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NADH-ubiquinone  reductase of bovine heart submitochondrial partides as prepared is unable to catalyze either the 
direct or reverse electron transfer from N A D H  to ubiquinone. The deactivated state of the enzyme in coupled particles 
was revealed as: (i) the absence of the rotenone-sensitive, d/ i  n +-dependent succinate-ferricyanide reductase activity; (ii) 
a prominent lag in the aerobic succinate-supported, d/2n*-dependent NAD ÷ reduction; and (iii) a lag in the 
rotenone-sensitive NADH-ubiquinone  reductase or N A D H  oxidase activities. Being inactive as NADH-ubiquinone  
reductase (direct or reverse), the enzyme is fully active as rotenone-insensitive NADH-ferricyanide reductase. The 
enzyme can be activated by preincubation with substrates (NADH or NADPI-I) only under the conditions where the 
turnover of the NADH-ubiquinone  reductase reaction (but not in the NADH-ferricyanide reductase) occurs. Partial 
activation of the enzyme was observed when the particles were preincubated with rotenone. Neither N A D H  under the 
conditions when the ubiquinone pool was reduced nor succinate plus d/i  n + or dithionite were able to activate the 
enzyme. Once activated, the enzyme remains in the active state for quite a long time (more than 5 h at 0 ° C). The 
deactivation rate is extremely temperature-dependent, being insensitive to NAD +, ferricyanide or succinate. A 
comparison of the enzyme activation/deactivation kinetics showed that the same mechanism is involved in the slow 
activation of the direct and reverse electron transfer from N A D H  to ubiquinone. Activated particles catalyze the aerobic 
d/ i  n.-dependent succinate-supported reverse electron transfer in the absence of A T P a t  a rate comparable with that of 
NADH-ubiquinone  reductase. 

Introduction 

NADH-ubiquinone oxidoreductase (EC 1.6.99.3), 
usually termed Complex I, when isolated [1] is the most 
complicated and the least understood protonmotive de- 
vice of the mitochondrial respiratory chain. Numerous 
experimental data on the polypeptide composition [2,3], 
the nature and properties of the prostetic groups (FMN, 
iron-sulfur centers) [1,4,5] and some molecular genetic 
aspects of the enzyme [6] have been accumulated. De- 

Abbreviations: Q,, homologs of ubiquinone having n isoprenoid 
units in position 6 of the quinone ring; DB, 2,3-dimethoxy-5-methyl- 
6-decylbenzoquinone; DMSO, dimethyl sulfoxide; DCIP, 2,6- 
dichlorophenolindophenol; BSA, bovine serum albumin; CCCP, 
carbonylcyanide-m-chlorophenylhydrazone; Hepes, 4-(2-hydroxy- 
ethyl)-l-piperazine--ethanesulfonic acid; TMPD, N,N,N',N'-tetra- 
methyl-p-phenylenediamine. 
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spite valuable information about the midpoint reddox 
potentials [7] and spatial arrangement of the enzyme 
redox components within the inner mitochondrial mem- 
brane [8-10], several working hypotheses describing the 
mechanism of the enzyme operation [11-15] remain 
rather speculative because neither the sequence of the 
electron transfer from N A D H  to ubiquinone nor the 
nature of proton translocating groups (if any) is known. 

Most of the current studies on the isolated Complex 
I or NADH-ubiquinone reductase of mitochondria and 
submitochondrial particles are focused on the molecular 
aspects of the enzyme. Less recent information is availa- 
ble on the steady-state kinetics of the overall reactions 
catalyzed by NADH-ubiquinone reductase, although 
this aspect has been the subject of numerous reports in 
the earlier literature [16-19]. 

Several assay systems are available for the NADH- 
ubiquinone reductase region of the respiratory chain 
operating in 'direct' or 'reverse' directions. All prepara- 
tions of Complex I and its fragments (NADH dehydro- 
genases of different degree of resolution) catalyze the 
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NADH-fer r icyanide  reductase reaction [1,20], although 
the site of electron acception may depend on the type of 
preparation [16-18]. This reaction is rotenone-insensi- 
tive and evidently not coupled with energy transduction 
step(s). The NADH-quinone (Q0, Q1, Q2, DB, duro- 
quinone) reductase activity of Complex I is partially 
sensitive to rotenone, and the reaction is coupled with 
energy accumulation when the enzyme operates in sub- 
mitochondrial particles [21,22] or liposomes [23-24]. It 
is generally believed that the reduction of rotenone-sen- 
sitive ubiquinone homologs represents a 'physiological' 
pathway of the electron flow from N A D H  to 
ubiquinone. Two reactions catalyzed by Complex I in 
intact mitochondria or in coupled submitochondrial 
particles represent an electron flow from ubiquinol to 
some low midpoint potential component of the enzyme, 
i.e., the reverse reactions which need free energy to 
cover a gap between the redox potentials of the acceptor 
( N A D + / N A D H )  and donor ( Q / Q H 2 )  pairs. The first 
one, operationally called as reverse electron transfer, is 
succinate-supported, rotenone- and uncoupler-sensitive 
N AD ÷ reduction originally discovered in intact mito- 
chondria [25,26] and later demonstrated in submito- 
chondrial particles as an ATP-dependent reaction sensi- 
tive to inhibitors of succinate dehydrogenase (EC 
1.3.99.1), Complex I and FoF1-ATPase [27,28]. Another 
'reverse' reaction is the rotenone- and uncoupler-sensi- 
tive ATP-dependent succinate-ferricyanide reductase 
catalyzed by the coupled submitochondrial particles 
[29]. 

In 1964, Minakami et al. [30] reported that a consid- 
erable lag in the appearance of the N A D H  oxidase and 
NADH-cy toch rome  c reductase activities was observed 
in some preparations of submitochondrial particles. This 
lag was not seen in NADH-ferr icyanide  reductase or 
when the second portion of N A D H  was oxidized after 
complete oxidation of a small amount of the substrate 
[30]. This phenomenon has not been clearly understood, 
although Tyler et al. [31] have proposed that the reduc- 
tion of some component in the NADH-cy toch rome  c 
region of the reslSiratory chain is a prerequisit for 
activation of N A D H  oxidation. 

In this work further investigation of the phenomenon 
originally described by Minakami et al. has been under- 
taken. Some parameters of a turnover induced activa- 
tion of the NADH-ub iqu inone  reductase region of the 
respiratory chain operating in both directions suggest 
that the slow formation of the specific site for catalyti- 
cally competent ubiquinone species (most probably ubi- 
semiquinone [32]) in the terminal region of the enzyme 
is responsible for the activation. In addition, the 
energy-dependent succinate-NAD + (or ferricyanide) re- 
ductase activity of coupled submitochondrial particles 
in the absence of ATP has been demonstrated. Some 
parts of the present study have been published in a 
preliminary form elsewhere [33,34]. 

Materials and Methods 

Submitochondrial particles 
The preparations used throughout this study were 

AS-submitochondrial particles prepared essentially as 
described by Racker and Horstman [35]. As will be 
shown in this report, several parameters of N A D H - -  
ubiquinone reductase depend on the 'history'  of a par- 
ticular preparation. That  is why the procedure used for 
preparation of 'coupled' AS-particles is described in 
detail. 

Heavy bovine heart mitochondria were prepared as 
described [36] and stored for 3 days at - 1 5  °C  (approx. 
1 /~g of protein in 30 ml of 0.25 M sucrose). The 
suspension was thawed, diluted with cold water to about 
20 m g / m l  and 1 mM neutralized K-EDTA (final con- 
centration) was added. The suspension was saturated 
with argon for 20 min and the pH was adjusted to 
9.1-9.2 by adding 1 M NH4OH. The suspension was 
sonicated ('Soniprep-150', MSE) five times for 0.5 min 
with 1 min intervals at 0 ° C and centrifuged at 26 000 × 
g (15 min, 0°C) .  The supernatant was centrifuged at 
120000 x g (45 min, 0°C) .  The sedimented particles 
(approx. 200 mg) were suspended at 25 °C  in 75 mM 
sucrose, 0.25 M KC1, 2 mM EDTA, 30 mM Tris-SO 4 
(pH 8.0), and applied on the column (70 x 2.5 cm) with 
Sephadex G-50 (coarse) equilibrated with the same solu- 
tion at 25 ° C. The particles were slowly (approx. 1 h) 
passed through the column at 25 °C  and collected by 
centrifugation at 120000 x g for 45 min (25°C). The 
sediments were suspended in 0.25 M sucrose and 
centrifuged at 1 2 0 0 0 0 x g  for 60 rain at 25°C. The 
pellets were suspended in 0.25 M sucrose (20-30 mg 
protein per ml) and stored in liquid nitrogen. Before the 
experiments, the particles were thawed and incubated 
(10 mg/ml)  2 -3  h at 2 6 ° C  in the mixture containing 
0.25 M sucrose, 1 m g / m l  of BSA, 1 mM MgC12, 
oligomycin (0.15 or 0.4 /~g/mg, as indicated in the 
legends to the figures and tables), 0.2 mM EDTA, 2 
mM malonate, 0.02 M phosphate (potassium salts, pH 
8.0). During the experiment the particles were stored at 
room temperature in the same mixture. All the activities 
presented in Table I were without significant changes 
during more than 6 h storage of the suspension at room 
temperature. 

Enzymatic activities 
(i) ATP-dependent reverse electron transfer. The re- 

action was followed at 340 nm (NADH)or  420 nm 
(ferricyanide) in 'Hitachi-557' spectrophotometer at 
26 o C in 2 ml of a mixture containing 0.25 M sucrose, 1 
m g /m l  of BSA 5 mM N A D  ÷, 3 mM ATP-Mg, 1 mM 
MgC12, 0.2 mM EDTA, 20 mM succinate, 1 mM CN 
and 0.02 M phosphate (potassium salts, pH 8.0). The 
reactions were started by the addition of particles (5/~1) 
or a mixture of the substrates (NAD + plus succinate) 



TABLE I 

Reactions catalyzed by the coupled AS particles 

(26°C, potassium phosphate, pH 8.0.) Particles were treated with 
oligomycin: c, d and e, 0.15; and a, b, g and f, 0.4 /ag per mg of 
protein, respectively. 

Reaction Rate 
(2-electron-equiv./min 
per mg protein) × 10-6 

without + 10/aM 
CCCP CCCP 

NADH ~ 02 a 0.27 1.05 
Succinate ~ 02 b 0.43 0.94 
Succinate ~ NAD + c 

+ ATP (0.2 mM CN- is present) 0.25 0.00 
- ATP (aerobic conditions) 0.25 0.00 

Succinate --, ferricyanide d 
+ ATP (0.2 mM CN - is present) 0.27 0.00 
- ATP (aerobic conditions) 0.27 0.00 

ATP ~ ADP+ Pie 0.76 1.52 
NADH ~ ferricyanide t 6.50 6.50 
NAD ~ Q0 s 

- rotenone 0.67 1.13 
+ rotenone 0.07 0.07 

a 100 /aM NADH. 
b 50 mM succinate, measured with oxygen electrode. 
c 5 mM NAD+. 
d 100 /aM ferricyanide, rotenone-sensitive fraction. 
e 3 mM ATP, in the presence of ATP regenerating system [41], the 

reaction is completely sensitive to oligomycin. 
f 100/aM NADH, 1 mM ferricyanide. 
g 100/aM NADH, 0.4 mM Qo- 

1-2  rain after addition of the particles. When the 
rotenone-sensitive ferricyanide reductase reaction was 
assayed, 0.1 mM ferricyanide was added instead of 
N A D  ÷ and KCN was substituted for antimycin A (5 
ttg/ml).  

(ii) ATP-independent reverse electron transfer. This 
was assayed exactly as before, except that ATP, cyanide 
and antimycin A were omitted. 

(iii) N A D H - o x i d a s e  and N A D H - a c c e p t o r  re- 
ductase. The reactions were followed in 'Hitachi-557' 
spectrophotometer using a stopped-flow accessory. 
Syringe A contained: particles (0.2 mg/ml)  in 0.25 M 
sucrose, 1 m g / m l  of BSA, 40/~M CCCP, 1 mM MgC12, 
0.2 mM EDTA, 2 mM C N -  (when acceptor reductase 
reactions were assayed) and 20 mM phosphate (potas- 
sium salts, pH 8.0). Syringe B contained the same 
mixture (without particles) supplemented with N A D H  
and either 0.8 mM Q0 or 2 mM ferricyanide. The 
registration was started 6 ms ('dead-time' of the instru- 
ment) after the mixing of equal volumes of the solu- 
tions. The oxidation of N A D H  was followed as an 
absorbance change at 340 nm minus 420 nm and the 
reduction of ferricyanide at 420 minus 500 nm. 

Protein content was determined with a biuret reagent 
[37]. EDTA, BSA and Q0 were obtained from Sigma 
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(U.S.A.); potassium-phosphate and MgC12 were from 
Merck (U.S.A.); N A D  +, ATP were from Reanal 
(Hungary); CCCP was from Fluka (Switzerland); 
rotenone was from Ferak (Berlin, F.R.G.); oligomycin 
and antimycin A were from Serva (F.R.G.). Other 
chemicals were of the highest quality commercially 
available. 

R e s u l t s  

Among many different preparations of the inner 
mitochondrial membrane [38] AS particles [35] routinely 
used in our laboratory have several advantages. Being 
treated with substoichiometric amount of oligomycin 
[29], they catalyze all the reactions involved in the 
overall oxidative phosphorylation being essentially free 
of the natural ATPase inhibitor protein (IF1) [35,40] 
and adenylase kinase (EC 2.7.4.3) (our unpublished 
observation) which simplifies the studies of the 
ATP(ADP)-dependent reactions. 

Table I demonstrates several enzymatic activities of 
the particles relevant to the present study. The strong 
stimulation of succinate oxidase, N A D H  oxidase and 
ATPase by the uncoupler indicates that the particles are 
well coupled. The preparation catalyzes the A/iH+-de- 
pendent rotenone-sensitive reverse electron flow from 
ubiquinol to the proper electron acceptor (NAD + or 
ferricyanide). Table I demonstrates that the particles 
catalyzes the A/2H+-dependent reverse electron flow 
without added ATP at the expense of the energy gener- 
ated by oxidation of succinate in the terminal region of 
the respiratory chain. Utilization of reduced TMPD as 
the substrate for production of energy in succinate-de- 
pendent N A D  ÷ reduction in submitochondrial particles 
has been well documented [42]. In contrast to intact 
mitochondria, this reaction with succinate as a re- 
ductant and the substrate for energy production in 
submitochondrial particles has, to our knowledge, never 
been demonstrated. Two factors were found to be criti- 
cal for experimental demonstration of this reaction. The 
first one is the activation of succinate dehydrogenase by 
malonate [43,44] to provide succinate oxidase rate suffi- 
cient to maintain the proper steady-state level of A/~H+. 
The second factor is activation of NADH-ub iqu inone  
reductase, a phenomenon which will be described in 
details. 

The time course of the aerobic succinate-NAD + re- 
ductase reaction (reverse electron transfer) is shown in 
Fig. 1. Considerable lag in appearance of the full cata- 
lytic activity was observed when the particles were 
preincubated under aerobic conditions in the presence 
of succinate and the reaction was started by the ad- 
dition of N A D  + (curve 1). No  difference in the time- 
course was noted when the order of the additions was 
changed or the reaction was initiated by the addition of 
the particles. The lag-phase was completely eliminated 
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Fig. 1. Time-course of the succinate-supported NAD + reduction. 
AS-particles were treated with oligomycin (0.4 #g/mg) and assayed as 
described in Materials and Methods. The amounts of particles added 
were 25 #g/ml (curves 1 and 2) and 10 #g/rnl (curves 3 and 4). 
5-10 -7 M NADH was added where indicated to eliminate a lag-phase 

(curves 2 and 4). 

after addit ion and subsequent  complete  oxidat ion of  
small amount  of  N A D H  (5 • 10 -7 M) before the reverse 
electron transfer was initiated by  the addit ion of  any of  
the substrates (Fig. 1, curve 2). The results shown in 
Fig. 1 straongly suggest that  the lag in the succinate- 
suppor ted  N A D  + reduct ion is due to the autocatalyt ic  
process in which N A D H  newly formed increases the 
react ion rate. This conclusion was further supported by  
measur ing of  the reaction using different amoun t  of  the 
particles. Indeed,  as expected, the durat ion of  the lag 
was increased when a smaller amoun t  of  the particles 
was added (Fig. 1, curve 3). The  activating effect of  
N A D H  on the Complex  I, operat ing in the reverse 
electron transfer was further demons t ra ted  using 
ro tenone-sens i t ive  A/XH+.dependent succinate-ferr i -  
cyanide assay [29]. In  agreement  with the data  shown in 
Fig. 1, Table I I  demonstra tes  that  pre t reatment  of  par- 
ticles with 10 -6  M N A D H  results in the appearance  of  
an activity, which is sensitive to the uncoupler.  It  also 
shows that pre t rea tment  of  the particles with N A D H  in 
the presence of  ferricyanide does not  result in the 
activation of  the reaction. This observat ion suggests 
that  the rotenone-insensit ive N A D H - f e r r i c y a n i d e  en- 
zyme turnover  gives no  activating effect. 

I t  was of  interest to examine the activity effect of  
N A D H  in the assay system where Complex  I operates 
in the direction of  ubiquinone reduction. Fig. 2 demon-  
strates the t ime-course of  N A D H - u b i q u i n o n e  reductase 
as revealed by  the s topped-f low technique. Oxidat ion of  
N A D H  in the rotenone-sensit ive ubiquinone reductase 
react ion occurs with a lag-phase and the enzyme activa- 
t ion follows first-order kinetics. The  apparent  lag seen 
in N A D H - q u i n o n e  reductase assay ( t l /2  approx.  10 s) 
is much  shorter  than that  observed in AtXn+-dependent 
suceina te-NAd + reductase assay ( t l /2  approx.  2 rain; 
Fig. 1). A n  obvious reason for this difference is the 

TABLE II 

Activation of aerobic rotenone-sensitive succinate-ferricyanide reductase 
activity by NADH 

Samples and order of additions Activity 
(2 electron-equiv/min 
per mg protein)× 10-6 

without + 10/~M 
rotenone rotenone 

1 Particles as prepared a 0.03 0.03 
2 1 #M NADH (1 rain), 

succinate + ferricyanide 0.28 0.02 
3 The same as (2), 20 ~M 

CCCP was present 0.03 0.03 
4 Ferricyanide, 1 #M NADH 

(1 rain), succinate 0.04 0.03 

a Particles treated with 0.4 #g of oligomycin per mg of protein were 
placed in the cuvette (25 /~g/ml) containing 0.25 M sucrose, 1 
mg/ml BSA, 1 mM MgC12, 0.1 mM EDTA, 20 mM phosphate 
(potassium salts (pH 8.0)). The reaction was initiated by the simul- 
taneous addition of 100/~M ferricyanide and 20 mM succinate. 

presence of  high concent ra t ion  of  N A D  ÷ compet ing  
with N A D H  for the substrate b inding site in the reverse 
electron transfer assay. This conclusion was suppor ted  
by the data  presented in Fig. 3, where the t ime-courses 
of  N A D H - u b i q u i n o n e  reductase and A/Xri.-dependent 
rotenone-sensit ive succ ina t e -NAD + reductase were 
traced under  the same conditions.  As seen f rom Fig. 3, 
both  activities are increased in parallel within the time 
resolution limits. The results presented above are in 
agreement  with the earlier da ta  [30,31] indicating that  
N A D H ,  besides being a substrate for Complex  I, has a 
prominent  activating effect on  the enzyme. It  might  be 
proposed that Complex  I possesses some N A D H -  
specific high-affinity regulatory site that  are distinct 
f rom the catalytic site and that  the enzyme is active 
only when the regulatory site is occupied by  N A D H .  To 
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Fig. 2. (A) Kinetics of the rotenone-sensitive NADH-Q0 reductase 
reaction. Curve 1, particles as prepared; curve 2, 50 #M NADH was 
oxidized aerobically before the reaction was measured in the presence 
of cyanide. (B) Linear anamorphose of curve 1; the activity traced by 

curve 2 was taken as V~. 
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Fig. 3. Comparison of time-dependent activation of N A D H  oxidas¢ 
(continuous curves) and reverse electron transfer (figures above the 
triangles). Curve 1, oxidation of 1 /~M N A D H  in the presence of 5 
m M  N A D  + by the particles (100/~g//nd) was traced as described in 
Materials and Methods (particles were treated with 0,4 /~g of 
ofigomycin per nag of protein and CCCP was omitted). The Lmtial 
rates of N A D  + (5 raM) reduction started by the addition of 50 m M  
succinate at the time indicated by the triangles were measured under 
aerobic conditions (12 lag of the particles per nil). Curve 2, oxidation 
of 1 /~M N A D H  after 2 /tM N A D H  was completely oxidized before 

the assay. 

examine this possibility, the particles with inactive 
Complex I were incubated in the presence of a re- 
ductant (ethanol), alcohol dehydrogenase (EC 1.1.1.1) 
and NAD + added in an amount which is substantially 
lower (approx. 10 times) than that of Complex I. The 
data shown in Fig. 4 demonstrate that the complete 
activation of Complex I assayed as A/gH+-dependent 
rotenone-sensitive succinate-ferricyanide reductase oc- 
curs in the presence of substoichiometric amounts of 
NADH. Thus, the presence of the NADH-specific regu- 
latory site(s) in Complex I was excluded. Another possi- 
ble explanation for activating effect of NADH, which 
has been offered by Tyler et al. [31] is that the reduction 
of some component (e.g., disulfide bond) in Complex I 
which does not participate in the enzyme turnover is a 

155 

TABLE Ill  

Activation of A TP-dependent succinate-NAD + reductase under different 
conditions 

Treatments a Initial rate 
(2 eleetron-equiv./min 
per mg protein) x 10 -6  

1 Cyanide, Mg-ATP, NAD + + succinate 0.01 
2 NADH (1 min), cyanide, Mg-ATP, 

NAD + + succinate 0.26 
3 N A D P H  (5 rain), cyanide, Mg-ATP, 

NAD + + succinate 0.22 
4 Succinate, cyanide, N A D H  (1 rain), 

Mg-ATP, NAD + 0.02 
5 Succinate, cyanide, NADH (1 min), 

Mg-ATP, Q1 (1 min), NAD + 0.17 
6 Succinate, cyanide, N A D H  (1 min), 

Mg-ATP, fumarate (1 min), NAD + 0.24 

a Particles (25 Fg /ml )  treated with oligomycin (0.4 ~tg/mg) were 
preincubated in the cuvette containing: 0.25 M sucrose; 1 m g / m l  
BSA; 0.1 mM EDTA; 20 mM Hepes (potassium salts, pH 8.0), for 1 
min at 30 o C. Further additions were made in the order indicated. 
The final concentrations were: N A D  +, 1 raM; Mg-ATP, 3 raM; 
potassium cyanide, 1 raM; succinate, 20 raM; NADH,  1 /LM; 
NADPH, 100/tM; fumarate, 100/ tM; and Q1, 5 / tM.  

prerequisite for the catalytic activity. This possibility 
contradicts the following observations (Table III). When 
the particles were pulsed with NADH in the presence of 
cyanide and succinate (under the conditions where the 
ubiquinone pool is reduced) no significant activation of 
Complex I was observed. The enzyme become activated 
by further addition of exogenous quinone or fumarate 
which permitted several NADH oxidizing turnovers. 
Since neither NADH in the presence of succinate and 
cyanide (Table III), nor other reducing agents such as 
SO2042 or DTT (the data are not shown) were able to 
activate the enzyme, the 'reductive' mechanism of 
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rain 

Fig. 4. Activation of rotenone-sensitive A/~n.-dependent succinate- 
ferricyanide reductase by substoichiometric amount of NADH. Curve 
1, 0.17 M ethanol, alcohol dehydrogenase (0.1 mg/ml) ,  30 mM 
semicarbazide and 7.5.10 - s  M NADH were added at zero time to the 
suspension of the particles (10 mg/ml )  and incubated at 25 ° C  in a 
mixture described in Materials and Methods. Rotenone-sensitive suc- 
cinate-ferricyanide reductasc was assayed. Curve 2, N A D H  was origi- 

nally omitted and added where indicated. 

TABLE IV 

Reversible inactivation/activation of the NADH-ubiquinone reductase 

Treatment a Initial rate 
(2 electron-equiv./min 
per mg protein) × 10-  6 

NAD succinate- 
oxidase NAD + 

reductase 

1 As prepared 0.00 0.00 
2 Treated with 50/ tM N A D H  

for 1 rain 0.87 0.24 
3 As (2), further incubated 

for 10 rain at 35 o C 0.00 0.00 
4 As (3), further treated 

with 50 / tM N A D H  for 1 rain 0.87 0.22 

a AS-particles treated with 0.4 /~g of oligomycin per mg of protein 
were adjusted to the protein content 0.2 m g / m l  and stored in a 
standard mixture (see Materials and Methods) containing 40 /~M 
malonate. 
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Fig. 5. Actiation of reverse electron transfer by rotenone. Curve 1, AS 
particles (10 mg/ml) treated with oligomycin (0.4 #g/ml) were in- 
cubated at 30 °C as described in Materials and Methods except 0.5 
mg/ml of BSA, 2 (e) or 20 (o) #M rotenone dissolved in DMSO 
were present. The proper amount of the suspension was withdrawn 
and placed in the assay cuvette (rotenone-sensitive succinate-ferri- 
cyanide reductase, see Materials and Methods) containing 2.5 mg/ml 
of human serum albumin. Particles were further incubated for 7 rain 
at 30°C to remove rotenone [45] and the reaction was initiated by 
simultaneous addition of succinate (20 mM) and potassium ferri- 
cyanide (100 ttM). 100% activity (0.6 #tool of ferricyanide reduced per 
rain per rag of protein) corresponds to the rate obtained with the 
particles pulsed with 1 #M NADH before the assay (see Table III). 
Curve 2, rotenone but not DMSO, was omitted from preincubation 

medium. 

ac t iva t ion  seems h a r d l y  to be  opera t ing .  Moreover ,  the  
cond i t ions  were  found  where  the  ac t iva t ion  of  C omple x  
I p roceeds  wi thou t  N A D H  or  any  o ther  reduc ing  agents.  
Fig.  5 shows tha t  ro tenone ,  the specific inh ib i to r  of  
N A D H - u b i q u i n o n e  reduc tase  [46,47], is also able  to 
ac t iva te  the enzyme.  I t  should  b e  men t ioned  that ,  al-  
though  the ac t iva t ing  effect of  ro tenone  was evident ,  we 
were  unab le  to ob t a in  a more  than  50% ac t iva t ion  of  the  

enzyme  as c o m p a r e d  to that  observed  af ter  p re incuba-  

t ion  with  N A D H .  
Once  act ivated,  the enzyme reta ins  its ac t iv i ty  for 

qui te  a long t ime. This  is i l lus t ra ted  by  Fig.  6, where  the 
t ime-course  of  enzyme deac t iva t ion  was fo l lowed at  
d i f ferent  t empera tures .  A n  a p p a r e n t  ac t iva t ion  energy 
of  270 k J / t o o l  was de t e rmined  f rom the l inear  Ar rhen ius  
p lo t  wi th in  the  t empera tu re  range  of  2 5 - 4 0  ° C. The  ra te  
of  deac t iva t ion  measured ,  as shown in Fig.  6, was 
insensi t ive  to the presence  of  e i ther  fe r r icyan ide  or  
succinate .  O n  the o ther  hand ,  the  deac t iva t ion  ra te  was 
p H - d e p e n d e n t :  the  ha l f - t ime  of  deac t iva t ion  measu red  
at  3 3 ° C  was 2.5, and  7 rain at  p H  9.0 and  7.0, respec-  
tively. R a p i d  co inc iden t  deac t iva t ions  of  the ini t ia l  
N A D H  oxidase  and  s u c c i n a t e - N A D  + reduc tase  activi-  
t ies is i l lus t ra ted  in T a b l e  IV. Both  enzymat ic  act ivi t ies  
were fur ther  res to red  af ter  shor t  p r e incuba t i on  wi th  

N A D H .  
I t  is well  k n o w n  tha t  N A D H  oxidase  ac t iv i ty  of  

d i f ferent  types  of  submi tochondr i a l  pa r t i c le  is re la t ively  
much  more  s table  than  their  reverse e lec t ron  t ransfer  
capaci ty .  N A D H  oxidase  (ub iqu inone  or  cy toch rome  c 
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Fig. 6. Activation/deactivation of Complex I insubmitochondrial 
particles. (A) AS particles (0.5 mg/ml) treated with oligomyein (0.4 
/~g/mg) were incubated at 26°C as described in Materials and 
Methods. The proper amounts of the suspension were withdrawn ~nd 
rotenone-sensitive succinate-ferricyanide reductase (@) and aerobic 
succinate-supported NAD + reduction (o) (initial rates) were assayed. 
The pulses of 50 #M NADH are indicated by arrows. (B) the 

Arrhenius plot for deactivation process measured as shown in (A). 

reductase)  assays)  requires  N A D H  which  is a ' r a p i d '  
ac t iva tor  of C o m p l e x  I, whereas  n o  N A D H  ini t ia l ly  
presen t  is requi red  for  the reverse e lec t ron  t ransfe r  
assay.  The  di f ference in the  s tabi l i t ies  of  the  d i rec t  and  
reverse reac t ions  ca ta lyzed  b y  C o m p l e x  I in submi to -  
chondr ia l  par t ic les  thus seemed to be  ambiguous .  In-  
deed,  as dep ic ted  in Fig.  7, the  o l igomyc in - t r ea t ed  sub-  
mi tochondr i a l  par t ic les  c omp le t e ly  lost  thei r  c apac i ty  to 
ca ta lyze  aerobic  succ ina t e - suppor t ed  A/2H+-dependent 
N A D  + reduc t ion  af ter  14 h of  a s torage  at  2 5 ° C  be ing  
fully capab le  of  N A D H  oxidase  ( the d a t a  a re  no t  
shown).  However ,  such p r e p a r a t i o n s  exh ib i t ed  their  full 
capac i ty  to ca ta lyze  the  reverse  e lec t ron  t ransfer  p ro -  
v ided  that  Comple x  I had  been  ac t iva ted  by  the N A D H  

pulse  before  the assay.  

Succinate I /  
* // A~o'O.O04 N~DH NAD÷/ - '~  _. 

1,2 
Fig. 7. Activation of the reverse electron transfer after prolonged 
storage of submitochondrial particles. Curve 1, AS particles (10 
mg/ml) treated with oligomyein (0.4/~g/mg) as described in Materi- 
als and Methods were pulsed with 1 pM NADH where indicated and 
the reverse electron transfer was initiated by the addition of suceinate 
(20 mM) and NAD + (5 raM). Curve 2, the same as 1 after 14 h of 
storage at 25°C. Curve 3, the same as 2, 1 /~M NADH was added 

where indicated before the reaction was initiated. 
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Discussion 

The data presented in this report show that the slow 
interconversion between active and inactive N A D H -  
ubiquinone reductase exists within the mitochondrial 
membrane. Neither the reduction of the enzyme, as has 
been suggested earlier [31], nor the NADH-specific reg- 
ulatory site is responsible for N A D H  (NADPH) in- 
duced activation of the enzyme. It may be concluded 
that the oxido-reduction between the 'enzyme and the 
ubiquinone pool gives rise to the activated state. 

Recently we have shown that rotenone-sensitive ubi- 
semiquinone interacting with some tetranuclear iron- 
sulfur center of Complex I arises during the steady-state 
N A D H  oxidation or energy-linked succinate-supported 
N A D  ÷ reduction in the coupled submitochondrial par- 
ticles [32]. This finding suggest that, as has been pro- 
posed [13,14], the Q ~ Q H '  or Q H ' ~  QH 2 transition 
(or both) at the specific ubiquinone binding site occurs 
during the steady-state enzyme turnovers. It may thus 
be supposed that the slow irreversible reduction of 
oxidized quinone to semiquinone by some low midpoint 
redox potential center of the enzyme is coupled with the 
formation of a quinone-binding site, which further oper- 
ates as the acceptor active site during the steady-state 
catalysis. This proposal agrees with the lack of activa- 
tion under the conditions, when the enzyme is reduced 
by N A D H  and the ubiquinone pool is also reduced by 
succinate in the presence of cyanide (Table III). The 
'activating' oxido-reduction cannot be just the initial 
step of further steady-state overall catalysis, since the 
first-order rate of activation (k is approx. 5 min -1 at 
pH 8.0) is much slower than the enzyme turnover in 
either direction. 

Several reports in the literature seem to be relevant 
to the phenomena studied in this report. It has been 
claimed that non-phosphorylating heart muscle prepara- 
tions exhibit a pronounced lag upon assay of N A D H  
oxidation activities [48]. This lag was seen with cyto- 
chrome c or oxygen as terminal acceptors, but not with 
DCIP or ferricyanide [48]. A prominent lag attributed 
to the ATPase in the ATP-dependent succinate-sup- 
ported NAD ÷ reduction catalyzed by phosphorylating 
submitochondrial particles has been observed by several 
groups [27,49]. An activation of ATP-dependent suc- 
cinate-supported NAD + reduction after pretreatment 
of submitochondrial particles with low concentrations 
of N A D H  has also been claimed [50]. Very recently it 
has been reported that the presence of NAD ÷ results in 
a dramatic increase of the ATP-driven O~- generation 
with a concomitant reduction of NAD ÷ to N A D H  [51]. 
Although this phenomenon has been attributed to the 
tight binding of NAD ÷ in the form of NAD" [51], no 
direct evidence for the presence of tightly bound NAD ÷ 
in submitochondrial particles or isolated Complex I has 
so far been reported. We believe that activating effect of 

NAD ÷ observed by Krishnamoorthy and Hinkle [51] 
might be due to the formation of N A D H  and subse- 
quent activation of the enzyme as demonstrated in the 
present report. 

Besides several observations on the slow changes of 
the enzymatic activities of NADH-ub iqu inone  re- 
ductase [30,52,53], there are some evidence for the 
NADH-induced rearrangement of enzyme structure. It 
has been shown that the reactivity of some sulfhydryl 
groups in Complex I strongly increases after preincuba- 
tion of the enzyme with N A D H  [52,54]. On the other 
hand, in accordance with our data (see Fig. 5), treat- 
ment of submitochondrial particles with sulfhydryl re- 
agents results in a considerable potentiation effect on 
the enzyme inhibition by rotenone, a 'slow' inhibitor 
[47], which is known to induce dramatic conformational 
changes of Complex I [55]. An inspection of the data 
previously reported in the literature [27,30,31,49,50] to- 
gether with the results obtained in the present study 
suggests that the same phenomenon, i.e., act ive/ inact ive 
N A D H  and ubiquinone dependent slow transformation 
is responsible for several unexplained features of the 
enzyme. 

As shown here, the activity of the N A D H -  
ubiquinone reductase region of the mitochondrial re- 
spiratory chain depends on the 'history'  of a particular 
preparation. It should be emphasized that before any 
conclusions about the structural-functional relations of 
the enzyme components and ubiquinone based on the 
kinetics of the iron-surfur centers reduction and re- 
oxidation can be reached, the question as to whether 
Complex I is in an active or deactivated state, should be 
answered. 

The last point to be discussed is the activity of the 
reverse electron transfer in submitochondrial particles. 
Since its original discovery in intact mitochondria 
[25,26], this reaction has been demonstrated in submito- 
chondrial particles as ATP-dependent succinate-sup- 
ported reduction of N A D  + [27,28] or ferricyanide [29], 
or as ATP-independent succinate-NAD ÷ reductase sup- 
ported by oxidation of ascorbate plus TM PD in the 
presence of antimycin A [42]. To our knowledge, no 
reverse electron transfer between ubiquinol and the 
acceptor site to Complex I operating at the expense of 
energy generated by succinate oxidation has ever been 
demonstrated in phosphorylating or non-phosphorylat- 
ing artificially coupled [39] submitochondrial particles. 
An obvious explanation for lack of the ATP-indepen- 
dent reaction in submitochondrial particles was that the 
latter are more leaky for protons compared to intact 
mitochondria and the reversible FoF1-ATPase is a more 
powerful generator of A/2H+ than succinate oxidase. 
The results presented in this report show that this is not 
the case for oligomycin-treated particles, which catalyze 
the succinate-supported reverse electron transfer with or 
without ATP at the same rate. The critical points for 
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observation of the reaction are activated states of suc- 
cinate dehydrogenase [43,44] and Complex I, whereas 
the submitochondrial vesicles themselves show remarka- 
ble stability in terms of a proton leakage at ambient 
temperatures. 
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