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Preincubation of submitochondrial particles (SMP) from beef heart in a reaction mixture containing low concentrations 
of MgZ+ induces a time lag in the NADH:oxidase activity. Preconditioning of the SMP by NADH, but not by NAD+, 
prevents the Mg2+-related time lag. The data obtained show that there exists a tight binding site for Mg2+ regulating 
the rate of electron transfer from NADH to the natural acceptor. The ability of Mg2+ to form a catalytically inactive 

complex with the enzyme is regulated by NADH. 

NADH dehydrogenase; Respiratory chain, Enzyme regulation 

1. INTRODUCTION 

The NADH : CoQ reductase region of the mam- 
malian mitochondrial respiratory chain (NADH 
dehydrogenase, EC 1.6.99.3) is known as a com- 
plex membrane-bound enzyme, which catalyzes 
rotenone-sensitive electron transfer from NADH 
toward CoQ and vectorial transmembrane 
translocation of H+ [ 1,2]. 

Various models of the reaction mechanisms have 
been discussed in the related literature [3,4]. 
However, the well-known experimental data on the 
hysteretic traits of the NADH:CoQ reductase are 
not included in these models. 

These, among others, are the NADH- and time- 
dependent inactivation of the NADH oxidase with 
specific inhibitors [5,6], anomalous interaction 
with mercurials [7], temperature-dependent 
hysteretic interaction with N-EM [8] and NADH- 
dependent lag of the NADH oxidase reaction [9]. 
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It should be noted that these experimental data 
have not yet been adequately explained. 

2. MATERIALS AND METHODS 

Bovine SMP were prepared as described [IO]. NADH oxidase 
activity was measured polarographically or spectrophoto- 
metrically in 0.1 mM Tris-HCl (pH 8.5). Polarographically the 
measurement was followed with a Clark-type platinum elec- 
trode in a final volume of 1 ml. In the spectrophotometric assay 
system NADH oxidation was registered in a final volume of 
3 ml by the change in absorbance at 340 nm monitored by a 
Beckman spectrophotometer equipped with a recording 
amplifier. Succinate oxidation was monitored polarographical- 
ly in the same reaction mixture containing 1 mM succinate in- 
stead of NADH. The NADH:ferricyanide reductase assay 
system contained, unless otherwise indicated, 1 mM ferri- 
cyanide and 2 mM KCN. Ferricyanide reduction was registered 
by the absorbance change at 420 nm. All activities were 
registered after temperature equilibration for 3 min at 25°C. 
All other details are indicated in the figure legends. Protein con- 
tent was determined by the biuret method [ll]. 

3. RESULTS AND DISCUSSION 

A typical experiment demonstrating the specific 
effect of Mg2+ on the NADH oxidase reaction is 
shown in fig. 1A. SMP catalyze the NADH oxidase 
reaction with a prolonged lag period after prein- 
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1 A 

Fig. 1. Effect of Mg’+ on the NADH oxidase reaction. (A) SMP 
(0.033 mg/ml) were preincubated with 0.13 mM KzS04 (curve 
1) or 0.1 mM MgS04 (curve 2) in the reaction mixture described 
in section 2 for spectrophotometric assay. The reaction was 
started by the addition of 50~M NADH as indicated by the 
arrow. (B) Linearization of curve 2 is shown in the coordinates 
In(V, - &)/)/VW vs t. SMP concentration (mg/ml): (0) 0.033, 

(0) 0.016, (A) 0.066. 

cubation with 0.1 mM MgS04 or MgC12. Con- 
versely, the NADH oxidase reaction of SMP, 
which were preincubated with K2S04, KCl, NaCI, 
Na2S04 or CaCl2 (at concentrations giving equal 
ionic strength), is linear in time. Examination of 
the Mg2+ effect on various oxidation activities of 
the SMP shows that there is no lag which depends 
on Mg2+ in the case of NADH : ferricyanide reduc- 
tase and succinate : oxidase reactions. These data 
indicate that Mg2+ reacts with the NADH :CoQ 
reductase region of the respiratory chain and con- 
trols the rate of the CoQ reduction [l]. Activation 
of the NADH oxidase reaction is a first-order pro- 
cess (fig. 1 B) and does not depend on SMP concen- 
tration over the range examined. 

The time lag does not depend on the time of in- 
cubation of SMP with Mg2+. EDTA completely 
abolished the action of Mg2+. The time lag is 
hLy2;bolically related to the Mg2+ concentration. 
Ki calculated from these data is 20,uM. 
Preconditioning of the SMP with NADH, but not 
with NAD+, abolishes the Mg2+-related time lag 
(fig.2A). The ability of the NADH to abolish the 
Mg’+-related lag of the NADH : oxidase is a hyper- 
bolic function of the NADH concentration and 
pADH calculated from these data is 1 ,uM. m 

The unusual aspect of these experiments is that 
SMP are able to ‘remember’ the preconditioning 
by the NADH. Two alternatives can explain this 
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Fig.2. Effect of NADH on the NADH oxidase time lag. (A) 
SMP were preincubated in the reaction mixture as described in 
fig.lA (curve l), comprising the indicated concentrations of 
NADH. After complete oxidation of NADH, MgS04 (0.1 mM) 
was added and the mixture incubated for an additional 5 min. 
The reaction was started by the addition of 50 yM NADH. (B) 
(0) Aliquots of SMP were preconditioned with 10 gM NADH 
as described in (A). After complete oxidation of NADH, 
0.1 mM MgS04 was added and additionally incubated for the 
indicated time. Reaction was started by the addition of 50rM 
NADH. The time lag was determined according to Frieden 1131: 
(m) Aliquots of SMP were preconditioned as described, and 
after 45 min incubation additional IOrM NADH was added 
and incubation continued for the indicated time; the reaction 

was then started by the addition of 50 ,uM NADH. 
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paradox: (i) there must exist a site with high affini- 
ty for NADH binding on the NADH : CoQ reduc- 
tase region of the respiratory chain; (ii) reduction 
by NADH of any redox centre of the NADH : CoQ 
reductase markedly changes the conformational 
state of the enzyme [12]. 

In special experiments we have shown that prein- 
cubation of SMP with stoichiometric concentra- 
tions of NADH and an NADH-regenerating 
system, comprising alcohol or lactic dehydrogen- 
ases and alcohol or lactate, has no .effect on the 
Mg’+-related time lag. These data point to the 
validity of the first alternative. However, the 
possibility cannot be excluded that the high- 
affinity binding site for NADH is formed after the 
reduction of the NADH:CoQ reductase. In any 
case, restoration of the Mg’+-related lag must be 
time-dependent. As shown in fig.2B, the 
Mg’+-related time lag abolished by precondition- 
ing of SMP with NADH, is completely restored 
after 45 min aerobic incubation of the precondi- 
tioned SMP. The addition of a new portion of 
NADH abolished the Mg’+-related time lag again. 

The results discussed above are summarized in 
fig.3. According to the present data there are three 
states of the NADH :CoQ reductase: (i) EA - 
ligand-free, active state; (ii) E’ . Mg2+ - catalytical- 
ly inactive complex, that is formed only from the 
EA state; and (iii) E* - an active state that is form- 
ed by preconditioning with NADH. This state is 
unable to form an inactive complex with Mg2+. 
There are two ways of formation of the E* state: 
direct (i.e. from the EA state) and Mg2+-dependent 
(i.e. from the E’ - Mg2+ state). The Mg2+-related 
direction is a slow, first-order process (k+2 = 
0.55 min-‘). There is a certain competition be- 
tween the two paths, which explains why the time 
lag depends on Mg2+. 

The principal result of the present study is the 
discovery of the existence of slowly interconverti- 
ble states of the NADH:CoQ reductase region of 
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Fig.3. Interaction of Mg2+ and NADH with NADH:CoQ 
reductase. fig’+ dissociation constant of the E’.Mg’+ state. 
k+2, k+3, km3, first-order rateconstants, where k+3 s k+z > k-3. 

For other details, see text. 

the respiratory chain, which can easily explain the 
numerous experimental data indicating hysteretic 
properties of the NADH:CoQ reductase. 
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