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A Possible Mechanism for Uptake of Biogenic Amines by Storage Organelles: Incorporation into 
Nucleotide-Metal Aggregates 

Subce l lu la r  organel les  s to r ing  m o n o a m i n e s ,  e.g. t h e  
5 - h y d r o x y t r y p t a m i n e  (SHT) organelIes  of r a b b i t  b lood  
p la te le t s ,  c o n t a i n  large  a m o u n t s  of nuc leo t ides  such  as 
a d e n o s i n e - 5 " - t r i p h o s p h a t e  (ATP)  a n d  guanos ine -5 ' - t r i -  
p h o s p h a t e  (GTP)  as  well  as  Ca a n d  Mg 1-8. T h e  5 H T  orga-  
net les  t a k e  u p  a n d  r e t a i n  a d d i t i o n a l  a m o u n t s  of a m i n e  in  
v i t r o  a n d  in  r i v e  4,s. M i x t u r e s  of t he se  nuc leo t ides  w i t h  
b iogenic  a m i n e s  as wel l  as  t h e  nuc leo t ides  a lone  fo rm 
aggrega tes  w i t h  Ca a n d  Mg e,s, whi le  t h e  a m i n e s  a lone  do 
n o t  aggrega te  w i t h  these  m e t a l  ions 9. 

Th i s  p a p e r  p r e sen t s  e x p e r i m e n t a l  ev idence  t h a t  t h e  
a p p a r e n t  mo lecu l a r  we igh t s  of n u c l c o t i d e - m e t a l  aggre-  
ga tes  m a r k e d l y  increase  on  a d d i t i o n  of m o n o a m i n e s  a n d  
t h a t  d i f fe rences  in  t h i s  r e spec t  ex i s t  b e t w e e n  va r ious  
nuc leo t ides .  

A p p a r e n t  ave r age  mo lecu l a r  we igh t s  were  d e t e r m i n e d  
in t h e  t e m p e r a t u r e  r ange  b e t w e e n  5 a n d  35 °C b y  equi l i -  
b r i u m  c e n t r i f u g a t i o n  in a Spinco  a n a l y t i c a l  u l t r a c e n t r i -  
fuge equ ipped  w i t h  Schl ie ren  opt ics  a cco rd ing  to  t h e  me-  
t h o d  of YPHANTIS x° as p r ev ious ly  descr ibed~,~-s ,  11. T h e  
ca lcu la t ions  were  b a s e d  on  t he  c o n c e n t r a t i o n s  of nucleo-  
t ides  a n d  b iogenic  a m i n e s  d i s r ega rd ing  t h a t  of t he  e lec t ro-  
lytes .  T h e  t e m p e r a t u r e  for p h a s e  s e p a r a t i o n  was  e s t ab l i s hed  
b y  m e a n s  of a w a t e r  t h e r m o s t a t ,  t h e  t e m p e r a t u r e  of w h i c h  
was g r a d u a l l y  decreased.  T h e  c o n c e n t r a t i o n  of nucleo-  
t ides  a n d  of b iogenic  a m i n e s  was checked  b y  s pec t r opho -  
t o m e t r i c  methods12,13, a n d  t he  c o n t e n t  of a l k a l i n e - e a r t h  
m e t a l  ions  was  d e t e r m i n e d  b y  a t o m i c  a b s o r p t i o n  spec t ro -  
m e t r y .  12% w / v  so lu t ions  of t h e  d i s o d i u m  sa l t s  of A T P  
(Boehr inger ,  M a n n h e i m )  a n d  of G T P  (Fluka ,  Buchs)  a n d  
of t h e  t r i s o d i u m  sa l t  of u r i d i n e - 5 ' - t r i p h o s p h a t e  ( U T P ;  
F l u k a ,  Buchs)  were used.  N o r a d r e n a l i n e  (F luka ,  Buchs)  
was  a d d e d  as base.  5HT,  ava i l ab l e  on ly  as  i t s  oxa l ic  ac id  
sa l t  (F luka ,  Buchs)  was  l i be r a t ed  b y  p r e c i p i t a t i o n  of t he  
oxal ic  ac id  w i t h  a s t o i ch i om e t r i c  a m o u n t  of C a ( O H ) v  T h e  
f ina l  so lu t ions  were  a d j u s t e d  to  p H  6 w i t h  N a H C O  3 or  
HC1, as  t h i s  p H  co r r e sponds  t o  t h a t  f ound  in 5H T - s t o r age  
organ.elles of r a b b i t  b lood  p l a t e l e t s L  

F i g u r e  1 shows t h a t  a d d i t i o n  of MgC12 a n d  CaC12 to  a 
12% w / v  so lu t ion  of A T P  causes  a n  inc rease  in  t h e  a p p a -  
r e n t  ave r age  m o l e c u l a r  w e i gh t s  (curve  2), p r o b a b l y  due  to  
f o r m a t i o n  of  A T P  aggrega te s  ~. T h e  a g g r e g a t i o n  is e n h a n -  
ced w i t h  dec reas ing  t e m p e r a t u r e  b u t  s t i l l  n o t i c e a b l e  a t  
35°C. Molar  r a t i o s  of Mg a n d  Ca t o  A T P  s i m i l a r  to  t h o s e  
used  in  v i t r o  (0.8 a n d  0.2 respec t ive ly )  h a v e  b e e n  f o u n d  in  
t h e  5 H T  organe l l es  of r a b b i t  p l a t e l e t s  3 A d d i t i o n  of 5 H T  
to  t h e  so lu t ions  w h i c h  c o n t a i n  A T P ,  MgCl,  a n d  CaCla 
f u r t h e r  increases  t h e  a p p a r e n t  a v e r a g e  m o l e c u l a r  weights .  
T h e r e b y  5 H T  in  a m o l a r  r a t i o  to  A T P  of 2 :1  h a s  a g r ea t e r  
e f fec t  t h a n  in  a m o l a r  r a t i o  of on ly  1 (curve  3 a n d  4). A 
second  l iqu id  p h a s e  is s e p a r a t e d  a t  13 °C, p r o b a b l y  due  to  
t h e  f o r m a t i o n  of aggrega te s  of v e r y  la rge  size. T h e  m o l a r  
r a t i o  of 5 H T  t o  A T P  of 2 co r r e sponds  a p p r o x i m a t e l y  to  
t h a t  f o u n d  in  t h e  5 H T  s to rage  organel les  of r a b b i t  b lood  
p l a t e l e t s  x. T h e  c o n c e n t r a t i o n  of A T P  (w/v) in  t h e  organe l -  
les is h o w e v e r  a b o u t  twice  as h igh  ( a p p r o x i m a t e l y  25 %)  1, x4 
as  t h a t  chosen  in t h e  desc r ibed  a q u e o u s  so lu t ions  (12%).  
Therefore ,  in  t h e  o rgane l les  a n  even  more  m a r k e d  aggre-  
g a t i o n  m a y  b e  expec t ed  to  occur  t h a n  in t h e  a r t i f i c ia l  sys- 
t e m ,  s ince agg rega t i on  h a s  b e e n  s h o w n  to  increase  m a r -  
ked ly  w i t h  r i s ing  c o n c e n t r a t i o n  of t h e  nuc leo t ides  L 

F igu re  2 p r e s e n t s  t h e  a p p a r e n t  m o l e c u l a r  we igh t s  a t  
20°C a f t e r  a d d i t i o n  of i nc reas ing  a m o u n t s  of n o r a d r e n -  
a l ine  (NA) to  12% w / v  so lu t ions  of va r i ous  nuc leo t ides  in  
t h e  p resence  of CaC12 (mola r  r a t i o  CaC12 to  nuc leo t ides  
0.23). T h e  rise in  t he  a p p a r e n t  m o l e c u l a r  we igh t s  is m o s t  
p r o n o u n c e d  w i t h  G T P  (curve  1). A second  l iquid  phase  

s epa ra t e s  a t  a m o l a r  r a t i o  of N A  to  G T P  of a b o u t  4. A 
m a r k e d  inc rease  in t h e  mo lecu l a r  we igh t s  on  a d d i t i o n  of 
N A  is also o b s e r v e d  w i t h  A T P  (curve  2). A m a x i m u m  is 
r eached  a t  m o l a r  r a t i o s  of N A  to  nuc leo t ide  of 4-5.  A t  t h i s  
m o l a r  r a t i o  a second  l iqu id  p h a s e  separa tes ,  w h e n  t h e  so- 
lu t ions  a re  cooled to  a b o u t  9 °C. The  decrease  in t h e  ave r -  
age a p p a r e n t  m o l e c u l a r  we igh t s  a t  r a t ios  super io r  to  5 
(curve 2) is p r o b a b l y  due  to  t he  p resence  of excess a m o u n t s  
of u n a g g r e g a t e d  NA.  U T P  in  c o n t r a s t  to  G T P  a n d  A T P  
shows on ly  m o d e r a t e  increases  in a p p a r e n t  mo lecu l a r  
we igh ts  on  a d d i t i o n  of N A  (curve  3). I n  t h i s  c o n n e c t i o n  i t  
is of in t e res t  t h a t  m o l a r  r a t i o s  of c a t e c h o l a m i n e s  to  A T P  
of a b o u t  4 h a v e  been  d e t e r m i n e d  in c h r o m a f f i n  g ranu les  of 
ad rena l  medu l l a  x5 a n d  t h a t  5 H T  s to rage  organel les  of 
b lood p la te le t s  as  well  as t h e  c h r o m a f f i n  g ranu les  c o n t a i n  
in  t he  m a i n  A T P  a n d  G T P  b u t  l i t t l e  U T P  *,=,x5,1. 
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Fig, 1. Apparent average molecular weights of a 12% w/v aqueous 
solution of adenosine-5'-triphosphate (ATP). Curve 1: Without 
additives. Curve 2: Addition of MgCl= and CaCI=, molar ratios to 
ATP :0.8 and 0.2, respectively. Curve 3 : Addition of 5-hydroxytrypta- 
mine (5HT), MgC12 and CaCI2, molar ratios to ATP: 1, 0.8 and 0.2, 
respectively. Curve 4: Addition of 5HT, MgCl= and CaCI=, molar ra- 
tios to ATP: 2, 0.8 and 0.2, respectively. The pH was adjusted to 6. 
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The second phases which separate from solutions con- 
taining amines, nucleofides and bivalent cations are 
highly viscous, transparent  and located at the bot tom of 
the tube n. They contain all 3 components in concentra- 
tions several t imes higher than in the supernatant. 

The results of analytical ultracentrifugation as well as 
the composition of the second phases indicate that  addi- 
t ion of amines to nucleotide-metal aggregates enhances 
their average apparent molecular weight and tha t  the new 
aggregates consist of nucleotides, amines and bivalent 
cations. Therefore, nucleotide-metal aggregates seem to be 
able to incorporate added monoamines. 

Based on these experimental  results and on the previous 
findings tha t  amines in contrast to the nucleotides do not  
aggregate in the presence of Ca++ and Mg ++ a tentat ive 
hypothesis for the uptake of biogenic monoamines by 
storage organelles may be presented. Accordingly the or- 
ganelles which have a high concentration of bivalent ca- 
tions would primarily accumulate nucleotides in the form 
of aggregates. These aggregates can probably not leave the 
organelles, as they are too large to pass through the sur- 
rounding membrane. The amines, e.g. the 5HT of blood 
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platelets, have been shown to enter the cells by an active 
transport  at the level of the cytoplasmic membrane n and 
also to be able to penetrate into the organelles is. Here, 
they are probably incorporated into the preexisting nu- 
cleotide-metal aggregates. As a consequence, the concen- 
tration gradient of the free amine between exterior and in- 
terior of the organelles would be maintained, enabling 
more of the amine to penetrate and to be incorporated into 
nucleotide-metal aggregates. This may result in an accu- 
mulation of amines in the organelles without the anticipa- 
tion of an active transport mechanism for amines at the 
level of the membrane of the organelles 1,,ls. 

This hypothesis is supported by the finding tha t  in pla- 
telets of guinea-pig, which normally are poor in 5HT, the 
isolated storage organeltes contain nucleotides and biva- 
lent metals in high concentrations but  only lit t le 5HT 1~. 
On exposure of these platelets to exogenous 5HT the or- 
ganeltes take up and store considerable amounts of the 
amine*. 

In conclusion, preexisting aggregates between ATP or 
GTP and bivalent cations seem to be able to incorporate 
biogenic monoamines, resulting in a further increase in the 
apparent molecular weight. This may be an essential 
mechanism for the uptake and storage of amines in the 
subcellular organelles, e.g. of blood platelets, adrenal me- 
dulla and possibly sympathetic nerve endings. 

Zuzammen/assung. Analytische Ultrazentrifugation er- 
gibt, dass Adenosin-5'-triphosphat nnd Guanosin-5'-tri- 
phosphat in Gegenwart vQn Ca und Mg hochmolekulare 
Aggregate bilden. Die scheinbaren mitt leren Molekularge- 
wichte dieser Aggregate nehmen nach Zusatz yon 5-Hy- 
droxytryptamin oder Noradrenalin stark zu. Es wird dar- 
aus geschlossen, dass Nucleotidaggregate biogene Amine 
inkorporieren, wobei Nucleotid-Anlinaggregate entstehen. 
Dies erkl~trt m6glicherweise die Aufnahme und Speiche- 
rung yon biogenen Aminen in nucleotidhaltigen subzellu- 
l~iren Organellen, z.B. von Blutpl~ttchen, Nebennieren- 
mark und noradrenergen Nerven. 
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Fig. 2. Effect of added noradrenaline (NA) on the apparent average 
molecular weight at 20~C of 12% w/v solutions of different nueleo- 
tides, containing CaC12 in a molar ratio to the nueleotide of 0.23; pH 
adjusted to 6. Curve 1: Guanosine-5"-triphosphate (GTP). Curve 2: 
Adenosine-5"-triphosphate (ATP). Curve 3: Uridine-5'-triphosphate 
(UTP). 
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R e l a t i o n s h i p  B e t w e e n  R m  V a l u e s  and B i o l o g i c a l  A c t i v i t y  of S tero id  E s t e r s  

A reversed-phase TLC method was previously used in 
order to determine the R m  values of antibiotics and testo- 
sterone derivatives as an expression of their  lipophilic 
character x-3 A significant relationship was observed bet- 
ween the Rm values, which were also shown to be very 
well correlated with the Hansch'  a values 8, and the hemo- 
lytic act ivi ty  of testosterone compounds% The purpose of 
the present paper was to show that  the R m  values are also 
correlated with the in vivo act ivi ty  of long-acting testo- 
sterone esters. 

The Rm values of testosterone esters were previously 
determined in the presence of acetone.or methanol in the 
mobile phase 3. I t  was shown that, because of a linear re- 

lationship, both series of R m  values were equally corre- 
lated with biological act ivi ty  3. The Rm values at 54% 
acetone in the mobile phase were used in the present work 
(Table). Higher and/or positive Rm values indicate com- 
pounds more lipophilic than those characterized' by lower 
and/or negative R m  values. 

Some act ivi ty  data  were taken from the literature4; 
the biological response (BR) was represented by the t ime 
(days) of maximum effect of testosterone esters in the 
capon's comb test 5 (Table). 

The relationship between lipophilic character (Rm va- 
lues) and logarithm of the biological response (log BR 
values) was analyzed by means of regression analysis. A 


