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Substrate-level phosphorylation was observed under the conditions optimal for this process and opposite to those for 
oxidative phosphorylation. Polarographic registration of Ca 2 + stimulated ~-ketoglutarate oxidation and self-inhibition 
of uncoupled ~-ketoglutarate (KG) oxidation was used. Acetylcholine (ACh) administration stimulated KG oxidation 
and substrate-level phosphorylation in isolated mitochondria. These effects are stronger in tissues with a higher level of 
endogenous acetylcholine, such as guinea pig liver vs rat liver and pancreas vs liver. The specific stimulation of KG oxida- 
tion by ACh is related to a decrease of succinate oxidation and is contrary to the specific stimulating effect of adrenaline 
on succinate oxidation. Therefore the existence of reciprocal hormone-substrate-nucleotide systems is suggested. The de- 
scribed set of conditions optimal for substrate-level phosphorylation observation by polarographic registration of respira- 

tion is as convenient as the ADP test for the investigation of oxidative phosphorylation. 

Substrate-level phosphorylation; Mitochondria; Acetylcholine 

1. I N T R O D U C T I O N  2. M A T E R I A L S  A N D  M E T H O D S  

W e  showed earlier tha t  acetylchol ine  (ACh)  

s t imulates  a -ke tog lu t a r a t e  (KG) ox ida t ion  and in- 

hibits  succinate  ox ida t ion  [1]. Due  to  the reciprocal  
ef fects  on the ox ida t ion  o f  these substrates 

s t imula t ion  is bet ter  revealed under  e l imina t ion  o f  

succinate  input  into total  respi ra t ion when  ex- 

ogenous  KG is used. Ma lona t e  add i t ion  and 
4 0 - 6 0  min  s torage o f  m i tochond r i a  in ice were 

used fo r  this purpose .  Specific s t imula t ion  by A C h  

o f  KG oxida t ion  coupled  with inhibi t ion  o f  suc- 

c inate  ox ida t ion  suggested A C h  s t imula t ion  o f  
substrate- level  phosphory la t ion  (SP). In this work  

we invest igate  the effect  o f  A C h  on  SP  by po la ro-  

g raph ic  measurements  o f  respi ra t ion under  the 

condi t ions  f avourab le  for  this process and abo-  
l ishing the compe t ing  oxida t ive  phosphory la t ion  

(OP). 
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Fed male Wistar rats (weighing 200-220 g) and guinea pigs 
(weighing 500-700 g) were used. Liver and pancreas mitochon- 
dria were prepared using the method of native mitochondrial 
isolation [2,3]. The damage of mitochondrial is prevented due 
to exemption from washing, preparation of more concentrated 
suspensions and to some other factors. Obtained mitochondria 
are present in the suspension in the form of aggregates as cor- 
responds to their native state in the intact cell [4]. 

Animals were decapitated. Liver or pancreas were quickly ex- 
cised, chilled and weighed. The isolation medium of liver 
mitochondria was composed of 300 mM sucrose, 10 mM Tris 
(pH 7.4); the isolation medium of pancreas mitochondria con- 
tained 250mM sucrose, 20mM Tris, 0.5 mM EDTA, 
0.25 mg/ml of soybean trypsin inhibitor, 150 mg/ml of bovine 
serum albumin. The unwashed mitochondrial pellet was gently 
rehomogenized in a homogenization medium without EDTA 
and albumin. The liver mitochondrial concentrations under 
storage and under incubation were 70-80 mg protein/ml and 
4-5 mg protein/ml, respectively; the pancreas mitochondrial 
concentrations under storage and incubation were 30-40 mg 
protein/ml and 2.0-2.5 mg protein/ml, respectively. Protein 
was measured with Folin phenol reagent [5]. Liver mitochon- 
dria were incubated at 26°C in medium containing 150 mM 
sucrose, 50 mM KCI, 1 mM KH2PO4, 3 mM Tris (pH 7.4); 
pancreas mitochondria were incubated at 28°C in the medium 
containing 250 mM sucrose, 5 mM KH,PO+, 40 mM KCI, 
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l0 mM Tris, 0.5070 serum bovine albumin (pH 7.4). Respiration 
was recorded polarographically [6]. SP was registered by self- 
inhibition of uncoupled KG oxidation [7,8]. It is of importance 
that the rate of uncoupled respiration should be moderate, 1/3 
to 1/2 of the maximal value. Tonicity of the incubation medium 
was increased, i.e. 300 mM sucrose, 5 mM Tris, 50 mM KCI, 
3 mM KH2PO4 (pH 7.4). 50/tg/100 g of ACh was administered 
intraperitoneally, 15 min before decapitation. An equal volume 
of 0.9070 NaC1 was injected into control animals. 

3. R E S U L T S  

Kinet ic  p r e d o m i n a n c e  o f  endogenous  succinate  
a n d  succinate  genera ted  dur ing  incuba t ion  
decreases  K G  ox ida t ion  and  SP.  As  men t ioned  in 
sec t ion  l ,  succinate  inf luence  was p reven ted  by  
m a l o n a t e  a d d i t i o n  and  by  s torage  o f  m i t o c h o n d r i a  
in ice. O P  as such compe tes  with SP,  which m a y  be 
abo l i shed  by  using Ca  2+ ins tead  o f  A D P  or  using 
uncoup le r  for  s t imula t ing  resp i ra t ion .  Ca  2+ addi -  
t ion  favours  SP as C a  2+ abol i shes  A D P  
p h o s p h o r y l a t i o n  and  because  the  phys io log ica l  
ba lance  be tween  aden ine  and  guanine  nucleot ides  
is no t  a l te red  [9]. 

The  d a t a  on  the A C h  effect  on  A D P -  and  
Ca2+-s t imula ted  resp i ra t ion  o f  ra t  l iver and  gu inea  
pig  liver and  pancreas  m i t o c h o n d r i a  a re  given in 
t ab le  1. As  seen f rom the table ,  the  s t imula t ing  ef- 
fect o f  A C h  on  K G  ox ida t i on  bo th  in the  liver and  
panc reas  m i t o c h o n d r i a  is cons ide rab ly  higher  
when  resp i ra t ion  is s t imula ted  by  Ca  2+ than  by  
A D P .  The  results  also show tha t  A C h  s t imula t ion  
is g rea te r  in gu inea  pig  l iver m i t o c h o n d r i a  t han  in 
those  o f  ra t  and  in pancreas  m i t o c h o n d r i a  than  in 
l iver.  This  m a y  be exp la ined  by  the h igher  level o f  
e ndogenous  A C h  in gu inea  pig as c o m p a r e d  with 
ra t  and  in pancreas  as c o m p a r e d  with  l iver.  
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Fig. 1. Polarographic registration of self-inhibition of 
uncoupled respiration of guinea pig and rat liver mitochondria. 
A,B,C, guinea pig, D, rat liver. Substrates (1.2 mM in all 
cases): A, pyruvate + malate; B, pyruvate + malate + KG; C,D, 
KG. 1, control; 2, acetylcholine. CICCP, 2.5 x 10 -7  M. 

Concentration of mitochondrial protein: 2.8 mg/ml. 

In  fur ther  exper iments  we c o m p a r e  the  effect  o f  
A C h  in d i f fe ren t  t issues.  SP was obse rved  in the  
presence  o f  C1CCP as se l f - inhib i t ion  o f  uncoup led  
K G  ox ida t ion .  This  reac t ion  was descr ibed  by  
Ol son  and  accord ing  to  his d a t a  it is due to  
d i h y d r o l i p o y l  dehydrogenase  inh ib i t ion  by  the 
G T P  f o r m e d  in SP.  Our  exper iments  showed tha t  
se l f - inhib i t ion  is not  a lways  reproduc ib le .  Ac-  
co rd ing  to  a la ter  work  o f  Olson,  o l igomyc in  is 
necessary  to  observe  se l f - inhibi t ion.  W e  f o u n d  tha t  
0.5 m M  MgCI2 (not  2 - 3  m M )  m a y  also res tore  
se l f - inhib i t ion .  However ,  a small  increase  o f  in- 
c u b a t i o n  m e d i u m  ton ic i ty  with sucrose (not  with 
KCI) was f o u n d  to be more  effect ive in p rov id ing  
well r ep roduc ib le  se l f - inhib i t ion  [10]. W e  
m e a s u r e d  SP using the last  mod i f i c a t i on  as 
desc r ibed  in sect ion 2. 

The  effects o f  A C h  a d m i n i s t r a t i o n  on  self- 
inh ib i t ion  o f  K G  ox ida t ion  in gu inea  pig and  ra t  

Table 1 

Effect of acetylcholine (ACh) administration on ADP or Ca2+-stimulated oxidation of a-ketoglutarate by 
mitochondria of different organs (in ngatom O/min per mg protein) 

Stimu- ACh Rat Stimu- Guinea pig Stimu- Guinea pig Stimu- 
lation by liver lation (070) liver lation (070) pancreas lation (%) 

ADP - 66.44 _+ 3.65 30.33 ± 2.70 33.0 + 4.16 
36 46 86 + 90.40 + 4.39* 44.20 ± 4.10" 60.52 + 6.06* 

Ca 2+ - 72.46 + 6.83 21.0 _+ 1.80 20.69 :t: 0.71 61 75 167 + 116.08 + 10.98" 36.75 ± 3.91" 55.46 + 5.29* 

Results are values + SE for 8-12 experiments. Statistical significance was calculated by using Student's t-test; 
* p < 0.05 
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liver mitochondria are given in fig. 1. As seen f rom 
the figure, self-inhibition of  respiration is absent 
when pyruvate and malate are oxidized. However,  
it appears  when KG is added to pyruvate and 
malate,  but is more apparent  with KG alone and is 
further enhanced by ACh administration: the in- 
hibition develops more rapidly and is more com- 
plete. As with Ca z+ stimulated respiration, the 
effect o f  ACh is stronger in guinea pig mitochon- 
dria than in those of  rat. We used fed animals. 
Starvation may abolish self-inhibition in guinea 
pig preparations due to activation of  phosphoenol- 
pyruvate carboxykinase mostly located in 
mitochondria .  

4. DISCUSSION 

The described data on Ca 2÷ stimulated and un- 
coupled oxidation of  KG may be explained as a 
result of  the stimulating effect of  ACh on SP. 
Maybe this effect contributes to the increase of  
G T P  and cGMP level by ACh.  On the other hand, 
succinate-supported OP is diminished by ACh. 
Hence the effects of  ACh on KG-supported SP and 
on succinate-supported OP are as opposite as the 
conditions optimal for SP and OP. The reciprocal 
relationship of  these hormones and substrates is 
also manifested in the stimulating effect o f  
adrenaline on succinate oxidation, A T P  and 
cAMP synthesis coupled with a decrease of  the 
c G M P  level [11-13]. All the data considered sup- 
port  the view that the two investigated substrates 
are involved in two reciprocal hormone-substrate-  
nucleotide systems: 

Ace ty lcho l ine -c r -ke tog lu ta ra te -GTP-cGMP 

A d r e n a i i n e - s u c c i n a t e - A T P - c A M P  (1) 

Non-simultaneous signals o f  ACh and 
adrenaline in an organism should also be related to 
a subsequent and no-simultaneous activation of  
oxidation of  KG and succinate coupled with SP or 

OP,  respectively. This coincides with our data 
showing that optimal manifestat ion of  SP or OP in 
isolated mitochondria is also possible not 
simultaneously but subsequently in separate 
samples. 

The described set of  conditions favourable for 
SP observation by polarographic registration of  
respiration can compensate the discrimination of  
SP in current experiments on OP. The conditions 
run as follows: (i) providing pure KG oxidation by 
eliminating succinate input; (ii) excluding distur- 
bance of  SP by ADP addition; (iii) preserving SP 
by increased tonicity; (iv) last but not least, using 
ACh administration or tissues with a high ACh 
content.  
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