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Summary

Thermostability studies have been performed at different preincubation
temperatures (37—65°C) on human «-L-fucosidases (a-L-fucoside fucohy-
drolase, EC 3.2.1.51), purified serum and liver enzyme, the isoelectric forms of
purified liver enzyme which were separated by preparative isoelectric focusing,
crude adult and fetal liver supernatant enzyme and neuraminidase-treated
enzyme. Very different thermostability curves were found for the various iso-
electric forms of a-L-fucosidase. The most neutral form (I) is least thermostable
and the most acidic form (VIII) most thermostable, with the intervening forms
(II—VII) having intermediate thermostabilities. For the isoelectric forms of
liver a-L-fucosidase there appears to be a significant trend of increasing thermo-
stability with increasing acidity (and presumably, increasing amounts of sialic
acid).

In order to determine what role, if any, sialic acid plays in determining the
thermostability of a-L-fucosidase, comparative thermostability studies were
performed on a-L-fucosidases from different human tissues which are reported
to contain varying amounts of sialic acid. The purified sialic acid-rich serum
enzyme is considerably more thermostable than the purified liver enzyme. The
fetal liver enzyme (which is less acidic and may contain less sialic acid than the
adult liver enzyme) is less thermostable than adult liver a-L-fucosidase. In con-
trast to all of the above findings which suggest that sialic acid confers thermo-
stability to a-L-fucosidase, neuraminidase treatment of human liver a-L-fucosi-
dase did not change its thermostability, even when considerable desialylation
occurred as monitored by isoelectric focusing. The reason for these apparently

Abbreviations: Nph, p-nitrophenyl; 4MeUmb, 4-methylﬁmbe].liferyl.
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inconsistent findings is not clear at the present time but several possible inter-
pretations of the data are given.

Introduction

The lysosomal hydrolases are important enzymes not only because of their
role in the normal catabolism of glycoproteins and glycolipids [1,2] but also
because deficiency or absence of their activity leads to many human genetic
diseases [1—5]. Most of the lysosomal hydrolases are glycoproteins and exist in
multiple molecular forms [6—7]. Many contain the negatively charged sugar
sialic acid (primarily N-acetylneuraminic acid) which contributes to the charge
heterogeneity of these enzymes [6—8].

Human «-L-fucosidase (a-L-fucoside fucohydrolase, EC 3.2.1.51) is a sialic
acid-containing lysosomal hydrolase [9—15] and deficiency or absence of its
activity results in the neurovisceral storage disease fucosidosis [15]. The
human enzyme consists of multiple molecular forms which appear to be
related, at least in part, by sialic acid residues [9—15]. In previous studies it has
been shown that the various isoelectric forms-of purified liver a-L-fucosidase
have different pH optimum profiles and different apparent K, values for the
p-nitrophenyl (Nph) substrate [9] and exhibit different gel filtration behaviors
[16]. In the present investigation we have extended our previous kinetic studies
of the separated isoenzymes of a-L-fucosidase to a consideration of their
thermostability properties. In an attempt to define what role, if any, sialic acid
plays in determining the thermostability of human «-L-fucosidase, thermo-
stability studies were also performed on different human fucosidases contain-
ing varying amounts of sialic acid [14,15] and on neuraminidase-treated a-L-
fucosidase.

Methods

General. All procedures were carried out at 0—4°C unless otherwise stated.
Protein was determined by the method of Lowry et al. [17] using bovine serum
albumin as standard. Agarose-e-aminocaproyl fucosamine was purchased from
Miles-Yeda and used in the affinity chromatographic purification of a-L-fucosi-
dase. Enzyme solutions were concentratedd by ultrafiltration using Amicon con
centrators with UM-10 Diaflo membranes at 50—70 lb/inch? or by vacuum
dialysis using a collodion bag apparatus with 25 000 molecular weight retention
collodion bags (Schleicher and Schuell). a-L-Fucosidase activity was assayed
under conditions where activity was linear with amount of protein and time of
incubation using p-nitrophenyl (Nph)-a-L-fucopyranoside (Sigma) or 4-methyl-
umbelliferyl (4 MeUmb)-a-L-fucopyranoside (Koch-Light, Ltd.) essentially as
previously described [15]. A unit of a-L-fucoside activity is defined as the
amount of enzyme that hydrolyses 1 nmol of substrate per min at 37°C. Hu-
man adult livers were obtained at autopsy from individuals whose livers
appeared normal on gross pathological inspection and human fetal liver was
obtained from aborted fetuses. Tissue was stored frozen (—20°C) until used.
Liver supernatants were prepared as previously described [13]. Human plasma



468

was purchased from the San Diego Blood Bank and sera was prepared from
plasma as previously described [14]. The procedures which involved human
tissues were approved by the Committee on Investigations/Activities Involving
Human Subjects of the School of Medicine, University of California, San Diego.

Purification of a-L-fucosidase. a-L-Fucosidase was purified from 4.2 1 human
sera and 504 g human liver by affinity chromatography on agarose-e-amino-
caproyl fucosamine as previously described in detail (Refs. 14 and 13, respec-
tively). The serum and liver a-L-fucosidases were purified in high yield to spe-
cific activities of 4417 and 18700 units/mg protein, respectively.

Preparative isoelectric focusing of a-L-fucosidase. Preparative isoelectric
focusing was performed using a 110 ml column (LKB Produkter) on 1000 units
of purified human liver a-L-fucosidase to separate the isoelectric forms essen-
tially as previously described [9]. 1% ampholytes (pH 5—8) were used in a gra-
dient of 0—67% (w/v) sucrose. The starting current was 2.5 mA at 400 V. Elec-
trofocusing was conducted for 87 h after which fractions of approx. 0.8 ml
were collected. For each fraction the pH was determined, a-L-fucosidase activ-
ity was assayed on 25 ul aliquots for 60 min and the separated forms were
combined, dialyzed against 10 mM NaH,PO,, pH 5.5, containing 0.02% NaN,
(w/v), and separately concentrated in collodion bags by vacuum dialysis. These
separated isoenzymes, as well as purified liver and serum «-L-fucosidase, were
used for the thermostability and other kinetic studies.

Neuraminidase treatment. Purified human liver a-L-fucosidase (37 units) and
selected isoelectric forms (V and VIII, 4.1 and 0.4 units, respectively) were
treated with either neuraminidase coupled to agarose (1 unit, type VI, Clostri-
dium perfringens, Sigma Chemical Co.) or agarose alone (control) for 3 h at
23°C and 0.5h at 37°C. The treated a-L-fucosidase samples were separated
from the resin by centrifugation at 1500 X g for 10 min and the resulting
supernatants, as well as the resuspended resins, were assayed for a-L-fucosidase
activity for 30 min at 37°C. Crude human liver supernatant o-L-fucosidase
(100 units) was treated with soluble neuraminidase (10 units, 1.7 mg, type VI,
Clostridium perfringens, Sigma Chemical Co.) for 24 h. at 37°C as previously
described [18]. Thermostability studies were done on all these neuraminidase-
treated a-L-fucosidases.

Kinetic studies. The kinetic studies were performed as previously described
[9,19] on purified liver a-L-fucosidase and its separated isoenzymes. Apparent
Michaelis constants (K,, values) for the 4MeUmb substrate were determined
graphically by the Lineweaver-Burk method [20]. Incubations were carried out
in duplicate for 30 min at 37°C in substrates of varying concentrations (0.03—
0.50 mM) in 0.1 M citric acid-sodium citrate buffer (pH 5.0).

pH optima profiles using the 4 MeUmb substrate (1 mM) were determined
with 0.1 M buffers (citric acid/sodium citrate for pH values 3.1—5.8; KH,PO,/
Na,HPO, for pH values 6.0—8.1) of varying pH values. All incubations were
carried out in duplicate for 30 min at 37°C.

Thermostability studies were performed on purified liver and serum «-L-
fucosidase after preincubation at various temperatures (37, 45, 55, 60, 65°C)
for up to 2.0 h. Thermostability studies were also performed after preincuba-
tion at various temperatures (45, 55, 60, 65°C) for up to 3 h on: (1) the sepa-
rated isoenzymes of purified liver a-L-fucosidase; (2) crude human adult and
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fetal (gestational age: 109 days) liver supernatant «-L-fucosidase; (3) agarose-
neuraminidase-treated «-L-fucosidase; (4) agarose-treated a-L-fucosidase (con-
trol) and (5) soluble neuraminidase-treated crude liver supernatant «-L-fucosi-
dase. For the thermostability studies on the separated isolelectric forms, human
serum albumin (10 mg/ml) was added to give a constant, final protein concen-
tration of 1.3 mg/ml. After thermal preincubation, the Nph or 4MeUmb sub-
strate was added and the samples were assayed in duplicate for 4—30 min (for
purified enzyme) and for 30 min (for supernatant enzyme) at 37°C.

Results

Affinity chromatography on agarose-e-aminocaproyl-fucosamine was em-
ployed as previously described in detail [13,14] to purify the human serum and
liver a-L-fucosidases. These purified enzymes were used for the comparative
thermostability studies. Purified liver a-L-fucosidase was also used as the
enzyme source for separating the isoenzymes of a-L-fucosidase preparative
isoelectric focusing [9].

The isoelectric profile of purified human liver a-L-fucosidase is depicted in
Fig. 1. The usual seven forms, with a small amount of the most neutral form,
I, were found between isoelectric points (pI values) of 5.2 and 6.7 [9,15,18].
An additional acidic form (VIII) centered around a pl of 5.0 was also resolved.
The fractions representing the individual isoelectric forms were pooled, dia-
lyzed, concentrated and kinetically characterized. Each peak has previously
been shown (by starch gel electrophoresis at pH 5.9) to consist primarily of one
enzymatically active form with the expected electrophoretic migration [9].

Thermostability studies were performed on purified human liver a-L-fucosi-
dase and its separated isoenzymes. After preincubation at 45°C for up to 60
min, very different thermostability curves were found for the various forms and
the whole enzyme. Fig. 2 depicts selected thermostability curves and gives the
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Fig. 1. Isoelectric focusing profile (pPH 5—8) of purified human liver a-L-fucosidase. See Methods section
for details.
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Fig. 2. Thermostability curves of purified human liver a-L-fucosidase and its separated isoelectric forms
after preincubation at 45°C. See Methods section for details.

percentage of initial activity after various preincubation times for several
isoelectric forms and the whole enzyme. Form I is most thermolabile and loses
100% of its activity after 60 min preincubation. Forms II and III are also quite
thermolabile, losing approx. 90% of their activity after 60 min preincubation.
Forms IV—VII exhibits similar thermostability curves, losing 50—60% of their
activity after 60 min preincubation. Form VIII and the whole enzyme lose only
26 and 0%, respectively, of their enzymatic activity after 1 h preincubation.
Table I summarizes the pl values and thermostability behavior for the eight
isoenzymes of liver «-L-fucosidase after preincubation at 45°C. For these
isoenzymes there appears to be a significant trend of increasing thermostability
with increasing acidity (decreasing pl). Similar results were found after pre-
incubation at 55°C for up to 60 min except that greater losses of activity were
found for a given preincubation time. At this higher temperature, form I lost all
of its activity after 5 min preincubation. All of the thermostability studies were
done using small amounts of enzymatic activity (approx. 0.06 unit) and in the
presence of a constant amount of human serum albumin to control the total
protein concentration.

Comparative thermostability studies were performed on purified human
serum and liver a-L-fucosidase at various preincubation temperatures (37, 45,

TABLE I
THERMOSTABILITY OF ISOENZYMES OF PURIFIED HUMAN LIVER a-L-FUCOSIDASE

a-L-Fucosidase Isoelectric point Percentage of initial activity after preincubation at 45°C for
isoenzyme (pI)
2.5 min 5.0 min 30.0 min 60.0 min

1 6.7 77 36 3 o

1 6.4 71 64 18 9

11X 6.1 82 65 11 9

v 5.8 92 69 43 45

A\ 5.6 79 78 41 41

VI 5.4 91 80 42 38

vt 5.2 90 80 54 46

Vit 5.0 98 94 80 74

Whole enzyme — 98 97 100 101
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55, 60, 65°C). No thermostability differences were seen after preincubation at
the lower temperatures (37, 45°C) with both enzymes retaining 100% of their
activity after preincubation for up to 120 min. However, with increasing pre-
incubation temperatures (55, 60, 65°C) increasingly significant differences
were found, with the serum a-L-fucosidase exhibiting increased thermostability
when compared to the liver enzyme (Fig. 3). At the highest preincubation
temperature of 65°C, liver a-L-fucosidase loses approx. 80% of its initial activ-
ity after 60 min preincubation compared to about only 50% for the serum
enzyme.

Fig. 4 depicts thermostability curves after preincubation at 60°C for crude
supernatant a-L-fucosidase from two adult and one fetal (109 days gestation)
human liver. For each of the preincubation time points, fetal liver a-L-fucosi-
dase is less thermostable than the adult liver enzyme. After 30 min thermal pre-
incubation (and for every time point thereafter), adult a-L-fucosidase retains
15—25% more of its initial activity than the fetal a-L-fucosidase.

Thermostability studies were performed on neuraminidase-treated and buf-
fer-treated (control) samples of purified human liver a-L-fucosidase, selected
isoelectric forms (V, VIII) and crude human liver supernatant «-L-fucosidase.
Recovery of a-L-fucosidase activity was comparable for neuraminidase-treated
samples and’ their corresponding controls and ranged from 66 to 100%. As in
previous studies [18,19], isoelectric focusing was employed to monitor the
effectiveness of neuraminidase treatment. Neuraminidase treatment resulted in
significantly decreased amounts of the more negative iscelectric forms (pI
values 5.0—6.0), presumably by removal of sialic acid residues, and increased
amounts of the more neutral forms (pI values 6.8—7.0) for only the crude
supernatant «-L-fucosidase. These isoelectric profiles before and after neura-
minidase treatment are very similar to those reported previously [18] and are
not given here. It is not known why neuraminidase treatment did not affect the
isoelectric profiles of the purified a-L-fucosidase and the two relatively acidic
isoelectric forms (V, VIII). For each neuraminidase-treated sample of a-L-fuco-
sidase, the thermostability curves obtained were essentially identical to the cor-
responding ones depicted in Figs. 2 and 3 for untreated a-L-fucosidase. Despite
many repreated attempts, neuraminidase treatment did not appear to change
the thermostability behavior of a-L-fucosidase.
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Fig. 3. Thermostability curves of purified liver and serum «a-L-fucosidase after preincubation at various
temperatures (37, 55, 60, 65°C). See Methods section for details.
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Fig. 4. Thermostability curves of crude supernatant a-L-fucosidase from adult and fetal human livers after
preincubation at 60°C. See Methods section for details.

Discussion

Recently, several investigators have shown that the presence of sialic acid
may serve functional roles on glycoproteins [21]. Among these roles is the
protection against proteolytic attack [22], the regulation of the half-life of
molecules and cells in the plasma [1,23] and the regulation of cell-surface
related phenomena such as the masking of cell-surface antigens, cell-cell recog-
nition, contact inhibition, cellular migration and malignant transformation
[1,2,21,24]. The presence of sialic acid on some enzymes (e.g. alkaline phos-
phatase, a-galactosidase, arylsulfatase, a-L-fucosidase) has also been reported to
affect such kinetic behavior as pH optimum curves, apparent Michaelis con-
stants (K,,), maximal velocity (V) and thermostability [9,25—29]. In a previ-
ous study we have shown that the isoenzymes of purified liver a-L-fucosidase
have different pH optimum profiles and different apparent K,, values for the
p-nitrophenyl substrate [9]. In the present investigation we have extended our
previous kinetic studies on the separated isoenzymes of purified human liver
a-L-fucosidase. The kinetic differences previously reported using the p-nitro-
phenyl substrate [9] were also found in the present study for the 4-methyl-
umbelliferyl substrate (data not shown): the most neutral form (I) has a higher
apparent K, and decreased activity at acidic pH values (3.0—5.0) when com-
pared to the other isoelectric forms. In addition, significant thermostability dif-
ferences were found for the isoenzymes of a-L-fucosidase. In analyzing the data
(Fig. 2 and Table I), a trend of increasing thermostability with increasing
acidity is apparent. The most neutral isoelectric form is least thermostable and
the most acidic isoelectric form is most thermostable, with the intervening
forms having intermediate thermostabilities. Since more acidic isoelectric forms
of human liver a-L-fucosidase have been shown to be related to the more neu-
tral forms, at least in part by sialic acid residues [9—15], it is possible that the
increased thermostability of the more acidic isoelectric forms of a-L-fucosidase
is due to the presence of sialic acid residues.

In an attempt to further define what role, if any, sialic acid has on the
thermostability of «-L-fucosidase, thermostability studies were performed on
fucosidases from different human tissues which are reported to contain varying
amounts of sialic acid [13—15]. Although purified liver and serum «-L-fucosi-
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dase have similar apparent thermostabilities at lower preincubation tempera-
tures (37—55°C), the serum enzyme is considerably more thermostable than
the liver enzyme at higher preincubation temperatures (60, 65°C). This
increased thermostability of the serum enzyme may be partially due to the fact
that it contains more sialic acid (1.7 ug/100 ug enzyme protein) [14] than the
liver enzyme (0.96 ug/100 ug enzyme protein) [13].

Additional circumstantial evidence for the role of sialic acid in conferring
increased thermostability to a-L-fucosidase was provided by study of the
human fetal liver enzyme. Previous studies have shown that prior to 123—124
days fetal gestation, the human liver contains smaller amounts of acidic and
greater amounts of the most neutral form(s) of a-L-fucosidase. It was suggested
that sialylation of the most neutral form(s) of a-L-fucosidase might account, at
least in part, for the changes on the isoenzyme pattern (i.e. increased relative
amounts of acidic forms) seen during development [18]. The significantly
decreased thermostability of a-L-fucosidase from a fetal liver of 109 days gesta-
tion when compared to that of the adult liver enzyme (Fig. 4) supports the idea
that the presence and amount of sialic acid in a-L-fucosidase may be important
in determining its thermostability behavior. Although the two adult liver ther-
mostability curves are representative of many samples studied, the above com-
parative results must be interpreted with caution since only fetal liver was
investigated.

In contrast to all of the above studies which suggest that sialic acid confers
increased thermostability to human a-L-fucosidase, neuraminidase treatment of
a-L-fucosidase did not decrease its thermostability. This is true even for the
crude supernatant enzyme where it appears from isoelectric focusing profiles
that considerable removal of sialic acid was achieved. This finding is similar to a
previous one from our laboratory in which neuraminidase treatment of human
serum «-L-fucosidase did not alter its thermostability [19]. One possible inter-
pretation of the neuraminidase studies is that only certain sialic acid residues
(perhaps with specific linkages) are involved in the thermostability of a-L-fuco-
sidase and that these residues are not adequately hydrolyzed by the bacterial
neuraminidase used in our studies. Another possible interpretation is that sialic
acid residues may be only one factor which indirectly affects thermostability
by changing the aggregation state of a-L-fucosidase. This is a reasonable idea
since we have previously shown in gel filtration experiments that the presence
of sialic acid appears to affect the three-dimensional structure of a-L-fucosidase
[16], possibly through a state of aggregation. The fact that the whole unfrac-
tionated purified a-L-fucosidase was entirely stable after 60 min preincubation
at 45°C whereas isoenzymes II, III and IV (which form the major part of the
enzyme) lost considerable activity by the same treatment can be interpreted to
mean that the aggregation state of a-L-fucosidase affects its thermostablility.
Other investigators have shown that the disaggregated, low-molecular weight
form of a-L-fucosidase (Fuc II) exhibits significantly decreased thermostability
when compared to the aggregated, high-molecular weight form (Fuc I) [30,31].
Still another possible interpretation is that sialic acid residues have little or no
effect on the thermostability of a-L-fucosidase, an interpretation which does
not appear consistent with the circumstantial evidence given in the present
study for the involvement of the sugar in this kinetic property.



474

Even if sialic acid residues are not involved in the thermostability of
a-L-fucosidase, the present findings on the differential thermostability of the
isoelectric forms of human liver a-L-fucosidase may be relevant for better un-
derstanding the nature of the molecular defect in fucosidosis [15] and in that
group of phenotypically normal individuals who have low-activity serum
a-L-fucosidase [19]. In both of these heritable conditions, the residual
a-L-fucosidase activity exhibits properties (decreased thermostability and
decreased activity at acidic pH values) [32—35] which are similar to those of
th most neutral isoelectric form (I) of a-L-fucosidase [9,32]. In addition,
a-L-fucosidases from the liver [32] and sera [383,36] of fucosidosis patients
have been shown to exhibit increased apparent K,, values for synthetic sub-
strate similar to that seen for the most neutral isoelectric form of normal liver
a-L-fucosidase [9]. Furthermore, the antigenicity of a-L-fucosidase from the
liver of a fucosidosis patient [32] and from low-activity serum individuals [19]
is similar to that of the normal liver enzyme. This similarity of properties for
these a-L-fucosidases suggests that the heritable traits leading to low-activity
serum a-L-fucosidase and fucosidosis may be related and may involve retention
of a selective, small portion of antigenically normal a-L-fucosidase with altered
kinetic properties. Since the isoenzyme pattern of «-L-fucosidase has been
shown to change during fetal development, probably as a result of sialylation
[18], and since the properties of the most neutral isoelectric form of a-L-fuco-
sidase are very similar to those of a-L-fucosidase in fucosidosis and low-activity
serum, it is possible that decreased sialylation of a-L-fucosidase during develop-
ment (and a consequent alteration of certain Kkinetic properties) may be
involved in both conditions.

Acknowledgements

This research was supported in part by grants RO1 AM 20409 amd RO1 AM
21245 from the National Institute of Arthritis, Metabolism and Digestive
Diseases (NIAMDD) of NIH. J.A.A. is the recipient of NIH Research Career
Development Award KO4 AM 00257 from NIAMDD. We gratefully acknow-
ledge the excellent technical assistance of Patricia Watkins.

References

1 Spiro, R.G. (1973) Adv. Protein Chem. 27, 349—467

2 Sharon, N. (1975) Complex Carbohydrates: Their Chemistry, Biosynthesis and Functions, Addison-
Wesley Pub. Co., Reading, MA

3 Jolly, R.D. (1978) Neuropathol. Appl. Neurobiol. 4, 419—427

4 Van Hoof, F. and Hers, H.G. (1968) Eur. J. Biochem. 7, 34—44

5 Hers, H.G. and van Hoof, F. (eds.) (1973) Lysosomes and Storage Diseases, Academic Press, New

York

Touster, 0. (1973) Mol. Cell. Biochem. 2, 169—177

Goldstone, A., Koneckny, P. and Koenig, H. (1970) Life Sci. 9, 1341—1350

Neddleman, S.B., Koenig H. and Goldstone; A.D. (1975) Biochim. Biophys. Acta 379, 57—73

Alhadeff, J.A., Cimino, G. and Janowsky, A. (1978) Mol. Cell, Biochem. 19, 171—180

10 Thope, R. and Robinson, D, (1975) FEBS Lett. 54, 89—92

11 DiMatteo, G. Orfee, M.A. and Romeo, G. (19786) Biochim. Biophys. Acta 429, 527—537

12 Turner, B.M,, Beratis, N.G., Turner, V. and Hirschhorn, K. (1974) Clin. Chim. Acta 57, 29—35

13 Alhadeff, J.A. and Freeze, H. (1977) Mol. Cell. Biochem. 18, 33—37

14 Alhadeff, J.A. and Janowsky, A, (1978) Clin. Chim, Acta 82, 133—140

LI B - )



15

16
17
18
19
20
21
22
23

24
25
26

27
28
29
30
31
32
33

34

35
36

475

Alhadeff, J.A. and O’Brien, J.S. (1977) Fucosidosis in Practical Enzymology of the Sphingolipidoses
(Glew, R, and Peters, S., eds.), pp. 247—281, Alan R. Liss, New York

Alhadeff, J.A. (1978) Biochem. J. 173, 315—319

Lowry, O.H., Rosebrough, N.J. Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem. 193, 265275
Alhadeff, J.A., Tennant, L. and O’Brien, J.S. (1975) Dev. Biol. 47, 319—324

Alhadeff, J.A. and Andrews-Smith, G. (1978) Biochem. Med. 20, 357363

Lineweaver, H. and Burk, D. (1934) J. Am. Chem. Soc. 56, 6568—666

Rosenberg, A. and Schengrund, C.-L. (eds.) (1976) Biological Roles of Sialic Acid, Plenum, New York
Faillard, H. (1969) Blut 19, 238—245

Morell, A.G., Gregonidis, G., Scheinberg, I.H., Hickman, J. and Ashwell, G. (1971) J. Biol. Chem.
246,1461—-1467

Schauer, R. (1973) Angew. Chem. Int. Ed. Engl. 12,127—138

Komoda, T. and Sagagishi, Y. (1978) Biochim. Biophys. Acta 523, 395—406

Ramadoss, C.S., Selvam, R., Shanmugasundaram, K.R. and Shanmugasundara, E.R.B, (1974) Expe-
rientia 30, 982984

Goldstone, A., Konecny, P. and Koening, H. (1971) FEBS Lett. 13, 68—72

Mapes, C.A. and Sweeley, C.C. (1973) Arch. Biochem. Biophys. 158, 297—304

Ho, M.W., Beutler, S., Tennant, L. and O’Brien, J. (1972) Am. J. Hum Genet. 24, 256—266
Robinson, D. and Thorpe, R. (1973) Clin. Chim. Acta 47, 403—407

Wood, S. (1976) J. Lab. Clin. Med. 88, 469—476

Althadeff, J.A. and Andrews-Smith, G. (1980) Biochem. J. 187, 45—51

DiMatteo, G., Durand, P., Gatti, R., Maresca, A., Orfeo, M., Urbano, F. and Romeo, G. (1976) Bio-
chim. Biophys. Acta 429, 538—545

Patel, V. and Zeman, W. (1976) in Current Trends in Sphingolipidoses and Allied Disorders (Volk,
B.W. and Schneek, L., eds.), pp. 167—186, Plenum, New York

Alhadeff, J.A., Miller, A.L., Wenger, D. and O’Brien, J.S. (1974) Clin. Chim. Acta 57, 307—313
Troost, J., van der Heijden, M.C.M. and Staal, G.E.J. (1976) Clin. Chim. Acta 73, 329—346



