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The activity of the neutral, Mg 2 +.stimulated sphingomyelinase of cultured neuroblastoma cells (N IE- 115) is 
enriched in the plasma membrane fraction and is reduced following treatment of intact or broken cells with 
trypsin, a-chymotrypsin, papain, and protease. Two protease-sensitive enzymes of the cell interior (lactate 
dehydrogenase and NADPH-cytochrome c reductase) are not affected by protease treatment of intact cells. 
These results indicate that the neutral, Mg2+-stimulated sphingomyelinase is oriented externally on the 
plasma membrane of the cultured neuroblastoma cell. 

Neutral, magnesium-stimulated sphingomyelin- 
ase (sphingomyelin phosphodiesterase,  EC 
3.1.4.12), a membrane-bound enzyme, is associ- 
ated with neuron-rich areas of brain and is present 
in neuroblastoma cells and in reaggregating neural 
cells in culture [1-5]. Recently, we showed that 
this enzyme is localized predominantly in the 
plasma membrane fraction of cultured neuro- 
blastoma cells [6]. Most of the enzymes concerned 
with lipid synthesis are membrane-bound, and 
several have been shown to be externally-oriented 
on the surface of microsomal vesicles [7]. 5'- 
Nucleotidase, (Na++K+)-ATPase ,  and several 
receptor proteins are localized on the external 
surface of the plasma membrane [8,9]. These stud- 
ies of surface orientation or 'sidedness' have gen- 
erally used selective inactivation of the enzyme or 
receptor by an impermeant probe such as a proteo- 
lytic enzyme to determine orientation. The topog- 
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raphy of membrane-bound enzymes can provide 
valuable clues to their normal physiological func- 
tion in the cell. The objective of these experiments 
was to determine the topography or orientation of 
neutral, Mg2*-stimulated sphingomyelinase in the 
plasma membrane of cultured neuroblastoma cells. 
These cells were chosen in preference to brain 
because we had already established a predomi- 
nantly plasma membrane localization of enzyme 
activity, and because they can be readily obtained 
intact from the culture vessels. 

N1E-115 neuroblastoma cell lines were main- 
tained as described earlier [10] and cells grown for 
6 to 8 days from the last subculture were used in 
all experiments. Cells were harvested by scraping, 
washed and suspended in Tris-sucrose buffer (50 
mM Tris-HC1 (pH 7.4), containing 0.25 M sucrose, 
called buffer A). Aliquots containing approx. 2.  
10  6 cells and the required amount of proteolytic 
enzyme suspended in a 1 ml final volume of buffer 
A were incubated at 25 °C for 15 min in a shaking 
water bath. Following incubation, 10 ml of cold 
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(4°C) buffer A was added, and the tubes were 
centrifuged at 1000 × g for 10 min to recover the 
treated cells. The cells were washed once and 
suspended in 1.0 ml of buffer A. Cell viability was 
checked by dye exclusion and was > 90%. The 
cells were disrupted in a sonic dismembrator 
(Fisher Scientific Co.) before enzyme determina- 
tions were made. In experiments where cell homo- 
genates were treated with proteolytic enzymes, the 
reaction was stopped by cooling (0 -4°C)  and the 
enzyme activities were assayed as quickly as possi- 
ble. 

The following enzyme activities were measured: 
N-acetyl-/3-D-hexosaminidase (EC 3.2.1.30) [11], 
5'-nucleotidase (EC 3.1.3.5) [12], alkaline phos- 
phatase (EC 3.1.3.1) [13], NADPH-cytochrome c 
reductase (EC 1.6.2.4) [14], lactate dehydrogenase 
(EC 1.1.1.27) [15] and acid and neutral sphin- 
gomyelinase (EC 3.1.4.12) [1]. All enzyme activities 
were determined at protein concentrations at which 
the activities were linear and values represent the 
averages of activities obtained from two enzyme 
concentrations. Activity was linear with time over 
the period of assay for both control and treated 
cells. Protein was determined by the method of 
Lowry et al. [16] using bovine serum albumin as 
standard. 

[rnethyl-3H]Sphingomyelin was synthesized 
from bovine brain sphingomyelin [17]; [3H 
(G)]adenosine 5'-monophosphate was from New 
England Nuclear (Canada) Limited and other sub- 
strates for enzyme analyses as well as trypsin, 
a-chymotrypsin (both from bovine pancreas), 
papain, and protease (from Streptomyces griseus) 
were from Sigma Chemical Co., St. Louis, MO. 
Dulbecco's minimal essential medium and fetal 
and newborn calf sera were from Grand Island 
Biological (Canada) Ltd., Toronto, ON. 

Of the seven enzymes endogenous to the neuro- 
blastoma cell that we examined, the neutral 
sphingomyelinase is the most sensitive to proteo- 
lytic inactivation (Table I). Further, it was sensi- 
tive to nonspecific proteases (protease), thiol pro- 
teases (papain) and serine proteases (trypsin and 
a-chymotrypsin). The loss of sphingomyelinase ac- 
tivity is due to proteolytic degradation and not to 
a non-specific effect of the enzyme protein or 
other components in the commercial preparation 
as heat-inactivated proteolytic enzyme or trypsin 
inactivated by soya bean trypsin inhibitor had 
little effect on sphingomyelinase activity. The other 
enzymes (5'-nucleotidase and alkaline phos- 
phatase) that are also enriched in the plasma mem- 
brane were unaffected. At least for 5'-nucleoti- 

TABLE 1 

THE EFFECT OF INCUBATION OF NEUROBLASTOMA CELL HOMOGENATES WITH EXOGENOUS PROTEOLYTIC 
ENZYMES ON THE ACTIVITY OF SOME ENDOGENOUS ENZYMES 

Endogenous 
enzyme 

Exogenous proteolytic enzyme 

Trypsin a a-Chymotrypsin Papain Protease 

Alkaline phosphatase 95+ 6 b 88--+ 5 89-+ 5 92-+ 9 
5'-Nucleotidase 91-+ 8 91 + 6 88-+ 5 96+ 7 
Neutral 

sphingomyelinase 6 -+ 1 5 -+ 1 32 -+ 7 5 + 2 
Acid 

sphingomyelinase 68 + 14 68 _+ 19 97 _+ 6 74 -+ 17 
N-Acetyl-/3-D- 

hexosaminidase 84-+ 6 105 + 4 97_+ 2 62-+ 20 
NADPH-cytochrome c 

reductase 109 + 12 48 + 37 113 -+ 20 16 + 4 
Lactate dehydrogenase 98-+ 3 107 105 + 1 14-+ 10 

a The concentration of exogenous proteolytic enzyme was 1 mg/ml  except for protease (0.25 mg/ml).  
h Values are expressed as percentages of control activities measured in homogenates that were not incubated with proteolytic 

enzymes. These control activities were: alkaline phosphatase, 135 _+ 27 nmol /min  per mg protein; 5'-nucleotidase, 4.5 -+ 2 nmol /min  
per mg protein; neutral sphingomyelinase, 0.92+0.05 nmol /min  per rag; acid sphingomyelinase, 0.27_+0.11 nmol /min  per rag; 
N-acetyl-/Y-D-hexosaminidase, 10 + 5 nmol /min  per mg; NADPH-cytochrome c reductase, 7.5 _+ 7 uni ts /min per mg; and lactate 
dehydrogenase, 2.24 + 0.5 uni ts /min per mg. (n = 3). 



dase, this is probably due to the lack of sensitive 
linkages important for catalytic activity rather than 
simple limitation on accessibility in the membrane. 
Both 5'-nucleotidase and the neutral sphingomy- 
elinase can be partially solubilized (50% and 35%, 
respectively) by treatment of the cells with 0.1% 
Triton X-100. Protease remains active on the Tri- 
ton-solubilized proteins as judged by the loss of 
sphingomyelinase activity during protease diges- 
tion. However, the 5'-nucleotidase activity was 
unaffected. 

The enzymes generally associated with the cell 
interior were variably affected by the proteolytic 
enzymes when the latter were incubated with the 
disrupted cells. Chymotrypsin affected acid 
sphingomyelinase and NADPH-cytochrome c re- 
ductase and trypsin affected hexosaminidase. The 
differences in sensitivity to proteolytic attack of 
the acid and neutral sphingomyelinases provides 
evidence additional to that in our previous studies 
[1] of the separate nature of these two activities. 
Protease was the most effective proteolytic enzyme 
among those studied, and as it markedly reduced 
the activity of neutral sphingomyelinase as well as 
the two internally situated enzymes (lactate dehy- 
drogenase and NADPH-cytochrome c reductase), 
further experiments were done using this enzyme. 
These observations fit with the ability of protease 
to hydrolyse a variety of bonds in proteins [18]. 

Our studies (Fig. 1) of enzyme activities in 
cultured neuroblastoma cells following treatment 
of intact or disrupted cells with varying concentra- 
tions of protease (up to 0.5 mg/ml)  indicate that 
most of the neutral, Mg2+-stimulated sphingomy- 
elinase is oriented externally on the surface of the 
p l a s m a  m e m b r a n e .  Firs t ,  85% of  the 
sphingomyelinase activity in intact cells, and 95% 
in broken cells, was lost during proteolytic treat- 
ment. The difference between the two values is 
probably due to the activity associated with the 
microsomal fraction previously noted by us in 
these cells [6] which would not be affected in the 
intact cell. Second, there is no loss of activity from 
other protease-sensitive enzyme markers of 
intracellular components such as lactate dehydro- 
genase (cytosol) and NADPH-cytochrome c re- 
ductase (microsomes) in the intact cells. In broken 
cells, both of these endogenous enzyme activities 
are sensitive to proteolytic attack. 
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Fig. 1. The effect of varying protease concentrations on the 
activities of four endogenous enzymes in intact neuroblastoma 
cells (open symbols) and cell homogenates (closed symbols). 
Neuroblastoma cells or their homogenates containing about 1.2 
mg protein were incubated with protease (0 to 500/~g) in a 1.0 
ml final volume for 15 min at 25 ° C. The results are expressed 
as percentages of the activities of untreated controls, and are 
mean _+ S.D. of three or mean of two independent experiments. 
(A) Lactate dehydrogenase (O,O; control activity 2.36_+0.4 
uni t s /mg per rain). NADPH-cytochrome c reductase (A, , :  
control activity 13.1+2.85 uni t s /mg per min). (B) Neutral 
sphingomyelinase (xT,v; control activity 0.91_+0.25 nmol /min  
per mg). 5'-Nucleotidase (D,B; control activity 4.1+1.04 
nmol /min  per rag). 

We have previously shown that the neutral 
sphingomyelinase of human brain is firmly mem- 
brane-bound and that detergents are required to 
extract the activity [1,4]. The remarkable sensitiv- 
ity of the neutral sphingomyelinase in neuro- 
blastoma cells to proteolytic attack could be 
explained if this enzyme, in contrast to that in 
brain, were only loosely bound to membranes. 
However, treatment of cell lysates with low (50 
mM) or high (1 M) salt buffers extracted less than 
10% of activity, suggesting that the neuroblastoma 
enzyme is also tightly membrane-bound. 

We have suggested that the neutral, Mg 2+- 
stimulated sphingomyelinase plays a specific role 
in the special physiological functions of brain based 
on its almost exclusive localization in brain, 
enrichment in grey matter and in certain grey 
matter areas in particular, the increase in activity 
in parallel with neuronal maturation, and the 
enrichment in the plasma membrane of the cul- 
tured neuroblastoma cell [4,6]. The present study 
indicates that the plasma membrane activity is 
oriented externally. It is of interest that 
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sphingomyelin is also oriented externally [19]. 
Whether the normal reaction catalysed by the neu- 
tral sphingomyelinase is within the same mem- 
brane or between cells is not known. However, the 
external orientation on a surface membrane that is 
the first interface in signalling between cells, in a 
tissue whose major role is intercellular signalling, 
seems unlikely to be fortuitous and further sup- 
ports a role for this enzyme in the specialized 
physiological functions of the neuron. 
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