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Summary .  W e a k  an d  s t r ong  organic  bases  b e h a v e  in a n  oppos i te  m a n n e r  in respec t  to  severa l  m i t o c h o n d r i a l  func t ions .  
T he  fo rmer  induce  a ca t a ly t i c  e x c h a n g e  w i th  K + in v a l i n o m y c o n - t r e a t e d ,  r e sp i r a to ry - i nh ib i t e d  mi tochondr i a ,  a n d  ac t  
as  un co u p l e r s  in resp i r ing  m i t o c h o n d r i a .  The  l a t t e r  induce  a s to i cheomet r i c  e x c h a n g e  w i th  K+ a n d  are ac t ive ly  t a k e n  
up  b y  resp i r ing  m i to chond r i a .  

T h e  use  of organic  ca t ions ,  local a n e s t h e t i c s  ~-s, ali- 
p h a t i c  an d  a r o m a t i c  a m i n e s  6-~6, and  s t r ong  bases  ~-22, 
is e x p a n d i n g  c o n t i n u o u s l y  in order  to c lar i fy  the  mo lecu la r  
a s pec t  of ac t ive  t r a n s p o r t  in m i t o c h o n d r i a  a n d  ene rgy  
t r a n s d u c i n g  s y s t e m s .  I n  t he  p r e sen t  s t u d y ,  a large n u m -  
ber  of organic  ca t ions  h a v e  been  tes ted .  T h e  e x p e r i m e n t s  
ind ica te  t h a t  organic  ca t ions  m a y  be classif ied in to  two  
classes,  w h i c h  differ  in t h e  p resence  of a dissociable  pro-  
t o n  in t h e  cha rged  g roup  of t he  cat ions .  

Methods. R a t  l iver m i t o c h o n d r i a  were p repa red  b y  
s t a n d a r d  procedures .  O x y g e n  c o n s u m p t i o n  was  m e a s u r e d  
po l a ro g rap h i ca l l y  w i th  a Clark  electrode.  A b s o r b a n c e  
c h a n g e s  a t  546 n m  were m e a s u r e d ,  s i m u l t a n e o u s l y  w i th  
K+ a n d  H+ changes ,  in an  E p p e n d o r f  p h o t o m e t e r ,  as 
p r e v i o u s l y  descr ibed  ~3. A T P a s e  a c t i v i t y  was  m e a s u r e d  
accord ing  to  PULLMAN et  al. 2.. All e x p e r i m e n t s  were 
carr ied  o u t  a t  r o o m  t e m p e r a t u r e .  Chemica l s  were of t he  
h i g h e s t  p u r i t y  co m m erc i a l l y  avai lable .  The  local a n e s t h e -  
t ics  used  were:  bu t aca ine ,  d ibuca ine ,  l idocaine,  p h e n a -  
caine,  p roca ine  an d  t e t raca ine .  The  a r o m a t i c  and  a l ipha t i c  
a m i n e s  used  were:  d i m e t h y l b e n z y l a m i n e ,  d ibenzy lamine ,  
m e t h y l d i b e n z y l a m i n e  a n d  t r i e t h y l a m i n e .  O t h e r  we a k  
bases  : acr id ine  orange,  a t eb r in  a n d  n e u t r a l  red. T h e  s t r o n g  
bases  used  were:  t e t r a e t h y l a m m o n i u m ,  t e t r a p r o p y l a m -  
m o n i u m ,  t e t r a b u t h y l a m m o n i u m ,  t r i m e t h y l p h e n y l a m -  
m o n i u m ,  b e n z y l d i m e t h y l p h e n y l a m m o n i u m ,  benzy l t r i -  
e t h y l a m m o n i u m ,  sa f ran ine ,  p inacyano l e  and  e t h y d i u m  
b romide .  A b b r e v i a t i o n s  used :  T P B ,  t e t r a p h e n y l b o r o n ;  
D N P ,  d in i t rophenol .  

Results and discussion. Addi t i on  of organic  ca t ions  to 
v a l i n o m y c i n - r o t e n o n e  t r e a t e d  m i t o c h o n d f i a  caused  a K + 

A) ,60sec, B) 

Oibucaine,25pH 
Rotenone Rotenone 

Fig. 1. Organic ca t ion-K + exchange in ro tenone inhib i ted  mito-  
chondria in the presence of valinomycin. The medium contained: 
0.2 M sucrose, 20 mM LiC1, 1 mM Tris-Pi, 5 ~LM TPB, 0.17 ~xg 
valinomycin]ml, 2 ~M rotenone, 400 [LM KC1, 2.3 mg protein/ml, 
pH 7. Total volume 3 ml. The upper, medium and lower traces refer 
to the hydrogen ion uptake, K+ release and absorbance increase, 
respectively. TPA: tetrapropylammonium. 

release.  T h e  r a t e  of re lease  inc reased  w i th  t he  ca t ion  
c o n c e n t r a t i o n  a n d  the  h y d r o p h o b i c i t y  of the  ca t ions .  
Add i t i on  of T P B  or p ic ra te  caused  a s t i m u l a t i o n  of t he  
ra te  of K+ release ; T P B  was  two  order  of m a g n i t u d e  more  
effect ive t h a n  picrate .  F igu re  1 A shows  t h a t  the  add i t i on  
of a s t r o n g  base,  such  as t e t r a p r o p y l a m m o n i u m ,  i nduc ed  
a s to i cheome t r i c  K + release.  N e i t h e r  p H  nor  a b so rba nce  
c h a n g e s  were de tec ted .  Th i s  sugge s t s  a 1:1 e x c h a n g e  of 
K+ w i th  t he  s t r ong  base.  On t h e  o the r  h a n d ,  w e a k  bases ,  
such  as d ibuca ine  (Figure  1 B) caused  a slow b u t  comple t e  
release of K +, a n  a bso rba nc e  increase  a n d  a h y d r o g e n  ion 
up take .  Th i s  sugge s t s  a ca t a ly t i c  effect  of t he  weak  bases.  
Two h y p o t h e s i s  m a y  be considered.  The  charged  fo rm  of 
t he  w e a k  base  is t r a n s l o c a t e d  in to  t he  m a t r i x  in e x c h a n g e  
w i t h  K+, it  loses its p r o t o n  a nd  t he  n e u t r a l  fo rm flows 
o u t  dow n  the  c o n c e n t r a t i o n  g r a d i e n t  a n d  t akes  up  a H+ 
again .  The  a l t e r n a t i v e  h y p o t h e s i s  is t h a t  h igh  concen t r a -  
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Inhibition of P/O ratio and enhancenlent of the ATPase activity 

Activation Inhibition Activation 
ATPase ADP/O respiration 
(%) (%) (O/o) 

Dinitrophenol (5 lxM) 41 42 110 
Phenaeaine (0.5 raM) 42 16 44 
Butacaine (0.5 raM) 15 19 64 
Dibucaine (1 raM) 31 21 35 
Acridine orange (10 ~M) 18 14 41 
Atebrine (0.2 raM) 27 12 23 
Methyldibenzylalnine (1 raM) 44 38 50 
Triethylamine (5 1113{} :19 26 36 

The medium for the ATP-ase activity was: 0.12 M sucrose, 50 mM 
T~is-C1 pH 7, 6 m M  A T P ,  3 rnll~! MgC12, 32 ~zg/ml piruvate kinase 
and 0.66 mgjml of phosphoenol piruvate. Total volume :L ml. The 
medium for the ADP/O and respiratory rate experiments are the same 
of Figure 2. 

A) B) 
without Butacaine with 500}JM Butacaine 

- _ 

~-.l DNP 

~J- Valinemycin Valinemycin 
I~'ig, 2. Organic catiomK + exchange in rotenone inhibited mito- 
chondria. The medium contained: 0.07 M sucrose, 7 lnM Tris-Cl 
2 p.M rotenone, 1.5 mg protein]ml, 0.4 mM KC1, final pH 6.8. Total 
volume 3 ml. The valinomyein addition was 0.17 ~zg/ml, DNP was 
50 ~zM. In B) 500 ~zM Butacaine was present. The upper, medium 
and lower traces refer to the hydrogen ion uptake, absorbance in- 
crease and K + release, respectively, 

4 IButacaine / \ 

{~176 f x 0.4 
g 

o 

r Methyldibenzylamine 

0 ;  i ] a ; 
[cation], mM 

Fig. 3. Respiratory rate response on the concentration of organic 
cations. The medium was: 0.2 M sucrose, 5 i n M  Tris-Pi, 5 m M  
HEPES, 2 mM succinate-Tris ,  pH 7.2, 2,7 mg protein]ml. Final 
volume 2 ml. In ordinate the difference between respiratory rate 
after and before the cation addition is shown. 

t ions of organic molecules in the  m e m b r a n e  cause damage  
and increase in hydrogen  ion permeabi l i ty .  Figure 2 A and  
B shows a compar i son  be tween  the  effect  of va t inomycin  
and D N P  on K + release, h y d ro g en  ion up take  and ab-  
sorbance  changes  in the  absence and  presence  of 500 tzM 
Butacaine ,  respect ively.  The a m o u n t  of K + released was  
the  same in b o t h  cases, b u t  the  ex t en t  of shr inkage and  
of H+ u p t ak e  were lower w i th  butacaine .  This indicates  
t h a t  the  K+ release in the  presence of weak bases is a K +- 
weak base  exchange  ra ther  t h a n  a K+-H+ exchange.  The 
acidif icat ion oI t he  ma t r ix  space pe rmi t s  accumula t ion  of 
the  weak  base  in t he  cat ionic form.  

The inhib i t ion  of K + efflux by  local anes the t ics  is a 
well known  phenomenon1  a. Local  anes the t ics  inhibi t  the  
spontaneous  K + release ra te  and the  K+ release ra te  in- 
duced b y  FCCP and FCCP + va l inomycin  e. We have  
conf i rmed these results  and observed t h a t  a s t rong inhi-  
b i t ion occurred also wi th  o ther  hyd rophob ic  weak bases.  
However ,  weak bases exer t  a s t rong in ter ference  wi th  
bo th  K+ and H + glass electrodes.  If  a dr i f t  is p resen t  in 
the  electrodes,  due to low cur ren t  leaks, the  addi t ion  of 
weak hyd rophob ic  bases s tabi l izes the  response by  in- 
h ib i t ing  the  electrode drift .  The  electrode effect  m a y  
expla in  why  JUDAH et  a l ) ,  using f lame p h o t o m e t r y  
techniques ,  showed no inhib i t ion  of spon taneous  K+ 
release. We have  been unable  to  decide w h e t h e r  the  in- 
h ib i t ion  of K § release is a t rue  inh ib i t ion  or an electrode 
effect. Addi t ion  of T P B  abolishes the  inhib i t ion  of IK+ 
release due to local anes the t ics  and  causes an enhance-  
m e n t  of the  ra te  of K + release. 

The main  evidence for an act ive  t r a n s p o r t  of organic 
s t rong bases is: 1. swelling of the  mi tochondr ia l  mat r ix .  
2. revers ibi l i ty  of swelling due to uncouplers ,  3. s t a t e  
4-state  3-state 4 t r ans i t ion  of respi ra t ion  similar to  t h a t  
due to Ca 2+ or K + plus va l inomycin ,  4. acidif icat ion of the  
ex te rna l  med i u m iT. Act ive t r a n s p o r t  of t e t r a p r o p y l a m -  
m o n i u m  has  been repor ted  2s. 

The above  pa rame te r s  have  been  conf i rmed for all 
s t rong bases in the  p re sen t  s tudy.  High  concen t ra t ions  of 
l ipophilic cat ions,  such as t e t r a b u t h y l a m m o n i u m ,  in- 
crease the  s ta te  4 respirat ion.  Uncqupl ing  by  lipophilic 
s t rong bases  has  a l ready been  r epo r t ed  17,1% and  expla ined  
as s t ruc tu ra l  or conformat iona l  a l te ra t ions  of the mi to-  
chondr ia l  membrane .  

W e a k  bases cause an ac t iva t ion  of resp i ra t ion  which  
does no t  level off. Figure  3 shows t h a t  weak bases  caused 
first  an e n h a n c e m e n t  and t h e n  an inh ib i t ion  of the  res- 
sp i ra tory  rate.  T P B  increased b o t h  the  oxygen  up take  
and inhibi t ion.  T h a t  the  increase in resp i ra t ion  is indica-  
t ive of a real  uncoupl ing is conf i rmed  also by  m e a s u r e m e n t s  
of the  A D P / O  rat ios and ATPase  act iv i ty .  Increas ing  
concen t ra t ions  of weak bases resul t  in inhib i t ion  of the  
P/O rat io  and  e n h a n c e m e n t  of t he  ATPase  ac t iv i ty  (see 
Table). 

Uncoupl ing  is unlikely to  be due to m e m b r a n e  damage  
in view of the  fact  t h a t  ca t ions  similar in s t ructure ,  such 
as m e t h y l d i b e n z y l a m i n e  and  benzy ld ime thy lpheny l -  
ammonium., have  opposi te  effects on respir ing mi tochon-  
dria. The uncoupl ing of the  weak bases seems to be re la ted  
to the  dissociable proton.  A 'cycl ing '  mechanism,  similar 
to t h a t  occurr ing in the  passive exchange of K +, m a y  be a 
simple exp lana t ion  of the  uncoupling.  The  cat ionic fo rm 
is ac t ive ly  t aken  up, and  flows ou t  af ter  releasing the  
p ro ton  into the  mat r ix .  A n o t h e r  exp lana t ion  is t h a t  the  
weak base  accepts  or provides  p ro tons  to some m e m b r a n e  
region, where  the  hydrogen  ion ac t iv i ty  is responsible of 
the  uncoupling.  
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