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SUMMARY 

The distribution of three sphingohpid hydrolases was studied in subcellular 
fractions of rat liver and kidney tissue 

Lysosomes contained the highest specific activity with regard to glucocere- 
brosidase, galactocerebrosidase, and sphingomyehnase. 

Considerable sphmgomyehnase activity is also found in mitochondrla and 
mIcrosomes which is probably not attributable to lysosomal contamination 

INTRODUCTION 

The catabohsm of sphlngohplds is catalyzed by a group of hydrolytic enzymes 
which bring about the sequential release of the various hexose or phosphorylamlne 
components Studies on the subcellular distribution of a rat intestinal enzyme that 
cleaves the terminal galactose molecule from the ceramldetrlhexoslde, galactosyl- 
galactosylglucosylceramide, revealed that most of the hydrolytic activity IS contained 
in the particulate fraction which sediments between 7oo and 12 ooo X g (ref. I) Cerami- 
dase, fl-galactosidase, and fl-glucosidase from brain have been associated with the 
particles in the crude mltochondrlal pellet which sediment between I5 ooo and 2o ooo x g 
(ref. 2) These enzymes have pH optima of 5 o. The glucocerebroside-cleaving enzyme 
from human spleen, and a glucosyl- and galactosylceramide-cleaving enzyme from rat 
intestinal tissue are most active in 8oo-9ooo × g particulate fraction, and have pH 
optima of 6.o (refs_ 3, 4) Sphmgomyelinase from rat liver 5 and from brain 2 is associated 
with particles sedlmenting at 9ooo-2o ooo × g, and has a pH optimum of 5 o. Maximal 
glucocerebrosldase activity in leukemic myelocytes correlates well with the sub- 
cellular fraction containing maximal acid phosphatase activity 6 These observations 
led to the postulation that the sphingohpld hydrolases might be predominantly 
lysosomal enzymes ~ Because lysosomes contain many hydrolytic enzymes having 
acid pH optima 7 9 including glucosldases, a galactosldase, and a phosphohpase 1°, the 
subcellular locahzatlon of glucocerebrosldase, galactocerebrosldase, and sphlngomye- 
lmase was critically examined in the present study 

" Depar tmen t  of Food Scmnce and Technology, Umvermty  of Cahform~, Davis, Cahf ,  
U_S A 

B~ochzm Bzophys Aeta, 159 (1968) i 4 i - I 4 6  



142 N. J WEINREB, R. O BRADY, A L TAPPEL 

METHODS AND MATERIALS 

Preparat*o.~ of lysosomes and other cellular fractions 

F r a c h o n a t i o n  of l ive r  a n d  k i d n e y  t i s sue  for  p r e p a r a t i o n  of l y s o s o m e s  a n d  o t h e r  

ce l lu la r  f r a c t i o n s  w as  p e r f o r m e d  as p r e v i o u s l y  d e s c r i b e d l L  12_ T h e  nuc l ea r ,  m i t o -  

c h o n d r i a l ,  a n d  m l c r o s o m a l  f r a c t i o n s  o b t a i n e d  in  t h e  course  of t h e  p r e p a r a t i o n  of 

lysosome,~ were  s u b j e c t e d  to  one  or t w o w a s h m g s  T r l t o n - f i l l e d l y s o s o m e s  were  p r e p a r e d  

a f t e r  t h e  l n t r a p e r l t o n e a l  i n l e c t i o n  of T r i t o n  W R - I 3 3  9 a c c o r d i n g  to  t h e  m e t h o d  of 
W A T T I A U X  8. 

Enzyme analyses 

T h e  e n z y m e s  w h i c h  c a t a l y z e  t h e  h y d r o l y s i s  of g lucoce reb ros lde ,  g a l a c t o c e r e -  

b ros ide ,  a n d  s p h m g o m y e h n  were  a s s a y e d  u s i n g  14C-labeled s u b s t r a t e s ,  as d e s c r i b e d  in 

p r e v i o u s  p u b h c a t i o n s  3 ~ F o r  a s s a y  of g l ucoce r eb ros ida se ,  5o-/,1 a h q u o t s  of s u s p e n d e d  

p a r t i c l e s  we re  used .  25-/21 a h q u o t s  of p a r t i c u l a t e  s u s p e n s i o n s  were  u s e d  to  a s s a y  for  

g a l a c t o c e r e b r o s i d a s e  a n d  s p h m g o m y e h n a s e  in  o r d e r  to  r e m a i n  w i t h i n  t h e  p r o p o r t i o n a l  

r a n g e  of e n z y m a t i c  a c t i v i t y  A c i d  p h o s p h a t a s e  was  a s s a y e d  w i t h  f l - g l y c e r o p h o s p h a t e  
as s u b s t r a t e  as p r e v i o u s l y  d e s c r i b e d  11 

P r o t e i n  c o n c e n t r a t i o n s  were  d e t e r m i n e d  b y  t h e  m e t h o d  of Mll ler  13. 

R E S U L T S  

T h e  s u b c e l l u l a r  d i s t r i b u t i o n  of g l ucoce r eb ros ida se ,  g a l a c t o c e r e b r o s i d a s e ,  a n d  

s p h l n g o m y e h n a s e ,  in  t h e  o r d e r  of t h e i r  c e n t r i f u g a l  f r a c t l o n a h o n ,  is s h o w n  in  T a b l e s  I 

a n d  I I  All  t h r e e  e n z y m e s  h a v e  t h e i r  h i g h e s t  specif ic  a c t i v i t y  in  l y s o s o m e s  

T h e  p a t t e r n  of a c t i v i t i e s  in  t h e  s u b c e l l u l a r  f r a c t i o n s  f r o m  l i ve r  is s h o w n  in  Fig.  I ,  

in  w h i c h  t h e  specif ic  a c t i v i t y  in  l y s o s o m e s  is t a k e n  as lOO% T h i s  p a t t e r n  is in  a c c o r d  

TABLE I 

T H E  N U B C E L L U L A R  D I S T R I B U T I O N  OF G L U C O C E R E B R O S I D A S E j  G ~ L A C T O C E R E B R O S I D A G E  A N D  S P H I N -  
G O M Y G L I N A S E  IN RAT L I V E R  

1?at hver frachon Enzyme 

Ghlcocere- Galactocere- Sphzngo- Aczd phos- 
bros~dase* bros~dase ~ mvehnase* phatase °* 

Homogenate 6 12 4 o3 i i  9 35 5 
Nuclear 2 o 7 i 57 2 99 2o 6 
Mltochondrla i i  3 16 2 II  8 97 o 
Lysosomes 49 2 62 5 25 8 615 o 
Mlcrosomes 9 24 3 56 14 6 4 ° o 
Supernatant  4 96 4 46 12 5 IO 5 
Homogenate 

(Triton-treated rat) 3 94 3 98 6 91 26 4 
Lysosomes 

(Triton-treated rat) IOO o 86 7 670 o 832 o 

per h 
* Enzymatic  activity is expressed as m/~moles of snbstrate  hydrolyzed per mg of protein 

** m/,moles/mg protein per mln 
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TABLE II 

THE SUBCELLULAR DISTRIBUTION OF GLUCOCEREBROSIDASE, GALACTOCEREBROSIDASE AND SPHLNGO- 

MYELIIWASE IN RAT KIDNEY 

Rat  k~dney Enzyme  
fraction 

Glucocere- Galactocere- Sph*,ngo- Aczd phos- 
broszdase* bros~dase ° myehnase  ° phatase*" 

H o m o g e n a t e  7 77 i o  o 9 78 48 o 
N u c l e a r  i o  7 15 I 14 2 52 6 
L y s o s o m e s  32 6 80 3 34 4 395 .0 
M l t o c h o n d r l a  7 77 4 84 12 o 39 4 
M l c r o s o m e s  2 .92  I 18 2-76 28 8 
S u p e r n a t a n t  4 86  5 33 6 o9  15 5 

* m/~moles  o f  s u b s t r a t e  h y d r o l y z e d  p e r  m g  o f  p r o t e i n  p e r  h 
"" m # m o l e s / m g  p r o t e i n  p e r  m m  

with the distribution of protein and acid phosphatase activity found m studies 14 of 
twelve lysosome preparations The patterns for glucocerebrosidase and for galacto- 
cerebrosldase correspond closely to that  for acid phosphatase, the most widely used 
marker enzyme for lysosomal activity. Furthermore, the distribution of glucocere- 

I 0 0  - 

9 0 -  

B 0 -  

7 0 -  

6 0 -  

5 0 -  

~ 4o 
3 0 -  

> 2 0 -  i.-- 

_ 0 
u .  

S 
~oo 

~, 9o 
- 8 0  

~ 7o 
ixl 
~ 60 

5O 
4O 
3O 
2¢ 
IC 

C 

Fig_ I 

RAT L I V E R  

Acid Phosphatase 

7/9..-- J 

Gluco- 
cerebrosldoee 

t- 

O 40 80 
N M L M c  S 

Ge/actocerebroetdase 

E 
0 

N 

ephmgo - 

mye/mase 

1 
4 0  8 0  

MI_ MC S 

PERCENT OF TOThL PROTEIN 

S u b c e l l u l a r  d i s t r i b u t i o n  o f h y d r o l y t l e  e n z y m e s  in  h v e r  T h e  spec i f i c  a c t i v i t y  o f  t h e  e n z y m e s  
f o r  e a c h  s u b c e l l u l a r  f r a c t i o n  IS p l o t t e d  o n  t h e  o r d i n a t e  a t  a p e r c e n t a g e ,  r e l a t i v e  t o  t h e  spec i f i c  
a c t i v i t y  i n  t h e  l y s o s o m a l  f r a c t i o n  T h e  p e r c e n t a g e  o f  p r o t e i n  m e a c h  f r a c t i o n  o f  t h e  h o m o g e n a t e  
is p l o t t e d  o n  t h e  a b s c i s s a -  n u c l e a r  (N),  m l t o c h o n d r l a l  (M), l y s o s o m a l  (L),  m l c r o s o m a l  (Mc), a n d  
s u p e r n a t a n t  (S) 
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T A B L E  I I I  

ENZYME BALANCE IN SUBCELLULAR FRACTIONS OF RAT LIVER ENZYMATIC ACTIVITY 

Fractzon Protezn Ghtcocere- Galactocere- Sph~go- Acid phos- 
(mg/g hver) bros~dase ° broszdase* mveh.ase* phatase** 

C r u d e  h o m o g e n a t e  21o  128o 848  2500  745 ° 
N u c l e a r  48 IOO 75 lO5 99  ° 
M l t o c h o n d r l a l  29 328 47 ° 342 2820  
L y s o s o m a l  I 49  63 z 6 6I  5 
M i c r o s o m a l  44 407  157 643  1760 
S u p e r n a t a n t  64 311 285 802  670  

T o t a l  in  f r a c t i o n s  186 1195 lO5O 1918 0855  
% o f  h o m o g e n a t e  89g~ 9 3 %  1 2 4 %  7 7 %  9 2 %  

" T o t a l  s u b s t r a t e  h y d r o l y z e d  p e r  h in  t h e  r e s p e c t i v e  f r a c t i o n s  
*" T o t a l  s u b s t r a t e  h y d r o l y z e d  p e r  m m  in  t h e  f r a c t i o n s  

brosidase and galactocerebros~dase is similar to that found for various other lysosomal 
enzymes including arylamldasO 2, slalidasO 5, and phosphollpasO°, 1G 

Enzyme recoveries were calculated as the sum of the activities of the fractions 
shown in Fig I divided by the total activity in the homogenate (Table III)  The 
recoveries are: glucocerebrosidase, 93%, galactocerebrosldase, 1 2 4 %  sphlngomyeli- 
nase, 77%, acid phosphatase, 92%, and protein, 89% 

In general, the fractions on either side of lysosomes--mitochondria and micro- 
somes of liver, and nuclei and mitochondrla of kidney, have only moderately high 
specific activities (Tables I and II) Previous studies, and a comparison with the acid 
phosphatase activity in these fractions, indicate that these activities in the fractions 
ad I acent to lysosomes are due to contamination with lysosomes which are very hetero- 
geneous The moderately high activity in the supernatant fractions could be related to 
enzymes released from fragmented lysosomes 

The relatively high sphlngomyehnase activity in mltochondrial, mmrosomal and 
supernatant preparations IS in contrast with the low specific activity of acid phospha- 
tase, glucocerebrosidase, and galactocerebrosidase in these fractions This pattern 
probably cannot be attributed solely to lysosomal contamination_ It  therefore seems 
likely that sphingomyehnase is not confined exclusively to lysosomes 

DISCUSSION 

The data obtained in the present experiments provide strong evidence for the 
subcellular localization of glucocerebrosldase, galactocerebrosldase, and a portion of 
sphingomyehnase in lysosomes Lysosomes fractionated from livers of untreated rats 
by the procedure used here n, have been shown to be, at best, 86% lysomes, with 
about half the contamination from mltochondrla and half from mlcrosomes 17 Lyso- 
somes prepared from rats treated with Triton WR-I339 have a median density of i_i 
g/ml, and density gradmnt centrafugatlon allows good separation from mltochondrla 
and mlcrobodles which have median densities in the I 2 g/ml range In the first steps 
of fractmnation, most of the nucrosomes are separated so that the final lysosome 
fraction is 9o% or more lysosomes_ Lysosomes fractlonated from rat kidney have been 
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shown to be contaminated only with 8% mltochondrla and a small amount of micro- 
somes. 

There is considerable evidence lndlcatmg a relationship between lysosomes and 
the metabolism of complex liplds Liver lysosomes, especially, are known to be involved 
in the digestion of mitochondrla, endoplasmlc reticulum, and other membrane struc- 
tures containing complex liplds 1.. Following reactions catalyzed by their acid hydrol- 
ases, lysosomes may  be converted into myelin body residue characterized by membrane 
arrays of lipid materxaP 9,2° 

Information on subcellular locahzahon of sphingohpid hydrolases can con- 
celvably add to the understanding of the pathophyslological alterations in sphmgo- 
lipldoses. The metabolic detect in Gaucher's disease has recently been shown to be a 
deficiency of glucocerebrosldase 21 Electron microscopy of retlculoendothelial cells in 
patients with Gaucher's disease reveals the presence of inclusion bodies possessing a 
single membrane 2z The morphology of lysosomes, and the localization of glucocere- 
brosldase in lysosomes, suggest that  the inclusions might be lysosomes congested with 
glucocerebroslde_ The frequently observed elevation in serum acid phosphatase in 
patients with Gaucher's disease may be due to the release of the lysosomal acid 
hydrolases from the glucocerebroslde-loaded lysosomes during their transformation 
to the remdual body form 

Niemann-Plck disease is characterized by a deficiency of sphlngomyehnase as, 
and by the appearance of subcellular granules contamlng lamellar arrays of hpids 
Again, the electron microscopy of the granules and the subcellular localization of 
sphlngomyehnase suggests that  the granules are perhaps lysosomes loaded with 
unhydrolyzed sphlngomyehn Furthermore, it is possible that  Fabry ' s  disease may  
also encompass a metabohc disorder involving lysosomesL*4 

Foam cells morphologically rather similar to Gaucher cells have been found in 
the bone marrow of patients with chronic granulocytlc leukemia, and increased levels 
of glucocerebrosldase activity have been measured in leukemic myelocytes 6 Lysosomal 
residual bodies and their associated phospholipids play a decisive role in the contri- 
bution of platelets to coagulation 25. In this connection, the finding of foam cells in 
spleen and other tissues ot patients with idiopathic thrombocytopenlc purpura is of 
particular interest. Investigation of the activities of the sphingohpld hydrolases in a 
wide spectrum of seemingly unrelated clinical disorders may  therefore be of importance 
in gaining more information about the emerging category of "lysosomal diseases". 
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