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The mechanism of uncoupling of oxidative phosphorylation by 
2-methyl-l,4-naphthoquinone 

ERNSTER and collaborators I showed that  rat-liver mitochondria contain an en- 
zyme, now known as NAD(P)H dehydrogenase (NAD(P)H:acceptor oxidoreductase, 
EC 1.6.99.2), that  accepts reducing equivalents from both NADH and NADPH. A 
number of compounds act as electron acceptors, e.g. 2-methyl-I,4-naphthoquinone. 
The reduced quinone is oxidized by the respiratory chain, probably via ubiquinone 2. 
Thus, when 2-methyl-I,4-naphthoquinone is added to rat-liver mitochondria, 
NAD(P)H may  be oxidized by an Amytal- or rotenone-insensitive pathway parallel 
to a portion of the respiratory chain (Fig. I). Upon adding the quinone to rat-liver 
mitochondria oxidizing a NAD(P)-linked substrate, the P :O ratio should be lowered 
by about I unit (cf. ref. 3). 
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Fig. i. Mechanism of uncoupling by 2-methyl-i,4-naphthoquinone. 

However, 2-methyl-i,4-naphthoquinone has also an uncoupling effect in rat- 
liver mitochondria; it slightly decreases the P :O ratio with succinate as a substrate n 
and induces a small ATPase activity ~-n. A mechanism for this uncoupling has been 
proposed by  Wu AND CHENG 6 who found that  stimulation of the ATPase activity by 
2-methyl-I,4-naphthoquinone is sensitive to both Amytal  and low concentrations of 
dicoumarol. They suggested that  in the presence of 2-methyl-i,4-naphthoquinone ' a 
cyclic transfer of hydrogen occurs which consists of reversed electron transfer from 
Q to NAD + followed by the oxidation of NADH via the NAD(P)H dehydrogenase 
and 2-methyl-i ,4-naphthoquinone by Q. Since reversed electron transport  consumes 
energy which is not regained after completion of the cycle, the net result is an un- 
coupling of oxidative phosphorylation. 

We have confirmed the finding of Wv AI~I) CHENG 6 that  2-methyl-i ,4-naphtho- 
quinone stimulates the ATPase activity of rat-liver mitochondria in the presence of 
NazS and that  this stimulation is sensitive to rotenone. Furthermore, the effect of 
2-methyl-I,4-naphthoquinone on succinate oxidation in the presence of oligomycin 
was studied. Table I shows that  the quinone stimulates oxygen consumption and 
that  this effect is also rotenone sensitive. In Table I I  is given the effect of 2-methvl- 
1,4-naphthoquinone on the P :O ratio with succinate as substrate. A suboptimal 
amount of hexokinase was added in Expts. I and 2 in order to make competition 
for ~ between oxidative phosphorylation and quinone uncoupling favorable for the 
latter (cf. ref. 7)- 2-Methyl-I,4-naphthoquinone caused a lO-4O% decrease in the 
P :O ratio, unless rotenone was present. 
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[ N  T H E  PRESENCI*2 OF O L I G O M Y C I N  

1 ml reaction mixture contained 15 mM 1(('1, 5 mM 31gCI2, 2 mM I/IITA, 5 ° mM Tris- It('1 
(pH 7-5), 60 him succinate, l o / tg  oligomycin, 3°~, ethanol and 3.8 mg mitochomh-ial t)r(,tt'in. 
Oxygen uptake was measured manometrically. Temp., 25". l(eaction tinle, 2o rain. 

.4 dditions • |0 
(ImtOms) 

None 4. i 
2_Methyl-i,4-naphthoquinone (~o/*M) 6.S 
Rotenone (2 /~g) 3.8 
2_Methyl-t,4-naphthoquinone + rotenone 3.9 

TABLE 11 
E F F E C T  OF 2 - M E T H Y L - I , 4 - N A I ' H T H O Q U 1 N O N E  ON T H E  l ) : ( )  RATIO \ V I T H  S U C C I N A T E  AS B U B S T R A T E  

IN R A T - L I V E R  M I T O C H O N D R I A  

Reaction mixture contained 15 mM KCI, 5 in.~l MgCI 2, z mM EDTA, 5 o nlM Tris-HCl,  Oo mM 
succinate, o.5 mM ADP, 3 ° mM glucose, 3 ° mM Pi, t 3 units (Expts. I and 2) or 5 units (Expt. 3) 
hexokinase (EC 2.7.t.I ), 2Oo ethanol and 3.2 ing, 2.3 mg or 3.6 mg mitochondrial protein in 
Expts. I, 2 and 3, respectively. Final pH 7.5. Oxygen uptake was measured manometrieally. 
Esterified phosphate was determined by the method of SEATER ~. 

Additions P:O rati(~ 

Expt. z Expt. 2 Expl. 3 

None 0.38 I.O,~ 1.6o 
2_Methyl_i,4-naphthoquinone (Iv/~M) o.22 0.75 1.44 
Rotenone (2/~g) °.36 I '°4 1"55 
2_Methyl-L4-naphthoquinone i roteuone 0.35 o.98 1.58 

These  e x p e r i m e n t s  d e m o n s t r a t e  t h a t  t he  u n c o u p l i n g  effect  of 2 - m e t h y l - I , 4 -  

n a p h t h o q u i n o n e  is a lways  r o t e n o n e - s e n s i t i v e  and  c o r r o b o r a t e  the  h y p o t h e s i s  of W E  

AND CHENG 6 t h a t  q u i n o n e  comple t e s  a r edox  cycle  t h r o u g h  wh ich  r e d u c i n g  e q u i v a l e n t s  

are  t r a n s p o r t e d  a t  t he  expense  of e n e r g y  (Fig. I).  H o w e v e r ,  i t  is possible  t h a t  n o t  

o n l y  N A D  b u t  also N A D P  is i n v o l v e d  in t he  cycl ic  process.  I f  b o t h  are  i n v o l v e d ,  

i t  fol lows t ha t ,  w h e n  r educ ing  e q u i v a l e n t s  c o m p l e t e  one  full  cycle,  two  h i g h - e n e r g y  

i n t e r m e d i a t e s  of o x i d a t i v e  p h o s p h o r y l a t i o n  are  lost ,  one  in t he  e n e r g y - l i n k e d  r e d u c t i o n  

of N A D  + by  u b i q u i n o n e  a n d  the  second  in t he  e n e r g y - d e p e n d e n t  t r a n s h y d r o g e n a t i o n  

b e t w e e n  N A D H  a n d  N A D P  + (see Fig.  I a n d  ref. 9)- 
L o w e r i n g  of t he  P : O r a t i o  by  2 - m e t h y l - x , 4 - n a p h t h o q u i n o n e  in p h o s p h o r y l a t i n g  

par t i c les  f rom Alcaligenes faecalis 1° or  Azotobacter vinelandii n m a y  p a r t l y  be due  to 

u n c o u p l i n g  by  the  qu inone .  If  i t  can  be  d e m o n s t r a t e d  t h a t  th is  u n c o u p l i n g  occurs  

acco rd ing  to  t he  m e c h a n i s m  of W u  AND CHESt% this  w o u l d  be  the  first i nd i ca t i on  

t h a t  r eve r sa l  of t he  r e s p i r a t o r y  cha in  is possible  in these  mic ro -o rgan i sms .  

Laboratory of Biochemistry, E . J .  DE HAAN 
B.C.P. Jansen Institute*, R. CHARLES** 

University of Amsterdam, 
Amsterdam (The Netherlands) 

* Postal address: Plantage Muidergracht 12, Amsterdam, The Netherlands. 
** Present address: Laboratory of Anatomy and Embryology, Mauritskade 6I, Amsterdam, 

The Netherlands. 

Bi(~ckim. Biophys. ,4cta, r8o (t969) 4t7 4t9 



SHORT COMMUNICATIONS 419 

I L. ERNSTER, in R. W. ESTABROOK AND M. E. PULLMAN, Methods in Enzymology, Vol. io, Aca- 
demic Press, New York,  1967, p. 309. 

2 E. C. SLATER, J. p.  COLPA-]3OONSTRA AND J. LINKS, in G. E. W. PLAUT AND C. M. O'CONNOR, 
Ciba Foundation Syrup. on Quinones in Electron Transport, Churchill, London, 1961, p. 161. 

3 T. E. CONOVER AND L. ERNSTER, Biochim. Biophys. Acta, 58 (1962) 189. 
4 P. SIEKEVITZ, H. L~w, L. ERNSTER AND O. LINDBERG, Bioehim. Biophys. Acta, 29 (1958) 378. 
5 R. D. DALLAM AND J. W. HAMILTON, Arch. Biochem. Biophys., lO 5 (1964) 63o. 
6 C. Y. W u  AND H. Y. CHENG, Acta Bioehim. Biophys. Sin., 4 (1964) 462; Chem. Abstr., 62 (1965) 

6705. 
7 B. CHANCE AND B. HAGIHARA, Proc. 5th Intern. Congr. Biochem., Moscow, I96~, Voh 5, Perga- 

mon Press, London, 1963, p. 3- 
8 E. C. SLATER, Bioehem. J., 53 (1953) 157. 
9 L. DANIELSON AND L. ERNSTER, Bioehem. Z., 338 (1963) 188. 

IO G. B. PINC~OT, J. Biol. Chem., 229 (1957) 25. 
I I  D, J. J. SCHILS, H. G. HOVENKAMP AND J. P. COLPA-BooNSTRA, Biochim. Biophys. Aeta, 43 

(196o) 129. 

Received April 2nd, I969 

Biochim. Biophys. Aeta, iSo (1969) 417-419 


