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Previous work in this laboratory (Danielson and Ernster,
1963; Lee and Ernster, 1964, 1966) has led to the conclusion
that the energy-linked reduction of NADP" by NADH catalyzed by
submitochondrial particles from rat liver or beef heart is
driven by a high-energy intermediate of the respiratory chain-
-linked oxidative phosphorylation system. The following
reaction sequence has beesn postulated:

NADH + NADP' + I~X —————> NAD' + NADPH + I + X (1)
where I~X 1s a high-energy intermediate which can be generated
either by the respiratory chain:

1+ x fesplratlony y y (2)
or by ATP
ATP + T + X ~————= ADP + F, + I~X (3)

It follows from the above reaction sequence thiat the
energy-linked pyridine nucleotide transhydrogenation and oxidat
ive phosphorylation are in a competitive relationship with
regard to I~X generated by the respiratory chain. Recently,
van Dam and ter Welle (1966) and van Dam (1966) have studied

the two processes as occurring separately or together in sub-
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mitochondrial particles from beef heart, and observed un-
altered efficiencies of phosphorylation (P/0) and NADH-1linked
NADP' reduction (NADP+/O) coupled to succinate oxidation. They
have further found that inhibition of succinate oxidation by
increasing concentrations of malonate did not effect the P/C
ratio but markedly increased the NADP+/O ratio, although the
net rate of NADP+ reduction was decreased, in accordance with
out previous results (Lee et al., 1964). They have coacluded
that there is no competition between oxidative phosphorylation
and NADH-linked NADP+ reduction coupled to succinate oxidation.
In this paper, we wish to report data which demonstrate such
a competition, resulting in a substantial reduction of EF/0
ratio by the energy-linked pyridine nucleotide transhydrogenase
reaction.

The experiments were performed with submitochondrial part-
icles prepared after sonication of beef-heart mitochondria in
the presence of Mg++ and ATP (Low and Vallin, 1963). 3uspen-

sions of the particles were incubated in a tris-acetate-buffered

F 32

sucrose medium, in the chamber of a Clark 02 electrode. PR

ADP, Mg++, hexokinase, glucose, succinate, rotenone, NADH,

NADP+, and malonate were added as specified in the table and
figure legends. Respiration was monitored until about two-thirds
of the oxygen was consumed, at which time the sample was rapidly
fixed by the addition of 0.3 ml 5 M stou. An aliquot of the
sample was used for determination of Pi uptake by the isotope
distribution method of Lindberg and Ernster (1955). The re-
mainder of the sample was neutralized, centrifuged, and an
aliquot of it was used for determining NADP+ enzymically with
glucose-6-phosphate and gluccse-b-phosphate dehydrogenase

(Klingenberg, 1962).

177



BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Vol. 23, No. 2, 1966

*000f ‘eanieasduwey {Tw { ‘sunToA TBRUT4
*uTofwo3TT0 87 ¢ pue 83BUCTEW WW 99°0 ‘4+dAV¥N Wuw z ‘TouBuje Wuw 0zl ‘eseusoiplysp ToyooTe 37

00l ‘epTzeqieoTWSS WW ¢°0 ‘HAYN AW Z2_‘Dpo3eoTpuT_UsUm pur ‘ejeuloons Wu £°f pue ‘sucusiod

W £+€ ‘esvUTYOXS8Y S3TUN G/ os0onT8 Wuw 09 ‘dav
Wu € ¢‘G+/ HT ‘ao1Ing 23€380B-STJI3 WW QG ‘©S0JoNS WU OQl JO PO3ISTISU0D SINIXTW U

*£3TAT3O® 8SeUa30JpAUsuRI) PefUTT-A3J0U9-UOU dY3} JI0] Po3oesdod

Wu oz ‘MOSBW Ww ot ¢ (eTowr,/wdd

oilxg i) Hd
T99B8JI 8yl

X
LRt Ehet +0°0 042 8 Gl *3TT0+,dAYN
r +HAVN+*uUoTER 0'¢
6et L 6L L - Hfe - 891 d-
+dAYN+HQYN+* UoTBN 0°¢
$9°0 - 69°0 - 5ol 191 +dTYN+UOTBR 0°¢
09°0 - 09°0 - 901 841 HAYN+* UO BN 0t
tHo L gLl 9¢°0 £0Z 94 841 +dAYN+HA YN+ UCTEN 0°¢
£9°0 - £9°0 - 921 391 (*uUoTel) @31'UOTEBHW 0°¢
480 €80 +H0° 0 101 4 ccl .wﬂﬁo++mo<z+mo<z SH° 0
£€4°0 £4°0 - 66 - LEL *d- 4+ dAYN+HAVN SH*0
04°0 - 04°0 - oLt LG +dayN G0
$9°0 - 49°0 - L6 641 HAVN G0
68°0 4€°0 +H56° 0 04 8/, Hhi LdAVN+HAVN S+ 0
L4*0 - L4*0 - oLy 4 - $H°0
UTw UTur uTw
! I ! Aesse/3u
(0/,da¥N+0/1) 0/,dav 0/d /seTourh /e TouTh \msowmie SUOT3TDDY uTe304d
2 x +ma<z 'd 0 81oT3Jed

*9}BUTOONS JC UOT3IBPILXO O1QOdoe o3 03 pPoldnoo UOT]eUsdCaIpAUSUBLy

®PT309TONU 8UIPTJIAd POYUTIT-AFISUS DUE UOTLIBR[AJIOUASOUd JO SOTOUSLIOTIJIH

I ®Tq&L

178



Vol. 23, No. 2, 1966 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

20- Figure 1., Effect of
’ _.  malonate on P/0 and
% (1) + (10 049 NADP*/0 ratios.
« ' x""”“*-——.x b A
| 1 . Conditions were as in
2N //// ; Table 1 except that
o i < 0.60 mg instead of
N ' X A 6 0.45 mg particle pro-
a W x/// A 03 &  tein was present in
2 W 8 the absence of
=z Y T malonate.
12-//~ﬂv) €
- . <~ Curve I: P/0 ratio in
T ] absence of
° 0.2 = NADH + NADP ;
i ©  Curves I1 and IIT: P/O
s £ ratio and
o 2 NADP*/0 ratio,
X ] .
o a respectively,
in presence of
Lo NADH + NADPY;
Curves IV and V: oxygen
uptake in ab-
sence and pre-
sence, respect-
ively, of
NADH + NADP .
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The results of a typical experinment are summarized in
Table I. When the energy for the reduction of NADP" by NADH
was supplied by the aerobic oxidation of succinate, there
occurred a low rate of NADP+ reduction, and the extent of
phosphorylation coupled to succinate oxidation was only slightly
influenced by the energy-linked transhydrogenase reaction. The
sum of the P/0 and NADP'/0 ratios was 0.89, indicating that,
taking 2 as the maximal ~/0 ratio for the aerobic oxidation of
succinate, the efficiency of the system was about 454. When a
larger amount of enzyme was employed, and the rate of succinate
oxidation was suppressed by the addition of malonate, the
NADP+/O ratio increased markedly, in line with the findings of
van Dam and ter Welle (1966) and van Dam (1966), but, in con-

trast with their results, the P/0 ratio simultaneously decreased.
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The sum of the NADP+/O and P/0 ratios was 1.41 in this particu-
lar experiment, but could reach a value of 1.8 (cf. Figure 1),
i.e., an efficiency of 90%. Little or no effect was observed
with either NADH or NADP+ alone. Thus, an active transhydro-
genase reaction seems to be necessary for the observed decrease
in P/0 ratio. Abolition of phosphorylation by either omission
of phosphate or addition of oligomycin raised the NADP+/O

ratio as expected. The effect of increasing concentrations of
malonate is shown in Figure 1.

The kinetics of the competition between oxidative phos-
phorylation and energy-linked transhydrogenation was investigat-
ed by varying the concentrations of the reactants of the two
systems, i.e., NADH or NADP' and Pi or ADP, respectively. As
expected, lack of saturation of the transhydrogenase system
with NADH and/or NADP' lowered, and lack of saturation of the
phosphorylating system with Pi and/or ADP increased, the extent
of competition in favor of the transhydrogenase reaction.
Unexpectedly, however, it was found that the saturating con-
centration of NADH for the energy-linked transhydrogenase
reaction was higher in the presence than in the absence of an
active phosphorylating system; and conversely, that the saturat-
ing concentration of Pi for oxidative phosphorylation was
higher in the presence than in the absence of an active trans-
hydrogenase system. These findings, which are now under

further exploration, may explain the previous failure of

van Dam and ter Welle (1966) and van Dam (1966) to observe
a competition between energy~linked transhydrogenation and
oxidative phosphorylation under the conditions of their
experiments.

In summary, the present data demonstrate that energy-

-linked reduction of NADP+ by NADH efficiently competes with
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oxidative phosphorylation coupled to the aerobic oxidation of
succinate in submitochondrial particles from beef heart. These
results are in good accordance with the concept (Danielson and
Ernster, 1963; Lee and Ernster, 1966) that the energy-linked
transhydrogenase reaction derives energy from an intermediate
of the respiratory chain-linked phosphorylation system, and may
constitute a valuable basis for future investigations into the
chemical nature of this intermediate.
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