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Abstract—The kinetics of the NADH—3'-acetylpyridine adenine dinucleotide (APAD™) transhydrogenase reaction (DD-
reaction) catalyzed by different preparations of mitochondrial NADH-dehydrogenase (submitochondrial particles (SMP),
purified Complex I, and three-subunit fragment of Complex I (FP)) have been studied. Complex I (in SMP or in purified
preparation) catalyzes two NADH—>APAD reactions with different rates and nucleotide affinities. Reaction 1 has high affin-
ity to APAD* (K,, = 7 uM, for SMP) and low rate (¥, = 0.2 umol/min per mg protein, for SMP) and occurs with formation
of a ternary complex. Reaction 2 has much higher rate and considerably lower affinity for oxidized nucleotide (V,, =
1.7 umol/min per mg protein and K, = 160 uM, for SMP). FP catalyzes only reaction 1. ADP-ribose inhibits reaction 1 with
mixed type inhibition (competitive with non-competitive) with respect to NADH and APAD*. Rhein competes with both
substrates. The results suggest that at least two nucleotide-binding sites exist in Complex 1.
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three-subunit flavoprotein

NADH:ubiquinone oxidoreductase (Complex I,
NADH-dehydrogenase, EC 1.6.5.3) is an exceedingly
complex component of the mitochondrial respiratory
chain. The enzyme catalyzes the oxidation of NADH by
ubiquinone coupled with the vectorial transfer of four pro-
tons from mitochondrial matrix into intermembrane space
[1]. The molecule of the enzyme consists of at least 42 sub-
units encoded by the mitochondrial and nuclear genomes
(the overall molecular weight is about 1,000 kD) [2, 3], and
contains 5-7 iron-sulfur centers [4, 5], tightly bound FMN
[6], and at least two types of bound ubiquinone [7].

The structures of homologous procaryotic proton-
translocating NADH:quinone oxidoreductases (NDH-1)
are significantly simpler (the ngo genome operon of
Paracoccus denitrificans consists of 14 genes encoding the
polypeptides of the Complex and six open reading
frames) [8]. There are 14 homological polypeptides
among mitochondrial Complex I subunits. It is consid-
ered that functioning mechanisms of the Complexes in
mitochondrial and procaryotic membranes are the same

Abbreviations: SMP) submitochondrial particles; FP) flavopro-
tein, three-subunit fragment of Complex I; APAD(H)) 3'-
acetylpyridine adenine dinucleotide, an NAD(H) analog; DD)
hydride ion transfer between NADH (or its analogs) and NAD*
(or its analogs), DPNH—DPN*-exchange; DMSO) dimethyl
sulfoxide.

(or very similar). Thus, it can be supposed that 14 of 42
(or more) mitochondrial enzyme subunits form the min-
imal structure essential for catalysis; the function of the
other 28 subunits is unknown.

The characteristics of Complex I nucleotide-binding
active center(s) are poorly investigated. Until recently it
was generally accepted that the enzyme has the single
specific binding center for NADH and/or NAD™, associ-
ated with it 51 kD flavin-containing subunit [9, 10]. The
amino-acid sequences analysis of the enzyme subunits
confirms the presence of typical nucleotide-binding motif
in 51 kD subunit [2] and revealed the existence of anoth-
er possible site of nucleotide binding in 39 kD subunit [2].
A number of results (briefly listed below) are not in accor-
dance with existence of the single nucleotide-binding
center in Complex I.

1. Differences in Fe-S clusters reduction, during the
NADH and NADPH oxidation, led Albracht et al. to the
hypothesis suggested that NADH:ubiquinone oxidore-
ductase was a heterodimer [11] or a monomer with eight
Fe-S centers and two FMN [12].

2. The kinetics of the superoxide-radical generation
by Complex I are characterized with two K, both for
NADH and NADPH [13, 14].

3. Depending on concentration, NAD™ affects as
competitive or non-competitive inhibitor with respect to
NADH [15, 16].
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4. The substrate photo-affinity analogs label several
subunits of the enzyme [17-19].

5. The enzyme affinities to NAD* and NADH, dur-
ing NADH oxidation and Afiy+-dependent NAD™ reduc-
tion by ubiquinone, are essentially different [20].

6. ADP-ribose competes with NADH during oxida-
tion, catalyzed by Complex I in SMP, but do not affect
the reverse reaction [21]. The treatment of SMP by aryl-
azido-fB-alanine ADP-ribose results in 20-fold inhibition
of the first activity, whereas the second one decreased just
2.5-fold [22].

All of the data mentioned indicate that the amount
of nucleotide-binding centers still remains unknown.
Nevertheless, the determination of the quantity of
nucleotide-binding centers operating in NADH:
ubiquinone oxidoreductase is necessary for understand-
ing of the enzyme operation mechanism. The capability
of Complex I to catalyze the DD-transhydrogenase reac-
tion (the hydride ion reversible transfer from NADH to
oxidized 3’-acetylpyridine adenine dinucleotide
(APADY)) [23-25] represents one of the possibilities for
the enzyme nucleotide-binding characteristics study.
The kinetic analysis of this bi-substrate reaction can
serve as indirect but quite reliable instrument for this
purpose. In this connection, the investigation of the
kinetic mechanism of the NADH—APAD" transhydro-
genase reaction embodies the expediency, because it can
lead to the determination of the enzyme substrate-bind-
ing centers quantity.

In the previous brief publication [26], we revealed
that DD-transhydrogenase reaction, catalyzed by three
different preparation of mitochondrial NADH-dehydro-
genase, passed with a formation of the ternary complex.
This suggests the participation of at least two nucleotide-
binding centers in this reaction. The more detailed analy-
sis of DD-transhydrogenase reaction catalyzed by SMP,
isolated Complex I and FP is presented in this paper. The
possible scheme of the transhydrogenase reaction cataly-
sis by the enzyme is discussed.

MATERIALS AND METHODS

SMP [27], Complex I [15], and FP [28] were pre-
pared according to the published methods. Protein con-
tent was determined with biuret reagent (SMP and
Complex I) or by the Lowry procedure (FP).

The transhydrogenase activity was measured at
26°C. The reaction was followed as an increase in
absorption at 375 nm (E213 = 5.1), due to the simultane-
ous NADH oxidation with APAD™ reduction [29]. The
assay mixture for SMP contained 0.25 M sucrose,
20 mM Tris-HCI, 0.2 mM EDTA, pH 8.0, and 4 uM
rotenone. The Complex I activity was measured in the
reaction mixture containing 20 mM Tris-HCI, 0.2 mM
EDTA, pH 8.0, 0.5 mg/ml of BSA, 0.15 mg/ml of
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azolectin (the soy bean phospholipid mixture), and 4 uM
rotenone. Complex I (0.5 mg/ml) was pre-incubated in
the assay mixture without rotenone and with 1 mg/ml of
azolectin, before using (1 h, room temperature). The FP
activity was measured in the reaction mixture containing
20 mM Hepes, 0.2 mM EDTA, pH 8.0. SMP (10-30 pg/
ml), Complex I (1-3 pg/ml), or FP (0.5 pug/ml) were
added to assays during the activity measurements. The
Complex I and FP solutions were kept on ice during the
time of experiments.

For mitochondrial nicotinamide nucleotide transhy-
drogenase (H*-transhydrogenase, EC 1.6.1.1) inactiva-
tion, SMP were subjected to the weak trypsinolysis [30].
The suspension of SMP (40-50 mg/ml) was diluted to
20 mg/ml by the medium containing 0.25 M sucrose,
20 mM Tris-HCI, pH 8.0, 0.2 mM EDTA, and trypsin
(0.1 mg per 1 mg of SMP). The suspension was incubat-
ed 30 min at 0°C and then diluted with the same medium,
but without trypsin, for the stock solution of SMP prepa-
ration (1-3 mg/ml). This solution was kept on ice during
the follow experiment.

The reduced 3'-acetylpyridine adenine dinucleotide
(APADH) was obtained with alcohol dehydrogenase
reaction [31, 32]. APAD" water solution (80-100 mM,
0.1 ml) was supplemented with 0.5 ml of 100 mM Tris
(pH 9.4), containing 103 mM ethanol, 110 mM semicar-
bazide, and 10 mg/ml of alcohol dehydrogenase (25 U/
mg). The mixture was incubated for 10-15 min at 4°C.
The reduction of APAD™ entailed with increase of
absorbance at 363 nm (5-10 pl of the reaction mixture was
put into 2-ml cuvette for absorbance measurements). On
the reaction completion, the mixture was boiled for 2 min
to denature the alcohol dehydrogenase, then quenched
and centrifuged. The APADH concentration in the
supernatant was determined using the coefficient E2¢; =
9.1[33].

The APAD" and NAD™ concentrations in solutions
used were determined with alcohol dehydrogenase [33].
The nucleotides (20-50 uM) were added to the reaction
mixture containing 100 mM Tris (pH 8.7), 103 mM
ethanol, 73 mM semicarbazide, and 5 or 50 U of alcohol
dehydrogenase, in case of NAD* and APAD", corre-
spondingly. E2Y) = 6.22 and E2$ = 9.1 were used for cal-
culations, correspondingly [33]. The NADH preparation
used (Sigma, USA, No. 8129, prepared enzymatically)
did not contain NAD* impurity.

ADP-ribose and rhein concentrations were deter-
mined using £%), = 15.4 and E*3, = 11.1, corresponding-
ly.

NADH, NAD*", APAD", ADP-ribose, Hepes,
EDTA, rotenone, and DMSO were from Sigma, alcohol
dehydrogenase from Sigma and Reanal (Hungary). Tris
(base) was from Merck (Germany), rhein was from
Aldrich (USA).

The calculations and curve fittings were performed
using Microcal Origin version 4.0, computer program.
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RESULTS

The Kinetics of DD-Transhydrogenase Reaction
Catalyzed by Complex I in SMP

The NADH—>APAD" reaction. The dependences of
initial rate on both substrates concentrations for the
transhydrogenase reaction, catalyzed by Complex I in
SMP, were studied for the kinetic mechanism establish-
ment (Fig. 1). The direct plots dependences obtained
looked like curves with plateaus (Fig. 1, a and b).
Whereas the shape of double reciprocal plots curves sug-
gested the complicated kinetics of the reaction (Fig. 1, ¢
and d). The reaction rate dependences on NADH con-
centrations were linear at any APAD" concentration in
double reciprocal plots. However, the lines obtained at
low and high APAD" concentrations intercepted in dif-
ferent points (Fig. 1c). The reaction rate dependences on
APAD™ concentration were not linear in double recipro-
cal plots (Fig. 1d). It is obviously, that different intercep-
tion points for curves on Fig. 1c are the consequences of
the non-hyperbolic dependences of the reaction rate on
APAD" concentration. The data presented suggest that
there are two NADH—->APAD" reactions occur, different
in rates and affinities to APAD™. One of them (further
named the reaction 1) has high affinity to APAD* and
comparatively low V,; another one (further named the
reaction 2), on the contrary, has low affinity to APAD*
and high V.

The interception of lines (in all range of NADH con-
centrations and extrapolated for low APAD™ concentra-
tions) serves as diagnostic test for the ternary complex
mechanism for reaction 1. In the case of binary complex
mechanism (“ping-pong”), such dependences would
look like the series of parallel lines. In turn, the formation
of the ternary complex during the reaction 1 is an indica-
tion that at least two nucleotide-binding centers partici-
pate in it. The VP double reciprocal dependences on
fixed substrates concentrations (Fig. 1, e and f), obtained
from Figs. Ic and 1d data, allow to determine the true K|,
and V,, for reaction 1 (Table 1, in the case of reaction 2
the approximate values are given).

The other difficulty in kinetics of DD-transhydro-
genase reaction, catalyzed by Complex I in SMP, is that
there is double substrate inhibition in wide ranges of
NADH and APAD™ concentrations (Fig. 2). The inhibi-
tion by each nucleotide is better visible at low concen-
trations of another substrate. Both substrates inhibit the
reaction in concentrations one order higher then corre-
sponding K, (Fig. 2, a and b). In further investigations
we used both nucleotides in non-inhibiting concentra-
tions.

The kind of the dependences obtained and quantity
parameters of the reactions did not change in the pres-
ence of myxothiazol instead of rotenone, and did not
depend on SMP coupling. The treatment of SMP with
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trypsin [30], specifically inactivating the mitochondrial
proton-translocating nicotinamide nucleotide transhy-
drogenase (EC 1.6.1.1), also did not lead to the DD-reac-
tion kinetics alterations.

The APADH—NAD" reaction. When APADH and
NAD™ were used as substrates, the rate dependences
on the oxidized nucleotide concentration were also
biphasic (data not shown). Two APADH—-NAD"
reactions are about 4 times slower and have signifi-
cantly lower affinities to the reduced nucleotide in
comparison with corresponding NADH—>APAD*
reactions (Table 1).

The Kinetics of DD-Transhydrogenase Reactions
Catalyzed by Isolated Complex I and FP

Complex I. The kinetics of the reaction catalyzed by
isolated Complex I is qualitatively similar to the SMP one
(data not shown). K, for nucleotides obtained were close
to values calculated for SMP, whereas corresponding V,,
were about 3-5 times higher in the case of isolated
enzyme (as expected because of essential enzyme purifi-
cation) (Table 2). The double substrate inhibition by high
concentrations of nucleotides was also observed in reac-
tion, catalyzed by isolated Complex 1.

FP. As it was mentioned, FP (fragment of Complex
I) consists of just three subunits and represents the min-
imum structure capable to catalyze both NADH oxida-
tion and transhydrogenase reaction. The complicated
kinetics of reaction, described in preceding section,
suggests the presence of more than one nucleotide-
binding center consisting of native enzyme. Some of
these centers can be located in hydrophilic subunits of
the enzyme. In this connection, the kinetic investiga-
tion of DD-reaction, catalyzed by FP, was of particular
interest.

As shown on Fig. 3, NADH—APAD" reaction,
catalyzed by three-subunit flavoprotein (FP), has sim-
ple hyperbolic rate dependences on both substrate
concentrations, in the range of 40-200 and 3-100 uM,
for NADH and APAD" correspondingly (Fig. 3, a and
b). These dependences are linearized in double recip-
rocal plots (Fig. 3, ¢ and d). The intercepting lines
suggest the formation of the ternary complex during
the reaction. As already mentioned, this requires at
least two nucleotide-binding centers. It is obviously
that three-subunit fragment of Complex I capable to
catalyze the reaction 1: KPAP" determined is close to
values obtained for SMP and isolated Complex I
(Table 2). The dependences for reaction catalyzed by
FP in presence of guanidine (FP activator [28, 34,
35]) were analogous to those obtained in its absence
(data not shown), but reaction in this case had differ-
ing affinities to substrates and 4 times higher velocity
(Table 2).
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Fig. 1. The kinetics of NADH—>APAD™ transhydrogenase reaction catalyzed by SMP (26°C, pH 8.0): a, b) direct plots; ¢, d) double recip-

rocal plots. Figures on the lines are the concentrations of another substrate; e, f) Vi’ dependences on substrate concentrations (on (¢) and
(d) data).
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Fig. 2. The substrate inhibition of NADH—APAD" transhydrogenase reaction (SMP) by high substrates concentrations. The reaction rate
dependences on nucleotide concentrations in wide range: a) on NADH concentration in the presence of 50 uyM APAD*; b) on APAD* con-

centration in the presence of 4 uM NADH.

Table 1. The parameters of DD-reactions catalyzed by
Complex I in SMP (pH 8.0, 26°C)

Reaction 1 Reaction 2
(ternary complex)

NADH — APAD"
K NAPH (nM) 0.65 7
KAPAD" (M) 9 500
V., (umol/min 0.22 2
per mg protein)

APADH — NAD*
K APADH (M) 50 250
K NAD™ (1M * 4 70
V (umol/min 0.05 0.4
per mg protein)

* The apparent K, values found in the presence of 100 uM APADH are
given. The discrepancy of presented values obtained in several exper-
iments was at most 10%.
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As for the native enzyme, the reaction catalyzed by
FP is inhibited by high concentrations of NADH (Fig.
3a). This inhibition disappear in the presence of high
APAD" concentration, this suppose the competition
between nucleotides. Guanidine did not prevent the sub-
strate inhibition. No inhibition by high concentrations of
APAD* was observed for FP.

The simple kinetics of reaction catalyzed by three-sub-
unit NADH-dehydrogenase, allowed to compare the theo-
retical dependences for chosen model steady-state kinetics
(see below) with experimentally obtained results. The pre-
sented kinetic scheme of reaction was used as model:

NAD"
NADH APAD" APADH
. NADH \ NADH / .
E<—> E- D S E‘APAD+ - E
/NADH
NADH
E -NaADH

The following expression describes the steady-state
initial rate solution for this model:
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v = Vm
a A B A’
. KA Kn (1+%) KiKp (L4 %)
.
A B A’ B

where K2 is Michaelis constant for NADH; KP is
Michaelis constant for APAD™; K, is substrate constant
determined for NADH; K, is substrate inhibitor con-
stant for NADH; A is NADH concentration; B is
APAD" concentration; V,, is maximal rate; v is initial

Vo, Mmol/min per mg protein

1/Vo

0.05

NADH _—
K™ =19uM 1/NADH, uM-"

rate of the reaction. The substrate inhibition by NADH,
competitive with respect to APAD™, is represented by
multiplication of K2 to (1 + A/K)) in the expression
mentioned.

Figure 4 (a and b) shows that at 3 uM APAD™ theo-
retical curves (solid lines) are well coinciding with exper-
imental data at KNAPH gNADH g APADT anq 1 deter-
mined (Table 2) and K, for NADH adjusted (500 and 50 uM,
in the absence or presence of 75 mM guanidine, corre-
spondingly).

200

Vo, Hmol/min per mg protein

0 20 40 60 80 100
APAD", uM
14
d 16F
< t2p A

1/APAD", uM~"!

Fig. 3. The kinetics of NADH—>APAD" transhydrogenase reaction catalyzed by FP (26°C, pH 8.0): a, b) direct plots; c, d) double recip-
rocal plots. Figures on the lines are the concentrations of another substrate.
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Table 2. The parameters of NADH—>APAD™ transhydrogenase reaction 1 catalyzed by SMP, Complex I, and FP
(pH 8.0, 26°C)

Preparation
Parameter
SMP Complex I FP
— guanidine + 75 mM guanidine

K NAPH (M) 0.65 1.4 60 5
KNAPH (IM) 1.8 2.1 20 1.2
KAPAD (UM) 9 14 9 18
V., (umol/min per mg protein) 0.22 0.56 8 35
K NAPH (uM)* 500 50
[(iADP—ribose (HM)

with respect to NADH 40 (C+ NC)** | 110 (C + NO) 1800 (C) 110 (C + NO)

with respect to APAD* 150 (C + NC) 190 (C + NC) 4200 (NC) 110 (C + NC)
[(irhein (HM)

with respect to NADH 10 (C)

with respect to APAD* 16 (C)

* The constant for NADH substrate inhibition, theoretically determined values (expression on p. 656).
** Parenthetically pointed the type of inhibition: C, competitive; NC, non-competitive. The discrepancy of presented values obtained in several
experiments was at most 10%.

The Effects of ADP-Ribose and Rhein on DD-Reaction 1 by Complex I, allows the study of inhibitory effects on
reaction 1.

The essential difference in affinities to oxidized ADP-ribose. ADP-ribose is an effective inhibitor of

nucleotide of two NADH—>APAD™ reactions, catalyzed reactions catalyzed by different preparations of the mito-
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Fig. 4. The double reciprocal dependences of NADH—>APAD" transhydrogenase reaction rate (FP) on NADH concentration in wide
range (APAD*, 3 uM): a) in the absence of guanidine; b) in the presence of 75 mM guanidine.
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Fig. 5. The effect of ADP-ribose on NADH—APAD" transhydrogenase reaction 1 catalyzed by SMP (a, b) and FP in the absence of guani-
dine (c, d) (double reciprocal plots): a, ¢) with respect to NADH (20 and 80 uM of APAD™, correspondingly); b, d) with respect to APAD*
(8 and 200 pM NADH, correspondingly). Figures indicate the ADP-ribose concentrations. K; was determined by Dixon method.
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Fig. 6. The effect of rhein on NADH—>APAD" transhydrogenase reaction 1 catalyzed by SMP (double reciprocal plots): a) with respect to
NADH (APAD*, 7 uM); b) with respect to APAD*™ (NADH, 8 uM). Figures indicate the rhein concentrations. K; was determined by Dixon

method.

chondrial NADH-dehydrogenase, competitive with
respect to NADH [21]. It was shown in our laboratory
that this inhibitor blocks the reactions of NADH oxida-
tion, not affecting on the reverse electron transfer. It was
of obvious interest to study the ADP-ribose effect on
NADH—-APAD™ transhydrogenase reactions catalyzed
by different enzyme preparations.

Figure 5 (a and b) demonstrates the results obtained
for the ADP-ribose effect on reaction 1 catalyzed by
Complex I in SMP. The straight lines intersection in dou-
ble reciprocal plots (fourth quadrant) suggests the mixed
type of inhibition with respect to both substrates of the
reaction. The analogous results were obtained for isolated
Complex I (data not shown). KAPP-° found with Dixon
plots for SMP and Complex I are very similar (Table 2).
They many-fold higher then values obtained for NADH-
oxidase and NADH-ferricyanide reductase reactions
(25 uM) catalyzed by SMP [21].

The ADP-ribose influence on the reaction, cat-
alyzed by FP in the presence of 75 mM guanidine, was
analogous to those observed for the native enzyme prepa-
rations (Table 2). In the absence of guanidine the types of
inhibition convert into competitive with respect to
NADH and non-competitive with respect to APAD™
(Fig. 5, c and d), the affinity to the inhibitor significantly
decreasing (Table 2).

Rhein. Rhein (1,8-dihydroxy-9,10-anthraquinone-
3-carboxylic acid) is an effective inhibitor of NADH oxi-
dation, catalyzed by Complex I, competitive with respect
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to NADH [36-38]. The intrinsic redox-activity of rhein
(as an artificial electron acceptor) is an imperfection of
this compound, which interferes the study of its effects on
reaction catalyzed by isolated Complex I and FP.
Therefore, we just investigated the effect of rhein on DD-
reaction 1, catalyzed by Complex I in SMP, where the
redox-activity of the compound is not essential. In accord
with data presented on Fig. 6, rhein effectively inhibits
reaction 1, competitively with respect to both substrates
(Table 2).

DISCUSSION

We have shown that NADH—APAD™ transhydroge-
nase reaction, catalyzed by SMP, has a complicated
kinetics. Formally, the results obtained can be interpreted
as the preparation simultaneously catalyzes two reactions
with different kinetic parameters.

The inner mitochondrial membrane (and SMP, con-
sequently) contains the proton-translocating nicotin-
amide nucleotide transhydrogenase (H*-transhydroge-
nase, EC 1.6.1.1), catalyzing the reversible hydride-ion
transfer between NADH and NADP*. In our previous
paper was shown that treatments with trypsin and palmi-
toyl-CoA, selectively inhibiting H*-transhydrogenase,
did not alter the kinetics of DD-transhydrogenase reac-
tion catalyzed by SMP at pH 8.0 (in the absence of
NADPH) [26]. Thus, no one of reactions supposed does
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not concerned with nicotinamide nucleotide transhydro-
genase activity.

There are some more NAD(P)H-dependent
enzymes in mitochondria (in matrix and outer mem-
brane), which potentially capable to catalyze the transhy-
drogenase reaction [39, 40]. Lipoyl dehydrogenase (the
lipoyl dehydrogenase component of the o-keto-acids
dehydrogenases) catalyzes the hydride-ion detachment in
4B position, as Complex I does, during reverse reaction,
NADH oxidation and lipoic acid reduction [39].
However, even if these enzymes consist in SMP, they are
inside of locked vesicles impenetrable for nucleotides.
The possibility of their presence in isolated Complex I
and FP is highly improbable. The absence of qualitative
differences in kinetics of NADH—>APAD" reactions, cat-
alyzed by SMP and isolated Complex I, confirms that the
measured activity concerned only with NADH:
ubiquinone oxidoreductase operations.

According to the data presented, two DD-transhy-
drogenase reactions, catalyzed by mitochondrial
NADH:ubiquinone oxidoreductase, differ in rates and
affinities to the oxidized nucleotide. Reaction 1 has high
affinity to the oxidized form of the nucleotide, compara-
bly low V,, and occurs with a formation of the ternary
complex, i.e., with participation of at least two
nucleotide-binding centers. Only this reaction retains
during the Complex I fractioning (FP purification). For
all of the NADH-dehydrogenase preparations used, close
KAPADT values were obtained for reaction at low APAD*
concentrations (Table 2), and V,, increased proportional-
ly with FMN concentration. The substrate inhibition by
high NADH concentrations, competitive with respect to
APAD™, was shown for reaction 1.

NADH
%E\) i B NAD"
TN A e
APAD*\ 2 2 penos
APAD
. (.»/(xPAD* ;/ .E'-_édeAD+
APADH

Fig. 7. Scheme illustrating the participation of two nucleotide-
binding centers in NADH—>APAD™ transhydrogenase reac-
tions 1 and 2, catalyzed by Complex 1. Active centers of oxi-
dized and reduced enzyme (E,, and E 4, correspondingly) are
indicated by the points. For further explanations see text.
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Reaction 2 has worse affinity to the oxidized
nucleotide and higher velocity (Table 1). The data obtained
do not allow the establishment of this reaction mechanism,
since it cannot be measured separately, without reaction 1.
If reaction 2 would occur with the ternary complex forma-
tion, NADH:ubiquinone oxidoreductase should have at
least three nucleotide-binding centers then. However, in
the case this reaction occurs with “ping-pong” mecha-
nism, either individual center(s) or one of the reaction 1
centers can participate in it. The center binding APAD™ in
reaction 1, obviously, do not participate in reaction 2: the
affinities to the oxidized nucleotide are considerably differ-
ent in those reactions. Consequently, among centers
involved in reaction 1, only one, binding NADH, could
take part in the second reaction. In such a case the summa-
rized reaction of DD-transhydrogenation could be
described by the scheme presented on Fig. 7. In this
scheme the path 7 corresponds to reaction 1, occurring
with the ternary complex formation and possessing high
affinity to the oxidized nucleotide and low rate. According
to this scheme, reaction 2 is possible in the case of APAD™
reduction via NADH binding center (path 2). In that way,
both reactions catalyzed by Complex I can theoretically
occur with involvement of just two nucleotide-binding
centers. However FP, containing both centers participating
in reaction 1, does not catalyze reaction 2, even in the pres-
ence of guanidine, which makes FP behavior similar to the
native enzyme. This can suggest the presence of individual
center(s) for reaction 2 in native Complex I. According to
Chen and Guillory data [18], 98% of Complex I transhy-
drogenase activity disappear under parting of 42-, 39.5-, and
30.5-kD subunits. All of these three subunits are labeled by
photo-affinity analogs of nucleotides [18, 19]. Our data is
that, the rate of reaction 2, disappearing while fractioning,
is one order higher then rate of remaining reaction 1. It is
in good agreement with Chen and Guillory data. Thus, the
reaction 2 can proceed with a center(s) locating on 42-,
39.5-, or 30.5-kD subunits.

In this paper, the ADP-ribose and rhein (the
reversible inhibitors of Complex I active center) effects on
NADH-—>APAD™ reaction 1, occurring with the ternary
complex formation, have been investigated. Using these
inhibitors we planed to reveal whether substrates interact
with enzyme during the reaction by the ordered mecha-
nism or not. The employment of other approaches for this
purpose (products inhibition, alternative substrates, direct
and reverse reactions constants ratio) is difficult in the
case of DD-reaction: the substrates of such a reaction are
its products.

The use of ADP-ribose (mixed competitive with
non-competitive type of inhibition with respect to both
substrates) did not permit to establish whether the reac-
tion 1 is ordered. It should be noted that ADP-ribose
merely competes with NADH in others reactions of
Complex 1. Moreover, it does not affect on the reverse
electron transfer reaction [21].
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The competition of rhein with NADH and APAD" in
reaction 1 could be the consequence of its binding in two
centers operating in this reaction. On the other hand, if
rhein binds with enzyme only in one of the nucleotide-
binding centers, its competition with both substrates would
suggest the ordered mechanism of NADH—->APAD" reac-
tion 1. Rhein competes with NADH in other reaction of
Complex I as well [38]. In case the NADH binding center
is the only place of rhein interaction with enzyme, it would
imply that DD-reaction 1 has ordered mechanism, and
NADH is the first substrate. This assumption is confirmed
by the close values of K" obtained with respect to NADH
and APAD" (Table 2). Though, the results of this investiga-
tion cannot allow the univocal conclusion of whether DD-
reaction 1 is ordered, without reliable data concerning
amount of rhein binding places in Complex I [38].

Nevertheless, the investigation of the transhydroge-
nase reaction 1 ordering, as well as the establishment of
mechanism of the second NADH—>APAD™" reaction,
catalyzed by mitochondrial NADH:ubiquinone oxidore-
ductase, seems to be essential for determination of this
enzyme nucleotide-binding centers functions.

I thank Professor A. D. Vinogradov and Dr. T. V.
Zharova for advice and help during the manuscript prepa-
ration.

This work was supported by the Russian Foundation
for Basic Research (grants 99-04-48082 and 01-04-
06269), by the Program of Advanced Schools in Science
(grant 00-15-97798), and by the Swedish Royal Academy
of Science (grant 12557).

REFERENCES

1. Galkin, A. S., Grivennikova, V. G., and Vinogradov, A. D.
(1999) FEBS Lett., 451, 157-161.

2. Fearnley, I. M., and Walker, J. E (1992) Biochim. Biophys.
Acta, 1140, 105-135.

3. Brandt, U. (ed.) (1998) Biochim. Biophys. Acta, 1364 (spe-
cial issue).

4. Ohnishi, T., Ragan, C. I., and Hatefi, Y. (1985) J. Biol.
Chem., 260, 2782-2788.

5. Sled, V. D., Friedrich, T., Leif, H., Weiss, H., Meinhardt,
S. W., Fukumori, Y., Calhoun, M., Gennis, R. B., and
Ohnishi, T. J. (1993) J. Bioenerg. Biomembr., 25, 347-356.

6. Rao, N. A, Felton, S. P., Huennekens, F. M., and Mackler,
B. (1963) J. Biol. Chem., 238, 449-455.

7. Vinogradov, A. D., Sled, V. D., Burbaev, D. Sh.,
Grivennikova, V. G., Moroz, 1. A., and Ohnishi, T. (1995)
FEBS Lett., 370, 83-87.

8. Yagi, T.,, Yano, T., Di Bernardo, S., and Matsuno-Yagi, A.
(1998) Biochim. Biophys. Acta, 1364, 125-133.

9. Deng, P. S. K., Hatefi, Y., and Chen, S.
Biochemistry, 29, 1094-1098.

(1990)

BIOCHEMISTRY (Moscow) Vol. 67 No.6 2002

661

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

11. Van Belzen, R., van Gaalen, M. C. M., Cuypers, P. A., and
Albracht, S. P. J. (1990) Biochim. Biophys. Acta, 1017, 152-159.

12. Albracht, S. P. J., Mariette, A., and de Jong, Ph. (1997)
Biochim. Biophys. Acta, 1318, 92-106.

13. Takeshige, K., and Minakami, S. (1979) Biochem. J., 180,
129-135.

14. Kang, D., Narabayshi, H., Sata, T., and Takeshige, K.
(1983) J. Biochem., 94, 1301-1306.

15. Hatefi, Y. (1978) Meth. Enzymol., 53, 3-7.

16. Avraam, R., and Kotlyar, A. B. (1991) Biokhimiya, 56,
2253-2260.

17. Chen, S., and Guillory, R. J. (1981) J. Biol. Chem., 256,
8318-8323.

18. Chen, S., and Guillory, R. J. (1984) J. Biol. Chem., 259,
5124-5131.

19. Yamaguchi, M., Belogrudov, G. 1., Matsuno-Yagi, A., and
Hatefi, Y. (2000) Eur. J. Biochem., 267, 329-336.

20. Vinogradov, A. D. (1993) J. Bioenerg. Biomembr., 25, 367-
375.

21. Zharova, T. V., and Vinogradov, A. D. (1997) Biochim.
Biophys. Acta, 1320, 256-264.

22. Frenkin, M. V., and Kotlyar, A. B. (1999) Biochim. Biophys.
Acta, 1413, 139-146.

23. Minakami, S., Cremona, T., Ringler, R. L., and Singer, T.
P. (1963) J. Biol. Chem., 238, 1528-1537.

24. Kaufman, B., and Kaplan, N. O. (1961) J. Biol. Chem.,
236, 2133-2139.

25. Ragan, C. 1., Widger, W. R., and King, T. E. (1974)
Biochem. Biophys. Res. Commun., 60, 894-900.

26. Zakharova, N. V., Zharova, T. V., and Vinogradov, A. D.
(1999) FEBS Lett., 444, 211-216.

27. Kotlyar, A. B., and Vinogradov, A. D. (1990) Biochim.
Biophys. Acta, 1019, 151-158.

28. Galante, Y., and Hatefi, Y. (1978) Meth. Enzymol., 53, 15-
21.

29. Stein, A. M., Kaplan, N. O., and Ciotti, M. M. (1959) J.
Biol. Chem., 234, 979-986.

30. Ragan, C. 1. (1976) Biochem. J., 156, 367-374.

31. Mansurova, S. E., Drobishey, V. 1., and Kulaev, I. S. (1972)
J. Bioenerg. Biomembr., 3, 499-507.

32. Rafter, G. W., and Colowick, S. P. (1957) Meth. Enzymol.,
3, 887-899.

33. Siegel, J. M., and Montgomery, G. A. (1959) Arch.
Biochem. Biophys., 82, 288-299.

34. Galante, Y. M., and Hatefi, Y. (1979) Arch. Biochem.
Biophys., 192, 559-568.

35. Hatefi, Y., Stempel, K. E., and Hanstein, W. G. (1969) J.
Biol. Chem., 244, 2358-2365.

36. Kean, E. A. (1968) Arch. Biochem. Biophys., 127, 528-533.

37. Kean, E. A., Gutman, M., and Singer, T. P. (1970)
Biochem. Biophys. Res. Commun., 40, 1507-1513.

38. Kean, E. A., Gutman, M., and Singer, T. P. (1971) J. Biol.
Chem., 246, 2346-2353.

39. Lee, C. P. (1987) Chemica Scripta, 27A, 21-26.

40. Matthews, R. G., Ballou, D. P, and Williams, Ch. H.
(1979) J. Biol. Chem., 254, 4974-4981.



