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S e r o t o n i n ,  a S t r o n g  I n h i b i t o r  
of  t h e  A u t o c a t a l y t i c  A c t i v a t i o n  of  T r y p s i n o g e n  

I n  p r e v i o u s  e x p e r i m e n t s  i t  h a s  b e e n  d e m o n s t r a t e d  t h a t  
a l i p h a t i e  co -amino  a n d  g u a n i d i n o  a c i d s  a s  we l l  a s  cc-keto 
a n a l o g u e s  of  t y r o s i n e ,  t r y p t o p h a n  a n d  p h e n y l a l a n i n e  in -  
h i b i t  t h e  a c t i v a t i o n  o f  t r y p s i n o g e n  z-a. R e c e n t l y ,  TRETTIN 
a n d  MIX 4 h a v e  r e p o r t e d  t h a t  a l i p h a t i e  g u a n i d i n o  c o m -  
p o u n d s  w i t h o u t  c a r b o x y l i e  g r o u p s  a r e  e v e n  s t r o n g e r  
i n h i b i t o r s  t h a n  t h e  a c i d s  t h e m s e l v e s .  1 - G u a n i d i n o p r o p a n e  
w a s  t h e  m o s t  p o w e r f u l  i n h i b i t o r  i n  t h e i r  s e r i e s  a n d  w a s  
s h o w n  t o  b e  a b o u t  15 t i m e s  m o r e  e f f e c t i v e  o n  a m o l a r  
b a s i s  t h a n  4 - g u a n i d i n o b u t y r i c  ac id ,  t h e  s t r o n g e s t  a c i d i c  
c o m p o u n d .  I n  t h e  l i g h t  of  t h e s e  l a t e s t  r e s u l t s  i t  w a s  d e -  
c i d e d  t o  i n v e s t i g a t e  a l so  t h e  i n h i b i t o r y  e f f e c t  o f  a l i p h a t i c  
a m i n e s  a n d  o f  t h e  d e c a r b o x y l a t i o n  p r o d u c t s  of  t h e  a r o -  
m a t i c a n d  h e t e r o c y c l i c  a m i n o  a c i d s  m e n t i o n e d  a b o v e .  T h e  
s t u d y  w a s  d e e m e d  of  s p e c i a l  i n t e r e s t  b e c a u s e  s e v e r a l  o f  
t h e  s u b s t a n c e s  to  be  t e s t e d  o c c u r  w i t h i n  c e r t a i n  cel ls  a n d  
t i s s u e s  w h e r e  t h e y  s e r v e  a n e u r o r e g u l a t o r y  f u n c t i o n  o r  
r e p r e s e n t  m e t a b o l i c  i n t e r m e d i a t e s .  

T h e  e f f e c t  o f  t h e  c o m p o u n d s  o n  t r y p s i n o g e n  a c t i v a t i o n  
w a s  e x a m i n e d  in  t h e  a u t o c a t a l y t i e  s y s t e m  a s  we l l  a s  in  t h e  
e n t e r o k i n a s e - d e p e n d e n t  r e a c t i o n .  T h e  a m o u n t s  o f  t r y p s i n  
f o r m e d  i n  t h e  a c t i v a t i o n  m i x t u r e s  w e r e  d e t e r m i n e d  b y  a n  
e s t e r o l y t i c  m e t h o d  ~ e m p l o y i n g  p - t o l u e n e s u l f o n y l - L - a r g i -  
n i n e  m e t h y l  e s t e r  a s  s u b s t r a t e .  4 - G u a n i d i n o b u t y r i c  a c id  
w a s  a d d e d  in  0.1 M c o n c e n t r a t i o n  t o  t h e  d i l u t i o n  f l u i d  a n d  
t o  t h e  a s s a y  m i x t u r e s  t o  s u p p r e s s  a n y  f u r t h e r  a c t i v a t i o n  o f  
t r y p s i n o g e n  d u r i n g  t h e  a s s a y  p r o c e d u r e  2. 

F r o m  t h e  T a b l e  i t  c a n  b e  s e e n  t h a t  s e v e r a l  a l k y l a m i n e s  
a r e  p o w e r f u l  i n h i b i t o r s  o f  t h e  a u t o c a t a l y t i c  a c t i v a t i o n  o u t -  
r a n k i n g  b o t h  c o m p o u n d s  w h i c h  w e r e  i n c l u d e d  in  t h e  s e r i e s  
fo r  c o m p a r a t i v e  p u r p o s e s ,  i .e. p - h y d r o x y p h e n y l p y r u v i c  
a c i d  a n d  4 - g u a n i d i n o b u t y r i c  ac id .  S e r o t o n i n  ( 5 - h y d r o x y -  
t r y p t a m i n e )  a n d  t r y p t a m i n e  w e r e  t h e  s t r o n g e s t  cyc l i c  
c o m p o u n d s  f o l l o w e d  c l o s e l y  b y  5 - m e t h o x y t r y p t a m i n e .  

P h e n y l e t h y l a m i n e  a n d  t y r a m i n e ,  o n  t h e  o t h e r  h a n d ,  w e r e  
c o n s i d e r a b l y  less  e f f ec t i ve .  I t  i s  a l so  e v i d e n t  t h a t  a f ree  
a m i n o  g r o u p  is a n e c e s s a r y  p r e r e q u i s i t e  fo r  t h e  i n h i b i t o r y  
a c t i v i t y  b e c a u s e  a c e t y l a t i o n  of  t h e  a m i n o  g r o u p  o r  i t s  re -  
p l a c e m e n t  b y  a h y d r o x y l  g r o u p  r e s u l t e d  i n  loss  of  a l l  
p o t e n c y .  A c h a i n  l e n g t h  of  f o u r  c a r b o n  a t o m s  a p p e a r e d  t o  
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Plots according to LINEWEAVER and BURK demonstrat ing that  sero- 
tonin is a non-competit ive inhibitor of the autocatalytie activation 
of trypsinogen (A) as well as of the activation by enterokinase {B). 
Conditions of activation were the same as given in the footnote to 
the Table except for the variation in the amounts  of trypsinogen 
and for the presence of only 0.66 E.K.U. in the activation mixtures 

with enterokinase. 
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Inhibitory effect of alkylamines on the activation of trypsinogen" 

Inhibitor Autocatalytic activation 

Concentration of inhibitor (M) 

10-a 10-4 
Trypsin formed (% of control) 

Activation by enterokinase 

K i Concentration of inhibitor (M) K i 

(mM) 10 -a 10 -a {mM) 

Trypsin fornled (% of control) 

Serotonin (5-hydroxytryptamine) 25 76 0.70 0 63 3.20 
Tryptamine 26 76 - 20 75 - 
5-Methoxytryptamine 31 82 - 26 77 - 
N-acetyl-5-methoxytryptamine 100 100 - 100 100 - 
Tryptophol 100 100 - 100 100 - 
Phenylethylamine 62 92 - 85 100 - 
Tyramine 69 96 - 61 84 - 

l-Propylam.ine 71 I00 - 83 I00 - 

1-n-Butylamine 30 78 0.75 56 85 12.0 
1-n-Pentylamine 37 86 - 79 100 - 
1-n-Hexylamine 70 90 - 86 100 - 
1-n-Heptylamine 82 100 - 79 100 - 
1-n-Octylamine 81 i00 - 76 100 - 

4-Guanidinobutyric acid 46 84 1.19 28 77 4.90 
p-Hydroxyphenylpyruvic acid 52 89 1.39 0 34 0.72 

The activation mixtures for the autocatalytic reaction consisted of 2 ml containing 50/~g trypsin, 2 mg trypsinogen preparation (74% 
protein) and 0.1M CaC12 in 0 .1M tris-HC1 buffer (pH 7.7). Incubation was carried out  for 12 min at  23°C. The activation mixtures for 
the enterokinase-dependent process contained 2.64 E K U  (enterokinase units according to KUNITZ ~) and 2 mg trypsinogen preparation in 
2 ml 0.02M phosphate buffer (pH 5.8). Incubation was for 8 min at 23°C. 
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be op t ima l  for full i n h i b i t o r y  s t r e n g t h  of t he  a l ipha t i c  
amines  which  is in accordance  w i th  t he  resu l t s  of INA- 
GAMI 6, who t e s t ed  the  inf luence of a n u m b e r  of a l ipha t i c  
amines  on the  t r y p t i c  hydro lys i s  of benzoyl -L-arg in ine  
e thy l  ester.  I t  shou ld  be  no t ed  t h a t  b u t y l a m i n e  possesses 
one c a r b o n  less t h a n  5-aminovale r ic  acid, wh ich  besides  
8 -aminocapry l ic  acid is t he  leading i n h i b i t o r y  a l ipha t i c  
amino  ac idL  Simi lar  s t r u c t u r a l  r e q u i r e m e n t s  p e r t a i n  to  
t he  guan id ino  c o m p o u n d s  where  1 -guan id inop ropane  also 
r ep resen t s  t h e  d e c a r b o x y l a t i o n  p r o d u c t  of t he  s t r o n g e s t  
i n h i b i t o r y  acid,  i.e. 4 -guan id inobu ty r i c  acid 4. 

I n  c o n t r a s t  to  t h e i r  m a r k e d  in te r fe rence  w i th  t he  au to -  
ca ta ly t i c  process,  all a l k y l a m i n e s  t e s t ed  were m u c h  weake r  
inh ib i to r s  of t he  a c t i v a t i o n  b y  en te rok inase .  Se ro ton in  a n d  
t r y p t a m i n e  were still  super ior  to  4 - g u a n i d i n o b u t y r i c  acid,  
however .  

Resul ts  of k ine t ic  s tudies ,  as p l o t t e d  in t he  Figure,  re- 
vea led  t h a t  i nh ib i t i on  b y  se ro ton in  was  n o n - c o m p e t i t i v e  
in b o t h  a c t i v a t i o n  sys tems.  

The  d a t a  c o n t a i n e d  in th i s  c o m m u n i c a t i o n  sugges t  a 
possible physiological  role for  n a t u r a l l y  occur r ing  a lkyl -  
amines  as inh ib i to r s  of p ro t eo ly t i c  enzymes ,  especial ly  as 
severa l  a l ipha t ic  and  cyclic a l ky l amines  are  a l r eady  
k n o w n  to i nh ib i t  t he  es terase  a c t i v i t y  of t r y p s i n  6 a n d  t he  
f ibr inoly t ic  a c t i v i t y  of p l a s m i n  7,s, a n d  as t r y p t a m i n e  is 
able to  b lock  the  a c t i v i t y  of c h y m o t r y p s i n  s. The  f indings ,  
fu r the rmore ,  ind ica te  l ines of fu tu re  i nves t i ga t i ons  to  ob-  
t a i n  even  more  powerfu l  i nh ib i t o r s  of t r y p s i n o g e n  ac t iva -  
t ion.  S u b s t i t u t i o n s  on  t he  indole  s t r u c t u r e  m i g h t  lead to  

s t ronge r  i n h i b i t o r s  of t h e  a u t o c a t a l y t i e  r eac t i on  whi le  
mod i f i ca t ion  of p - h y d r o x y p h e n y l p y r u v i c  acid seems to  
offer  hope  of f i nd ing  st i l l  more  effect ive  i n h i b i t o r s  of 
e n t e r o k i n a s e  10. 

Zusammen[assung. Eine  Re ihe  yon  A l k y l a m i n e n  wur-  
d en  au f  i h r en  h e m m e n d e n  Einf luss  au f  die T ryps ino -  
g e n a k t i v i e r u n g  u n t e r s u c h t .  H ie rbe i  erwies  s ich Se ro ton in  
als  d e r  s t i i rks te  H e m m s t o f f ,  gefolgt  v o n  T r y p t a m i n  u n d  
B u t y l a m i n .  Die H e m m u n g  d e r  a u t o k a t a l y t i s c h e n  Akt i -  
v i e r u n g  w a r  b e d e u t e n d  s tRrker  ausgeprAgt  als  die H e m -  
m u n g  d e r  A k t i v i e r u n g  d u r c h  E n t e r o k i n a s e .  
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Induction of Morphological Changes in Bacteria 
by Optochin 

M a n y  chemical  and  phys ica l  agen t s  ~-7 are k n o w n  to  
change  bac te r i a l  cells morphologica l ly .  The  purpose  of 
th i s  r e p o r t  is to  p r e sen t  ev idence  for t he  inc lus ion of 
op toch in  ( e thy lhydrocupre ine  hydroch lo r ide )  in t he  al- 
r e a d y  long list of chemica ls  w i th  th i s  p rope r ty .  

Two of t he  s t r a in s  of Bacterium anitratum, which  
showed e longa t ion  and  e n l a r g e m e n t  of cells w h e n  exposed  
to su lphonamides  *, p roduced  s imi la r  fo rms  in t he  presence  
of optochin .  Some of these  en la rged  cells are seen in t he  
Figure,  lying a m o n g  n o r m a l  ones.  These  cells are f rom a 
24 h cu l tu re  of s t r a i n  1 which  grew a r o u n d  a p a p e r  disc 
soaked in 0.02 ml of a 1-in-4000 so lu t ion  of op toch in .  The  
m e t h o d  of t e s t ing  was t he  same  as t h a t  used  in t e s t i ng  
Bacterium anitratum for response  to s u l p h o n a m i d e s  a. The  
zone of i nh ib i t i on  of the  macroscopic  g r o w t h  of bac t e r i a l  
colonies a r o u n d  t he  op toch in  disc was  n a r r o w  ( a b o u t  1.3 
cm in  d iamete r )  a n d  i r r egu la r  in  out l ine .  T h e  colonies of 
Bacterium anitratum growing  a t  t h e  b o r d e r  of t h i s  inh ib i -  
tiGn zone were n o t  s m o o t h  a n d  r o u n d e d  as t h e y  were 
outs ide  t he  zone of ac t ion  to  t h e  o p t o c h i n  disc, b u t  were  
rough  in appea rance ,  w i t h  m a n y  e longa ted  cells p r o t r u d -  
ing f rom t h e  bo rde r  of t h e  colonies.  

Op toch in  caused  fewer  cells in  a p o p u l a t i o n  to  c h a n g e  
morphologica l ly  t h a n  d id  t he  su lphonamides .  Also, t h e  
cells d id  n o t  enlarge as m u c h  as w h e n  t h e y  were exposed  
to  su lphonamides .  However ,  t he  exac t  morpho log ica l  
c h a r a c t e r  of t he  changes  i nduced  b y  e i t he r  of these  agen t s  
was t he  same.  Fi rs t ,  t h e  cells grew in long n o n s e p t a t e d  
f i laments .  T h e n  t h e y  enlarged,  m o s t l y  in  t h e  middle ,  i n to  

24 h culture of strain 1, taken at the border of the inhibition zone of 
optochin on nutrient agar. Grain stain. Magnification × 830. 
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