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Studies reported in the preceding communication (Danielson and Ernster, 1962) 

have led to the conclusion that pyridine nucleotide-linked dismutations in rat 

liver mitochondria require a supply of high-energy intermediates in order to 

proceed at maximal rate, The present paper describes direct evidence for an 

energy-dependent pyridine nucleotide transhydrogenase reaction, involving a 

reduction of TPN by DPNH, catalyzed by submitochondrial preparations from both 

rat liver and beef heart. 

Experimental.- "Phosphorylating" submitochondrial particles were obtained by 

sonication of mitochondria from rat liver according to Kielley and Bronk (19581, 

and from beef heart according to Linnane and Ziegler (1958) with the modifications 

of LOW and Vallin (1963)'. All incubations were performed at 30°C, using a final 

volume of 3 ml. The composition of the reaction mixtures is specified in the 

figure legends, Pyridine nucleotide reduction was recorded at 340 mp with a 

Beckman DK-2 spectrophotometer, 

Results,- Fig, 1 summarizes typical data on the energy-dependent reduction of 

TPN by DPNH, Rat liver or beef heart particles were incubated in a buffered &ff +t 
- 

-containing medium in the presence of KCN, ethanol, alcohol dehydrogenase and a 

relatively small amount of DPN, When the reduction of DPN by the alcohol dehydro- 

genase system was completed, 0.7 pmole of 'IPN was added. No appreciable increase 

in A340 occurred,Wben6 pmoles of ATP were now added, A 
340 increased at a linear 

rate. No similar increase in A 
340 was observed if DPN or lPN was omitted. ADP, 

1 We are indebted to Dr. Hans Lijw for kindly supplying us with the beef heart 
particles, 
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when substituted for Al-P* had no effect in the case of liver particles; it did 

have an effect in the case of heart particles but only after a lag period. The 

ATP-induced reduction of TPN was completely inhibited by oligomycin, It was 

insensitive to Amytal, Rotenone and dinitrophenol (0.1 mM), Similar results 

to those shown in Fig, 1 were obtained when DPNH rather than DPN was added at 

the start, together with ethanol and alcohol dehydrogenase, in order to maintain 

DPN in the reduced state. In the case of the liver particles, ethanol and alco- 

hol dehydrogenase could be replaced by P-hydroxybutyrate since the particles 

contained a sufficiently active P-hydroxybutyric dehydrogenase. 
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Fig. 1, ATP-dependent reduction of 'IPN bv DPNH, 

The basic reaction mixture consisted of 50 mM tris buffer (pII 8.01, 
6 miX MgC12, and 250 miU sucrose. Liver or heart particles containing 0.65 
mg protein. Additions, when indicated, were: 1 mM KCN, 53 mM ethanol, 
0.1 mg alcohol dehydrogenase (ADH), 0,033 mM DPN, 0 233 m&4 TPN, 2 mM ATP, . 
3 pg oligomycin. 

The particles also catalyzed the converse reaction, i.2, reduction of 

DPN by IPNH, but this required no added ATP (Fig. 2). 

Low et al. (1961,1962) have demonstrated that beef heart particles cata- 

lyze an ATP dependent reduction of DPN by succinate. The same reaction was 

observed here with liver particles (Fig. 3a), The formation of DPNH was ascer- 

tained by adding acetoacetate which caused a rapid drop in A340. When 'IPN was 

added together with DPN (Fig, 3b), the same rate of pyridine nucleotide reduc- 
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tion was observed as with DPN alone, However, in this case* addition of aceto- 

acetate caused no drop in A 
340 

, indicating that 'IPNH rather than DPNH was the 

reaction product. This reduction of TPN by succinate proceeded via DPN, as shown 

by the fact that, when DPN was omitted, no reduction of TPN occurred (Fig, 3~1, 

The AlP-dependent succinate-linked pyridine nucleotide reduction was, in accord- 

ance with earlier observations (Chance and Hollunger, 1961; Low et al., 1961* 

1962,1963), sensitive to Amytal, Rotenone and oligomycin, as well as to dinitro- 

phenol (41 % inhibition by O-02 mM, and 100 % by 0.1 mM dinitrophenol)r 

1 min. 

I TPN ATP 

Fig. 2, ATP-denendent reduction of 'IPN by DPNH and A'I'P-indenendent reduction of 
DPN by !I'PNH. 

The basic reaction mixture was as in Fig, 1, Liver particles con- 
taining 0.55 mg protein, Additions, when indicated, were: 1 mM KCN, 0.67 
mnil acetoacetate (AcAc), 3.3 mi:l DL-p-hydroxybutyrate (BOH), 0~167 mM DPNH, 
0,233 mM TPNH, 0.167 mh! DPN, 0.233 mM ‘EN, 2 mill ATP, 

Energy-dependent reduction of TPN by DPNH could also be achieved under 

aerobic conditions (Fig, 4). In this system, addition of ATL, was not required, 

the energy being supplied by the aerobic oxidation of DPNR, When the latter was 

blocked, &g. by Rotenone, TPN reduction was abolished. Addition of succinate 

to the Rotenone-blocked system restored TPN reduction, which again could be 

abolished upon further addition of cyanide. As could be anticipated, the TPN 

reduction under these conditions was sensitive to dinitrophenol (30 % inhibi- 

tion by 0.02 miV, and 95 % by 0.1 rm\l), It was unaffected, or even stimulated, 

by oligomycin, indicating that the energy-transfer did not involve Pi. The 

non-involvement of Pi could be demonstrated directly by preparing liver partic- 
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les in tris rather than in phosphate buffer , thus avoiding as much as possible 

the presence of trace amounts of Pi during the incubation. This procedure did 

not affect the ability of the particles to exhibit energy-linked reduction of 

TPN by DPNH, Moreover, arsenate, in the presence of oligomycin, did not inter- 

fere with the reaction, These features are similar to those of the slccinate- 

-linked DPN reduction observed with intact mitochondria (Ernster, 1961,1962,1963j 

Snoswell, 1962) where high-energy compounds generated by the aerobic oxidation of 

succinate serve as the source of energy. 

AcAc AcAc 
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A”:r .A---: - 
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ATP ATP 

Fig. 3. ATP-dependent reduction of DPN and lPN by succinate. 

The basic reaction mixture was as in Fig. 1. Liver particles con- 
taining 0.65 mg protein. Additions, when indicated, were: 1 &I FICN, 3.3 
mM succinate, 0,167 mM DPN, 0,233 mM TPN, 2 mM ATP, 0.67 mM aCetOaCetate 

(AcAc), 
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Fig. 4.Energv-dependent reduction of TPN by DPNlI under aerobic conditions. 

The basic reaction mixture was as in Fig. 1, Liver particles con- 
taining 0.65 mg protein, Additions, when indicated, wcro: 53 mM ethanol, 
0.1 mg alcohol dehydrogenasc (ADD), 0,033 mM DPN, 0.233 mIJ TPN, 3 @ 
oligomycin, 2 pg Rotenone, 3.3 m&I succinatc, 1 mM KCN. 
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Discussion,- The present results demonstrate the occurrence of an energy-dependent 

reduction of lPN by DP!W in mitochondria, Indications of such a reaction have in 

the recent past been reported by Klingenberg and Schollmeyer (1962) and by Esta- 

brook (1963). This reaction is different from the transhydrogenase reaction bet- 

ween TPNH and DPN (Kaplan et al., 19531 which shows no requirement for high- 

energy compounds, 

Our tentative interpretation of the results reported above may be summarized 

in the following scheme: 

inhibited by Rotenone 
and Amytal succinate 

DPNH Y\\h::ol 

l -X 

inhibited by oligomycin 

Pi+ ADP 

ATP 

It is evident from the data that the energy-dependent TPN-reduction by DPNR 

utilizes high energy intermediates (here denoted by the collective symbol -X> 

which can be generated either by the respiratory chain or by added A'IP. It 

appears highly probable that the energy-dependent transhydrogenase reaction 

involves an activated form of either DPNH or TPN, It is conceivable that such 

an activated pyridine nucleotide is an intermediate in the energy-dependent 

dismutations recently described (Tager, 1962; Danielson and Ernster, 1962). The 

possible connection of the present observations with those of Purvis (1958,196O) 

and Griffiths and Chaplain (1962) on an activated derivative of DPN or DPNH is 

the subject of current studies in this laboratory, 

This work has been supported by a grant from the Swedish Cancer Society. 
We thank Miss Kerstin Nordenbrand for excellent technical assistance. 
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