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ABSTRACT 

Amides resembling ceramide (fatty 
acyl sphingosine) were synthesized and 
tested in vitro for their effects on the rat 
brain /3-galactosidase which hydrolyzes 
galactosyl ceramide. The N-decanoyl de- 
rivative of 2-amino-2-methyl-l-propanol 
was most effective, giving a 34% stimula- 
tion at 0.15 mM concentration and a 60% 
stimulation at maximal levels. Addition 
of a hydroxyl group in the 3 position 
reduced the degree of stimulation, as did 
increasing or decreasing the length of  the 
fatty acid portion. Omission of the 
branched methyl group resulted in inhibi- 
tion instead of stimulation. Kinetic analy- 
sis indicates that the stimulator does not 
affect the binding of substrate to enzyme, 
but does speed the rate of hydrolytic 
action. Stimulation was also observed 
with the cerebrosidase in spleen and 
kidney. It is suggested that the stimula- 
tors act on an enzyme site other than the 
substrate-active site. 

I N T R O D U C T I O N  

Galactosyl ceramide /3-galactosidase (cere- 
brosidase or galactocerebrosidase) is a specific 
enzyme which acts on one of the major lipids 
of brain (2,3,6). It appears to require a bile acid 

for activity in vitro and the addition of fatty 
acid raises the activity additionally (4). Suzuki 
and Suzuki (10,11) have shown that the en- 
zyme is lacking in the hereditary disorder, 
Krabbe's disease, and have postulated that 
excessive acculumation of its substrate pro- 
vokes the appearance in brain of globoid ceils. 
These cells, in massive infiltration, apparently 
act to damage the brain fatally. 

While the serum of one patient with 
Krabbe's disease was found to contain no 
detectable cerebrosidase, a small amount of 
activity was found inleukocytes,fibroblasts and 
brain (1I).  It is possible that the enzyme 
activity present in these patients, about 5-10% 
of normal, could be stimulated sufficiently by 
administration of a suitable drug, so that 
normal cerebroside metabolism could be main- 
tained. Cerebrosidase activity normally rises 
considerably during myelination (4) and it is 
conceivable that normal development of a 
Krabbe child would ensue if it could be 
maintained during the critical stage of relatively 
rapid cerebroside turnover during early myelin- 
ation (7,9). 

In the course of an attempt to synthesize 
compounds which could inhibit cerebroside 
hydrolysis (1), we found certain compounds 
which exerted a stimulatory effect. These com- 
pounds resemble ceramide, the product of 
cerebrosidase action, but differ in omission of 
the lipoidal side chain of sphingosine and 

TABLE I 

S t imula t ion  of  Cerebrosidase Produced by Fa t ty  Acid Amides o f  A m i n o p r o p a n o l s  a 

2-Amino-2 me thy l - l -  2 -Amino-2-methyl -1 ,3-  
p ropano l  p ropaned io l  

F a t t y  acid Above Melting Above Melting 
chain length cont ro ls ,  % poin t  controls ,  % poin t  

18 12,8 64-65 14,11 73-74 
16 16,14 72-73 11,7 69-70 
14 30,26 48-49 18,13 61-62 
12 28,29 36-37 20 ,16  46-47 
10 59 ,50  Oil 24,26 Oil 

8 12,9 Oil 24 ,20  Oil 

aSt imulat ions  s h o w n  are f rom two  separate  exper iments ,  each run  in dupl icate .  The 
assay med ium con ta ined  enzyme  derived f rom 3 mg o f  ra t  brain,  0.1 M citrate pH 4.5,  0.1 
mg o f  labeled cerebroside,  1 mg of  Tween,  0.5 mg o f  Myrj, 0 .37 mg of  Tris oleate  and 2 mg 
of  Na t au rocho la t e  in 1 ml. Incuba t ions  ran for  3 hr at  37 C. Contro l  activities (wi thou t  
amides)  were abou t  8000 cpm,  co r respond ing  to a b o u t  23 nmoles.  The subs t ra te  specific 
activity was  about  250 c p m / n m o l e  and  the a m o u n t  o f  amide in the incuba t ion  tubes  was 0.3 
/.tmole. 
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FIG. 1. The effect of increasing concentration of 
N-decanoyl 2-amino-2-methylpropanol on rat brain 
cerebrosidase. Conditions as in Table I. 

inclusion of a branched methyl group. 

METHODS A N D  M A T E R I A L S  

The enzyme was prepared in crude form 
from the brains of 3-month-old rats as de- 
scribed before (4), and assayed by a simplified 
procedure (8). The assay medium contained 
galactose-labeled stearoyl psychosine emulsified 
with crude Na taurocholate, Tris oleate, Tween 
20 and Myrj 59. 

The synthetic compounds were made by 
acylation of amino alcohols with fatty acyl 
chlorides and characterized by thin layer 
chromatography, which showed a single spot 
(sometimes with a trace second spot) with each 
amide. IR spectra showed amide and alcohol 
peaks, but no ester peak. Details of the synthe- 
ses are described separately (1). The melting 
points of the compounds, which appear to be 
new, are given in Table I. Each compound was 
tested by evaporating a solution containing a 
weight sufficient to give a concentration in the 
medium of 0.3 mM. To this was added the 
substrate, diluent, citrate buffer and enzyme, in 
that order. 

RESULTS 

N-Fatty Acyl Amides of 1-Amino-2-Methyl-l-Propanol 
and 2-Amino-2-Methyl- 1,3-Propanediol 

The degree of stimulation for derivatives of 
fatty acids of different chain length is shown in 
Table I. The most effective compound was the 
decanoyl derivative of the methyl propano- 
lamine. A sharp decrease in effectiveness re- 
sulted when a shorter or longer fatty acid was 
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FIG. 2. The effect of changing the substrate 
concentration on the rate of hydrolysis. The concen- 
trations of Tween, Myrj and oleate were changed too, 
in proportion to the cerebroside concentration. Upper 
line: control tubes; lower line: 0.3 mM decanoyl 
aminomethylpropanol added. The unit of cerebroside 
concentration is 10 -3 M and the rate of reaction is in 
millimoles hydrolyzed in 3 hr. Incubation conditions 
were as in Table I. 

used. At each chain length, except with stea- 
rate, the insertion of a second alcohol group 
reduced the stimulatory effect. When the 
branching methyl group was omitted (2-amino- 
1-propanol), inhibition rather than stimulation 
was observed (1). The free amines and decanoic 
acid, which could conceivably arise by enzyma- 
tic hydrolysis of  the amides, were slightly 
inhibitory. 

A study with the two decanoate stimulators 
showed that preincubation of enzyme with 
buffer and amide, prior to addition of the 
substrate, did not materially affect the extent 
of stimulation. For the aminomethylpropanol 
derivative, the stimulation amounted to 60, 51 
and 54% with the preincubation periods of 60, 
30 and 0 min, respectively. For the amino- 
methylpropanediol derivative, the correspond- 
ing stimulations were 25, 27 and 22%. The 
preincubation of the controls did not  affect 
their activity. 

To investigate the possibility that the stimu- 
lation was due to nonenzymatic catalysis of 
cerebroside hydrolysis, we incubated substrate 
with the decanoyl propanol derivative in the 
absence of enzyme. No increase above the 
blank value was observed. 
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TABLE 11 

Stimulation of Cerebrosidase of Lyophilized Tissues by N-Decanoyl Amides 

Control 
activity, Aminomethylpropanol Aminomet hylpropanediol 

Tissue a cpm Above control, % Above control, % 

Rat brain 2020 20 9 
Rat spleen 2677 16 1 l 
Rat kidney 4099 29 23 
Rat liver 831 7 2 
Rabbit gray matter 377 5 0 
Rabbit white matter 481 7 3 

aTissues from rats were from 18-day-old animals; a brain from a 10-day-old rabbit was 
also used. In these assays the tissue was homogenized in a small volume of water and 
lyophilized. The powder was rebomogenized in benzene, aliquots containing 2 mg of 
powder were dried down with a stream of nitrogen, and the incubation components were 
added as in Table I. The amides were added in solution and dried down prior to addition of 
the enzyme. 

Effect of Stimulator Concentration 

The da ta  in Figure 1 show tha t  decanoy l  
a m i n o m e t h y l p r o p a n o l  p roduced  a d i s t inc t  s t im- 
u la t ion  at a c o n c e n t r a t i o n  as low as 75 / JM,  and 
sa tu ra t ion  of  the  e f fec t  appeared  at a b o u t  1.8 
mM and 60% s t imula t ion .  The  s a tu ra t i on  phe-  
n o m e n o n  is n o t  due to  l imi ted  solubi l i ty  of  the  
amide (wh ich  is s o m e w h a t  l ipo ida l ) ,  since this  
would  show up as a sharp d i s con t inu i t y  in 
Figure 1; the  curve would  sudden ly  f l a t t en  ou t  
at the  so lubi l i ty  c o n c e n t r a t i o n .  Moreover  the  
amide  m u s t  dissolve and c o m b i n e  rapid ly  wi th  
the  enzyme,  since a t ime s tudy  ( 15 - 180  ra in)  
showed  tha t  the  con t ro l  and s t imula ted  reac- 
t ions  p roceeded  at c o n s t a n t  rates.  

Kinetic Analysis of the Stimulation 

Eva lua t ion  of  the  s t imu la t i on  e f fec t  a t  vari- 
ous c o n c e n t r a t i o n s  of  subs t ra t e  y ie lded a Line-  
weaver-Burk p lo t  (Fig. 2) which  ind ica tes  t ha t  
the  K m of  the  enzyme-subs t r a t e  c o m p l e x  was 
u n c h a n g e d  b y  the  s t imula to r .  

Tests with Other Tissues and Compounds 

A l t h o u g h  ga lac tocerebros ide  is very  rare 
outs ide  the  cent ra l  ne rvous  sys tem,  i ts hydro-  
lase has been  f o u n d  in every tissue e x a m i n e d  
(5 ,6 ,10 ,11) .  To tes t  the  poss ibi l i ty  t h a t  ext ra-  
neura l  cerebros idase  differs  f rom the  neura l  
enzyme ,  we c o m p a r e d  the  e f fec t  of  the  two  
decanoy l  amide  s t imula to r s  on  the  e n z y m e  
act ivi ty in  several tissues (Tab le  II). S t i m u l a t i on  
was seen in ra t  k idney  and spleen,  two m a j o r  
sources  of the  e n z y m e  (6).  The  specific act ivi ty 
of  the  e n z y m e  in l iver was low, as n o t e d  before  
w i th  freshly h o m o g e n i z e d  liver (6) ,  and  the  
act ivi ty in r a b b i t  bra in  was even lower .  How- 
ever a m o r e  realistic compar i son  of  ra t  and  
r abb i t  b ra in  cerebros idase  activit ies m u s t  awai t  
a deta i led  compar i son  at d i f f e ren t  ages, since 
m a r k e d  changes  occur  w i th  age. 

I t  is no t  c lear  why  the  s t imu la to ry  e f fec t  of  
the  amides  w i th  dr ied whole  b ra in  was so m u c h  
less t h a n  wi th  the  pur i f ied  enzyme.  

The  N-pheny lace ty l  amide  of  a m i n o m e t h y l -  
p r o p a n o l  (mp  129-130 C) y ie lded a s t imu la t i on  
of only  5% in the  assay wi th  pur i f ied  cerebrosi-  
dase, and the  c o r r e s p o n d i n g  diol (a semisol id)  
had  even less e f fec t  (1%). However  the  a - b r o m o  
derivative of  the  f o r m e r  c o m p o u n d  (0t-bromo- 
pheny l ace ty l  2 - a m i n o - 2 - m e t h y l - l - p r o p a n o l ,  m p  
73-74 C) p r o d u c e d  29% s t imu la t i on  at 0.3 mM 
c o n c e n t r a t i o n .  

DISCUSSION 

The  abil i ty of  misce l laneous  subs tances  to  
increase the  act ivi ty  of  an e n z y m e  is an 
o f t en -no ted  p h e n o m e n o n .  In this  ins tance  
special in te res t  comes  f rom the  r a the r  sharp 
s t ruc tu ra l  specif ic i ty  involved,  and  the  fact  t h a t  
the  s t imu la to r  resembles  the  na tu ra l  subs t ra te  
s t ruc tura l ly .  Re la ted  c o m p o u n d s ,  wh ich  d i f fe r  
f rom the  s t imula to r s  in possess ing a l ipoidal  
side cha in  and  lacking the  b r a n c h e d  m e t h y l  
group ( t h e r e b y  r e sembl ing  na tu r a l  ce ramide  
more  closely),  act  as n o n c o m p e t i t i v e  inh ib i to r s  
(1) ,  and it  m a y  be  t ha t  b o t h  groups of  amides  
act  by  a t t a c h m e n t  to  the  same e n z y m e  site. 

I t  is l ikely t h a t  the  s t imula to r s  act  by  
c o m b i n i n g  in a reversible m a n n e r  wi th  the  
enzyme ,  p r o d u c i n g  a c o n f o r m a t i o n a l  change  
which  increases  the  speed of  e n z y m e  ac t ion  
(Vmax) .  This idea is s u p p o r t e d  by  the  resul ts  of  
the  Lineweaver -Burk  p lo t  (Fig. 2), wh ich  
showed  tha t  the  increase in e n z y m e  act ivi ty  is 
no t  owing to an ef fec t  on  the  s t r eng th  of  the  
enzyme-subs t r a t e  b ind ing  (Km).  If  the  s t imula-  
tors  act  by  an irreversible process ,  as b y  a 
chemica l  r eac t ion  wi th  the  enzyme ,  the  reac- 
t ion  m u s t  be  qu i te  rapid,  for  we did n o t  see any 
increased s t imu la t i on  as the  resu l t  of  p re incuba-  
t ion  wi th  s t imu la to r ,  n o r  did  the  a m o u n t  o f  
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s t imulat ion increase wi th  incuba t ion  dura t ion .  
Moreover  a chemical  react ion of  a simple amido 
alcohol wi th  an enzyme  seems unlikely.  

Whether  a s t imulat ing subs tance  can be 
made which will be therapeut ical ly  useful  in 
Krabbe ' s  disease remains to  be seen. The 60% 
s t imula t ion  observed in our  in vitro experi-  
men ts  could no t  be a suff ic ient  effect ,  and we 
plan a search for  more  active compounds .  F rom 
the results r epor ted  here ,  it  would  appear  tha t  a 
branching  group at the 2 pos i t ion  is essential  
and tha t  a subs t i tuen t  such as Br or OH in the 
acyl group is helpful .  The la t te r  is o f  par t icular  
in teres t  as 2 -hydroxy  acyl groups occur  pri- 
marily in galactocerebrosides ,  and the subst i tu-  
ent  might  increase the specif ici ty of  the s t imu- 
lator  wi th  respect  to galactosyl ceramide (as 
opposed  to glucosyl ceramide) .  A second  
hydroxy l  group weakens the s t imula tor  e f fec t  
and an aromatic  subs t i tuen t  at the 3 pos i t ion  
produces  inhibi t ion (1). It remains  to be seen, 
also, whe the r  the same s tructural  features are 
relevant to the cerebros ide-hydro lyz ing  enzyme  
found in Krabbe ' s  disease. 
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