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SUMMARY: Oxidation of NADH in submitochondrial particles, with 
02 or ferricyanide as electron acceptor, was inhibited by mi- 
cromolar concentrations of NAD+ when measured in 240 mM su- 
crose or, in a lesser extent, in 120 mM NaCl or LiCl. In 120 mM 
solutions of either KCl, HbCl, CsCl or NH4Cl the inhibition by 
up to 100 )1M concentrations of NAD+ did not occur. The inhibi- 
tion observed in the suorose medium disappeared after aolubili- 
zation of the particles with detergents and re-appeared when 
the membranes were reconstituted. The inhibitory effect was 
potentiated by palmitoyl-CoA. The possibility is disoussed that 
the inhibition of NADH oxidation by low concentrations of NAD+ 
and its release by K+, Hb+, Cs+ and NH8 depend on the inter- 
action between NAD+ and the negatively charged mitochondrial 
membrane. 

Stimulatory effect of potassium ions on mitochondrial res- 

PiImtiOn is known since more than 20 years (1) and has been 

since repeatedly observed in studies on both intact mito- 

chondria (2 - 7) and submitochondrial particles (8, 9). In 

most of these studies, the oxidation of NADH, but not that of 

succinate, was stimulated by K+ (9, 10). It has been therefore 

concluded that potassium ions are required for maximum rate of 

the electron flow in the NADH-ubiquinone span and for the maxi- 

mum effioiency of the first ooupling site (6, 7, 10). On the 

other hand, however, stimulatory effect of potassium ions has 

been observed under unooupled oonditions (1, 3, 6, 9, 10). 

Moreover, monovalent cations may have an uncoupling effect 

under specific conditions (11). Therefore, it is not clear 

whether the effect of potassium ions is exerted on the coup- 
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ling mechanism or rather on the initial span of the respirato- 

ry chain. Some controversies also concern the effeot of other 

monovalent oations. 

The present study was undertaken to get more information 

about the mechanism by whioh potassium ions affect mito- 

chondrial respiration. 

MATERIALS AND METHODS 

Mitochondria were isolated from livers of albino rats (121, 
and non-phosphorylating submitochondrial particles were obtained 
as described by Lee and Ernster (13) in the presence of EDTA. 
Oxidation of NADH with 02 or ferricyanide as electron acceptor 
was recorded speotrophotometrioally at 340 nm at 25'C. Solubili- 
xation of the partioles was performed using 1% Lubrol UK (Sigma 
Chemical Co., St. Louis, MO., USA) or sodium cholate and the 
reconstitution of the membranes as desoribed by Bagan and Hacker 
(14) with the use of egg yolk lecithin. 

Palmitoyl-CoA was synthesized by the procedure of Seubert 
(15). NADH was obtained from Boehringer (Mannheim, Federal Re- 
public of Germany) and NAD+ from Reanal (Budapest, Hungary). 
Other ohemioals were of the highest purity commercially avail- 
able. 

RESULTS 

Fig. 1 shows that the oxidation of NADH in auttmitoohondriel 

particles was inhibited by mioromolar conoentrations of NAD+ if 

the reaction was measured in the sucrose medium. No inhibition 

by concentrations of NAB+ up to 100 u&l was observed in 120 mM 
/ 

KCl, whereas in NaCl or LiCl solutions the inhibition was 8ome- 

what lower than in sucrose. A similar protection against inhibi- 

tion by low ooncentrationa of NAD+, as in KC1 solution, was 

found in 120 IIIM solutions of either RbCl, CsCl and NH4Cl. Only 

concentrations of MAD+ higher than 100 uM produoed a substan- 
/ 

tial inhibition also in the KC1 medium. The inhibition by ricro- 

molar NAD+ concentrations and its abolishion .by KC1 were ob- 

served when ferricyanide was used as electron acceptor for NADH 

oxidation (Fig. 2). No effect of NAD+ in either sucrose or salt 

media was observed on succinate oxidation. 
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Fig. 1. Inhibition of NADH oxidation by low concentrations 
of NAD+. Effect of the incubation medium. Oxidation of NADH 
was measured with 02 as electron acceptor. The media con- 
tained either 240 mM sucrose or 120 mM solutions of KCl, 
LiCl or NaCl, buffered with 10 mM Tris-HCl (pH 7.4). The 
concentration of NADH was 46 +l and that of submitoohondrial 
particles 62 pg protein/ml. 
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Fig. 2. Inhibition of NADH oxidation by higher concentrations 
of WAD+. Effeot of K+ and the solubilization of the partioles. 
Oxidation of NADH was measured with 0.84 mM ferricyanide as 
eleotron acceptor and in the presence of 1 mM KCN. NADH was 
52 JIM. Open symbols, 240 mM suorose - 10 mM Tris-HCl (pH 7.4); 
olosed symbols, 120 SrM KC1 - 10 mM Tris-HCl (pH 7.4). Solid 
lines, submitochondrial particles (2.6 p protein/ml); 
dashed lines, particles solubilized in 1 I 
protein/ml.). 
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The inhibition by low concentrations of MAD+ in sucrose 

medium could be completely released by 40 mM KCl, with half re- 

lease at lo-20 mM KC1 (Fig. 3). NaCl was less effective and nev- 

er abolished the inhibition completely. 

Different effects of various alkali metal cations on the 

inhibition by NAD+ was not related to a possible different 

penetration of these ions across the membrane of submito- 

chondrial particles, since a similar picture as that shown in 

Fig. 1 was observed when gramicidin was also present, i.e, 

under conditions when the membrane was fully permeable to all 

monovalent cations tested. 

However, the inhibitory effect of low concentrations of 

NA.LI+ disappeared when the particles were solubilized with de- 

tergents (Fig. 2). After reconstitution of the membranes by 

adding phospholipide and dialysing off the detergent (14) the 

inhibition in the sucrose medium re-appeared (Fig. 4). The 

experiment was performed with ferricyanide as electron acceptor 

because the solubilized material as well as the reconstituted 

particles were no longer able to reaot with molecular oxygen 

as eleotron acceptor. 

This experiment suggested that the inhibitory effect of 

aicromolar concentrations of NAD+ was related to the existence 

of the membrane. This was further supported by the finding that 

the inhibition was affected by surface-active agents. This is 

exemplified in Fig. 5 for palmitoyl-CoA. This compound substan- 

tially inhibited NADH oxidation in sucrose and N&l media in 

the presence of a fixed concentration of MAD+. However, it is 

evident that palmitoyl-CoA was without effect in the absence of 

NAD+. It can be therefore concluded that palmitoyl-CoA is not 

inhibitory per se but potentiates the inhibition produced by 
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Fig. 3. Releasing of the inhibition by NAD+ of NADH oxidation 
by KC1 or NaCl. Experimental conditions were as in Fig. 1, 
except that sucrose was partly replaced by KC1 or NaCl, as 
indicated in the abeoisea, so that the tonfoity of the medium 
remained oonstant. The medium contained 54 )aM NAD+, exoept for 
the point indicated by the open circle (O), where no NAD+ was 
added. 
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of solubilization and reconstitution,of the 
membrane on the inhibition of NADH oxidation by NAP. 
Experimental conditions were as in Fig. 2, except that 
partioles were solubilized in 1% sodium cholate. open symbols, 
suurose medium; closed symbols, KC1 medium. 
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Ng. 5. Effect of palmitoyl-CoA on the oxidation of NADD in 
the preeence and absence of NAD+. Experimental conditions as 
in Fig. 2, except that the media aontained in addition 1 mM 
B&C12 (in order to increase the binding of palmitoyl-CoA by 
the mitoahondrial membrane, ref. 16). 
o-----O, Sucrose medium, no NAD+; O- - -0, sucrose medium plus 
54 JIM NAD+; M, KC1 medium plus 54 pM NAD*; w , 
NaCl medium plus 54 pM NAD+. 

NAD+. Similar results were obtained with other anionic surf- 

actants, sodium dodeaylsulphate and oleate, whereas the cat- 

ionic detergent, cetyltrimethylammonium bromide, partly re- 

leased the inhibitory effect of WAD+. As expected, anionic 

surfactants increased, whereas the cationic surfaatant de- 

creased, the negative surface charge of the particles as deter- 

mined by microelectrophoresis (these studies will be published 

elsewhere). 

DISCUSSION 

The inhibition of NADH oxidation by the reaction product, 

NAD+ , has already been observed on purified preparations of 

NADH dehydroenase from both mammalian mitochondria (17) and 
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bacteria (18j and the competitive character of this inhibition 

postulated (18). The present study shows, however, that with 

submitochondrial inside-out particles the hyperbolic plot of 

the activity versus inhibitor concentration can be observed 

only in the absence of monovalent alkali metal cations. The 

protection against inhibition by micromolar oonoentrations 

of NAD+ is exerted by IS+, Rb+, Cs+, N$, and, to a much lesser 

extent, Na + and Li+. It therefore comes out that potassium 

and some other monovalent cations can maintain high rate of 

NASH oxidation by preventing product inhibition. This perhaps 

explains, at least partly, the activatory effect of K* on the 

respiration of mitochondria and submitochondrial particles 

observed so far (1 - 10). 

The inhibition of NADH oxidation by low conoentrations 

of NAD+ depends on the existence of the membrane, as it large- 

ly disappears after solubilization of the particles (Fig. 2) 

and re-appears after reconstitution of the membrane (Fig. 4). 

Moreover, it is also affected by faotors altering the surface 

charge of the membrane. It oan be therefore speculated that 

the interaotion between NAD+ and the aotive center of NADH 

dehydrogenase, occurring at the outer side of submitochondrial 

particles (equivalent to the inner aide of the inner mito- 

ohondrial membrane), depends on the surface oharge. Since the 

pyridine ring of NAD+ possesses a positive charge (in contrast 

with the pyridine ring of NADH whioh is neutral), its affinity 

to the active oenter of the flavoprotein NADH dehydrogenase 

could be increased by inoreasing the negative oharge of the 

membrane in which the enzyme is situated. This explains the 

potentiating role of palmitoyl-CoA and other anionic surf- 

actants on the inhibition by NAD+. 
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In this context, the protective effect of K+ and other 

alkali metal cations of higher atomio weight can be interpreted 

as promoting the release of the bound NAD+ molecule from the 

active center of NADH dehydrogenase. Sodium and lithium, which 

have a smaller radius of the non-hydrated ion, are much less 

effective. This points to a certain steric requirement for 

the displacement of bound NAD+ by monovalent cations. Differ- 

ent effects of various alkali metal cations on other enzymes 

have already been reported (19 - 21), but the molecular basis 

for these differences is still obscure. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 
16. 

Pressman, B.C., and Lardy, H.A. (1955) Biochim. Biophys. 
Acta, 18, 482-487. 
Blond, D.M., and Whittam, R. (1965) Bioohem. J., 92, 
158-167. 
Ozawa, Y., Seta, K., Araki, H., and Handa, H. ($96'7) J. 
Bioohem., 61, 352-358. 
Ghnez-Puyou, A. Sandoval, F., Pefia, A., Ch&ez, E., and 
Tuena, M. (1969) J. Biol. Chem 244 5339-5345. 
Clark, J.B., and Nicklas, W.J.*[1970) J. Biol. Chem., 245, 
4724-4731. 
G&nez-Puyou, A., Sandoval, F., Ch&vez, E., and Tuena, M. 
(1970) J. Biol.. Chem., 245, 5239-5247. 
G&nez-Puyou, A., Sandoval, F., Tuena de G&nez-Puyou, M. 
Pe&, A., and Ch&ez, E. (1972) Biochemistry 11, 97-102. 
Pinto, E., G&nez-Puyou, A., Sandoval, F., Ch&ez, E., and 
Tuena, M. (1969) Biochim. Biophys. Acta, 223, 436-438. 
Lotina, B., Tuena de dmez-Puyou, M., and &mez-Puyou, A. 
(!g73) Arch. Biochem. Biophys.% 159, 520-527. 
Gomez-Puyou,A., and Tuena de Gomez-Puyou, M. (1974) in: 
Perspectives in Membrane Biology (Estrada-O., S., and 
Gitler, C., edi), pp. 303-328, Academia Press, New York, 
San Francisco, London. 
Papa, S., Tager, J.M., Guerrieri, F., and Quagliariello, E. 
$;~~~nB~ohim. Biophys. Acta, 172, 184-186. 

, l 9 and Lardy, H.A. (1967) in: Methods in Enzymology 
(Estabrook, R.W., and Pullman, M.E., eds), vol. 10, 
pp. 94-96, Academic Press, New York and London. 
Lee, C.P., and Emster, L. (1967) in: Methods in Enzymology 
(Estabrook, R.W., and Pullman, M.E., eds), ~01.10, pp. 
543-550, Aoademic Press, New York and London. 
Hagan, C.J., and Hacker, E. (1973) J. Biol. Chem., 248, 
6876-6884. 
Seubert, W, (1960) Bioohem. Prep,, 7, 80-83, 
Duszy&ki, J., and Wojtozak, L. (1975) FEBS Lett., 50, 
74-78. 

688 



Vol. 80, No. 4, 1978 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

17. Hatefi, Y., and Stempel, 16-E. (1969) J. Biol. Chem., 244, 
2350-2357. 

18. Dancey, G.F., and Shapiro, B.M. (1976) J. Biol. Chem., 
251, 5921-5928. 

19. Warren, J.C., Stowring, L., and Morales, N.F. (1966) 
J. Biol. Chem., 241, 309-316. 

20. Scrutton, M.C., and Young, M.R. (1972) in: The Enzymes 
(Boyer, P.D., ed.), vol. 6, pp. l-35, Academic Press, 
New York and London. 

21. 'bena de Wmez-Puyou, M., and Gbmez-Bayou, A. (1976) 
Biochem. Biophys. Res. Commun., 69, 201-206. 

689 


