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SUMMARY

Rat brain cerebrosidase was shown by centrifugal fractionation to be a lyso-
somal enzyme. The pH optimum was found to be 4.5. Taurocholate greatly stimulated
its action. The addition of palmitic acid had little effect on the enzyme activity, but
ceramide, sphingosine, and ceramide lactoside inhibited. Galactose, galactonolactone,
and galactitol inhibited the enzyme, but the corresponding compounds with the
glucose configuration did not. From this it may be concluded that the enzyme is
active only toward galactosides, rather than glucosides. However, the enzyme prepa-
ration was able to hydrolyze ceramide glucoside, evidently because a second enzyme
was present. The preparation was also active toward ceramide and ceramide lactoside,
but rather inert toward galactosylgalactosylglucosyl ceramide. The molecular weight,
determined by gel chromatography, was about 50000.

The cerebrosidase occurring in the supernatant fluid of brain homogenates was
shown by Sephadex chromatography to be associated with material of high molecular
weight. The enzyme could be partially dissociated by addition of cholate plus Triton
X-100. The crude cerebrosidase that was extractable from brain particles also showed
associated and dissociated forms.

INTRODUCTION

The purification of a galactosidase which acts on ceramide galactosides was
described in the accompanying paperl. The cerebrosidase was obtained in soluble
form from rat brain particles that sedimented between 1000 and 13000xg. This
communication describes properties of the preparation and contrasts it with other
glycosidases, particularly those active toward glycolipids.

MATERIALS AND METHODS

Enzymes
Most of this work was carried out with cerebrosidase that was purified by a

* Postdoctoral trainee, National Institute of Mental Health, Behavioral Sciences Training Branch.
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combination of electrophoresis and ion-exchange chromatography (Enzyme 1). Its
specific activity, measured with 18:0 cerebroside, was 0.159 umoles/h per mg protein.
The other preparation used was purified similarly but without electrophoresis (En-
zvme 2). It had a specific activity, toward mixed *H-labeled cerebrosides, of 0.084
pumoles /h per mg. Enzyme assays were carried out by measuring the amount of radio-
active galactose released!.

Aryl sulfatase A activity was measured at pH 5 using 2-hydroxy-5-nitrophenyl
sulfate (Sigma Chemical Co., St. Louis, Mo.)?. N-Acetylglucosaminidase was assayed
at pH 5 with the nitrophenyl glycoside as substrate?®.

Reagents

Silica gel columns were packed with Unisil, Clarkson Chemical Co., Williams-
port, Pa. and silica gel thin-layer plates were made with Silica Gel G, Brinkmann
Instruments, Westbury, N.Y. Alumina was grade I, basic, from Woelm-Eschwege,
Germany.

(ifts of lipids were obtained from Dr. RoscoE Brapy (synthetic 16:0 ceramide
lactoside) and Dr. CHARLES SWEELEY (ceramide trihexoside, galactosylgalactosyl-
glucosyl ceramide). Ceramide glucoside was isolated from Gaucher spleens®.>. Psycho-
sine (galactosyl sphingosine) was made by Dr. MiLaDA DOBI1AsSovA in this laboratory
by a modification of the method of TAKETOMI AND YAMAKAWAS. Sphingosine was made
from beef brain sphingolipids? and mixed cerebrosides were used to prepare mixed
ceramides®, which were purified by silica gel chromatography. Stearate-labeled cera-
mide was prepared previously®.

~-D-Galactonolactone was obtained from Mann Research Labs., New York.

RESULTS

Subcellular localization

In the preceding paper!, it was shown that cerebrosidase is concentrated in
brain particles sedimenting between 1000 and 13000 X g. The low optimal pH of this
hydrolase suggested that it is localized in the lysosomes. In a test of this possibility,
a lysosomal concentrate and other fractions were prepared by centrifugation schedule

TABLE I

SUBCELLULAR LOCALIZATION OF CEREBROSIDE GALACTOSIDASE

Subcellular fractions were prepared from the cortex of two 150 g male rats. Cerebroside galacto-
sidase was measured using the mixture of labeled cerebrosides. Incubation conditions: 0.5 ml en-
zyme in 0.125 M sucrose +0.4 ml substrate emulsion +o0.1 ml 1 M sodium citrate (pH 4.5); 37° for
3 h. The emulsion contained 0.1 mg labeled cerebroside 41 mg Tween 20+ 0.5 mg G-2159+ 4 mg
sodium taurocholate.

LEnzvme Relative specific concentration®
Subcellular Nuclei Mito- Lyso- Micro- Super- Ratio mitochon-
Jraction and debris chondria somes somes natant dria | lysosomes
Galactosidase 0.04 1.68 3.84 0.50 0.32 0.44
Aryl sulfatase 0.75 2.00 3.12 0.58 0.15 0.04
Glucosaminidase 0.85 1.42 2.42 0.79 0.56 0.59
Protein (°, of total) 17.1 23.4 7.0 25.0 27.4

* 94 of total activity/9, of total protein.
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A of SELLINGER AND DE BALBIAN VERSTER!. Assay of these fractions (Table I)
showed cerebrosidase to be strongly concentrated in the lysosomal fraction. A similar
result was obtained for the typical cerebral lysosomal enzymes, aryl sulfatase A
(ref. 2) and acetylglucosaminidase®. Compared with the lysosomal fraction, the relative
specific concentration of cerebrosidase in the mitochondrial fraction was misleadingly
low (Table I). This is due to the presence of endogenous cerebrosides in the mito-
chondrial fraction, which includes myelin. The linearity in the relation, activity vs.
enzyme amount, was excellent in the lysosomal fraction, indicating a low level or
absence of cerebroside in these particles,

When labeled cerebrosides and o-nitrophenyl galactoside were compared simi-
larly, using fractions enriched in myelin, nerve endings, and mitochondria®!, a marked
similarity in hydrolase distribution was observed. Since activity toward the unnatural
substrate appears to be localized in cerebral lysosomes!?, this experiment gives addi-
tional support for the belief that cerebrosidase is a lysosomal enzyme,

Properties of the hydrolytic reaction

The pH optimum of the cerebrosidase (prepared in the same way as Enzyme 2)
was the same, pH 4.5, as previously determined for the cerebrosidase obtained from
the supernatant fluid from pig-brain homogenate*. The time course of the reaction
was linear for at least 4 h and the observed activity was directly proportional to weight
of enzyvme {up to at least 40 ug of Enzyme 1).

Taurocholate was very highly stimulatory, as found also with the cerebrosidase
from the supernatant fluid*. Omission of this bile salt reduced activity by 99%;,. The
optimal concentration was about 1.5 mg/ml but even 8 mg/ml was not much less
effective. The stimulatory effect of the other detergents was somewhat less. In earlier
experiments Triton X-100 produced an enhancement of about 1/3, but in later experi-
ments (with purer enzyme) it was actually slightly inhibitory.
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Fig. 1. Effect of substrate concentration. Chloroform-methanol solutions of 18:0 cerebroside with
1 mg Tween 20 and 0.5 mg G-2159 were evaporated to dryness and the residue emulsified with
0.5 ml of taurocholate solution (3.75 mg/ml). The results were obtained with 35.3 ug of Enzyme 1
after a 2 h incubation period.

Enzyme 1 exhibited a K, with 18:0 cerebroside of 27 uM (Fig. 1). This is very
close to the value found for the rat brain galactosidase acting on ceramide lactoside?.
The vmax, calculated from the intercept, was 0.23 pmoles/h per mg protein, Substrate
concentrations higher than those shown in Fig. 1 yielded turbid emulsions which
gave unrealistically low activities.
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Effects of added lipids

GATT?* has compared four sphingolipid-cleaving enzymes with respect to the
effect of adding sphingosine, palmitate, or N-palmitoyl sphingosine. A similar com-
parison with cerebrosidase is shown in Table II. It can be seen that sphingosine is a
fairly effective inhibitor, while ceramide, the product of cerebrosidase action, is less
so (Expt. 1). As our enzyme preparation contained ceramidase activity?!, it seemed
possible that sphingosine was formed during the incubation and that the inhibitory
effect of ceramide was the result of sphingosine formation. Since GATT reported!s
(and we confirmed) that ceramidase is inhibited by palmitic acid, we examined the
effect of the acid on our enzyme with and without added ceramide (Table 11, Expt. 2).

TABLE 1I

EFFECT OF ADDED LIPIDS ON HYDROLYSIS OF STEAROYL CEREBROSIDE
Incubation as in Table I but enzymes were in Buffer A (ref. 1) and taurocholate was reduced to 1.5
mg. Expt. 1: The inhibitors were evaporated to dryness from solution in the incubation tubes and
emulsified in the substrate emulsion. Expts. 2 and 3: The inhibitors were evaporated together with
the cerebroside and the two were emulsified together.

Expt. Added pmoles of % of control
lipid lipid activity*

1:27.5 ug of Enzyme 1 Sphingosine 0.5 55
Sphingosine 1 33
Sphingosine 2 13
Ceramide (mixed) 2 58
Ceramide (mixed) 8 35

2: 18.5 pug of Enzyme 1 Ceramide (mixed) 2 3r
Palmitic acid 4 94
Ceramide + palmitic acid 2+ 4 33

3:39.0 ug of Enzyme 1** Ceramide lactoside 0.065 72
Ceramide trihexoside 0.065 91
Ceramide (18:0) 0.065 93

* Activity in absence of inhibitor is 1009%,.
** Expt. 3 carried out with half the usual amount of cerebroside.

The fatty acid alone did not appreciably inhibit cerebroside cleavage, and the inhibi-
tory effect of ceramide was not reversed. In experiments with less purified enzyme we
found that 4 mM palmitic acid {(emulsified as in Expt. 1, with 4 mg taurocholate and
1.1 mg Triton in addition to the other detergents) stimulated hydrolysis by 279,. In
Expt. 3, in which the amount of added lipid equalled the amount of substrate, slight
inhibitory effects were observed with ceramide and trihexoside, but ceramide di-
hexoside produced an appreciable inhibition.

Effects of added carbohydrates

Table III shows the results of adding glucose, galactose, and compounds of
related configurations. Galactonolactone was the most potent inhibitor and glucono-
lactone was almost inactive. As observed previously with the cerebrosidase from
brain supernatant?, nitrophenyl galactoside proved to be inhibitory, but only at a
relatively high concentration (nitrophenyl galactoside /cerebroside = 250). Galactose,
but not glucose, was moderately inhibitory and a similar relation was observed with
the corresponding hexitols. Erythritol, which preferentially inhibits glucosidase!®, had
only a slight effect on the cerebrosidase. Lactose inhibited only slightly.

Biochim. Biophys. Acta, 152 (1968) 599-610
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Additional experiments showed that glycerol, in relatively high concentration
{(7.5%,), inhibited 389, while hyaluronic acid (0.2 mg/ml) had no effect. This acid
mucopolysaccharide had previously been shown to inhibit ram testis §-galactosidase!”.
Two antibiotics, lincomycin'® and celesticetin salicylate!®, were tested because of
their appreciable resemblance to ceramide galactoside. Both contain a carbohydrate
moiety whose ring structure is that of galactose, and an adjacent amide group; how-
ever, the C-1 position of the sugar is bound in an «-thioglycosidic linkage. The lin-
comycin, at 22 mM concentration, had no effect, but the celesticetin, at 18 mM, pro-
duced an inhibition of 449,. The latter is thus about as inhibitory as nitrophenyl
galactoside. (Part of the inhibitory effect is due to the salicylic acid portion.)

The water-soluble cerebrosidase described in Table 11T was compared with the
enzyme in the insoluble portion remaining from lipase action. The insoluble material
in this experiment contained 1/2 the activity found in the soluble portion. On extrac-
tion with Buffer B (ref. 1) containing 0.04%, Triton X-100, very little activity came
into solution. Repetition of the extraction, but with 0.2%; Triton, brought about 1/3
of the activity into solution. The preparation (Triton-soluble enzyme) had a specific

TABLE II1

EFFECT OF CARBOHYDRATES ON HYDROLYSIS

Incubation conditions as in Table I but Buffer A (ref. 1) was used instead of sucrose and Triton
was added to give a total of 1.1 mg in each tube. Water soluble enzyme was 53 ug of Enzyme 2.
The preparation of the Triton soluble enzyme (37 ug/tube) is described in the text.

Addition Concen. % of control activity*
(mM) Water soluble enzyme Triton soluble enzyme

y-D-Galactonolactone 0.8 11 10
d-p-Gluconolactone 0.8 97 100
o-Nitrophenyl galactoside 30 38 36
Galactose 60 67 70
Glucose 60 96 104
Lactose 60 Qo0 95
Dulcitol 100 8o 8o
Sorbitol 100 95 99
Erythritol 100 86 103

* Activity in absence of carbohydrates is 1009;.

activity of 0.057 umoles mixed cerebroside hydrolyzed per h per mg protein. The
effects of various carbohydrates on this preparation are shown in the right side of
Table III. It is apparent that the two cerebrosidase preparations are very similar in
sensitivity to specific inhibitors. Both were found to exhibit the same pH optimum.
From these results it would appear that the Triton-solubilized enzyme differed from
the lipase-solubilized enzyme only in the nature of the materials to which they had
been bound.

Substrate specificity

The activity of the cerebrosidase (Enzyme 1) toward various glycolipids was
evaluated by isolating and determining the lipoidal products. The problem of re-
moving the detergents was solved by chromatography with alumina and alkaline
methanolysis (which cleaves the ester-type detergents). Incubation was carried out
in the usual manner but with the addition of 4 umoles of palmitic acid to minimize
hydrolysis of any ceramide that might be formed.
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After incubation for 5 h, 0.2 ml of 1 M NaOH were added, followed by 5 ml of
chloroform-methanol (z:1, v/v) mixing, and centrifugation. The lower layer was
washed twice with 3-ml portions of “FoLcH upper layer”’® containing 0.05 M KCl
and once without the KCl. The lipids of the lower layer were fractionated with a co-
lumn of Unisil (0.6 g, 4 mm internal diameter) packed in chloroform-methanol (98: 2,
v/v). Elation with 15 ml of chloroform-methanol (98:2, v/v) yielded the ceramide
fraction, chloroform-methanol (94:6, v/v) yielded the cerebroside fraction, and
chloroform-methanol (80:20, v/v) yielded sphingosine and ceramide lactoside. The
cerariide fraction was purified further with a column containing 1 g of alumina. Elu-
tion with 23 ml of chloroform yielded detergent and chloroform-methanol (95:5, v/v)
yielded ceramide. The ceramide was subjected to alkaline methanolysis, thin-layer
chromatography?®, and acid methanolysis in O-ring test tubes®. The resultant fatty
esters were analyzed by gas-liquid chromatography with a Kovar seal column22.
Quantitation was by means of an internal standard, 21:o0.

The glycolipids were identified by thin-layer chromatography, the spots being
visualized with a Bial reagent. In the case of the dihexoside, alkaline methanolysis
was carried out prior to thin-layer chromatography. The sphingosine fraction was also
subjected to alkaline methanolysis, extracted at alkaline pH, and examined by thin-
layer chromatography?2.

In one experiment, 103 ug of Enzyme 1 (purified by pH 5 precipitation!) were
incubated with galactose-labeled 18:0 cerebroside. The radioactivity in the aqueous
layer (subsequent to reduction of the pH to 6.5) showed that 60.4 nmoles of galactose
had been released. Analysis of the ceramide fraction showed that 18:0 was the only
acid present and that 58.4 nmoles of ceramide had been formed. A trace of sphingosine
was also detected. In another experiment, with 125 ug of Enzyme 1, 73.3 nmoles of
galactose and 64.1 nmoles of ceramide were formed.

From these results it may be seen that reasonable stoichiometry was obtained,
and that ceramidase activity was not significant.It is also evident that the ceramide
was formed by direct hydrolysis of the glycosidic bond rather than by fatty acid
release, hydrolysis of the psychosine, and synthesis of ceramide from sphingosine and
fatty acid. If the latter series of steps had occurred, the ceramide would have con-
tained much palmitate?s.

Table IV shows the results of the incubations with various glycolipids. Line 1
reveals that Enzyme 1 was somewhat less active toward ceramide glucoside than to-
ward the corresponding galactoside. The former lipid contained very long chain fatty
acids as the major component and one might expect that the difference in reactivity
was due to slower attack on the long chain cerebrosides. However, comparison of the
fatty acid distribution in substrate glucoside and resultant ceramide showed no im-
portant difference. This was shown also with the enzyme prepared from the brain
supernatant fluid*.

Purification of Enzyme 1 by acid precipitation * (Line 8) selectively reduced the
activity toward ceramide glucoside. This is consistent with the observation with rat
brain?* that nitrophenyl glucosidase is precipitated at pH 5.

Ceramide lactoside (Table IV, Line 2) yielded ceramide (25.6 nmoles) and an
appreciable amount of material identified by thin-layer chromatography as ceramide
glucoside. The relative overall activity toward the lactoside shown in Table 1V was
estimated from the intensity of the lactoside spot observed after incubation with and
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TABLE IV
SPECIFICITY OF ENZYME

A solution containing 0.1 mg of sphingolipid, 1 mg palmitic acid, 1.1 mg Triton, 1 mg Tween, and
0.5 mg G-2159 was evaporated to dryness in the incubation tube, then taken up in 0.2 ml tauro-
cholate solution (20 mg/ml). For assay of the nitrophenyl glycosides?, the above detergents were
taken up in the taurocholate solution containing 5 pmoles of each glycoside. Enzymes (0.7 ml)
were in a mixture of Buffer A (ref. 1) and water (5:2, v/v). Citrate buffer was added as usual and
the incubation time was 5 h. During this period Enzyme 1 (125 ug), pH-35 supernatant (103 ug),
and the pH-4.5 precipitate (obtained from g7 ug of Enzyme 1) were found to hydrolyze 73, 60, and
30 nmoles respectively of 18:0 ceramide [*Hgalactoside. These are the control values used in
calculating the relative activities toward the other substrates.

Subsirale Enzyme %4 of control
activity
1. Ceramide glucoside 1 40
2. Ceramide lactoside 1 100
3, Ceramide trihexoside I 10
4. o-Nitrophenyl galactoside I 500
5. o-Nitrophenyl galactoside* I 1100
6. p-Nitrophenyl glucoside I 66
7. p-Nitropheny! glucoside* I 5
8. Ceramide glucoside pH-5 supernatant** 25
9. Ceramide lactoside pH-4.5 precipitate*** 100
10. o-Nitrophenyl galactoside* pH-4.5 precipitate*** 214

* Detergent omitted from the incubation tubes.
** Prepared from Enzyme 1 (ref. 1}.

*** Enzyme I (in a mixture of buffer, glycerol, and 0.3%; taurocholate) was dialyzed against o.05
M citrate bufler containing 19, galactose and 0.15% taurocholate (pH 4.5). Centrifugation at
100000 X g for 1 h yielded a supernatant that was inactive toward cerebroside. The active precipi-
tate was suspended in 0.05 M citrate (pH 5.3), containing 19, galactose, stored overnight, and the

inactive supernatant liquid discarded.

without enzyme. As shown in Line g, an acid precipitation step in the presence of
taurocholate did not effect a separation of the galactosidase activities toward mono-
and dihexosides.

When ceramide trihexoside was tested, very little hydrolysis was observed
(Line 3). The only detectable lipoidal product was ceramide, whose fatty acid compo-
sition agreed satisfactorily with that of the substrate?s.

A small amount of psychosine was also hydrolyzed by Enzyme 1, as shown by
production of sphingosine. An intestinal preparation active toward ceramide glucoside
and galactoside was also reported to have similar slight activity toward psychosine?s,
Except for the incubation with 18:0 cerebroside, only a barest trace or no sphingosine
was found in the hydrolysates from the other sphingolipids.

The amount of hydrolysis of the nitrophenyl glycosides (Lines 4-7) was affected
by the presence of detergents. Galactoside cleavage was considerably inhibited by
detergents, while glucoside cleavage was stimulated.

Comparison of Lines 5 and 1o shows that it is possible to improve the removal
of nitrophenyl galactosidase activity from cerebrosidase.

Molecular weight

Following the method of ANDREWS?, a column of Sephadex G-200 was stan-
dardized with several proteins of known molecular weight, and a sample of Enzyme 1
was then passed through the same column. Blue Dextran and cytochrome ¢ were
added to the enzyme as internal standards. Fig. 2z shows the elution data by which
the cerebrosidase was calculated to have a molecular weight of roughly s0000. This
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Fig. 2. Gel filtration of cerebroside galactosidase. The column packing (2.2 cm X 44 cm) was Sepha-
dex G-200, equilibrated and eluted with Buffer B (ref. 1) containing o.15 M KCI. Fraction volumes
were 2.1 ml. For enzyme assay fractions were dialyzed against diluted Buffer A (Table 1V). Incu-
bations were carried out as in Table I but with 0.7 ml of enzyme and more concentrated substrate
emulsion that contained additionally 1.1 mg Triton. In Expt. 1 (dashed line), the applied sample
contained 1.5 mg of Blue Dextran, 2.25 mg of y-globulin, 6 mg of bovine serum albumin (Fraction
V), and 1.5 mg of cytochrome ¢ (horse heart). In Expt. 2 (solid line), the sample contained 267 ug
Enzyme 1, Blue Dextran, and cytochrome ¢. Peak 1 is Blue Dextran, measured at 612 nm; Peak 2
is globulin (280 nm); Peak 3 is probably the dimer?? of Peak 4, albumin (280 nm); Peak 5 is cere-
brosidase (nmoles per fraction per h); Peak 6 is cytochrome (412 nm).

value is similar to that reported for the minor f-galactosidase of rat kidney?®, but
smaller than that reported for the galactosidase of rat liver (127000)%. The recovery
of activity in our experiment was low (259%,), probably because of the long period of
time required to carry out the experiment.

Cerebrosidase binding to insoluble materials

According to the DE DUVE visualization of the lysosome, the act of homogeni-
zation releases a certain proportion of the lysosomal enzymes into the cell supernatant
fluid. In the case of cerebrosidase, the released enzyme appears to be bound to material
of high molecular weight. This was shown by experiments in which the supernatant
enzyme solution was passed through columns of Sephadex G-zoo0.

Pig-brain supernatant solution was prepared as previously described* but with
an homogenizing medium of o.15 M NaCl in 0.02 M potassium phosphate buffer
(pH 7.4). The solution, after concentration 4-6-fold by ultrafiltration?, became slightly
turbid and was clarified by centrifugation for 165 min at 55000 xg. When this con-
centrated solution was passed through a Sephadex G-200 column, the excluded
(unretarded) fraction was found to be very turbid and to contain most or all of the
applied activity toward ceramide galactoside. From this appearance of insoluble ma-
terial, one might conclude that its component molecules had been kept in solution
by molecules of lower molecular weight, retarded by the Sephadex.

The solubilizing role of the smaller molecules could be played by detergents.
This was shown by a series of experiments in which increasing amounts of sodium
cholate and Triton X-100 were added prior to Sephadex chromatography (Expt. 1:
0.75% cholate+0.19; Triton; Expt. 2: 2%, +0.1%; Expt. 3: 69,40.3%). In order
to prevent separation of detergents from proteins by the gel-filtration phenomenon,
the packing and eluting solvents were made up with the appropriate detergent mix-
ture. It was observed that the amount of turbidity decreased and the amount of re-
tarded cerebrosidase increased with increasing detergent concentration. The amount
of cerebrosidase activity in the turbid fraction decreased correspondingly: Expts. 1, 2,
and 3: 50, 41, and 33%,. High-speed centrifugation of the turbid fractions from Expts.
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2 and 3 yielded pellets which contained 23 and 79, of the recovered enzyme activity.
This suggests that at least three molecular forms of cerebrosidase were present, the
ratios depending on the detergent concentration: a form small enough to be retarded
by the Sephadex, a form large enough to be excluded but stay in suspension on centri-
fugation, and a highly agglomerated form.

Fig. 3 shows the data from a run similar to Expt. 3. The recoveries of cerebro-
sidase, nitrophenyl galactosidase, and protein from the column were 91, 64, and 103%,,
respectively. The precipitates obtained from the column fractions (see Fig. 3} con-
tained less than 3%, of the protein recovered from the column and no detectable
activity toward nitrophenyl galactoside. Of particular interest is the observation that
the cerebrosidase of high molecular weight did not appear as a sharp peak, which
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Fig. 3. Gel filtration of the supernatant fluid from pig brain. The column packing {4.75 cm x 48 cm)
was Sephadex G-200, equilibrated and eluted with o.15 M NaCl in 0.02 M potassium phosphate
buffer {pH 7.4} containing 6%, sodium cholate and 0.3% Triton X-100. The sample volume was
40 ml (in the same buffer-detergent mixture) and was obtained from 240 ml of supernatant fluid.
The fractions {z0-22 ml) were centrifuged at 55000 x ¢ for 165 min. For assay, the precipitates
were resuspended in 4 ml of o.05 M Tris—HC! (pH 7.4). The supernatant fractions were dialyzed
against the same buffer (zo0 ml/bag) with 3 buffer changes over a 48-h period. Cerebrosidase was
measured as in Table I, with a 4 h incubation time. @, nmoles of mixed cerebrosides hydrolyzed
by the supernatant per h per ml fraction; ©, nmoles of mixed cerebrosides hydrolyzed by the
precipitate per h per ml fraction; A, nmoles nitrophenyl galactoside hydrolyzed by the supernatant
per h per ml fraction; A, mg protein in the supernatant per ml fraction.

indicates that part of the enzyme existed as an assortment of complexes of varying,
high molecular weights. Of additional interest is the observation that virtually ail
the nitrophenyl galactosidase activity was found in the retarded region, and that its
molecular weight appears to be a little lower than that of the cerebrosidase.

Similar partial separation into excluded and retarded cerebrosidases was ob-
tained when the particulate enzyme of rat brain was studied. Nerve ending and mito-
chondrial fractions!! from cortex of mature female rats, extracted with 69, cholate--
0.3%, Triton X-100, were found to yield the major part of the activity in the excluded
fraction. Comparison of the cerebral cortex with the adjacent white matter from 12-
day-old animals yielded the same bimodal distribution.

DISCUSSION

Subcellular localization
The evidence now at hand indicates that all the enzymes hydrolyzing sphingo-
lipids are localized in the lysosomes. All require a low pH, occur in particles of inter-
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mediate size, and are greatly activated by cholate or taurocholate (except for cere-
broside sulfatase, which was not tested for this effect®). Moreover, their K, values
are moderately similar’4®. It is tempting to postulate that all the sphingolipid hydro-
lases occur in specialized lysosomes which lack the other lysosomal enzymes. There
should then be two types of such lysosomes, one (from neurones) acting on the inter-
mediates in ganglioside breakdown, the other (from glial cells) acting on the sphingo-
lipids characteristic of myelin.

Effects of detergents and other lipids

1t is now well known that there are enzymes which are activated by addition
of lipids. Some of the enzymes, such as certain electron-transport proteins of mito-
chondria, act on non-lipids, while others, such as pancreatic lipase and cerebroside
galactosidase, act onlipids. In the cases studied in depth, the stimulating effects are
seen to depend in a complex manner on salts and pH, and on the nature and concen-
tration of detergent, activator, substrate, and other lipids that might be added.
Some effects have been attributed to influences on the intimate structure of the en-
zyme-lipid complexes that must form, but few explanations have been offered invol-
ving possible effects on lipid micelle size and the formation of enzyme-lipid complexes.

It may be postulated that there is an optimal micelle size for lipid substrates
and activating lipids. Micelles that are too large may have too little surface area to
adsorb to the enzyme efficiently, while micelles that are too small may be too tightly
structured to assume the surface form needed for adsorption to the enzyme. The first
situation can arise when inert lipids are added to the active lipid without a corre-
sponding increase in concentration of emulsifying agent. This would explain the many
inhibitory effects noted for the sphingolipid hydrolases by Gatr and ourselves
{Table II). Ceramide and palmitic acid could act in this way, while sphingosine may
act additionally by forming inactive salts with the bile acid. Thus one cannot state
that such effects are specific unless the influence on micelle size is examined, and re-
lated lipids are tested similarly.

The inhibitory effects of excessive detergent concentration can be explained
as due to formation of excessively small lipid micelles. We noted that high bile salt
concentration was inhibitory and that Triton was inhibitory when used with purer
enzyme preparations (which contain less lipid and therefore may need less detergent).
GATT AND RAPPORT!3 observed an inhibitory effect of Triton X-100 on hydrolysis of
ceramide lactoside when the concentration of cholate was low. An important conclu-
sion from this hypothesis is that one may have to adjust detergent concentrations
to suit the amount and nature of lipid in each system being tested.

The factors that affect the formation of lipid-enzyme complexes have been
little studied. It is possible that certain activating lipids (such as bile acids, in the
case of lipid hydrolases) exert their effect by forming a ternary complex with the
substrate lipid and enzyme. In beginning studies of this phenomenon in our laboratory,
we have shown that taurocholate promotes coprecipitation of cerebroside and cere-
brosidase. The aggregation process that must precede precipitation would seem to
be inimical to intimate contact between enzyme and substrate. However, it may be
that the substrate must first be presented to the enzyme molecules in the form of
excessively small, inert micelles and the two are then induced to aggregate by the bile
acid to form active micelles which now contain the enzyme.
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An excellent example of such a situation is seen in the galactosyl transferase
which adds a galactose moiety to an acidic bacterial glycolipid®'. This enzyme requi-
res a neutral lipid (phosphatidyl ethanolamine) and Mg?* for activity and the mixture
of protein and two lipids must coprecipitate for enzyme action to occur.

Comparison with other glycosidases

An intestinal enzyme has been described?® which catalyzes the hydrolysis of
ceramide galactoside and glucoside at equal rates at each purification stage. It ap-
pears that this enzyme cannot discriminate between the two substrates. Our brain
cerebrosidase, on the other hand, was less active toward the glucosyl lipid and this
activity could be reduced further by acid precipitation. Our enzyme was markedly
inhibited by galactose, galactonolactone, and related compounds, but not by glucose
and its corresponding compounds. The specificity of glycosidases can apparently be
established by such comparisons?%32-3¢ ]t therefore appears that the brain enzyme
is specific for the galactosyl lipid and that a separate ceramide glucosidase exists in
brain. Incidentally, the inhibitory effect of galactonolactone is not due to formation
of a covalent bond with an amino acid near the enzyme’s active center, for dialysis
overnight restored much of the activity.

Our cerebroside galactosidase was found to be approximately as active toward
ceramide lactoside. Also (Expt. 3, Table 11} we found that added lactoside inhibited
hydrolysis of cerebroside. These observations could be construed to mean that a
single enzyme acts on both substrates. However, GATT AND RAPPORT?® have is6lated
a galactosidase from rat brain which hydrolyzes lactoside, but not cerebroside. It is
therefore likely that the inhibitory effect of lactoside was due to competitive attach-
ment to the active enzyme site without its being a substrate, as well as to simple
dilution of the substrate in its micelle.

Our preparation was rather inert toward ceramide trihexoside but the GarT—
RAPPORT galactosidase was much more active toward the trihexoside than the dihexo-
side®s. From this one might conclude that their preparation contained a trihexosidase
together with dihexosidase, while ours contained the dihexosidase and monogalacto-
sidase. A purer trihexosidase has been obtained from intestine, free from activity
toward the di- and monohexosides®.

It is thus likely that there are at least three different galactosidases acting on
different galactolipids in brain. All of these appear to be active toward the unnatural
substrate, nitrophenyl galactoside. Assay of rat brain lysosome-rich particles gave a
ratio of over 8o for nitrophenyl galactosidase/cerebrosidase, while the ratio with
purified cerebrosidase was 2. It is very likely that most of the activity observed with
the unnatural substrate does not represent activity toward glycolipids but rather
activity toward other galactosides occurring in brain. The finding that nitrophenyl
galactosidase activity is normal in the brains of cases with Krabbe disease?’ thus may
not bear on the observation that cerebroside deposits can be observed in this dis-
order®.
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