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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial and thus cellular energetics are highly regulated both thermodynamically and kinetically. Cellular

M'itochond'ria respiratory chain energetics is of prime importance in the regulation of cellular functions since it provides ATP for their accom-

lém'energetlcs plishment. However, cellular energetics is not only about ATP production but also about the ability to re-oxidize
uinones

reduced coenzymes at a proper rate, such that the cellular redox potential remains at a level compatible with
enzymatic reactions. However, this parameter is not only difficult to assess due to its dual compartmentation
(mitochondrial and cytosolic) but also because it is well known that most NADH in the cells is bound to the
enzymes. In this paper, we investigated the potential relevance of mitochondrial quinones redox state as a marker
of mitochondrial metabolism and more particularly mitochondrial redox state. We were able to show that Qz is
an appropriate redox mediator to assess the mitochondrial quinone redox states. On isolated mitochondria, the
mitochondrial quinone redox states depend on the mitochondrial substrate and the mitochondrial energetic state
(phosphorylating or not phosphorylating). Last but not least, we show that the quinones redox state response
allows to better understand the Krebs cycle functioning and respiratory substrates oxidation. Taken together, our
results suggest that the quinones redox state is an excellent marker of mitochondrial metabolism.

Redox state

1. Introduction acceptor, oxygen. The energy provided by this electron transfer is used

for the extrusion of protons from the matrix to the intermembrane space.

Mitochondria are double-membraned organelles involved in major
metabolic pathways essential for cellular life in eukaryotic cells. They
are the site of biochemical reactions such as p-oxidation of fatty acids,
Krebs cycle, oxidative phosphorylation (OXPHOS), nucleotides and
amino acids synthesis, heme biosynthesis and redox signaling by reac-
tive oxygen species (ROS) [1]. These organelles are particularly well-
known for their role in bioenergetics where they convert the majority
of cellular energy into ATP through both the Krebs cycle and the
OXPHOS system. The Krebs cycle also produces reducing equivalents,
namely NADH and FADH,; (through succinate dehydrogenase), that are
oxidized by the respiratory chain in the inner mitochondrial membrane.
Electrons from their oxidation are transferred within the enzymatic
complexes composing the respiratory chain to the final electron

The proton electrochemical gradient generated is used by the ATP
synthase to synthesize ATP [2].

Mitochondrial and thus cellular energetics are highly constrained
both thermodynamically and kinetically. The three main thermody-
namical forces involved are the phosphate potential (AGp), the redox
potential (AGnapy) and the protonmotive force (Apg,). Cellular ener-
getics is of prime importance in the regulation of cellular functions since
it provides ATP for their accomplishment. However, cellular energetics
is not only about ATP production but also about the ability to re-oxidize
reduced coenzymes at a proper rate, such that the cellular redox po-
tential remains at a level compatible with enzymatic reactions. In a
previous paper [3], we have shown that yeast cellular proliferation rate
was not controlled by ATP availability. This raised the question of a
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possible control of cellular proliferation by the cellular redox state,
namely AGnapu. However, this parameter is not only difficult to assess
due to its dual compartmentation (mitochondrial and cytosolic) but also
because it is well known that most NADH in the cells is bound to the
enzymes. Consequently, assessing either the total or free NADH/NAD™"
ratio is not fully satisfying to study the cellular redox state. The quinone
redox state, which is defined as the ratio between reduced quinones and
oxidized quinones, plays a central role in mitochondrial function. It
mostly depends on the bioenergetics state of mitochondria (respiratory
rate and protonmotive force), the OXPHOS activity and the oxygen
availability.

Ubiquinones (coenzymes Q) are lipid-soluble compounds composed
of a benzoquinone ring and an isoprenoid side chain [4]. The number of
isoprenoid units in the apolar side chain varies depending on the species
(Q10 in humans, Qg in the yeast Saccharomyces cerevisiae, Qg in Escher-
ichia coli). Ubiquinones (UQ) are components of the OXPHOS system,
where they function as electron carriers from all mitochondrial de-
hydrogenases to complex III. The benzoquinone ring can be reduced by
two reversible reduction steps leading to the formation of ubiquinol
(UQH2), the reduced form of ubiquinone. A partial reduction of qui-
nones produces semi-quinone radicals (UQ*"), which are highly redox
active molecules that can react with oxygen and form reactive oxygen
species (ROS). Quinones have an important role in both oxidative stress
and cellular redox signaling through their participation in ROS pro-
duction [5].

Two methods for the measurement of the quinones redox state have
been reported in the literature. The first one is the chemical extraction of
quinones followed by a high-performance liquid chromatography anal-
ysis [6,7]. It allows the determination of both reduced and oxidized
quinone concentrations but gives a static idea of the quinone redox state
as analyses are realized at a given time. The second method is an elec-
trochemical technique using a redox mediator to indirectly monitor the
quinone redox state. As described by Moore and colleagues in the 90s
[8-11] or more recently by Komlodi et al. [12], short-length chain co-
enzyme Q such as Q; or Q5 can be used as a redox mediator to measure
quinone redox state by chronoamperometry in mitochondria isolated
from plant or mouse tissues. These coenzymes have a smaller isoprenoid
side chain than most endogenous coenzymes Q making them more hy-
drophilic but still sufficiently hydrophobic to permeate mitochondrial
membranes. These exogenous short-length coenzymes Q reach a ther-
modynamic redox equilibrium with the endogenous pool of embedded
quinones before diffusing back in solution where their reduced form is
oxidized by the working electrode. The redox state of the redox mediator
should thus reflect the mitochondrial quinones redox state and can be
followed and modulated in real time. When quinone redox states were
determined with the electrochemical technique and the solvent extrac-
tion followed by HPLC analysis to determine concentrations of total
reduced and oxidized quinones, similar values were obtained in mem-
branes of different Rhodobacter capsulatus strains [9], in isolated mito-
chondria from various potato strains [10] and from soybean [13],
demonstrating the reliability of the electrochemical technique. Howev-
er, it is important to highlight the fact that an inactive quinones pool is
detected by the extraction/HPLC method, that is not revealed by the
electrochemical one [4,5]. This suggests that the quinone redox state
measurement by voltammetry is not representative of the redox state of
all the mitochondrial quinones but rather of a “redox active” quinone
pool, which interact with the electron transport chain and is related to
the respiratory activity [13,14].

In this work, we used an electrochemical method to measure the
quinones redox state in mitochondria isolated from the yeast Saccharo-
myces cerevisiae, based on seminal work of Moore et al., 1988 [8]. Using
coenzyme Qg as the redox mediator, we simultaneously measured res-
piratory rates and quinones redox state in a thermostatically controlled
chamber specifically designed to contain the Clark electrode (O3 con-
sumption measurement or respiration) and the three-electrode system
for the quinone redox state measurement.

BBA - Bioenergetics 1865 (2024) 149033

We show that Q is an appropriate redox mediator to assess the
mitochondrial quinone redox state, which depends on the mitochondrial
substrate and the mitochondrial energetic state (phosphorylating or not
phosphorylating). Last but not least, we show that the quinone redox
state response allows to better understand the Krebs cycle functioning
and respiratory substrates oxidation. Taken together, our results suggest
that the quinone redox state is an excellent marker of mitochondrial
metabolism.

2. Materials and methods
2.1. Yeast strain and growth conditions

Cells from the wild-type Saccharomyces cerevisiae strain BY4742
(MATa; his3A1; leu2A0; lys2A0; ura3A0) were grown aerobically at
28 °C and under 180 rpm stirring in autoclaved non-fermentable lactate
medium: 1 % yeast extract, 1 % bactopeptone, 0.1 % ammonium sulfate,
0.1 % phosphate and 2 % lactate, pH 5.5.

2.2. Mitochondria isolation

Yeast cells were grown on a petri dish with glycerol solid media (2 %
glycerol, 1 % yeast extract, 1 % bactopeptone, pH 5.5). Yeast cell cul-
tures were preceded by two pre-cultures (48 and 24 h before the cul-
ture). Cells were harvested in the exponential growth phase. Growth was
followed at 600 nm in a spectrophotometer (Safas, France). Yeast
mitochondria were isolated from protoplasts by the enzymatic method
described by Guérin et al. [15]. Briefly, cells were harvested at 4 °C at
1500g for 10 min in a Beckman centrifuge, washed twice in cold water
and resuspended in a buffer containing 0.5 M f-mercaptoethanol, 0.1 M
tris pH 9.3 at 32 °C during 20 min to reduce the disulfide bridges of
proteins present in the yeast cell walls. Cells were then washed twice in
KCl buffer (0.5 M KCl, 10 mM, pH 7) to remove excess p-mercaptoe-
thanol, and resuspended in a digestion buffer (1.35 M deionized sorbitol,
0.1 M EGTA, 10 mM citric acid, 30 mM phosphate, 15 mg/g of cells dry
weight of zymolyase, pH 5.8) at 32 °C during 30-40 min. Protoplasts so
formed were then washed twice in protoplast washing buffer (0.75 M
deionized sorbitol, 0.4 deionized mannitol, 10 mM tris-maleate, 0.1 %
BSA, pH 6.8) and resuspended and homogenized in a homogenization
buffer (0.5 M deionized mannitol, 2 mM EGTA, 10 mM tris-maleate, 0.2
% BSA, pH 6.8) within a blender. Mitochondria were isolated by dif-
ferential centrifugation in a SS34 Sorvall rotor in the mitochondrial
recuperation buffer (0.8 M deionized mannitol, 0.1 M EGTA, 0.5 M Tris-
Maleate, pH 6.8). Centrifugations of 8 min at 750 g were used to elim-
inate the cell debris. The supernatant was then centrifuged for 10 min at
12,000g. The pellet from the first centrifugation was passed through a
Teflon Potter homogenizer to collect mitochondria that were not
extracted during the first homogenization and the same series of cen-
trifugations was repeated. The mitochondrial pellet is suspended in a
minimal volume of mitochondrial recuperation buffer and homogenized
again in a Teflon Potter homogenizer. Mitochondrial protein concen-
tration was measured by the Biuret method using bovine serum albumin
as a standard [16]. Mitochondrial suspension was frozen by forming
beads in liquid nitrogen and stored at —80 °C. On experiment days,
mitochondria were thawed by a heat-ice shock method and kept on ice.

2.3. Simultaneous measurement of Oz consumption and quinone redox
state

Oxygen consumption and quinone reduction state were measured
simultaneously by chronoamperometry in a 3 ml thermostatically
controlled chamber at 28 °C specifically designed to be equipped with a
Clark oxygen electrode and a three-electrode system for the quinone
measurement composed of a glassy carbon working electrode, an Ag/
AgCl reference electrode and a platinum counter electrode. A potential
of —0.8 V vs the internal Ag/AgCl reference electrode was set for the
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Clark electrode (reduction potential of dioxygen into water), and a po-
tential of +0.15 V vs the external Ag/AgCl reference was applied to the
glassy carbon electrode, corresponding to the Q;H, oxidation potential.
Cyclic voltammetry experiments were done to control the evolution of
the glassy carbon electrode responses through time. The outputs of the
electrodes were connected to a potentiostat (Bio-logic SP 300) and
recorded using EC-Lab software (version 1133). The working electrode
was polished with 0.3 pm alumina powder diluted in water on a pol-
ishing disk by doing circles on the surface.

Mitochondria (0.2 mg/ml) were incubated in the chamber with the
respiratory buffer (650 mM deionized mannitol, 0.36 mM EGTA, 10 mM
tris-maleate, 5 mM KHyPO4, pH 6.8) after stable signals for both oxygen
consumption and levels of reduced quinones were obtained. The mito-
chondrial suspension was constantly stirred at 750 rpm. As stated in the
figures, the following effectors were injected into the chamber with
Hamilton syringes: coenzyme Qy (4 pM), G3P (10 mM), succinate (10
mM), ethanol (10 mM), a-ketoglutarate (10 mM), pyruvate + malate
(10 mM each), ADP (1 mM), antimycin A (0.5 pg/mg protein), CCCP (1
pM) and oligomycin (10 pg/mg protein). Pseudo-state 4 respiration was
initiated with the addition of respiratory substrates (G3P, succinate,
ethanol, a-ketoglutarate and pyruvate + malate). State 3 respiration was
measured by addition of ADP, at saturating concentration (1 mM) or
limiting concentrations (0.05; 0.1; 0.2 mM). Interference of the added
substrates and inhibitors with the current measured by the glassy carbon
electrode were tested in the absence of mitochondria. No side effects of
the substrates and inhibitors used at the given concentration were
observed (data not shown). Respiratory rates during different steady-
states of respiration were calculated as the slope of Oy concentration
versus time (analyzed in EC-lab) and expressed as natO/min/mg pro-
tein. Steady-states of quinone redox state under both pseudo-state 4 and
state 3 was evaluated as a percentage of reduced quinones relative to the
current amplitude measured by the quinone electrode. Current ampli-
tude is defined as the difference between the maximum current obtained
following antimycin A addition (corresponding to the totally reduced
quinone portion) and the baseline current detected in the presence of
only mitochondria and Q3 (corresponding to the fully oxidized quinone
portion).

2.4. NADH measurements

NADH was measured in neutralized KOH mitochondrial extracts
with NAD/NADH-Glo™ Assay from Promega.

2.5. Statistical analyses

Results are expressed as mean + SD of Pearson, calculated in
Microsoft Excel. Statistical analyses were done using GraphPad Prism
software. Statistically significant differences were determined by Stu-
dent's unpaired two-tailed t-test for two data groups comparison or by
one-way ANOVA followed by a Dunnett's test for multiple means com-
parison to a control mean or followed by a Tukey's test for multiple
means comparison. A Shapiro-Wilk normality test was performed before
statistical analyses. A p-value < 0.05 was considered significant and *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3. Results and discussion

As stated above, based on a previous work by Moore et al. [8], we
used an electrochemical method to measure the quinone redox state in a
dynamic manner on mitochondria isolated from the yeast Saccharomyces
cerevisiae. We used coenzyme Q3 as a redox mediator, allowing real time
determination of quinone redox state following thermodynamic redox
equilibrium between the short-length quinones and the highly hydro-
phobic endogenous quinones pool embedded in the mitochondrial
membranes (Qg in S. cerevisiae). We simultaneously measured respira-
tory rates and quinones redox state in a thermostatically controlled
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chamber specifically designed to contain the Clark electrode (O3 con-
sumption measurement or respiration) and the three electrodes for the
quinone redox state measurement (See Materials and methods section
for more details). Reduction of O, into water and oxidation of Q3Hj; into
Q- generate current variations that are proportional to each species
concentration. As shown in Fig. 1, after stabilization of the signals,
mitochondria were incubated in the respiratory buffer. Coenzyme Q
and the different effectors were then sequentially injected into the
chamber.

Pseudo-state 4 was initiated by addition of a respiratory substrate
(G3P) at saturating concentration and state 3 by adding saturating
concentration of ADP. Reduction of O, into water and oxidation of Q2Hs
into Q2 generates an electron flow within the Clark electrode and the
quinone electrode respectively, which results in currents that are pro-
portional to the Oy and QuH; concentrations. Respiratory rates were
determined from the slope of the steady state Oz concentration and
expressed as natO/min/mg protein. We determined the quinone redox
state as the percentage of quinones reduction relative to the current
variation (AI) in each condition versus the maximum current when
quinones are totally reduced (in the presence of antimycin A) and the
basal current when quinones are fully oxidized (in the sole presence of
mitochondria and Q5), Al total. Quinone redox state was calculated as
followed:

AT (pseudo — state 4 or state 3)

OH2 (%) Al total

% 100

3.1. Experimental validation of quinone redox state assessment

3.1.1. Determination of the optimal Q2 concentration

Although Q5 acts as a redox mediator to measure the quinone redox
state, it could induce side effects on mitochondrial bioenergetics. At high
concentration, exogenous quinones could significantly deviate electrons
from the electron transport chain resulting in an increase in mitochon-
drial respiration or even alter the integrity of the inner mitochondrial
membrane. In order to determine whether Q, was detrimental to
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Fig. 1. Experimental determination of respiratory rates and quinone redox
states. Raw data obtained for the simultaneous measurement of O, consumption
(grey line) and the reduced quinones (orange line). Mitochondria, redox
mediator Q,, G3P, ADP and antimycin A were sequentially injected into the
chamber at the concentration indicated in the figure to modulate mitochondrial
respiration and quinone redox state. Pseudo-state 4 is considered to be the
bioenergetics condition in which only the substrate of the respiratory chain is
present and state 3 to be the phosphorylating state, when ADP is added.
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mitochondrial function, we assessed respiratory rates, quinone redox
state and the inner membrane electrical potential in the presence of
increasing Q concentrations (Fig. 2).

Mitochondrial respiratory rates with G3P as substrate were not
affected up to 4 pM Q3 in our experimental conditions. When 8 pM Q3
was added, respiration rates were slightly increased compared to the
ones in the absence of the redox mediator under both bioenergetics
states (Fig. 2A). As expected, increasing Q» concentrations lead to a
linear increase of the measured current amplitude. Indeed, since the
redox mediator is not too hydrophobic, increasing the [Q-], at a constant
mitochondrial quantity, leads to an increase of the QaH» concentration
in solution, which results in an increase in the measured currents pro-
portional to the [Q2] (Fig. 2B). Identical quinone redox states were
calculated, regardless of the Qy concentration (Fig. 2C). Last, the redox
mediator did not impact the mitochondrial membrane electrical po-
tential upon either pseudo-state 4 or state 3 up to 8 pM (Fig. 2D). Sur-
prisingly, while the highest 8 pM concentration did induce a slight
increase in respiratory rates under pseudo-state 4 and state 3, it did not
impact either the quinones redox state or the membrane potential.

Experimentally, since low current variations in the range of nano-
ampere (nA) were detected for the reduced quinones, increasing the Qo
concentration increased the signal/noise ratio. We therefore decided to
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run our experiments with a Q2 concentration of 4 pM, higher than the 1
pM found in the literature [8-13], but not disturbing the mitochondrial
redox responses.

3.1.2. Determination of the optimal amount of mitochondria

We previously hypothesized that the redox mediator partitions be-
tween mitochondrial membranes and the solution. This should have an
effect on free concentration of QoH> in solution and thus on the current
amplitude detected by the glassy carbon electrode. We thus tested the
impact of mitochondrial amount on [Q2Hz] current amplitudes at 4 pM
[Q2]. Results are presented in Fig. 3.

Comparable respiratory rates were observed for each concentration
of mitochondria, which is expected as they are normalized to the protein
amounts (Fig. 3A). Increasing the concentration of mitochondria resul-
ted in a decrease of the measured [QHs] current amplitude (Fig. 3B)
without any effect on the quinone redox state (Fig. 3C). These results are
consistent with our hypothesis of an effect of the partition of Q5 between
the solution and mitochondrial membranes on the current amplitudes.
Increasing the amount of mitochondria will increase membranes avail-
able for Q, and thus decrease its concentration in solution. We decided
to work at 0.2 mg/ml of mitochondria in our experiments and keep it
constant all throughout this paper.
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Fig. 2. Effect of exogenous Q5 addition on (A) respiratory rates, (B) quinones current amplitude, (C) quinone redox state and (D) membrane potential. Measurements
were done in the presence of 0.2 mg/ml of mitochondria, 10 mM of G3P (pseudo-state 4), 1 mM of ADP (state 3) and 0.5 pg/mg protein of Antimycin A. Results
shown are means + SD of five separate experiments done on two mitochondrial preparations for each Q, concentration. (A and D) Means were compared to the one
without Q, addition by an ANOVA followed by a Dunnett's test. (B) Currents for each condition were subtracted from the baseline current measured in the presence of

mitochondria and Q,. Maximal current amplitudes are represented here.
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Fig. 3. Effect of the amount of mitochondria on the respiratory rates (A), the quinones current amplitude measured by the glassy carbon electrode (B) and the redox
state of quinones (C). Measurements were done in presence of 4 pM of Qz, 10 mM of G3P (pseudo-state 4), 1 mM of ADP (state 3) and 0.5 pg/mg protein of antimycin
A. The amount of mitochondria in the experiments is indicated on the figure. Results shown represent means + SD of four separate experiments done on the same

mitochondrial preparation for each mitochondrial concentration.

3.1.3. Determination of the quinone redox state

As above-mentioned, the quinone redox state is the percentage of
reduced quinones based on current variations measured versus when
quinones are totally oxidized and totally reduced. Moore and colleagues
defined totally oxidized quinones as the base current measured by the
quinone electrode in the presence of mitochondria and Q, without
exogenous addition of substrate, and the totally reducible quinone
fraction as the amount of reduced quinones under hypoxic conditions
[8-11]. Since mitochondria and Qs injection in the chamber have no or
negligible effects on the measured currents of both the O, concentration
and the reduced quinone portions (see Fig. 1), we defined our totally
oxidized quinone level the same way. The totally reduced quinones were
assessed under respiration inhibition by antimycin A. Binding of anti-
mycin A to the Q; site of the complex III blocks the oxidation of cyto-
chromes by, and by leading to a build-up of electrons upstream of
complex III [17]. However, this inhibitor is well-known to be involved in
high rates of ROS production [18] due to the semiquinones accumula-
tion in the Qg site. We thus wondered whether this electron leak could
alter the maximal quinone redox state and compared this redox state
under two conditions: in the presence of antimycin A and under hypoxia.
As shown in Fig. 4, whatever the substrate, steady-state reduction levels

A B
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-
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o g
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O Antimycin A =8 Hypoxia I Antimycin A =8 Hypoxia
Fig. 4. Quinone reduction state when totally reduced quinones were obtained
following either inhibition of mitochondrial respiration by antimycin A or
hypoxia with G3P as respiratory substrate (A) or ethanol (B). Quinone redox
states were assessed in presence of 0.2 mg/ml of mitochondria, 4 uM of Q,, 10
mM of EtOH or 10 mM of G3P (pseudo-state 4) andl mM of ADP (state 3).
Either 0.5 pg/mg protein of Antimycin A or hypoxia were used to totally reduce
the quinone pool. Results shown are means + SD of three separate experiments
done on the same mitochondrial preparation. Student's t-tests were performed
to compare means of each condition under antimycin A respiration mediated
inhibition or hypoxia. Respiratory rates associated with these measurements are
indicated in Table 1.

of quinones are similar when expressed as relative to total reduced
quinones in presence of the complex III inhibitor or hypoxia. From these
results, it is clear that either inhibition of respiratory chain by antimycin
A or hypoxic condition leads to a similar and maximal reduction of the
quinone pool. We thus decided to use antimycin A to assess our totally
reduced quinone fractions.

3.2. Analysis of the quinone redox state on several mitochondrial
substrates

The quinone redox state in mitochondria isolated from the yeast
Saccharomyces cerevisiae was assessed with several mitochondrial sub-
strates added at saturating concentrations to allow steady state estab-
lishments. Both respiratory chain dehydrogenases and Krebs cycle
substrates were used (Scheme 1). It should be stressed here that NADH
could not be used as a substrate since it spontaneously gives its electrons
to the carbon electrode.

Three conditions were studied: substrate only (pseudo-state 4),
substrate followed by addition of ADP (state 3), and substrate followed
by addition of CCCP (uncoupling state). The oxygen consumption rate
and quinone redox state levels were simultaneously measured under
each state and are indicated in Table 1.

An increase in both the respiratory rate and the quinone redox state
is observed when the substrates are added in non-phosphorylating state
(pseudo-state 4), compared to the basal conditions. Substrate addition
on isolated mitochondria led to an increase in the electron flow within
the respiratory chain, resulting in an increase in oxygen reduction by
complex IV. Both ethanol and succinate impose a high quinone redox
state, with nearly all the quinones reduced whereas a-ketoglutarate only
reduces 23 % of the mitochondrial quinones. In the presence of pyruvate
and malate or G3P 75 % of quinones were reduced (Table 1). As shown
in Scheme 1, electrons coming from the oxidation of these substrates
enter the respiratory chain via different entry points. Further, reduced
quinone levels following substrate addition depend on various kinetic
and thermodynamic controls: the substrates transport within mito-
chondria, the dehydrogenase activities, the proton-motive force and
CIII+CIV activity. Some of them are discussed below.

Ethanol diffuses through membranes and reduces 87 % of quinones.
This respiratory substrate is converted into acetaldehyde by the matrix
alcohol dehydrogenase (ADH), itself converted into acetate by the ma-
trix acetaldehyde dehydrogenase with the generation of NADH that is
then oxidized by the internal NADH dehydrogenase, Ndi (Scheme 1).
After diffusion of G3P into the intermembrane space and import of
succinate into the matrix through its transporter, the dicarboxylate
carrier (Dicl) [19], G3P and succinate directly give their electrons to the
electron transport chain (ETC) via Gut2 (the yeast glycerol-3-phosphate
dehydrogenase) and the succinate dehydrogenase (complex II of the
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Scheme 1. Simplified scheme of the electrode-based electrochemical technique used to simultaneously monitor the mitochondrial respiration and redox state of
quinones on isolated mitochondrial from yeast. A specific chamber has been designed to be equipped with a Clark electrode to measure oxygen consumption and a
three-electrode system for the indirect measurement of reduced quinone levels using coenzyme Q, as a redox mediator. This three-electrode system is composed of a
glassy carbon working electrode set at a fixed potential relative to a silver/silver chloride (Ag/AgCl) reference electrode (E = +0.15 V) and a platinum counter

electrode to complete the electronic circuit.

Table 1

Respiratory rates and quinone redox state measured in isolated mitochondria
from Saccharomyces cerevisiae. Respiratory rates and percentage of reduced
quinones were simultaneously assessed in presence of 0.2 mg/ml of mitochon-
dria, 4 pM of Q,, 10 mM of the respiratory substrate specified in the table
(pseudo-state 4), 1 mM of ADP (state 3). Uncoupling state was assessed after
addition of 1 pM of CCCP in the presence of substrate only. Antimycin A (0.5 pg/
mg protein) was used to totally reduce quinones. Results shown are means + SD
of at least six separate experiments done on at least six mitochondrial
preparations.

Respiratory JO2 (nAtO/min/mg protein)
substrate -
Pseudo State State 3 Uncoupling RCR
4 state
EtOH 219 + 29 342 + 398 + 23 1.6 +
56 0.2
G3P 194 + 27 262 + 300 + 13 1.4 +
28 0.2
Succinate 214 £33 273 £ 69 + 22 1.3+
37 0.7
a-KG 101 + 25 266 + 43+3 29+
44 0.6
Pyruvate/malate 190 £+ 20 255 + 142 £19 1.3+
24 0.1
Respiratory substrate QH2 (%)
Pseudo State 4 State 3 Uncoupling state
EtOH 87 £10 57 £11 50+9
G3P 75+5 30+ 4 25+ 4
Succinate 101 +£7 39+10 3+0.7
a-KG 23+6 42+7 3+0.5
Pyruvate/malate 75+ 10 33+7 10+ 4

respiratory chain), respectively. The quinone redox state values ob-
tained with these substrates indicate that succinate imposes the highest
quinone redox state. When the Krebs cycle substrate a-ketoglutarate is

added to isolated mitochondria and imported within the matrix by the
Odcl transporter [20], it is converted into succinyl-CoA via the
a-ketoglutarate dehydrogenase («aKG-DH), resulting in the production of
NADH that is then oxidized by Ndi (Scheme 1). While the electrons
coming from either ethanol and a-ketoglutarate enter the ETC via Ndi,
the quinone redox state values are very different. Because these sub-
strates are not directly oxidized at the level of the ETC, NADH generated
by their conversion is dependent on their transport in the mitochondrial
matrix and the ADH and oKG-DH activities. a-ketoglutarate is imported
into the matrix by the Odcl carrier present in the inner mitochondrial
membrane and its transport can be limited, whereas ethanol is a small
molecule that can passively diffuse through mitochondrial membranes.
Moreover, the activity of aKG-DH is also modulated by the Krebs cycle.
Indeed, a Krebs cycle intermediate accumulation in the steps occurring
after this reaction leads to a feedback inhibition of the «KG-DH resulting
in a decreased activity. Pyruvate and malate are also Krebs cycle sub-
strates transported into the mitochondrial matrix by the mitochondrial
pyruvate carrier (MPC) [21] and the Dicl transporter respectively [19].
Pyruvate is converted into acetyl-CoA by the pyruvate dehydrogenase
and malate is oxidized into oxaloacetate by the malate dehydrogenase.
Oxaloacetate and acetyl-CoA can then form citrate in the reaction
catalyzed by the citrate synthase and the Krebs cycle can hypothetically
fully function. 75 % of the total quinones are reduced when electrons
come from the oxidation of these substrates.

In the presence of ADP (state 3), respiration is stimulated for all the
substrates mentioned above and the quinone redox state decreases with
all substrates but aKG (Table 1). As the constraint on the respiratory
chain (high transmembrane electrochemical potential) is removed
under phosphorylating state due to the ATP synthase activity (trans-
membrane proton gradient consumption), respiration rate increases to
maintain the transmembrane electrochemical potential and mitochon-
drial quinones are oxidized as the electron flux within the ETC increases.
This is in agreement with the coupling via the protonmotive force be-
tween the electron transfer within the respiratory chain and phosphor-
ylation by ATP synthase described by Mitchell [2]. Interestingly, the
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quinone redox state in the phosphorylating state with a-ketoglutarate is
about two times higher than the pseudo-state 4 one. As this substrate
induces the highest respiration stimulation in state 3, a significant
decrease of the reduced quinones level would be expected. The observed
increase indicates that there is no simple relationship between the res-
piratory rate and the quinone redox state.

It has been previously demonstrated in our laboratory that substrate-
level phosphorylation within the Krebs cycle results in a respiratory rate
increase (in the presence of oligomycin) with a-ketoglutarate as a sub-
strate [22]. Indeed, the succinyl-CoA synthetase that catalyzes the
oxidation of succinyl-CoA to succinate, requires ADP as a substrate (see
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Scheme 1). We hypothesized that the increase in the quinone redox state
observed in presence of a-ketoglutarate and ADP was due to a stimula-
tion of the succinyl-CoA synthetase activity, resulting in an increase of
NADH production and an increase in redox pressure at the entrance of
the respiratory chain. The modulation of the quinone redox state by
substrate level phosphorylation with Krebs cycle substrates was further
investigated below.

Maximal respiratory rates were assessed in the presence of CCCP
after pseudo-state 4 induction. The uncoupler induced a slight increase
in respiration and a slight decrease in the quinones redox state with G3P
and ethanol as respiratory substrates whereas it inhibited respiration
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Fig. 5. Effect of limiting concentrations of ADP on the quinone redox state. Respiratory rates and percentage of reduced quinones with EtOH (A-C), a-ketoglutarate
(D-F) and pyruvate + malate (G-I) as respiratory substrates were assessed in presence of 0.2 mg/ml of mitochondria, 4 pM of Q2, 10 mM of substrate, different
concentrations of ADP as indicated in the figures, 1 pM of CCCP and 0.5 pg/mg protein of antimycin A. Results shown represent means + SD of at least three separate

experiments done on two mitochondrial preparations.
according to an ANOVA followed by a Tukey's test.

# and ! represent non-significant statistical differences between groups means indicated with the symbol
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and leads to a percentage of <10 % of reduced quinones with the other
substrates (Table 1). Succinate and pyruvate are known to be trans-
ported within mitochondria by the dicarboxylate carrier (Diclp) and
with a proton by the mitochondrial pyruvate carrier (MPC) [21],
respectively. As CCCP disrupts the proton gradient across the inner
mitochondrial membrane, transport of these substrates become the
limiting step, resulting in a decrease of the respiration due to a decrease
in these substrates availability. Respiration was also inhibited with
a-ketoglutarate, as previously described [22,23]. It has been proposed
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that this inhibitory effect of CCCP with o-ketoglutarate could be a
consequence of a kinetic limitation by either the substrate or inorganic
phosphate supplies. Indeed, it has been shown that inorganic phosphate
addition restores a-ketoglutarate respiration, suggesting an impairment
in the succinyl-CoA conversion into succinate coupled to ADP phos-
phorylation under these conditions due to the limitation of inorganic
phosphate entry within the matrix, which is co-transported with a pro-
ton [23]. On the contrary, G3P passive diffusion through porin into the
intermembrane space and ethanol passive diffusion within

C

-
8

QH; (%)

e 8 8§ 8 8

Fig. 6. Effect of ADP addition on quinone redox state when ATP synthase is inhibited. Raw data obtained of Oy consumption and levels of reduced quinones,
respiratory rates and percentage of reduced quinones with EtOH (A-C), a-ketoglutarate (D-F) and pyruvate + malate (G-I) as respiratory substrates were assessed in
presence of 0.2 mg/ml of mitochondria, 4 pM of Q,, 10 mM of substrate, 10 pg/mg protein of oligomycin, 1 mM of ADP and 0.5 pg/mg protein of antimycin A. Results
shown represent means + SD of at least four separate experiments done on two mitochondrial preparations. Student's two-tailed t-tests were performed to compare

means of indicated conditions.
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mitochondrial matrix do not require the proton gradient, which allows a
greater quinone redox state under uncoupling conditions.

3.2.1. Substrate dependency of quinone redox state under phosphorylating
conditions

3.2.1.1. Krebs cycle activity. The modulation of the quinone redox states
in the presence of non-saturating ADP concentrations was investigated
in order to determine whether the state 3 quinone redox state with
a-ketoglutarate was tightly related to ADP availability. Respiratory rate
and quinone redox state were assessed under sequential increases of
non-saturating concentrations of ADP.

With EtOH as a substrate, rates of oxygen consumption are increased
upon ADP addition as the OXPHOS is fully functioning until ADP is
totally consumed and state 4 is reached, where respiratory rates are
similar to the ones obtained under pseudo-state 4 (Fig. 5A and B).
Quinone redox state is decreased to 60-65 % when respiration is stim-
ulated by ADP independently of the concentration of the ADP and is
increased back at the same levels as the one observed in the pseudo-state
4 upon ADP exhaustion (Fig. 5A and C).

With o-ketoglutarate as substrate, addition of non-saturating ADP
concentration stimulates respiration and the redox state of quinones is
about doubled when compared to the one in pseudo-state 4 (Fig. 5D-F),
similarly to what was observed with saturating ADP concentration (see
Table 1). Comparable values of both parameters are obtained, regardless
of the ADP concentration added. The effect of ADP on the duration of
both oxygen consumption rates and reduced quinone levels is dependent
on its concentration. With pyruvate and malate as respiratory substrates
(Fig. 5G-1), results are similar to what was obtained with EtOH with
however, a lower quinone redox state under both respiratory states.

These results led us to hypothesize that for a-ketoglutarate, since the
substrate level phosphorylation step takes place directly after the
transformation of a-ketoglutarate into succinyl-CoA, ADP addition could
stimulate a-ketoglutarate dehydrogenase leading to a large increase in
the quinone redox state under state 3 compared to the pseudo-state 4.

3.2.1.2. The ADP-induced quinone reduction increase in phosphorylating
state is independent of the ATP synthase. To determine whether substrate
level phosphorylation itself plays a role in the modulation of the quinone
redox state in the phosphorylating state for a-ketoglutarate, we assessed
respiratory rate and levels of reduced quinones in the presence of oli-
gomyecin. This inhibitor blocks the proton transfer at the level of the ATP
synthase subunit c¢ ring, and thus inhibits oxidative phosphorylation-
related ATP synthesis.

With EtOH as a substrate, addition of ADP had no impact on the
respiratory rate and the quinones reduction level after inhibition of the
ATP synthase by oligomycin (Fig. 6A-C). Addition of the uncoupler
CCCP stimulated respiration up to nearly 400 nAtO/min/mg of protein
leading to an oxidation of quinones of nearly 50 %, as previously shown
in Table 1 (Fig. 6A-C).

With a-ketoglutarate as a respiratory substrate, ADP stimulates
respiration even though the ATP synthase is inhibited by oligomycin
(Fig. 6D-F). Oxygen consumption rate in the presence of ADP is com-
parable to the state 3 one without oligomycin (see Table 1). This was
previously described and demonstrated to be due to substrate-level
phosphorylation in the Krebs cycle with an increase in ATP formation
[22]. Interestingly, about 70 % of quinones are reduced when the ATP
synthase is inhibited, against ~40 % when the ATP synthase is func-
tioning (see Table 1), supporting our hypothesis of an effect of substrate-
level phosphorylation on the quinone redox state. In this condition, the
added ADP is no longer consumed by both ATP synthase and «KG-DH
but by the aKG-DH only and the effect on respiratory rate and degree of
reduced quinones could be a consequence of an increase in the enzyme
activity and/or an effect of the inner membrane electrochemical po-
tential difference on the a-ketoglutarate transport. A slight decrease of
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respiration is induced by the uncoupler CCCP with only ~20 % of
reduced quinones (Fig. 6D-F).

With pyruvate and malate as respiratory substrates, the same ten-
dencies are observed for both respiration and reduced quinone levels as
the ones measured with ethanol (Fig. 6G-I). However, it is noteworthy
that the maximal percentage of reduced quinones reached in the pres-
ence of ADP is about 90 %, which is higher than the 33 % observed when
the ATP synthase is functioning (see Table 1). Addition of the uncoupler
CCCP slightly stimulated respiration and lead to a drop in reduced
quinones.

3.2.1.3. Origin of the ADP-induced quinone reduction increase in phos-
phorylating state. To reinforce our hypothesis of the role of substrate-
level phosphorylation in the increase in state 3 quinone redox state
with a-ketoglutarate, ADP/O ratio were assessed with the above-
mentioned substrates. ADP/O ratio was 1.73 + 0.19 with EtOH; 2.23
=+ 0.19 with a-ketoglutarate and 1.57 + 0.20 with pyruvate and malate.
Since yeast mitochondria have only two proton pumping sites (complex
III and IV), this shows that only with a-ketoglutarate as a substrate could
a significant participation of ATP synthesis through the Krebs cycle be
assessed. Further, if our hypothesis stands true, ADP addition with
a-ketoglutarate should activate succinylcoA synthetase and alleviate
kinetic control upstream this enzyme, leading to an increase in matrix
NADH, itself promoting an increase in quinone redox state. We thus
assessed matrix NADH with EtOH, o-ketoglutarate and pyruvate +
malate. Table 2 shows that upon ADP addition, whereas an important
decrease in NADH could be assessed with EtOH as substrate, no signif-
icant variation could be measured with a-ketoglutarate or pyruvate and
malate. Further, NADH seems fully reduced under state 4 condition for
both EtOH and pyruvate malate but less than half reduced with
a-ketoglutarate, pointing to an important kinetic control of substrate
availability on NADH redox state. Consequently, an increase in matrix
NADH does not seem to be responsible for the increase in quinone redox
state upon ADP addition with a-ketoglutarate as substrate. Catabolism of
a-ketoglutarate by the Krebs cycle will generate succinate that could be
oxidized by the succinate dehydrogenase. We thus wondered whether
the increase in quinone redox state upon ADP addition with a-ketoglu-
tarate could be due to the simultaneous oxidation of NADH and succi-
nate by the mitochondrial respiratory chain. To investigate this point,
we decided to inhibit succinate dehydrogenase with OAA (Table 3). OAA
is a competitive inhibitor of this enzyme which means that only about
70 % of the activity of the enzyme could be inhibited with succinate as a
substrate. As expected, no significant inhibition of the respiratory rate
was observed with EtOH as substrate. With a-ketoglutarate as substrate,
no significant decrease of the respiratory rate could be assessed under
pseudo-state 4 conditions, however, under state 3, the respiratory rate
was decreased by 60 % and the quinones redox state by 80 %. With
pyruvate/malate as substrates, a significant decrease in both respiratory
rate and quinone redox state could be assessed in the presence of OAA
indicating that with both Krebs cycle substrates, succinate generated by
the Krebs cycle is reoxidized by the succinate-dehydrogenase and
significantly participates in both the respiratory rate and the quinone

Table 2

NADH (% pseudo-state 4) measured in isolated mitochondria from Saccharo-
myces cerevisiae. NADH was assessed in presence of 0.3 mg/ml of mitochondria,
4 pM of Q3, 10 mM of the respiratory substrate specified in the table (pseudo-
state 4), 1 mM of ADP (state 3) and antimycin A (0.5 pg/mg protein). Results
shown are means + SD of at least six separate experiments done on two mito-
chondrial preparations.

NADH Pseudo State 4 State 3 (% of Pseudo  Antimycin (% of Pseudo
(%) State 4) State 4)

EtOH 100 27+7 111 +£15

a-KG 100 109 + 10 251 + 42

Pyruvate/ 100 86 £ 13 102 + 36

malate
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Table 3
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Respiratory rates and quinone redox state measured in isolated mitochondria from Saccharomyces cerevisiae. Respiratory rates and percentage of reduced quinones
were simultaneously assessed in presence of 0.2 mg/ml of mitochondria, 4 pM of Q2, 10 mM of the respiratory substrate specified in the table (pseudo-state 4), 1 mM of
ADP (state 3) in the presence or absence of 10 mM OAA. Antimycin A (0.5 pg/mg protein) was used to totally reduce quinones. Results shown are means + SD of at least
three separate experiments done on two mitochondrial preparations. Student's two-tailed t-tests were performed to compare means of pseudo state 4 and state 3
conditions in absence and presence of OAA. Statistical differences are indicated with asterisks (see correspondence in Materials and methods section). When not
indicated, no significant difference was found between condition without and with OAA.

Respiratory substrate JO2 Pseudo State 4 (nAtO/min/mg prot)

QH2 Pseudo State 4 (%)

JO2 State 3 (nAtO/min/mg prot) QH2 State 3 (%)

— OAA + OAA — OAA + OAA — OAA + OAA — OAA + OAA
Succinate 214 + 33 67 + 23 *ix 101 +7 17 £ 3 H* 273 £ 37 39 & 13wk 39+10 2 3
EtOH 219 + 29 187 + 36 87 +£10 86 + 2 342 + 56 363 + 28 57 £11 50+ 7
a-KG 101 + 25 88 £ 19 23+6 12 + 3 *** 266 + 44 110 + 20 **** 42+7 9 o 1 FwE
Pyruvate/malate 164 + 26 135+ 14 * 46 + 16 57 +3 301 + 40 180 + 26 ** 34+6 26+ 3

redox state.
3.3. Q2zH; redox state and mitochondrial activity

3.3.1. Relationship between respiratory rates and quinone redox state

Mitochondrial respiration relies on electron transfers between the
different complexes of the respiratory chain. The quinone pool operates
in the first steps of this electron transfer through the electron transport
chain by transporting electrons from the Ndil and succinate-
dehydrogenases to complex III. We thus wondered how respiration
and quinone redox state were correlated. We plotted respiratory rates
against the percentage of reduced quinones obtained with the different
respiratory substrates under both pseudo-state 4, state 3 and uncoupled
state (Fig. 7). Our results suggest two distinct linear relationships be-
tween the rate of oxygen consumptions and the degree of quinone re-
ductions under pseudo-state 4 and state 3. In sweet potato mitochondria,
a linear relationship was observed under both state 4 and 3 bioenergetics
state during sequential inhibition of the succinate dehydrogenase [11].
Under uncoupled state, a very different relationship is observed where
the respiratory rate can double with very little variation in the quinone
redox state. Under state 4, where the protonmotive force is high and
almost constant, the highest the respiratory rate the more reduced the
quinones. Under state 3, the same tendency is observed but this is a
condition where the proton motive force is reduced leading to a lower
quinone redox state at higher flux. Under uncoupled state, only the two
substrates that do not require a carrier to be oxidized by the respiratory
chain are able to maintain a somewhat high quinone redox state. If one
compares the slope of the relationship obtained in the different respi-
ratory states, there is a clear increase in this slope when the proto-
nmotive force decreases, which shows the constraint applied by this
force on the quinone redox state (Schemes 2 and 3).

4. Conclusion

In this paper, we investigated the potential relevance of mitochon-
drial quinone redox state as a marker of mitochondrial metabolism and
more particularly the mitochondrial redox state. Since assessing mito-
chondrial quinone redox state requires a redox mediator, namely Qs, its
influence on mitochondrial energetic metabolism was investigated and
we show that up to 4 pM, Q- in the mitochondrial buffer does not affect
mitochondrial metabolism. Further, assessing the mitochondrial
quinone redox state at various mitochondrial concentrations allowed us
to show that Qy is mostly partitioned in the mitochondrial buffer and
that the membrane partition of this molecule is only about 10 % (see
Fig. 3B). While investigating mitochondrial quinone redox state on
various mitochondrial substrates, we showed, as expected, that for a
number of substrates mitochondrial quinone redox state decreased upon
ADP addition i.e. in phosphorylating conditions. However, a-ketoglu-
tarate behaved quite differently. Indeed, under phosphorylating condi-
tions, the mitochondrial quinone redox state increased for
a-ketoglutarate. We thus further investigated this surprising result and
were able to show that this is due to the succinyl-CoA synthetase being a
limiting step of this substrate catabolism within the Krebs cycle and
succinate being reoxidized by succinate-dehydrogenase. This is partic-
ularly interesting since it shows that respiratory rate and mitochondrial
quinone redox state are complementary measurements when investi-
gating mitochondrial metabolism. An increase in mitochondrial respi-
ratory rate can be associated with either a decrease (EtOH) or an
increase (a-ketoglutarate) in mitochondrial quinone redox state.
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