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INTRODUCTION

It is not yet clear whether lysosomal enzymes act only in degenerative processes,
in response to noxious stimuli, or whether they act in the normal degradative pro-
cesses of turnover. In support of the latter belief is the observation that specific lyso-
somal enzymes are absent (or highly deficient) in certain genetic lesions characterized
by accumulation of the intermediates on which they act$.7.9.21.23, Another type of
evidence comes from comparison of turnover rates and specific activities of lysosomal
enzymes: hydrolases occurring in a tissue at relatively high levels should correlate with
substances that undergo relatively high turnover. Still further evidence for normal
functioning might come from comparisons of changes with age in level of substrate
and hydrolase.

The last two approaches have been used in this and a preceding study?. It was
shown that there is appreciable parallelism between the concentrations of galactosyl-
ceramide and the galactosidase which acts on it in the brains of developing rats.
Ceramide hydrolase, on the other hand, follows a pattern more like that of ganglioside
concentration. Ceramide appears to be an intermediate in the breakdown of both
galactosylceramide and ganglioside, as well as sphingomyelin2.12.14, Since ganglioside
has a somewhat higher turnover rate than galactosylceramide!®8.22, one might expect
to find ceramide hydrolase following the developmental pattern of the former lipid.

Glucosylceramide and lactosylceramide (‘lactoside’) appear to be additional
intermediates in the breakdown of ganglioside, so their hydrolases were examined in
this study in an effort to extend the parallelism. By way of comparison, sphingomye-
linase (a cholinephosphohydrolase) and galactosylphenol hydrolase were also deter-
mined. The latter is probably not a single enzyme but rather a conglomerate of /-
galactosidases exhibiting activity toward phenolic galactosides. Evidence is presented
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in this paper which indicates that much of the galactosylphenol hydrolase is actualiy
lactosylceramide galactosidase.

METHODS
Preparation of 3H-labeled lactosyiceramide

Crude ganglioside was prepared from pig brain by solvent partitioning between
chloroform-methanol-water (8 : 4 : 3, by vol.) followed by alkaline methanolysis!8.
The lipid was heated for 2 h at 90°Cin 1 N sulfuric acid and the acid was neutralized at
0°C with gaseous ammonia. These hydrolytic conditions were found to give the best
yield of lactosylceramide. The mixture was washed by partitioning as above and the
lower layer was evaporated to dryness. Fractionation on a silica gel column (70 g of
Unisil, Clarkson Chemical Co., Williamsport, Pa.) with chloroform-methanol
(96 : 4) yielded ceramide plus glucosylceramide, and chloroform-methanol (90 : 10)
yielded most of the lactosylceramide, contaminated with a little glucosylceramide. In
this way about 185 mg of lactoside were obtained from | kg of brain. The more polar
glycolipids were eluted with chloroform—methanol (3 : 1) for further hydrolysis to
increase the yield of lactosylceramide.

The lactosylceramide was made radioactive by a variation of a method pre-
viously applied to galactosylceramide!?. Lactoside (50 mg) was dissolved in 12 ml of
tetrahydrofuran, freshly distilled from KOH to remove interfering peroxides, and 12
ml of 10 mM potassium phosphate buffer (pH 7) were added. To this solution was
added 1 ml of galactose oxidase (AB Kabi, Stockholm, Sweden, 108 units) and the
mixture was shaken gently at 24°C for 4 h. Additional oxidase was added (0.5 ml), the
shaking was continued overnight, and the mixture was partitioned with 25 ml of
chloroform-methanol (4 : 1). The upper-layer was washed with 2 > 15 ml of the same
mixture and the pooled lower layers were washed with 15 ml of water-methanol
(1 : 1). Analysis by thin-layer chromatography (TLC) of the oxidized lactoside using
chloroform-methanol-water (24 : 7 : 1) showed one major spot, moving just ahead of
some remaining unoxidized lactoside, together with a trace of contaminating glucosyl-
ceramide.

The solids obtained from this solution were dissolved in peroxide-free- tetra-
hydrofuran (5 ml) with the aid of heat. To this was added 0.35 ml of 3BH|NaBH4 in
1 mM NaOH (6 mC, 1 mg) and the mixture was left overnight. To complete the re-
duction 10 mg of non-radioactive NaBH, were added and left 1 h. Recovery of
labeled lactoside was accomplished by adding 7 ml of 1 N acetic acid and 25 ml of
chloroform—methano! (2 : 1); the lower layer from this system was washed with 7
15 ml of methanol-water (1 : 1), each wash containing 15 mg NaCl. The lactosyl-
ceramide was purified in 3 mg portions by TLC on 0.5 mm layers of Silica Gel H
(Brinkmann), using chloroform-methanol-water (24 : 7 : 1). The band was located by
spraying methanol-water (1 : 1), the powder was scraped off, and the lactoside was
eluted with chloroform-methanol-water (7 : 7 : 1) by grinding the powder with the
solvent in a mortar and transferring it to a column for further elution. Traces of silica
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were removed by solvent partitioning. The yield was 31 mg, with specific activity of
10,000 counts/min/nmole (calculated for a mol. wt. of 890). Only 4.6 %; of the activity
applied to the TLC plate was found outside the main band. The lipid was counted in
anhydrous XDC solutionlt?.

The conditions for preparing the labeled lactoside were not investigated, and it
is very likely that a higher specific activity could have been achieved with more labeled
borohydride. Lactose! and lactosylceramide (B. W. Agranoff and W. D. Suomi,
personal communication) are oxidized very slowly by galactose oxidase but, by using a
relatively concentrated solution of oxidase and lactoside, we were able to obtain a
satisfactory yield of aldehyde. Carrier was added to the labeled lactoside to give a
specific activity of 250 counts/min/nmole.

Analysis by gas-liquid chromatography of a sample of lactoside purified by
TLC showed the presence only of the fatty acids typical of gangliosides29: 9.1 9,
arachidic acid, 90.6% stearic acid, and 0.3%, palmitic acid. The distribution is
distorted, showing a low content of palmitate and high content of arachidate, apparent-
ly as the result of the chromatographic steps involved.

Enzyme assay procedures

The brains were removed from rats anesthetized with carbon dioxide and
decapitated, then were homogenized in 6 vol. of Tris buffer-Mg-mercaptoethanol and
sonicated as in the previous study?. The homogenates were stored at —20°C prior to
assay.

Assay for lactosylceramide galactosidase activity was carried out by thawing
the brain suspension at room temperature, diluting 10-fold with water, and incubating
with labeled lactoside under conditions similar to those used by Gatt and Rapport13.
A chloroform—methanol solution of lactoside (200 nmoles) and Triton X-100 (0.5 mg)
was evaporated to dryness in a test tube and the residue emulsified in 0.4 ml of 0.5%
sodium taurocholate solution. The taurocholate was a crude preparation from Mann
Research Laboratories, New York, N.Y. Heating and sonicating the mixture in a
bath of the type used for cleaning speeded the emulsification step. To the clear disper-
sion was added 0.2 ml of 2 M sodium acetate buffer (pH 5.0 at room temperature),
water, and 0.21 ml or 0.105 ml of brain suspension (3 or 1.5 mg tissue); total volume =
1 ml. The tubes were shaken 2 h at 37°C and the liberated [3H]galactose separated from
the substrate by a previously described procedure?. The dry 3H]galactose (plus buffer,
etc.) was dissolved in 0.5 ml water and | ml of BBS-3 (asolubilizing agent from Beck-
man Instruments) and 10 ml of toluene-based scintillation solution were added: the
faintly cloudy mixture was allowed to stand briefly at room temperature to clear before
counting. This counting system gave much greater counting efficiency than the previ-
ously used XDC mixture. Blanks with incubated substrate but no enzyme corre-
sponded to an activity of about 0.2 nmole/h.

Glucocerebrosidase and sphingomyelinase activities were determined using 14C-
labeled sphingolipids synthesized according to previously published procedures8.17,
For the former, 50 ul portions of homogenate, 15 ul of potassium phosphate buffer
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(pH 6.0), 125 nmoles of glucocerebroside (550 counts/min/nmole), 0.6 mg of sodium
cholate, 0.2 mg of Cutscum (Fisher Chemical Co.) and water in a final volume of 150
ul were incubated for I h at 37°C. Sphingomyelinase activity was determined by in-
cubating 25 ul of homogenate with 67 nmoles of sphingomyelin (347 counts/min/
nmole), 25 pl of 1 M potassium acetate buffer (pH 5.0), 0.25 mg of sodium cholate.
and water as above. The amount of labeled substrate hydrolyzed was determined as
described previouslyl?. The extent of hydrolysis is proportional to the amount of
protein in homogenate preparations of various tissues under these conditions2s.
Galactosylphenol hydrolase activity was determined as described before!?. using
p-nitrophenyl p-D-galactoside as substrate.

The dispersibility of lactosylceramide and galactosylphenol galactosidases

For further comparison of these enzymes, additional rat brains were analyzed to
find how much enzyme was present in the cytosol (highspeed supernatant) and how
much of the particulate enzyme could be dispersed by sonication. The schedule used
for homogenization, sonication, and centrifugation was as previously described?, but
here the particulate fractions were suspended in 20 mAM Tris, pH 7.4, instead of Tris—
Mg-mercaptoethanol. The Tris buffer was also added to the cytosol fraction. Four rat
brains were pooled for each determination; 3 groups of rats were run for each age
point. The rats used were females of the Sprague-Dawley strain from Spartan Labora-
tories, Haslett, Mich. They were kept 3 days in our animal quarters before. sacrifice.

RESULTS

Properties of the lactoside galactosidase

As reported by Gatt and Rapport for a partially purified preparation-of the
enzyme!3, taurocholate was needed for activity but higher levels of bile salt resulted in
lower activity. Our brain homogenates showed optimal activity with 2 mg/ml of
taurocholate, which was the minimal amount needed to give a clear dispersion of the
substrate. Triton X-100, in our hands, did not increase the observed activity, but did
speed the process of dispersing the substrate. Galactosylceramide galactosidase is
stimulated appreciably by oleic acid4, but lactosylceramide galactosidase is inhibited
slightly (20% with 0.25 or | mg of oleate). Gatt and Rapport!3 found a much higher
inhibition with palmitate, which may be due to the use of much less protein.in their
assay rather than the difference in fatty acid. Like these workers, we found y-galacton-
olactone to be a good inhibitor (80% with 2.5 mM lactone). p-Nitrophenyl f-D-
thiogalactoside (5 mM, Cyclo Chemical Corp., Los Angeles, Calif.) inhibited the
lactoside galactosidase 369, but was not itself a substrate. The rate of lactoside
hydrolysis proved to be linear for at least 2 h in our system and proportional to the
quantity of brain tissue up to 3 mg per incubation tube.

Changes in hydrolase activities with age (Fig. 1)
There was a 50% increase in lactosylceramide galactosidase activity between
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Fig. 1. Changes with age in galactosidase activities of rat brain. Lower curve, lactosylceramide
galactosidase. Upper curve, galactosylphenol galactosidase. The oldest rats were actually 9-12 months
old. The average values for three separate series of rats were used for plotting the curves, and the
values of the two extremes within each age group are shown by the upper and lower tips of the vertical
lines (where the divergence was greater than the radius of the circle).
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Fig. 2. Changes with age in rat brain sphingolipid hydrolases. Lower curve, sphingomyelin phospho-
choline hydrolase. Upper curve, glucosylceramide glucosidase.

the 4th and 24th days, followed by a partial restoration to the starting activity and
then a leveling off. The galactosylphenol galactosidase activity showed a similar
course, but the initial rise was about 85% and the decline was smaller. This curve
matches well the curve previously observed with the same substratet. At the age of
peak activity, the brain’s activity toward the artificial substrate was 3.6 times as great
as toward the natural substrate.

The hydrolases acting on glucosylceramide and sphingomyelin (Fig. 2) showed
a marked similarity to one another, but differed greatly from the galactosidases. The
activities decreased with increasing age, most rapidly between 15 and 24 days. There is
some resemblance to the changes observed previously for glucosylphenol hydrolase4;
this activity showed a slight rise between 4 and 15 days, then declined appreciably.

Dispersibility of galactosidases
Table I lists the proportion of each enzyme activity in the cytosol, dispersible,
and non-dispersible fractions. There is a marked parallelism in the distributions at

Brain Research, 14 (1969) 497-505



502 N. S. RADIN ef ai.

TABLE 1

STATES OF DISPERSION OF LACTOSYLCERAMIDE AND GALACTOSYLPHENOL HYDROLASES AS A FUUNCTION. OF
AGE IN RAT BRAIN

The values shown are percents of total brain activity. Those in italics are averages of three values,
shown below each number in parentheses. The rats listed as 320 days old are actually 9-12 months old.

Age Lactoside hydrolase Nitrophenyl galactoside hydrolase

(days)  Cytosol Dispersible ~ Non-dispersible  Cytosol Dispersible Naiz:{i&pe;:v-izle ‘
5 8 73 19 5 76 19
(4,6,13) (76,73,70)  (20,21,16) (5,7,4) (74,78,76)  (22,14,20)
15 6 74 20 3 77 19
(4,3,11) (79,72,71)  (17,25,18) (3,3,3) (75,81,76)  (21,16,21)
320 12 68 19 10 74 16

(13,10,14) (75,67,63)  (12,23,22) (13,11,6)  (73,79,69)  (14,10,25)

each age for the two activities. Nearly all the activity was in particles after homogeniza-
tion of the brain and most of the activity was rendered ‘soluble’ by sonication. The
only effect of age seems to be rise in.older rats in the proportion found in the cytosol.
Such a rise was noted also for galactosylceramide galactosidase and aryl sulfataset.

DISCUSSION
Galactosidase specificity

Both Fig. | and Table | show great similarity with respect to age changes in
total activity and dispersibility of lactosylceramide and galactosylphenel hydrolases.
This suggests that the unnatural substrate is hydrolyzed primarily by lactosylceramide
galactosidase rather than by other brain galactosidases. This interpretation is supported
by previous work showing considerable separation of galactosylphenol hydrolase
from galactosylceramide hydrolase by physical means3, as well as markedly different
patterns of age change and dispersibility?. Two additional galactosidases have been
purified from brain, active toward galactosylphenols but not toward lactosylceramide
or galactosyllactosylceramide!5. It is known that galactosidase activity is present in
brain toward the above-mentioned trihexoside5, ganglioside Gu1, and asialo-Gui'?,
but there are no data for the extent of the contributions of these activities toward
galactosylphenol hydrolysis.

Patients suffering from the genetic defect, Gmi-gangliosidosis, accumulate
ganglioside G, asialo-Gy1, and lactosylceramide in their brains?4. Their tissues
exhibit a great deficiency in galactosylphenol hydrolase and the galactosidase which
acts on Gy 12!, If the disease is the result of the lack of a single enzyme, it is reasonable
to conclude that only one galactosidase acts on the above three galactosides occurring
as intermediates in ganglioside catabolism,-and that this enzyme accounts for most. of
the galactosylphenol hydrolase activity observed in brain.
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The role of lysosomal enzymes in turnover

Galactosylceramide galactosidase exhibits a considerable rise in activity during
the carly stages of myelination, reaching a peak at roughly 90 days, then declining
slightly?. This can be compared with the rapid rise in concentration of galactosyl-
ceramide during the first 90 days or so and gradual leveling off in later months!®. In
contrast, ganglioside concentration rises more gradually, starting before birth in the
rat and dropping slowly after about 21 days. The curve for lactosylceramide galacto-
sidase (Fig. 1) seems to parallel that for the concentration of ganglioside. The curve
for ceramidase reaches its peak at about 15 days but the decrease between 15 and 24
days is not great, so it parallels the other two curves reasonably well. The ratio of the
specific activities of the two galactosidases acting on galactosylceramide and lactosyl-
ceramide, at their maximal values, is | : 5. This is consistent with the fact that
galactosylceramide has a somewhat slower turnover rate than ganglioside. These
relationships may mean that lysosomal hydrolases are constantly and normally acting
on cell constituents, even in relatively mature brain.

The changes with age in glucosylceramide and sphingomyelin hydrolases show
a somewhat different course. In the case of sphingomyelin concentration in rat brainli,
there is a general rising trend until about 50 days, then a leveling off. These enzymes
thus do not fit the above hypothesis. Nevertheless, it is possible that their high
activities during early development reflect an unusually high turnover rate for sphingo-
myelin and glucosylceramide, which may be particularly active in the rapidly prolifer-
ating or developing cells characteristic of very young brains. Some support for this
hypothesis may be seen in the increased activity of both enzymes in leukemic leucocytes
compared to normal, mature circulating leucocytes!®, (Galactosylceramide galactosid-
ase is similar in both types of leucocytes.)

SUMMARY

Four enzyme assays were carried out with brains from rats of age 4 days to
about 320 days. The enzymes were acid hydrolases: lactosylceramide galactosidase,
galactosylphenol galactosidase, glucosylceramide glucosidase, and sphingomyelin
phosphocholine hydrolase. The first two activities (based on wet brain weight) rose
with age until about 24 days, then declined moderately; this curve parallels somewhat
the curve for ganglioside concentration in brain. It is suggested that this parallelism
supports the idea that lysosomal enzymes function in normal turnover. The other two
enzymes studied showed a steadily declining activity with increasing age. It was found
that the brain cytosol contained 12 %, or less of the galactosidase activities, the value
increasing somewhat in older rats. Most of the particulate galactosidase activities
could be dispersed by sonication. The similarities between the two galactosidase
activities suggest that most of the hydrolysis of the galactosylphenol is carried out by
the lactosylceramide hydrolase. A procedure is given for preparing [3H]lactosyl-
ceramide labeled in the galactose portion of the molecule and for the assay of its
hydrolase.
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