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Abstract: The m.8993T>G mutation of the mitochondrial MT-ATP6 gene is associated with NARP
syndrome (neuropathy, ataxia and retinitis pigmentosa). The equivalent point mutation introduced in
yeast Saccharomyces cerevisiae mitochondrial DNA considerably reduced the activity of ATP synthase
and of cytochrome-c-oxidase, preventing yeast growth on oxidative substrates. The overexpression
of the mitochondrial oxodicarboxylate carrier (Odclp) was able to rescue the growth on the oxidative
substrate by increasing the substrate-level phosphorylation of ADP coupled to the conversion of
a-ketoglutarate (AKG) into succinate with an increase in Complex IV activity. Previous studies
showed that equivalent point mutations in ATP synthase behave similarly and can be rescued by
Odclp overexpression and/or the uncoupling of OXPHOS from ATP synthesis. In order to better
understand the mechanism of the ATP synthase mutation bypass, we developed a core model of
mitochondrial metabolism based on AKG as a respiratory substrate. We describe the different
possible metabolite outputs and the ATP/O ratio values as a function of ATP synthase inhibition.

Keywords: mitochondrial metabolism; metabolic model; ATP/O; substrate-level phosphoryla-
tion; Odcl

1. Introduction

Mitochondria support aerobic respiration and produce most of the cellular ATP by
oxidative phosphorylation, i.e., the coupling of a series of redox reactions and the electron
transport chain (ETC) with ATP synthase through a transmembraneous proton gradient.
The ETC is mainly fed by the NADH and succinate generated in the TCA cycle and a few
other possible dehydrogenases.

ATP synthase organizes into a matrix domain (F1 inside mitochondria) where ATP
is synthesized and a membrane-embedded domain (Fo) moves protons across the mem-
brane [1-4]. Dozens of point mutations in the mitochondrial MT-ATP6 gene (coded by the
ATP6 gene in yeast mtDNA) have been identified as leading to deleterious neuromuscular
disorders [5]. This gene codes for the subunit A in ATP synthase. It is in contact with the
c-ring in the Fo membrane domain and has been proposed to optimize the transmembrane
conduction of protons [6,7]. The m.8993T>G mutation of the mitochondrial MT-ATP6 gene
affecting the mitochondrial energy transduction has been particularly studied [8]. This
mutation has been associated in humans with numerous cases of neuropathy, ataxia and
retinitis pigmentosa (NARP) and maternally-inherited Leigh syndrome.

The equivalent mutations introduced in the yeast Saccharomyces cerevisine (NARP
mutant) [9] dramatically slow down its respiratory growth. It was recently shown that this
mutation prevents proton release in the mitochondrial matrix, strongly decreasing ATP
synthesis to 10% of the wild type (WT) value [6]. Concomitantly with the ATP synthase
defect, a decrease in the Complex IV amount was observed (the retrograde signaling
pathway linking ATP synthase and Complex IV biogenesis [8,10,11]).
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An additional molecule of ATP (in yeast) or GTP (in the liver) is produced in the TCA
cycle by Succinyl-CoA synthetase, also named succinate thiokinase. It is called substrate-
level phosphorylation (SLP) because it involves the transfer of a phosphate from a donor
molecule (here, the succinyl-Pi) to ADP to form ATP. Following the pioneering work of
Schwimmer et al. [10], a rescue of the NARP mutation in yeast was mediated through the
mitochondrial carrier Odclp overexpression [8]. Odclp is a mitochondrial carrier that
exchanges 2-oxoglutarate (AKG) against succinate, malate or citrate (and several other
metabolites not a priori involved in the rescuing process) [12]. Odclp overexpression
presumably increases AKG uptake in mitochondria, promoting a subsequent increase in
ATP synthesis by SLP (SLP-ATP) [10]. In both cases, the rescue is accompanied by an
increase in the Complex IV amount without a full restoration of the WT value. A model of
the interdependence between ATP synthase and the Complex IV amount via the increase
in the mitochondrial membrane potential has been proposed in [8], in a relationship with
mitochondrial membrane hyperpolarization (see also [13]).

An Odclp carrier was identified and characterized by Palmieri et al. [12]. It oper-
ates by a strict counter-exchange mechanism. An Odclp carrier can principally uptake
2-oxoglutarate against itself (112.5), succinate (19), malate (56) and citrate (28.6). The
numbers in brackets indicate in mmol/min/g protein the rate of 2-oxoglutarate uptake
in proteoliposomes preloaded with the corresponding metabolite (Table 2 in [12]). The
diversity of the output catalyzed by Odclp offers different metabolic solutions to enhance
SLP-ATP. In order to have a better understanding of the rescue mechanism by Odclp, we
developed in this paper a metabolic model of yeast mitochondria that characterizes the
different possible metabolic pathways bypassing oxidative phosphorylation ATP deficiency
in isolated yeast mitochondria using o-ketoglutarate (AKG) as a respiratory substrate. We
show that several metabolite outputs following an AKG input are possible and depend
upon the activity of ATP synthase. We also show that the simple property of Odclp
as a transporter is not sufficient to explain the ATP synthase rescue. We propose a few
new hypotheses to explore. Finally, we discuss the therapeutic application of this study
in humans.

2. Materials and Methods

The model of mitochondrial metabolism was written with Copasi [14] and is detailed
in Supplementary Material S1. It involves a relevant representation of the coupling between
the respiratory chain and ATP synthesis through a chemiosmotic proton gradient ApH*
considered here as a pseudo-substrate called PMF (proton motive force). For those reactions
that depend only on the ApH or on the A{ component of the AuH", we take, following
Bohnensack [15], ApH = 0.2 PMF and Ay = 0.8 PMF. In our model, the PMF, as postulated
by Mitchell’s chemiosmotic theory [16], is the result at a steady state of the opposite
activities of the respiratory chain on the one hand and of ATP synthase on the other hand,
even though a few recent results indicate a more complex mechanism [17]. Copasi also
allows the calculation of EFMs (elementary flux modes, i.e., the minimal set of fluxes at a
steady state) [18,19] but with integer stoichiometric coefficients. This explains why a few
reactions had high stoichiometric coefficients and why a few coefficients of the reactions
in the EFMs were high (Supplementary Material 52). The kinetic parameters of the rate
equations are listed in Supplementary Material S1.

The model includes the different exchanges catalyzed by Odclp under the form of
three reactions for the AKG input:

T2: AKGc + MALm = AKGm + MALc.

T22: AKGc + SUCCm = AKGm + SUCCec.

T23: AKGc + CITm = AKGm + CITc.

In addition, the dicarboxylate carrier (DIC) catalyzes the exchanges:

T31: MALm + Pic = MALc + Pim.

T33: SUCCm + Pic = SUCCc + Pim.
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3. Results

The aim of the model was to simulate the experiments on isolated yeast mitochondria
with 10 mM AKG as a respiratory substrate and to characterize all possible metabolic
pathways inside mitochondria and metabolite outputs including ATP synthesis. We also
studied the oxygen consumption flux and calculated the ATP/O ratio for which experi-
mental results already exist [20].

In a first part, we will describe the elementary flux modes (EFMs), i.e., the minimal
pathways at a steady state inside a metabolic network [18]. In this context, minimal means
that the removal of a step prevents the establishment of a steady state. They either connect
the input with output metabolites or are cycles at a steady state. Any set of fluxes at a
steady state in a metabolic network can be written as a non-negative linear combination of
EFMs [18,21].

3.1. Determination of EFMs with 2-Oxoglutarate (AKG) as a Respiratory Substrate

The EFMs are described in Supplementary Material S2. The direction of the carriers
in the model were such that only AKG was allowed as a respiratory substrate. In these
conditions, we obtained 15 possible EFMs. Among these 15 EFMs, 8 involved the input
of only AKG, ADP, Pi and O and the output of ATP (represented in Figure 1 and in Sup-
plementary Material S2). The outputs were succinate only (EFMs 3 and 11; Figure 1a,d,
respectively), malate only (EFMs 4 and 12; Figure 1b,e, respectively), malate + citrate (EFMs
6 and 13; Figure 1cf, respectively), succinate + citrate (EFM 14; Figure 1g) or succinate +
malate + citrate (EFM 15; Figure 1i). EFMs 11, 12 and 13 involved a membrane leak (L),
which consumed the PMF without ATP synthesis (ASYNT = 0) with a rather low ATP/O
of 0.5 or 1. There was a final EFM without oxygen consumption, EFM 5 (represented in
Figure 1h). This EFM involved the reversion of ATP synthase (-ASYNT). Even though
oxygen consumption was experimentally observed, this EFM could not be excluded be-
cause it could participate in a linear combination of EFMs with a net consumption of
oxygen. All in all, the ATP/O values ranged from 0.5 to 6. Two EFMs (EFM 3 and EFM 6)
displayed an ATP/O of 2.15 close to the published value of 2.3 [10,20]. However, because
the actual fluxes in a metabolic network can be seen as a linear combination of EFMs, the
experimental value of 2.3 could result from a combination of different EFMs with different
ATP/O values. Thus, any of the 9 EFMs could be implicated either alone (EFMs 3 or 6,
Figure 1a or Figure 1c) or in a combination.

To obtain a further insight into the actual metabolic fluxes and the pathway taken by
AKG inside the mitochondria, we developed a kinetic model using Copasi [14] involving
the kinetic properties known for each step, as described in Supplementary Material S1.
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Processes 2021, 9, 1424

50f11

.
55 ADP | 50 ADP
pyruvate pyruvat
W H
ATP/O =6 - ll ATP/O=6 B
2 co, v
T pyere 55 ATP 50 ATP
F / CoA—_ | NAD* E / CoA NAD!
/ NADH N / NADH ~
50, z 7o co, "'/T >N 40, Z [T co,«—y > NADH
[ 1-CoA i -
‘;\ o acuv“ o ‘;\\,, . acely‘\ con
| L\\
| maoH oaloscetate 7N\ | naow oxaloacetate /N
TR ) a5 e %8 Ve — L, 50
/ HO  op  Clnate . WO o Citrate
o 7 v NAD NAD s
" malate o, A\ Men 8 «————— malate . ~— NADH
4 ), — 2 — +H
§ Krebs & 100 r Krebs _ 100
N W < at R < ate
fumarate cycle o e cycle -
» ~ NAD*
A
e N ap O > NADH @, pop Ot/ s naon
Q / N ATP +Pi + J/ ATP +Pi +H
succnate A | gucingico succinate A | quccinykcon
~ \ _/
>
CoA CuA‘
55 42
( h ) 38 ADP
ATP/O = oo
€O,
) o e 38 ATP
Ly -
¢ 7o v v
[ S o o
| . \\;\
NADH xaloacetat /N
+H - \
. —_—
wo &, cume 50
o v e
" malat A\ NaoH
" co, o
Krebs
N < 100 ate
1>~ Ho cycle N
fumarate NAD*
L
)
a N ap > NADH
PN A
uccnate 4

Figure 1. Schematic representation of the EFMs that explain the set of fluxes in isolated yeast mitochondria respiring on
AKG. All values are given for an input of 100 AKG per time unit (in arbitrary units) in order to facilitate the comparison of
the release fluxes. The EFMs are detailed in Supplementary Material S2.

3.2. Dynamics of Oxygen Consumption and ATP Generation and Determination of the Ratio
ATP/O as a Function of ATP Synthase Activity

Three properties of the model must be emphasized.
(1)  As the thermodynamic span between the pair NADH/NAD and QH,/Q was much

greater than the span between succinate/fumarate and QH;/Q, NADH was oxidized
before QH, (Figure 2b) and the accumulation of QH; blocked the respiratory complex

II (RCII or SDH).

(2)  When the ratio NADH/NAD was high (low ATP synthase activity), the reversion of
IDH3 associated with NADH reoxidation was possible.

(3)  When both NADH/NAD and QH,/Q ratios were low (high activity of the respi-
ratory chain and ATP synthase), RCII was active and succinate was easily trans-
formed in fumarate competing with the output of succinate against AKG through
Odclp. The AKG/succinate exchange thus decreased and was largely replaced by
the AKG/malate exchange (Figure 2a; high ASYNT activity).

Let us now describe the behavior of mitochondrial metabolism with AKG as a respira-
tory substrate as a function of the ATP synthase activity (corresponding with different degrees
of activity or a different amount of the ATP synthase inhibitor, oligomycin) (Figure 2).
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Figure 2. Energy metabolism of isolated yeast mitochondria respiring on AKG as a function of ATP synthase activity:

(a) ATP/O ratio (left scale) and output fluxes through the Odcl carrier against the AKG input (in arbitrary units, right scale)
and (b) NADH/NADj,1 and QHj /Qyota and reduced cyt ¢/cyt corq) ratios. The parameters of the kinetic model are listed
in Supplementary Material S1.

When ASYNT = 0, the respiratory chain activity was low due to the high PMF value
leading to high NADH/NAD and QH,/Q ratios. The RCII activity was very low so that
succinate went against AKG. The high NADH level reversed the IDH3 activity, leading
to a citrate output against AKG. There was a very low malate output in these condi-
tions. An ATP/O = 1.3 was obtained, which fitted well with the 1.1 value experimentally
observed [20].

An intermediate ASYNT value of 0.04 consumed the PMF, which decreased and
liberated the respiratory chain that consumed the NADH (Figure 2b). The NADH decrease
prevented IDH3 reversion and the production of citrate (Figure 2a). The slight decrease in
QH,; (10%) allowed an increase in malate production but the succinate output remained
high. An ATP/O = 1.9 was observed in these conditions.

At a higher ASYNT activity above 0.1 (WT), the NADH and QH; concentrations
became low and liberated the RCII activity, which consumed a greater part of succinate
that was then transformed into fumarate and malate excreted against AKG. The ATP/O
was equal to 1.8, somewhat lower than the observed value of 2.3. We will discuss this
point later.

3.3. Decomposition of the Steady States in EFMs

As any set of reactions at a steady state can be expressed as a non-negative combination
of the EFMs of the metabolic network, we expressed the different steady states of Figure 2
as a function of the EFMs represented in Figure 1. It appeared that only six EFMs were
sufficient to describe all the set of fluxes, EFMa, EFMb, EFMd, RFMg, EFMh and EFMi
(EFMa indicates EFM represented in Figure 1a, etc.). At a low ATP synthase activity, the
set of fluxes was mainly represented by EFMd (output of succinate), EFMg and EFMh
(output of succinate and citrate) and EFMi (output of succinate, malate and citrate). As the
ATP synthase activity increased, EFMd, g, h and i were progressively replaced by EFMs a
and b and then mainly by b (93%) at a high ATP synthase activity. These changes were in
accordance with the metabolite outputs and the variation of the ATP/O ratio described in
Figure 2a.
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3.4. Overexpression of Odclp

Curiously, in our model, the effect of increasing the activity of the Odclp carrier (x 10)
was rather weak (Table 1, No Odcl Leak). This could be explained by several factors.
First, the growth of the yeast strain NARP + Odclp was much less than the growth of
the wild type (Figure 1 in [8]), suggesting that the increase in ATP synthesis with Odclp
overexpression was far from reaching the WT value; second, it was shown that in the yeast
NARP mutant, the activity of Complex IV, the last step of respiratory chain, decreased by
80% so that the 0.030 value of ATP synthesis in NARP (Table 1) was probably overestimated.
The effect of Odclp overexpression not only increased the expression of the carrier but
also increased the level of Complex IV (40% of the WT activity, Table 1 in [8]). This was
attributed to the retrograde signaling pathway linking ATP synthase and Complex IV
biogenesis [8,10,11].

Table 1. ATP synthesis, respiration and ATP/O in a wild type (WT), NARP mutation and NARP +
10 times Odclp overexpression calculated with a Copasi model in arbitrary units.

No Odclp Leak ATP Synthesis Rate Respiration Rate ATP/O
WT 0.301 0.179 1.79
NARP 0.030 0.021 1.40
NARP + Odclp (x10) 0.068 0.026 2.65

Another factor could play an important role in the rescue of the yeast NARP mutant
by Odclp overexpression: one of the strong constraints of SLP-ATP production is the
mandatory reoxidation of NADH produced by «-ketoglutarate dehydrogenase, the reaction
preceding the thiokinase reaction that produces ATP in the TCA cycle. Several ways exist
in mitochondria to reoxidize NADH [22]. One occurring at a low activity of ATP synthase
is the reversion of isocitrate dehydrogenase in the presence of a high concentration of
NADH leading to the citrate output as shown in Figure 2. The other classical one is the
activation of the respiratory chain due to the PMF consumption by ATP synthase. Another
way to consume the PMF and NADH, consequently activating the TCA cycle and SLP, is
an increase in the membrane leak. In yeast, this leak is naturally high leading to a high
state 4 and a mild uncoupling between respiration and ATP synthesis (Table 1 in [8]).
The introduction in our model of a leak accompanying the Odc1 overexpression further
increased the ATP synthesis rate (Table 2).

Table 2. ATP synthesis, respiration and ATP/O in a wild type (WT), NARP mutation and NARP +
10 times Odclp overexpression with a leak accompanying the Odclp overexpression. Calculations
are performed using the Copasi model in arbitrary units.

Odc1 Leak ATP Synthesis Rate Respiration Rate ATP/O
WT 0.300 0.169 1.77
NARP 0.031 0.034 1.11
NARP + Odclp (x10) 0.084 0.047 1.79

4. Discussion

The introduction of human mitochondrial mutations in yeast is an ingenious strategy
to explore curative procedures of mitochondrial diseases. This is how the overexpression
of the Odclp carrier was discovered in yeast [10] with the possible implication of substrate-
level phosphorylation in the TCA cycle to supply cellular ATP needs.

In order to understand the bases of the rescue of ATP synthase mutants by Odclp
and the metabolic constraints in this metabolic bypass, we developed a theoretical model
of mitochondrial metabolism with alpha-ketoglutarate (AKG) as a respiratory substrate
(Supplementary Material S1).
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4.1. EFMs

We first described the elementary flux modes (EFMs) of the metabolic network. EFMs
are the minimal pathways in a metabolic network at a steady state. Any set of metabolic
fluxes of a metabolic network at a steady state can be expressed as the sum of EFMs
weighted with non-negative coefficients summing to one.

The description of the EFMs of the yeast mitochondrial metabolism showed that, in
principle, any TCA segment can be taken from AKG leading to any TCA intermediate
output (Figure 1) with ATP /O ratios ranging from 0.5 to 6 except for the EFM of Figure 1h,
for which there was no oxygen consumption. The already reported ATP/O ratio of 2.3 [20]
was close to the one of 2.15 measured in the EFMs of Figure 1a,c, which corresponded in
our system to an exit of succinate on the one hand or malate and citrate on the other hand.
However, because the metabolic fluxes at a steady state could be the combination of several
EFMs with different ATP/O values, a value of 2.3 could be achieved in this combination.

4.2. Kinetic Model and Decomposition of EFMs

To gain an insight into this matter, we introduced in our model the rate equations
of the different steps (Supplementary Material S1) and we studied the steady state of the
metabolic network at different ATP synthase activity values (Figure 2). We observed a
rewiring of mitochondrial metabolism when the amount of ATP synthase was decreased
with an ATP/O passing from a value of 1.8-1.9 to a value of 1.3 close to the corresponding
experimental value of 1.1 reported in [20] in the presence of oligomycin, an inhibitor of
ATP synthase. However, one may wonder the reason(s) of the greater difference between
the theoretical value of 1.8 and the experimental one of 2.3 at a high ATP synthase activity.
As we noticed earlier, two EFMs presented an ATP/O of 2.15, close to the experimental
value. One presented an output of citrate that was not observed in our kinetic model at a
high ATP synthase activity. The other supposed that all AKG entry occurred in exchange
with the succinate output. As discussed above, the succinate output necessitates that
SDH (complex II) is inactive, which in our case was obtained at a high QH, concentration.
Another solution came from the participation of EFMs with ATP/O = 6. Once more these
EFMs involved a citrate output that necessitated a high NADH concentration. This was
not the case at a high ATP synthase concentration in our kinetic model in which the release
of metabolites changed from mainly malate and succinate at a high ATP synthase activity
to succinate plus malate and ultimately a null ATP synthase activity to mainly a succinate
release (plus a weaker citrate and malate release). The decomposition of the steady states
into six EFMs (Figure 3) confirmed this result with essentially EFMb (corresponding with
Figure 1b and ATP/O = 1.77) and, to a lesser extent, EFMa (ATP/O = 2.15) at a high ATP
synthase activity.

Obviously, the conclusions of our model are dependent upon the rate equations of the
enzymatic reactions. In order to solve the discrepancy in the ATP/O values, experiments
are underway in our laboratory to refine the kinetic parameters of our system by measuring
the activities of isolated reactions but also the fluxes of metabolites released from the
mitochondria with AKG as a respiratory substrate.
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Figure 3. Decomposition of the fluxes as a function of the EFMs of the network involving AKG, ADP
and Pi input (see details in Supplementary Material S2). The Aj values refer to EFMj represented in
Figure 1. For each ASYNT value, the metabolism at a steady state is equal to XAj*EFMj (j=a,b, ... , i)
with XAj = 1. The metabolite(s) indicated after the Aj is/are the metabolite(s) that goes/go out.

4.3. Odclp Rescue

It has been shown that CCCP, an uncoupler of the respiratory chain from the ATP
synthase activity, can also rescue ATP deficiency in yeast [8]. We can thus hypothesize
that part of the Odclp effect could be to increase the membrane leak favoring SLP-ATP
not only by increasing the AKG feeding part of the TCA cycle producing ATP but also
NADH consumption by an activation of the respiratory chain. We tested this hypothesis
in our model, which showed that increasing the leak in the NARP + Odclp conditions
actually increased SLP-ATP synthesis (Table 2). This effect is comparable with the role of
uncoupling proteins in cancer [23,24]. This should also be reconciled with the fact that
the overexpression of Odc1 can cure different types of ATP synthase deficiencies [8,10,25],
probably by a more general mechanism than a simple AKG transport. Work is in progress
in our laboratory to study the possible uncoupling properties of the Odc1 carrier.

4.4. Implications for NARP Syndrome Human Odclp Counterpart

What is the relevance of this yeast study on human NARP syndrome?

Several reports show that substrate-level phosphorylation is able to rescue ATP syn-
thase deficiency or to favor ATP production in cells fed with glutamine, a precursor of
AKG [26-28]. However, our theoretical study evidenced the constraints in enhancing SLP
through a rewiring of the energy metabolism, namely, the necessity to reoxidize the NADH
synthesized by alpha-ketoglutarate dehydrogenase [22,26].

It also evidenced the (perhaps multifactorial) role of the mitochondrial carriers such
as Odclp. Concerning human NARP syndrome, the question is: is there a human homo-
logue of Odclp? As a matter of fact, Odclp has been identified by a sequence analysis
of the nuclear genome of Saccharomyces cerevisiae [12] and then in humans as an ortho-
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logue [29]. As in yeast, the human oxodicarboxylate carrier catalyzed the 2-oxoadipate
and 2-oxoglutarate by a counter-exchange mechanism [29]. Nevertheless, contrary to yeast
Odclp, the human carrier does not transport malate and succinate. Thus, the human
oxodicarboxylate carrier does not appear to be a good candidate to rescue NARP mutations
as in yeast. However, in their work aiming at rescuing human NARP mutations, Sgarbi
et al. [27] were able to increase mitochondrial substrate -level phosphorylation and propose
a mechanism in which the oxoglutarate carrier exchanged 2-oxoglutarate against malate in
a medium enriched in 2-oxoglutarate and aspartate. Thus, the human oxoglutarate carrier
(OGC) could play the role of the oxodicarboxylate carrier (Odc1) in yeast. The comparison
of the fluxes of metabolites released from the mitochondria of yeast and mammals with
AKG as a respiratory substrate and different levels of ATP synthase activity should help
in understanding the mitochondrial metabolic pathways taken to rescue ATP synthase
deficiencies.
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Abbreviations

AKG a-ketoglutarate /2-oxoglutarate

ASYNT-ATP  ATP synthesized by the mitochondrial ATP-synthase

PMF Proton motive force (AuH")

SLP Substrate-level phosphorylation

SLP-ATP ATP synthesized by Succinyl-CoA synthetase (succinate thiokinase)
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