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Abstract Two distinct species of Complex I-associated
ubisemiquinones (SQy,; and SQy,) were detected by cryogenic
EPR analysis of tightly coupled submitochondrial particles oxi-
dizing NADH or succinate under steady-state conditions. The
g = 2.00 signals from both fast-relaxing SQy; (P, = 170 mW at
40 K) and slow-relaxing SQy, (P, = 0.7 mW) are sensitive to
uncouplers, rotenone and thermally induced deactivation of Com-
plex 1. At higher temperatures the SQy; signal is broadened and
only the SQy, signal is seen (P, =7 mW at 105 K). The spin—
spin interaction between SQy; and the iron-sulfur cluster N2 was
detected as split peaks of the g, 2.05 signal with a coupling
constant of 1.65 mT, revealing their mutual distance of 8-11 A.
The data obtained are consistent with a model in which N2 and
two interacting bound ubisemiquinone species are spatially ar-
ranged within the hydrophobic domain of Complex I, participat-
ing in the vectorial proton translocation.
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1. Introduction

The NADH-ubiquinone oxidoreductase (EC 1.6.99.3), usu-
ally termed Complex I, catalyzes electron transfer from NADH
to the ubiquinone pool coupled with vectorial translocation of
protons across the mitochondrial inner membrane [1-3]. There
has been a great deal of progress during recent years in the
structural studies of the mammalian [4], Neurospora crassa en-
zymes [5], and their simpler bacterial counterparts [6,7]. Little
is known, however, about the sequence of electron transfer
within the Complex I, which is composed of more than 40
subunits (bovine heart) [2,4], containing one flavin mononucle-
otide (FMN) [8], at least six EPR-detectable iron-sulfur clus-
ters [9,10] and at least two bound ubiquinone (Q) species.
Among the intrinsic redox components, FMN and Q may func-
tion as classical redox-linked proton translocators providing
their appropriate spatial locations within the enzyme [11-14].
The net rotenone-sensitive 2 € reduction of the bulk Q must be
accompanied by 2H" uptake into the hydrophobic phospho-
lipid bilayer. As a result, this makes somewhat difficult to
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mitochondrial particles.

reconcile proton translocation with the quinone reduction
step(s). To overcome this problem, several schemes have been
put forward where bound Q was placed between low- and
high-redox potential iron-sulfur clusters, thus making the
ubisemiquinone Q*"(H") an obligatory participant of the elec-
tron/proton transfer reaction, preceding the terminal reduction
of bulk ubiquinone by the most positive iron-sulfur cluster
(N2) [14-16]. Indeed, the formation of ubisemiquinone upon
reduction of isolated Complex 1 by NADH [17] or during the
steady-state [18,19] and presteady-state [20] NADH oxidation
by the submitochondrial particles has been documented.

However, such schemes seem to be unlikely due to an appar-
ent lack of redox components on the oxygen side of the ro-
tenone-sensitive Q reduction step, the thermodynamic proper-
ties of the iron—sulfur clusters [10], and the kinetic analysis of
the cluster N2 reduction in Q-depleted submitochondrial parti-
cles [21]. Recently, an energy-coupled vectorial dismutation
between specifically bound paired ubisemiquinones has been
proposed as the terminal proton translocation step in Complex
1 [19,22]. The essential features which follow from this model
[22] are: (i) no terminal electron acceptors other than the bulk
ubiquinone are required; (ii) two species of bound ubisemiqui-
none with different spatial arrangement relative to the iron-
sulfur cluster N2 exist during the aerobic steady-state NADH
oxidation; and (iii) the relative concentration of ubisemiqui-
nones is Az, +-dependent. Point (iii) has been documented using
tightly coupled submitochondrial particles [19]. The existence
of two EPR-detectable species of Complex I-associated
ubisemiquinones {point (ii)) has also been briefly reported [23].
Recently, our conclusions were questioned by Albracht and his
collaborators [24].

In this paper we will present data describing two types of the
Complex I-associated, 4z +-sensitive ubisemiquinone species
(SQuy fast relaxing; and SQu,, slowly relaxing). The dis-
tance of 8-11 A between SQy, and the iron—sulfur cluster N2
was estimated based on their spin—spin interaction.

2. Materials and methods

2.1. Submitochondrial particles

Tightly coupled submitochondrial particles were prepared [25] and
treated for activation of Complex I and succinate dehydrogenase [18]
as previously described. Deactivation of Complex 1 was achieved by
incubation of the particles for 30 min at 37°C [25].

2.2. Preparation of samples for EPR measurements

The suspension of submitochondrial particles (15 mg/ml, determined
by the biuret procedure) in 0.25 M sucrose, 50 mM Hepes (pH 8.0) and
1 mg/ml of bovine serum albumin was placed in an EPR tube (further
additions are indicated in the legends to the figures) at room tempera-
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ture. The steady-state electron transfer was initiated by the addition of
1.5 mM NADH and/or 20 mM succinate (potassium salts). The mixture
was incubated for 5 s. Samples were rapidly (~1 s) frozen in cold pentane/
cyclohexane mixture (5:1, v/v) and stored in liquid nitrogen until EPR
measurements were carried out.

2.3. EPR-measurements

EPR measurements were performed with Bruker 300 spectrometer
operating at X-band (9.2 GHz). The sample temperature was regulated
by Oxford instrument ESR-9 helium flow cryostat.

The power saturation data was analyzed by computer fitting to the
equation:

M =

A=

i

A= T CNPI(1+ PPy )™

where A; is an amplitude of the i~th type free radical; C; is a coefficient
for the actual content of the i-th type free radical in the sample; P,
is the half-saturation power and b; is the ‘inhomogenity parameter’ [26).
Simulation of the power saturation curves was performed using the
software Origin (MicroCal Software, Inc.), utilizing the Marquardt-
Levenberg algorithm and simplex method for non-linear least-square
fitting.

3. Results

Fig. 1 presents low temperature EPR spectra of uncoupled
(A) and tightly coupled (B) bovine heart submitochondrial par-
ticles, oxidizing NADH. The following two prominent features
are clearly discernible in the spectrum of coupled particles, but
not in that of uncoupled particles: (i) the presence of an intense
semiquinone free radical signal (g = 2.00), and (ii) the line shape
change of the g, signal of the cluster N2: the decrease of the
g, 2.05 peak is concomitant with the appearance of two new
split- peaks at g =2.044 and 2.064 (for further details see
below).

It has been previously reported [18] that 40 K is the optimal
sample temperature for recording of the rapidly relaxing
ubisemiquinone free radical signal (peak to peak width of ~0.96
mT). At this temperature the signal amplitude was only par-
tially saturated even at the highest microwave power setting
level (200 mW) (Fig. 2A, curve 1). In the presence of an uncou-
pler, the intensity of this signal is about 20 times decreased at
the maximum power level (Fig. 2A, curve 2). The residual small
uncoupler insensitive signal (SQ,) has an extremely slow spin
relaxation. The power saturation curve 1 fits to the sum of three
semiquinone species with P, values of Py, =0.06 mW,
P15 = 0.7mW and Py, = 170 mW with a predominant con-
tribution from the very rapidly relaxing species (SQyy) in the
high microwave power range. An increase in temperature
(T > 55 K) results in a greatly decreased intensity of the uncou-
pler-sensitive signal at high microwave power. This decrease
significantly deviates from the Curie law (an intensity is propor-
tional to 1/T) and the deviation becomes quite significant at
105 K. This abnormal temperature dependence of the free rad-
ical signal was not seen at low microwave power, where contri-
bution of SQy; is not predominant. Thus, it can be concluded
that SQy; is not observed at high temperature (105 K), because
of its lifetime broadening due to the extremely rapid spin relax-
ation. The power saturation curve for the uncoupler-sensitive
free radical signal (SQy,) observed at a high temperature
(105 K) is presented in Fig. 3A (curve 1). This signal has a
narrower line width (0.78 mT) than that of the SQu. and a P,
value of 7.4 mW, which evidently corresponds to the P, = 0.7
mW component at 40 K. Curve 1 also contains an uncoupler-
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Fig. 1. EPR spectra of uncoupled (30 uM CCCP) (A) and tightly
coupled (B) submitochondrial particles during steady-state NADH ox-
idation. SMP were mixed with 1.5 mM NADH and frozen 5 s after as
described in ‘section 2. EPR condition: microwave frequency, 9.452
GHz; microwave power, 2.01 mW; modulation frequency, 100 kHz;
modulation amplitude, 0.63 mT; scanning rate, 17.9 mT/min; sample
temperature, 16 K. Characteristic g-values of iron-sulfur clusters of
Complex I are indicated with arrows.

insensitive SQ, species (P, = 0.1 mW). Both SQu; and SQy,
signals were absent in the particles oxidizing succinate, in which
Complex I has been deactivated [25] (see section 2). In addition,
both SQys and SQy, signals are quenched by rotenone with one
order of magnitude difference in their sensitivity (Sled’ et al.,
unpublished observations). Thus we conclude that both SQy;
and SQy, are associated with Complex 1.

In order to quantitatively evaluate the uncoupler-sensitivity
of the Complex I-associated ubisemiquinones, the peak to peak
amplitude of SQy; and SQy signals were plotted as a function
of VP under non-power saturated conditions, where their ampli-
tude is a linear function of VP (Figs. 2B and 3B). Both SQy, and
SQy, contents (which are proportional to the slopes of the lines)
are significantly diminished in the presence of an uncoupler.
The same difference in the relative contents of SQys and SQy,
in coupled and uncoupled preparations was obtained by the
double-integration of the signals recorded using 8 uW power
at 40 K and 105 K, respectively.

A striking difference exists in the spectral features of the
iron-sulfur cluster N2 during steady-state NADH oxidation in
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Fig. 2. Progressive power saturation of the ubisemiquinone g = 2.00 radical EPR signal recorded at 40 K during steady-state NADH oxidation in
the absence (1) and presence of 30 uM CCCP (2). Samples were prepared as described in ‘section 2’. The panel (B) shows the zoomed linear region
of the power saturation curves at low microwave power levels. EPR conditions: microwave frequency, 9.452 GHz; modulation frequency, 100 kHz;
modulation amplitude, 0.63 mT; scanning rate, 7.15 mT/min. Best fit theoretical curves are drawn through the experimental points, corresponding
to the sum of individual power saturation curves (see ‘section 2’) with the following parameters: for curve (1): C;, = 18.7 £ 0.7; Py, = 0.057 * 0.008
mW; b, =0.98 2 0.02 (SQ); C,=132%0.7; Py = 0.65%0.12 mW; b, = 1.38 £ 0.05 (SQy); C;=12.710.1; Py5 = 167.4 £ 6.8 mW; b; = 1.00
(SQug); for curve (2): €, = 18.7 £ 0.7; Py, = 0.057 £ 0.008 mW; b, = 0.98 + 0.02 (SQ,).

tightly coupled and uncoupled particles as has been shown by
Albracht and his collaborators [23] and is confirmed in the
present report (Fig. 1). For further investigation of this differ-
ence, the spectra of the g, 2.05 region were examined in more
details (Fig. 4). When cluster N2 is reduced by NADH in tightly
coupled particles (spectrum B), the amplitude of the g = 2.054
signal is significantly decreased as compared with that of the
uncoupled particles (spectrum A). Concomitantly, two new
peaks at g = 2.044 and g = 2.064 appeared. The spectrum (C)
of the split signal can be obtained by the weighted subtraction
of spectrum (A) from (B). A close magnetic interaction between
spins of the reduced cluster N2 and ubisemiquinone (SQyy) has
been suggested previously, based on the very rapid spin relaxa-
tion of the specifically bound ubisemiquinone [18]. The dipolar
coupling between two spins leads to a broadening or splitting
of the line. The latter is proportional to >, where r is the
distance between interacting dipoles [27-29]. Considering point
dipolar approximation and the fact, that the difference in Zee-
man terms for N2 and SQy, is much larger than the spin cou-
pling term, a distance between N2 and SQyu, can be calculated
using the equation: AB = B-g-r™-(1-3 cos? 8), where 4B is the
split peak separation (in magnetic field units), r is the distance
between the interacting dissimilar species, g is the g-factor of

the free radical and @ is the angle between interdipolar vector
and g, direction of N2 [27]. 4B is 3.3 mT for the g, splitting of
N2. If spherically averaged value for the angular term is consid-
ered, an expectation value for the distance r is ~8 A; the upper
value (when 6 = 0) is 10.4 A. Since the g, of the cluster N2 is
colinear with the membrane normal [30], this number corre-
sponds to the N2-SQy; distance when the interdipolar vector
is perpendicular to the membrane plane. The abscence of signif-
icant broadening of the observable isotropic SQy; signal is
apparently originated from very rapid relaxation of N2 [29].
Some asymmetry of the split signals is mostly due to different
intensities of the background signals in samples A and B from
the spin-coupled SQ™" pair in the succinate-Q oxidoreductase
segment of the respiratory chain.

4. Discussion

A consensus on the ubisemiquinones as the obligatory inter-
mediates during the electron transfer from NADH to the ubig-
uinone pool in the mitochondrial membranes has been reached
[18-21]. The previous failure to observe Complex I-associated
ubisemiquinone in presteady-state kinetic experiments [31] was
apparently due to the use of inappropriate submitochondrial
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Fig. 3. Progressive power saturation of the g = 2.00 radical EPR signal recorded at 105 K during steady-state NADH oxidation in the absence (1)
and presence of 30 mM CCCP (2). Samples were prepared as described in ‘section 2°. The panel (B) shows the zoomed linear region of the power
saturation curves at low microwave power levels. EPR conditions were the same as in Fig. 2 except for the sample temperature (105 K). Best fit
theoretical curves are drawn through the experimental points, corresponding to the sum of individual power saturation curves (see ‘section 2’) with
the following parameters: for curve (1): C, = 10.1 £ 0.4; P,;,;, = 0.12 £ 0.01 mW; b, = 1.04 £ 0.01 (8Q,); C, = 124 £ 0.2; P55, = 7.42 £ 0.53 mW;
b, =1.40 £ 0.03 (SQ); for curve (2): C, = 10.1 £ 0.4; P,;,;, = 0.12 £ 0.01 mW; b, = 1.04 £ 0.01 (SQ,).

particle preparations which may have contained almost completely
deactivated Complex I [25]. In this paper we have presented ex-
periments aimed at further investigation of the Complex I-asso-
ciated ubisemiquinones and to provide an explanation for the
apparent discrepancies reported for the differences between tightly
coupled and uncoupled preparations. Original studies on the rote-
none-sensitive ubisemiquinones were performed at rather high
microwave power and low temperature [18,19] and it was con-
cluded that the steady-state semiquinone concentration is
Aig+-dependent. In this report we have presented evi-
dence that two distinct species of the specifically bound
ubisemiquinone, with different spin relaxation properties, are
present during steady-state NADH oxidation. Two independ-
ent approaches, computer de-convolution of the power satura-
tion curves (Figs. 2A and 3A) and direct spin quantitation of
individual SQ species under non-power saturated conditions
(Figs. 2B and 3B), showed strong effect of an uncoupler on both
spin-relaxation behavior and the concentration of SQ free rad-
icals. The results obtained are in agreement with the previously
postulated participation of two ubisemiquinone molecules
(SQxyand SQy,) bound at spatially separated and environmen-
tally different sites, participating in the terminal proton translo-
cation step in Complex I [22].

The striking change in the spectral feature of the g, peak of
the cluster N2 in coupled particles originally detected by Albra-
cht’s group was interpreted as a shift to higher fields due to a
structural difference of the cluster coordination in the energized
and non-energized particles [24]. We have shown here that the
alteration of the g, peak arises from the spin-spin interaction
of the N2+8SQy pair. In the case of least background interfer-
ence the splitting seems to be symmetric, indicating mostly
dipolar spin coupling. The distance between 8 and 11 A calcu-
lated from the coupling constant of 1.65 mT is in accordance
with only slight broadening of the SQy; signal under non-power
saturated conditions. However, if exchange component of the
coupling is significant, the distance could be as long as 12 A.
A consistent distance estimate was obtained based on the en-
hanced spin relaxation of the SQu; by the paramagnetic cluster
N2 (not shown). The lack of significant change in the g,
transition of the N2 signal (Fig. 1) can be explained by a strong
anisotropy of the system.

Determination of the distance between N2 and SQy; is an
important first step in the studies of the spatial location of the
redox components in the terminal region of Complex I. It
would be of great interest to evaluate the spatial arrangement
of all relevant EPR-detectable species (SQy,, SQus and N2)
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Fig. 4. EPR spectra of the g, region of the N2 iron-sulfur cluster in
SMP during steady-state oxidation of NADH. (A) SMP were treated
with 30 uM CCCP prior to mixing with NADH; (B) coupled SMP as
a control; (C) difference between spectra (B) and (A) weighted in order
to eliminate the central g = 2.05 signal and to show the split signal,
indicated with arrows. Numbers correspond to the field position of the
central g, peak and the coupling constants. EPR conditions were as in
Fig. 1.

relative to each other and to the C- and M-side surfaces of the
energy transducing membrane. Work aimed to reach this goal
is currently under way in our laboratories.
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