It remains to be seen therefore, 
whether a biochemical defect similar to the 
type demonstrated here underlies the 
phenotype of other cases of juvenile Tay
Sachs disease. 
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