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Abstract: The oxidative phosphorylation (OXPHOS) system couples the transfer of electrons to oxy-
gen with pumping of protons across the inner mitochondrial membrane, ensuring the ATP production.
Evidence suggests that respiratory chain complexes may also assemble into supramolecular structures,
called supercomplexes (SCs). The SCs appear to increase the efficiency/capacity of OXPHOS and
reduce the reactive oxygen species (ROS) production, especially that which is produced by complex I.
Studies suggest a mutual regulation between complex I and SCs, while SCs organization is important
for complex I assembly/stability, complex I is involved in the supercomplex formation. Complex I is a
pacemaker of the OXPHOS system, and it has been shown that the PKA-dependent phosphorylation
of some of its subunits increases the activity of the complex, reducing the ROS production. In this
work, using in ex vivo and in vitro models, we show that the activation of cAMP/PKA cascade
resulted in an increase in SCs formation associated with an enhanced capacity of electron flux and
ATP production rate. This is also associated with the phosphorylation of the NDUFS4 subunit of
complex I. This aspect highlights the key role of complex I in cellular energy production.

Keywords: mitochondria; cAMP/PKA; complex I; mitochondrial supercomplexes; NDUFS4

1. Introduction

In human cells, the ATP produced by the mitochondrial oxidative phosphorylation
(OXPHOS) system covers the major part of cellular requirement; the remainder is provided
by glycolysis. The oxidation of NADH or FADH2 by mitochondrial respiratory chain
complexes couples the transfer of electrons to oxygen with pumping of protons across the
inner mitochondrial membrane (IMM), thus generating a transmembrane proton gradient
which drives ATP formation by complex V [1,2]. Evidence, mainly based on structural
analysis, suggests that respiratory complex I (CxI), III (CxIII) and IV (CxIV), can also
assemble into supramolecular structures called supercomplexes (SCs). The SCs contain
respiratory complexes in various stoichiometry, such as CxI + CxIII2, CxIII2 + CxIV, and
CxI + CxIII2 + CxIV [3,4]. The assembly of these complexes is also called “respirasome”
because, together with the mobile transporters coenzyme Q and cytochrome c, it works as a
single functional unit that transfers electrons and simultaneously forms the electrochemical
gradient through the IMM [3,5]. Evidence suggests that SCs play a role in the electron flux
of the respiratory chain [6,7] and also reduce the production of reactive oxygen species
(ROS) [8–10]. A mutual regulation between complex I and SCs has been observed, since
SCs organization is important for complex I assembly/stability [11–15] and complex I has
an important role in the formation of the supercomplexes [13].

Complex I is the entry point of the reducing equivalents. It catalyzes the electron
transfer from NADH to ubiquinone [1,2] and plays a central role in OXPHOS efficiency
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and capacity [16]. In mammals, in addition to 14 conserved subunits of the catalytic core,
complex I has 31 supernumerary subunits. Seven subunits are encoded by the mitochon-
drial DNA and 38 by nuclear genes [17,18]. The function of the supernumerary subunits
is largely unknown. Some are involved in the assembly of the complex, its regulation
and ancillary functions [18,19]. Complex I, together with complex III, is the major site of
oxygen superoxide formation [20], and its functional capacity is regulated by a variety of
regulatory factors/events acting at the expression and post-translational levels [2,17,21,22].
Indeed, several subunits of complex I can be acetylated, glutathionylated [23], and phos-
phorylated [22].

The cAMP/PKA pathway has an important role in the regulation of complex I [24] by
activating complex I biogenesis [25,26] and by increasing its Vmax and decreasing com-
plex I-dependent ROS production [27–29]. In cell cultures, the activation of cAMP/PKA
pathway, by permeant derivative of cAMP or by the β-agonist isoproterenol, promotes the
phosphorylation of NDUFS4 protein, under the conditions in which it activates complex
I and reverses ROS accumulation [27,28]. In addition, the mitochondrial import of the
NDUFS4 protein and its assembly in complex I are stimulated by PKA-mediated phos-
phorylation [30]. It has been proposed that the activity of complex I can be promoted by
the phosphorylation-dependent import of newly synthesized NDUFS4 protein that, once
imported into mitochondria, can be assembled in complex I [31,32] via exchange with
the “aged” subunit in the complex [29]. Interestingly, it is reported that mutations in the
NDUFS4 gene, resulting in the disappearance of the protein, were associated with com-
bined enzymatic complex I and complex III deficiency, suggesting an involvement in SCs
formation [33]. On the other hand, studies showed that the SCs formation reduced the ROS
production [34] and, in particular, the complex I-dependent ROS production [8,9]. Despite
the well-studied role of cAMP/PKA pathway on complex I activity and its dependent
ROS production, no information is present on the role of this signaling in the regulation
of SCs formation. Herein, we show that, in H9c2 cell cultures and in isolated rat liver
mitochondria (RLM), the activation of cAMP/PKA cascade resulted in an increase in SCs
formation associated with an increased capacity of the electron flux and ATP production
rate, probably promoted by phosphorylation of NDUFS4 subunit.

2. Results
2.1. Effect of Isoproterenol Treatment of H9c2 Cells on Mitochondrial Respiratory Complex
Activities and SCs Organization

We reported that β-agonist isoproterenol, which induces an increase in the cAMP
level, is associated with the PKA-dependent phosphorylation of the NDUFS4 subunit of
complex I [28].

Isoproterenol (ISO) treatment of H9c2 cell cultures resulted in a significant stimula-
tion of the complex I (NADH-UQ oxidoreductase) and complex I/III activities (NADH-
cytochrome c oxidoreductase), without any effect on the activities of complex III (ubiquinol–
cytochrome c oxidoreductase) and complex IV (cytochrome c oxidase) with respect to
control cells (CTRL) (Figure 1).

Accordingly, stimulation of the endogenous respiration and mitochondrial ATP level,
as well as of state 3 respiration and ATP production rates, supported only by NAD-linked
substrates (pyruvate plus malate, P/M) was observed after isoproterenol treatment of H9c2
cells (Figure 2). No difference in state 3 respiration and ATP production rates was observed
in the case of succinate-supporting respiration (Figure 2). Instead, the P/O ratio remained
unchanged in both NAD-linked and succinate supporting respiration (Figure 2).
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Figure 1. Effect of isoproterenol treatment on activity of mitochondrial respiratory chain complexes. 
The H9c2 cell cultures were incubated for 30 min in absence (CTRL) or in the presence of 1 µM 
isoproterenol (ISO). The activities of complexes I (CxI), III (CxIII), IV (CxIV) and I + III (CxI/III) were 
measured spectrophotometrically. The scatter bar graphs represent the means ± standard deviation 
(SD). CTRL vs. ISO, * p < 0.05, *** p < 0.001, Student’s t-test. 

 
Figure 2. Effect of isoproterenol treatment on oxygen consumption rates, ATP level, ATP production 
rate and efficiency. The H9c2 cell cultures were incubated in absence (CTRL) or in the presence of 
isoproterenol (ISO). (A) The scatter bar graphs represent the mitochondrial ATP level determined 
as result of total ATP level minus ATP level in the presence of oligomycin. (B) The scatter bar graphs 
represent the oxygen consumption rates measured in intact cells (endogenous). (C) The scatter bar 
graphs represent the oxygen consumption rates in digitonin-permeabilized cells supplemented with 
ADP and pyruvate plus malate (P/M) or succinate (SUCC) as respiratory substrates (State 3). (D) 
The scatter bar graphs represent the mitochondrial ATP production rates measured in the presence 
of P/M or SUCC. (E) The scatter bar graphs represent the P/O ratio measured in the presence of P/M 
or SUCC. The data represent the means ± SD of at least five different experiments except for succin-
ate (four determinations). ISO vs. CTRL, * p < 0.05, ** p < 0.01, Student’s t-test. 

Notably, after blue native electrophoresis (1D-BNE) of H9c2 cell lysate, the in-gel col-
orimetric assay for analysis of complex I activity revealed three colored bands, of which 
one was ascribable to free complex I (CxI) and two to SCs containing complex I in both 
untreated and ISO-treated cells (Figure 3A). According to spectrophotometric measure-
ments, the densitometric analysis showed an increase in total in-gel activity (sum of the 

Figure 1. Effect of isoproterenol treatment on activity of mitochondrial respiratory chain complexes.
The H9c2 cell cultures were incubated for 30 min in absence (CTRL) or in the presence of 1 µM
isoproterenol (ISO). The activities of complexes I (CxI), III (CxIII), IV (CxIV) and I + III (CxI/III) were
measured spectrophotometrically. The scatter bar graphs represent the means ± standard deviation
(SD). CTRL vs. ISO, * p < 0.05, *** p < 0.001, Student’s t-test.
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Figure 2. Effect of isoproterenol treatment on oxygen consumption rates, ATP level, ATP production
rate and efficiency. The H9c2 cell cultures were incubated in absence (CTRL) or in the presence of
isoproterenol (ISO). (A) The scatter bar graphs represent the mitochondrial ATP level determined as
result of total ATP level minus ATP level in the presence of oligomycin. (B) The scatter bar graphs
represent the oxygen consumption rates measured in intact cells (endogenous). (C) The scatter bar
graphs represent the oxygen consumption rates in digitonin-permeabilized cells supplemented with
ADP and pyruvate plus malate (P/M) or succinate (SUCC) as respiratory substrates (State 3). (D) The
scatter bar graphs represent the mitochondrial ATP production rates measured in the presence of
P/M or SUCC. (E) The scatter bar graphs represent the P/O ratio measured in the presence of P/M or
SUCC. The data represent the means ± SD of at least five different experiments except for succinate
(four determinations). ISO vs. CTRL, * p < 0.05, ** p < 0.01, Student’s t-test.

Notably, after blue native electrophoresis (1D-BNE) of H9c2 cell lysate, the in-gel
colorimetric assay for analysis of complex I activity revealed three colored bands, of which
one was ascribable to free complex I (CxI) and two to SCs containing complex I in both un-
treated and ISO-treated cells (Figure 3A). According to spectrophotometric measurements,
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the densitometric analysis showed an increase in total in-gel activity (sum of the three
bands) in ISO-treated cells with respect to control cells (Figure 3B). In particular, the specific
distribution of in-gel activity changed in ISO-treated cells with respect to untreated cells,
showing that the percentage of in-gel activity augmented for supercomplexes containing
complex I and decreased for the free complex I (Figure 3C). In addition, in-gel colorimetric
assay for analysis of complex IV activity revealed, as also reported by other authors [35],
several bands ascribable to monomeric complex IV (CxIV M), dimeric complex IV (CxIV
D), and several SCs containing complex IV (Figure 3D). While no change was observed for
the total in-gel activity assay (Figure 3E), ISO treatment resulted in increased color intensity
in supercomplexes containing complex IV (Figure 3F).
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Next, we performed BNE/SDS PAGE of H9c2 cell lysate followed by Western blotting 
for structural analysis of SCs organization. The antibodies against NDUFS4 for complex 
I, Core II for complex III, beta for ATP synthase and CoxIV for complex IV, were used 
sequentially. The beta subunit antibody for ATP synthase was used for the alignment of 

Figure 3. Isoproterenol increased the activities of complex I and complex IV in supercomplexes.
The H9c2 cell cultures were incubated for 30 min in absence (CTRL) or in the presence of 1 µM
isoproterenol (ISO). Mitochondrial solubilized proteins were prepared as described in Materials and
Methods and separated by 1D-BNE PAGE followed by in-gel activity assay. (A) Representative image
of in gel-activity assay for complex I. (B) The histograms represent the percentage value of arbitrary
densitometric units (ADU) of complex I activity-stained bands of ISO treated cells with respect to
CTRL cells. (C) The histograms represent the percentage of ADU of complex I activity-stained bands
referring to free complex I (CxI) and supercomplexes (SCs) in each lane. (D) Representative image of
in-gel activity assay for complex IV. (E) The histograms represent the percentage value of ADU of
complex IV activity-stained bands of ISO treated cells with respect to CTRL cells. (F) The histograms
represent the percentage of ADU of complex IV activity-stained bands referring to free complex IV
(CxIV) and SCs in each lane. The values are the means ± SD of three different experiments. (ISO vs.
CTRL, * p < 0.05, *** p < 0.001, Student’s t-test). In the inset, a representative image of immunoblotting
with antibody against TOM20 performed for the protein loading control of CTRL and ISO samples.
For other details, see under Material and Methods.

Next, we performed BNE/SDS PAGE of H9c2 cell lysate followed by Western blotting
for structural analysis of SCs organization. The antibodies against NDUFS4 for complex
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I, Core II for complex III, beta for ATP synthase and CoxIV for complex IV, were used
sequentially. The beta subunit antibody for ATP synthase was used for the alignment of
complexes. As shown in Figure 4, according to the functional data, ISO treatment promoted
an increase in SCs containing complex I (NDUFS4 subunit) (Figure 4A), as well as an
increase in SCs containing complex III (Core II subunit) (Figure 4B) and complex IV (Cox
IV subunit) (Figure 4C).
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Figure 4. Isoproterenol increased supercomplexes containing complex I, complex III and complex IV.
The H9c2 cell cultures were incubated for 30 min in absence (CTRL) or in the presence of isoproterenol
(ISO). Mitochondrial solubilized proteins were separated by 1D-BNE/2D-SDS-PAGE and transferred
into nitrocellulose membrane, followed by immunoblotting analysis with specific antibodies. (A) Rep-
resentative images of immunoblotting with antibody against NDUFS4. (B) Representative images of
immunoblotting with antibodies against Core II and β-ATP synthase. (C) Representative images of
immunoblotting with antibody against Cox IV. (A–C) the histograms represent the percentage of ADU
of isoproterenol-treated cells (ISO) with respect to untreated cells (CTRL) of immuno-revealed spots
in free complexes (CxI, CxIII, CxIV) and in supercomplexes (SCs). The values are the means ± SD of
three different experiments. (ISO vs. CTRL, *** p < 0.001, Student’s t-test). For more details, see under
Materials and Methods.

2.2. Effect of PKA Signaling on the Phosphorylation-Dependent Mitochondrial Import and
Assembly of the NDUFS4 Subunit

NDUFS4 is reported to be a target for PKA and, in particular, the protein has been
found to be phosphorylated in mammalian cells [36] and in rabbit reticulocyte lysate
(RRL) [30] after incubation with PKA. Thus, we analyzed the effect of PKA-dependent
phosphorylation on the import and incorporation of NDUFS4 subunit in free complex I
and SCs.

RLM were incubated with [35S]-Met labeled NDUFS4 in the absence (CTRL) or in the
presence of catalytic subunit of PKA (PKA). After incubation, the mitochondria were pelleted
and processed by 1D-BNE, followed by autoradiography (Figure 5A) or immunoblotting
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analysis (Figure 5B). Figure 5A shows that the new imported [35S]-Met labeled NDUFS4, in
absence of PKA, was incorporated in different bands ascribable to free complex I and some
higher molecular weight bands corresponding to SCs containing complex I. In the presence
of PKA, the incorporation of new imported [35S]-Met labeled NDUFS4 increased in both
free complex I and SCs containing complex I (Figure 5A). Western blotting analysis of the
same samples using an antibody against NDUFB6 subunit of complex I (Figure 5B) revealed
that, in the presence of PKA, the amount of complex I increased in SCs, but tendentially
decreased in free complex I, even if the data were not statistically significant (Figure 5B). The
same experiments (Figure 5C), performed in RLM without the presence of the new imported
[35S]-Met labeled NDUFS4, showed that the addition of PKA did not alter the distribution
of the free complex I or complex I in SCs evaluated with the antibody against NDUFB6
subunit (Figure 5C), thus suggesting a key role of PKA-dependent phosphorylation of
NDUFS4 in SCs formation.
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chondria both in free complex I and in supercomplexes containing complex I (Figure 6A). 
The Western blotting analysis with antibody against complex I (NDUFA9) and complex 
III (Core II) subunits again revealed that NDUFS4 and PKA promoted the SCs formation 
(Figure 6B). 

Figure 5. PKA addition to the mitochondrial import experiments increased the incorporation of
[35S]-Met labeled NDUFS4 in supercomplexes. Mitochondrial import experiments were performed in
absence (CTRL) and in the presence of PKA (1 unit per 10 µg mitochondrial proteins) plus 7.5 mM
sodium fluoride. After 60 min incubation at 30 ◦C, mitochondria were spun down from the import
mixture after trypsin treatment (1 µg/50 µg mitochondrial proteins, 35 min on ice). The solubilized
pellets were analyzed by 1D-BNE and transferred into nitrocellulose. (A) Representative image of au-
toradiography of import experiment with RRL translation mixtures containing the newly synthesized
[35S]-Met labeled NDUFS4 protein. (B) Representative image of immunoblotting analysis with a spe-
cific antibody against the NDUFB6 subunit of complex I of import experiment with RRL translation
mixtures containing the newly synthesized [35S]-Met labeled NDUFS4 protein. (C) Representative
image of immunoblotting analysis with a specific antibody against the NDUFB6 subunit of complex I
of import experiment with RRL translation mixtures without the newly synthesized [35S]-Met labeled
NDUFS4 protein. The histograms represent the percentage of ADU of PKA-treated samples with
respect to untreated samples (CTRL) of radioactive bands ([35S]-Met NDUFS4) and immuno-revealed
bands (NDUFB6) in free complex I (CxI) and in SCs. The values are the means ± SD of three different
experiments. (PKA vs. CTRL, * p < 0.05, *** p < 0.001, Student’s t-test). The insets represent the
loading controls performed using TOM 70 antibody after the SDS-PAGE. For more details, see under
Materials and Methods.
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These results were confirmed when mitochondria, incubated with [35S]-Met labeled
NDUFS4 in the absence or in the presence of PKA, were subjected to BNE/SDS PAGE and
then transferred on nitrocellulose (Figure 6). The autoradiography of the second dimension
(2D-SDS) showed an enrichment of [35S]-Met labeled NDUFS4 in PKA-treated mitochondria
both in free complex I and in supercomplexes containing complex I (Figure 6A). The Western
blotting analysis with antibody against complex I (NDUFA9) and complex III (Core II)
subunits again revealed that NDUFS4 and PKA promoted the SCs formation (Figure 6B).
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samples with respect to untreated cells (CTRL) of immuno-revealed spots by antibodies against
NDUFA9 and CORE II in free complex I (CxI) and complex III (CxIII) and in supercomplexes (SCs).
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2.3. Effect of PKA Signaling and Import of NDUFS4 Subunit on the Activity of Complex I,
Complex III, Complex I/III and Mitochondrial Respiration Rates

To determine the specific functional effect of PKA-phosphorylated NDUFS4 in promo-
tion of SCs organization, the activity of complex I, complex III, complex I/III was evaluated
in RLM after import of the [35S]-Met labeled NDUFS4 or [35S]-Met labeled NDUFB11,
another subunit of complex I, or in the absence of newly synthesized imported proteins
(Figure 7). All conditions were carried out in the absence or in the presence of PKA (Figure 7).
As shown in Figure 7, an increase in the activities of complex I (NADH-UQ oxidoreduc-
tase) (panel A) and complex I/III (NADH-cytochrome c oxidoreductase) (panel C) was
observed when [35S]-Met labeled NDUFS4 was imported in the presence of PKA. No effect
by [35S]-Met NDUFS4 import and PKA treatment was observed on complex III activity
(Ubiquinol-cytochrome c oxidoreductase) (Figure 7B). No changes were observed in the
case of control (Blank) experiments, in which no subunits were imported, or in the case in
which the [35S]-Met labeled NDUFB11 was imported (Figure 7A–C), thus confirming the
main role of the NDUFS4 phosphorylation.
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complex I/III. RRL translation mixtures containing newly synthesized [35S]-Met labeled NDUFS4
protein or [35S]-Met-labeled NDUB11 protein or no protein present (Blank) were added to the import
mixture containing RLM in absence and in the presence of PKA. After 60 min incubation at 30 ◦C,
mitochondria were spun down from the import mixture and used for spectrophotometric analysis.
(A) Activity of complex I (NADH-UQ oxidoreductase). (B) Activity of complex III (ubiquinol-cytochrome
c oxidoreductase). (C) Activity of complex I/III (NADH-cytochrome c oxidoreductase). The values are
the means ± SD of three different experiments. (NDUFS4 + PKA vs. NDUFS4, * p < 0.05, ** p < 0.01,
Student’s t-test). For more details, see under Materials and Methods.

The RLM incubated with [35S]-Met labeled NDUFS4 or without it (Blank), in the
presence and in the absence of PKA, were also used to evaluate the respiration rates.
A significant increase in pyruvate/malate-dependent oxygen consumption was observed
in the case of [35S]-Met NDUFS4 import in the presence of PKA (Figure 8A) compared to
the import of NDUFS4 import without PKA addition. No effect was observed in RLM
incubated without the [35S]-Met labeled NDUFS4 and PKA (Blank) (Figure 8A). The use of
succinate as substrate did not show any change in the rate of oxygen consumption in all
the experimental conditions used (Figure 8B).
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Figure 8. PKA addition to mitochondrial import experiments increased the complex I-supporting
respiration. RRL translation mixtures containing newly synthesized [35S]-Met-labeled NDUFS4
protein or no protein present (Blank) were added to the import mixture containing RLM in absence
and in the presence of PKA. After 60 min incubation at 30 ◦C, mitochondria were spun down from
the import mixture and used to measure the oxygen consumption rates. (A) Oxygen consumption
rates using pyruvate/malate (P/M) as substrate. (B) Oxygen consumption rates using succinate
as substrate. The values are the means ± SD of three different experiments. (NDUFS4 + PKA vs.
NDUFS4, * p < 0.05, Student’s t-test). For more details, see under Materials and Methods.

3. Discussion

The supernumerary subunits present in the mammalian complex I have a critical role
in the complex’s function, regulation, stability, assembly, and protection against oxidative
stress [22]. Some of these are post-translationally modified, resulting in a modulation of
complex activity [22,23,28]. Among them, the cAMP/PKA-dependent phosphorylation
of the NDUFS4 supernumerary subunit is one of the most studied and discussed post-
translational modifications [36–41], which primes the complex I activity and reduces the
ROS production [28,29].

Complex I can also form, with complex III and complex IV, supramolecular organiza-
tions called respiratory supercomplexes [3]. The proportion of the free individual complex
I and the complex I in supercomplexes appears to be modulated in rodents, bovine, and
zebrafish, through physiological stimuli such as the CoQH2/CoQ ratio [6,42]. Despite the
finding on the role of cAMP in the regulation of complex I activity and biogenesis [24]
and ROS formation, no information is available on the role of cAMP in the supercomplex
formation and/or stabilization. In the present work, we show that cAMP signaling is able
to promote the supercomplex formation likely associated with the phosphorylation of the
NDUFS4 subunit of complex I.

We first showed that 30 min of isoproterenol treatment of H9c2 cell cultures induced an
increase in endogenous and NADH-linked substrates respiration under phosphorylating
conditions (state 3 respiration rate) associated with an increase in mitochondrial ATP level
and ATP production rate. The total ATP production depends on the efficiency (P/O ratio)
and the capacity of the respiratory chain under phosphorylating conditions [16]. The P/O
ratio did not change in H9c2 isoproterenol-treated cells, ruling out a coupling effect, but an
increase in state 3 respiration, resulting in an increase in mitochondrial ATP production
rate, has been found. Moreover, an interesting finding comes from the observation of no
significant difference in the P/O ratio values and in the state 3 respiration rates, between
untreated and isoproterenol-treated cells, using succinate as respiratory substrate. These
data, while ruling out the presence of a coupling effect and of a contribution of complex
III or IV in the increased capacity of the respiratory chain, seem to indicate complex I
is the main target of isoproterenol-induced cAMP/PKA signal in the regulation of the
maximal capacity of the mitochondrial respiratory chain. According to this hypothesis,
isoproterenol treatment resulted in an increase in complex I and complex I/III Vmax
activities without any effect on complex III and IV activities. In agreement with this, analysis
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of the phosphoserine pattern of BNE/SDS PAGE of untreated and isoproterenol-treated rat
liver tissue showed that complex I is the major site of PKA-dependent phosphorylation
among the mitochondrial respiratory chain complexes (Supplemental Figure S1).

The observed increased I/III activity, probably depending on complex I as the rate-
limiting step, is in agreement with a possible role proposed for SCs in the electrons flux
organization that provides a kinetic advantage [43], preventing electron traffic jams [6,7]
and minimizing ROS production [8–10]. In this way, we investigated supercomplexes’
organization after isoproterenol treatment. The structural analysis showed that isopro-
terenol enhanced the supercomplex composition formed by at least complex I, complex III,
and complex IV. This was also associated with increased in-gel activity of complex I and
complex IV in bands corresponding to supercomplexes.

Since in the previous studies, the effect of cAMP on complex I activity was associated
with the PKA-dependent mitochondrial import of the NDUFS4 protein, to further support
these data, we performed in vitro mitochondrial import experiments on the [35S]-Met
labeled NDUFS4. In particular, the new experiments confirm the PKA-dependent increased
assembly of the new imported [35S]-Met labeled NDUFS4 in the free complex I and, in
addition, show increased incorporation in the SCs containing complex I. The increased SCs
formation in the presence of PKA was revealed by the radioactivity of [35S]-Met labeled
NDUFS4 and verified by Western blotting analysis using antibodies against a subunit of
complex I and a subunit of complex III.

The supercomplex I/III has been largely studied and, in particular, pulse chase experi-
ments have shown that a subcomplex of complex I can bind complex III and complete its
maturation in the supercomplex [15]. In other words, complex III can act as a scaffold to
promote the final step of complex I assembly in SCs. Moreover, it has been shown that in
the absence of NDUFS4 subunit, the complex I assembly is partially abolished, resulting
in the formation of a subcomplex of 830 kDa lacking the dehydrogenase module (N mod-
ule) [32,44–46]. This is associated with a combined enzymatic complex I and complex III
deficiency [33], suggesting involvement in SCs formation [33]. In this regard, some studies
report that, in the absence of NDUFS4 in pathological condition or knockout mice, the
formation of a supercomplex (subcomplex I + complex III), is still allowed with residual
dehydrogenase activity [31,32]. However, in other studies, no indication of an association of
incomplete complex I with complex III has been provided [19]; rather, the data showed that
the formation of SCs occurred after the complex I assembly was fully completed, suggesting
a separate sequential processes with a certain temporal gap [19,47]. Furthermore, NDUFS4
has a role in the coordination of complex I assembly by modulating the association of the
N-module [19,22] until the membrane arm is assembled and, at the same time, NDUFS4
is needed for the structural integrity of the peripheral arm [48]. It has also been proposed
that the phosphorylation of the NDUFS4 protein at the C-terminus site should be allocated
in a pocket insufficient to accommodate a phosphate group, and thus, a conformational
change is mandatory [22]. In this regard, we examined the overlap of NDUFS4 structures
in the structures of free complex I and in the structures of supercomplex (Supplemental
Figure S2). Rigid structural superposition was performed as described in [49,50] using
the NDUFS4 in the PDB entry 6ZKO as reference and visualized in VMD [51]. Secondary
structure was determined as described in [52]. The overlap of the NDUFS4 (atomic struc-
tures from [53]) reported in the structures of free complex I with a resolution better than
3.40 Å (structures codes from [18,54–60]) showed an extreme similarity (Supplemental
Figure S2A), which is even more significant if we consider that the structures considered
concern different species (even if they are correlated in terms of all of them being mammals)
and that they were obtained in different conditions. In fact, it ranges from open to closed
conformations of the complex, from structures not in turnover to structures obtained by
flash freezing the complex in turnover conditions, to structures linked to various substrates
or inhibitors. Although an apparent small displacement with respect to most of the subunit
structures reported in the PDB is observed at the C-terminus region containing the phos-
phorylatable serine in the case of some supercomplexes (structures coordinates from [61])
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(Supplemental Figure S2B), the low resolution at which the latter have been refined does
not allow definitive conclusions to be drawn. Since previous experimental data suggest
that the protein is phosphorylated outside of mitochondria, and that the protein is able
to be imported into mitochondria in the phosphorylated status [30], priming complex
I activity [29], it could be proposed that the phosphorylation-dependent mitochondrial
import of the NDUFS4 protein is the checkpoint in defining the assembly of NDUFS4 in
the pre-existing complex I/complex III supercomplex, and thus contributes to the increase
in SCs formation. In fact, in addition to “de novo” biogenesis of complex I, several sub-
units, including NDUFS4, belonging to the matrix moiety of the complex undergo a rapid
turnover, exchanging pre-existing with newly synthesized copies [29,31] via a mechanism
called dynamic exchange [31]. This agrees with the findings showing that the NDUSF4,
once imported in mitochondria, can be assembled in supercomplex-containing complex I.
The presence of PKA (cAMP-PKA pathway) can promote the assembly of complex I in SCs.
Similar results were obtained with mitochondrial import experiment using fibroblast cell
cultures in which the stimulation of the [35S]-Met labeled NDUFS4 mitochondrial import
by the addition of cAMP resulted in increased in-gel activity of complex I at the supercom-
plex level (Supplemental Figure S3). Furthermore, the PKA-dependent enhancement of
supercomplex formation is also associated with an increase in the activity of complex I, as
already reported [28,29], and of complex I/III, as well as the P/M-supporting respiration
rates, without any effect on free complex III activity. Moreover, in the same experimental
conditions, performed in the absence of the newly synthesized NDUFS4 or in the presence
of newly synthesized NDUFB11 subunit, which does not belong to N module, no difference
was observed in the distribution of supercomplexes or in the activities of complex I and
complex I/III, or in pyruvate/malate-supporting respiration rate, suggesting a role in the
supercomplex formation for PKA-dependent NDUFS4 phosphorylation, even if a contribu-
tion of other phosphorylatable subunits or subunits that interact with the C-terminus of
NDUFS4 cannot be excluded.

The proposed role of supercomplexes in the increased efficiency/capacity of the
respiratory chain is also linked to the decrease in ROS production [8,9]. This is also in
agreement with the positive effect of cAMP on complex I activity associated with a strong
prevention of ROS production [28,29,62]. It worth mentioning that the NDUFS4 gene is a
hotspot of mutations. Mutations in this gene are often associated with Leight syndrome
and, at molecular level, result in the disappearance of the protein, decreased complex I
activity, formation of a subcomplex of around 830 kDa, probably lacking the N module,
and, overall, the disappearance of the positive effect of cAMP on complex I activity and
ROS production [24]. Therefore, our data suggest that by targeting complex I and likely the
NDUFS4 subunit, the cAMP/PKA pathway promotes supercomplex formation in order
to optimize the oxidation of substrates for ATP synthesis and to reduce ROS production.
Thus, the cAMP signal primes an adaptive change in mitochondrial OXPHOS capacity that
could be regulated by complex I through supercomplex formation, thus highlighting the
key role of this complex in cellular energy production.

4. Materials and Methods
4.1. Cell Cultures

H9c2 heart myoblast cell line, derived from embryonic rat heart, was purchased from
American Type Culture Collection (Manassas, VA, USA; A.T.T.C., code n: #CRL1446). Cells
were grown in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Euroclone,
Pero, Italy) supplemented with 10% fetal bovine serum (FBS) (Euroclone), plus 2 mM
glutamine(Euroclone), 100 IU/mL penicillin (Euroclone), and 100 IU/mL streptomycin
(Euroclone) at 37 ◦C, 10% CO2.

4.2. Measurement of Mitochondrial Respiration Rates

The respiratory rates were evaluated polarographically with a Clark-type oxygen
electrode in a water-jacketed chamber (Hansatech Instruments, Norfolk, UK) at 37 ◦C, as
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described in [63]. Cells were collected via trypsinization, centrifuged and resuspended at
1–3 × 106 cells/mL in 75 mM sucrose, 40 mM KCl, 5 mM KH2PO4, 3 mM MgCl2, 0.5 mM
EDTA, 30 mM Tris–HCl, pH 7.4, plus 0.3 mM P1, P5-di(adenosine-5′) pentaphosphate
(Ap5A) to avoid ADP dissipation by adenylate kinase. The cell suspension was transferred
to the polarographic chamber, and an aliquot was utilized for cell counting and protein
determination. After permeabilization by digitonin, substrates and inhibitors of mitochon-
drial respiratory chain complexes were added at the following concentrations: pyruvate
(5 mM)/malate (2.5 mM), rotenone (200 nM), and succinate (5 mM). For OXPHOS efficiency
measurement (P/O ratios), to induce transient stimulation of oxygen consumption, the
substrates pyruvate/malate and succinate were followed by addition of 0.17 mM ADP and
0.08 mM ADP, respectively. The P/O was determined as the ratio between the nanomoles
of added ADP and the atoms of oxygen consumed during the ADP-induced state 3 respira-
tion [64]. The ATP production rates were determined by multiplying the values of the P/O
ratio by double the corresponding ADP-stimulated (state 3) respiration rates [64].

4.3. Measurement of Mitochondrial Cellular ATP

The H9c2 cells were grown as described above. Once the cells were at 75% conflu-
ence, they were incubated for 30 min with 1 µM isoproterenol in the absence or presence
of oligomycin (5 µM). After incubation, the cells were harvested and resuspended in
phosphate-buffered saline, pH 7.4 (PBS). Next, 103 cells were used to measure ATP level
using a luciferin–luciferase reaction system (PROMEGA, Madison, WI, USA). Mitochon-
drial ATP level was determined as result of total ATP level minus ATP level in the presence
of oligomycin.

4.4. Whole-Cell Lysate Preparation

The whole-cell lysate was prepared as described in [35]. Briefly, the cells were harvested
from Petri dishes with 0.05% trypsin, 0.02% EDTA, pelleted by centrifugation at 500× g
and then resuspended in PBS. The cell suspension was exposed to 1.7 mg of digitonin/mg
cellular protein for 10 min on ice. The samples were then pelleted at 20,000× g and
resuspended in PBS.

4.5. Measurements of Enzymatic Activities

The whole-cell lysates were exposed to ultrasound energy for 15 s at 0 ◦C.
The NADH-UQ oxidoreductase activity (complex I) was performed in 40 mM potas-

sium phosphate buffer, pH 7.4, 5 Mm MgCl2, in the presence of 3 mM KCN, 1 µg/mL
antimycin, 200 µM decylubiquinone, using 50 µg of mitoplast proteins, by following the
oxidation of 100 µM NADH at 340–425 nm (∆ε = 6.81 mM−1 cm−1). The activity was
corrected for the residual activity measured in the presence of 1 µg/mL rotenone.

Cytochrome c oxidase (complex IV) activity was measured by following the oxidation
of 10 µM ferrocytochrome c at 550–540 nm (∆ε= 19.1 mM−1cm−1). Enzymatic activity was
measured in 10 mM phosphate buffer, pH 7.4, using 20 µg of mitoplast proteins. This rate
was inhibited over 95% by KCN (2 mM).

Ubiquinol–cytochrome c oxidoreductase (complex III) activity was measured at 550–540 nm
(∆ε = 19.1 mM−1 cm−1) as the initial rate of antimycin-sensitive cytochrome c reduction.

NADH-cytochrome c oxidoreductase (complex I + III) activity was measured at 550–540 nm
(∆ε = 19.1 mM−1 cm−1) as the initial rate of antimycin-sensitive cytochrome c reduction.

4.6. Electrophoretic Procedures and Western Blotting

Separation of respiratory complexes and their supercomplexes was performed by
first dimension (1D) blue-native electrophoresis (BNE). Whole-cell lysates (150 µg) were
suspended in 750mM aminocaproic acid, 50 mM Bis-Tris, 0.5 mM EDTA (mitochondrial
buffer), plus 5:1 (mg/mg) digitonin. After 30 min on ice, the samples were centrifuged at
20,000× g for 30 min and the supernatant was recovered and kept on ice. The supernatants,
representing the mitochondrial solubilized proteins, were loaded on 3–13% gradient native
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gel followed by the in-gel activity assays, performed as described in [65]. The 1D loading
control was carried out by resuspending the mitochondrial solubilized proteins in laemmli
lysis buffer and running the samples in SDS-PAGE, followed by immunoblotting with
antibodies against TOM 20 (1:200 dilution, Santa Cruz Biotechnology, Dallas, TX, USA,
code n. sc-11021) or TOM 70 (1:200 dilution, Santa Cruz, code n. sc.26495).

In order to dissociate the respiratory complexes and supercomplexes in their sin-
gle subunits, each lane of 1D-BNE was subjected to second dimension (2D)-SDS PAGE.
After the electrophoretic separation, the proteins were transferred to nitrocellulose and im-
munoblotted with antibodies against NDUFB6 (1:1000 dilution, Thermo Fisher–Invitrogen,
code n. A21359, Waltham, MA, USA), NDUFA9 (1:500 dilution, Thermo Fisher–Invitrogen,
code n. PA5-36993) and NDUFS4 (1:200 dilution, Thermo Fisher, code n. PA5-21677) subunits
of complex I, Core II (1:1000 dilution, Thermo Fisher–Invitrogen, code n. 459220) subunit of
complex III, Cox IV (1:1000 dilution, Thermo Fisher–Invitrogen, code n. A21348) subunit of
complex IV and against β-ATPase (1:1000 dilution, Thermo Fisher–Invitrogen, code n. A21351)
subunit of ATP synthase. The blots were incubated with HRP-conjugated secondary anti-
body generated in rabbit (1:5000) or mouse (1:5000) for 1 h at 4 ◦C. Densitometric analysis
of discrete bands and spots was performed by Image Lab software (BioRad, Milan, Italy).

4.7. cDNA Construct and In Vitro Translation

Full-length human NDUFS4 and NDUFB11 cDNAs were generated by reverse transcrip-
tase-PCR using RNA extracted from primary fibroblasts [30]. In vitro transcription/ transla-
tion of cDNAs was performed in rabbit reticulocyte lysate (RRL) system (Promega Biotech,
Madison, WI, USA). Essentially, 1 µg of construct was added to 50 µL Promega standard
mixture containing T7 RNA polymerase and a standard amino acid mixture with [35S]
Methionine/Cysteine (20 µCi). Incubation was performed at 30 ◦C for 90 min.

4.8. Rat Liver Mitochondria Isolation

RLM were isolated as described in [66]. Briefly, minced rat liver was homogenized
in 0.22 M mannitol, 0.075 M sucrose, 1 mM EDTA, and 10 mM HEPES-KOH, pH 7.4 (HB)
plus 0.25 mM phenylmethylsulfonyl fluoride as a protease inhibitor. The homogenate was
centrifuged at 600× g for 10 min and the supernatant was further centrifuged at 4000× g
for 10 min. The precipitate was resuspended in HB and centrifuged at 2000× g for 2 min
plus 4000× g for 8 min. The mitochondrial pellet was resuspended in HB.

4.9. Import Assay

First, 5 µL of radioactive RRL translation mixture was added to 500 µg proteins of
rat liver mitochondria in the import mixture containing: 210 mM mannitol, 0.35 mM
MgCl2, 2.5 mg/mL BSA, 7 mM Hepes, pH 7.4, 3 mM ATP, 3 mM GTP, 15 mM malate,
30 mM pyruvate, and 1 mg/mL chloramphenicol; final volume 200 µL. The incubation
was performed in the absence or in the presence of catalytic subunit of PKA (1 unit per
10 µg mitochondrial proteins) plus 7.5 mM sodium fluoride. After 1 h incubation at
30 ◦C, aliquots of the mixture were transferred to ice-cooled tubes and centrifuged at
4000× g, and mitochondrial proteins used for enzymatic activities, oxygen consumption
analysis and BNE. For BNE, mitochondrial proteins were treated with 3.5 mg digitonin/mg
protein for 20 min on ice. After that, solubilization proteins were pelleted at 20,000× g for
30 min at 4 ◦C. The resulting supernatants were resuspended in mitochondrial buffer and
loaded on 3–13% gradient native gel, followed by autoradiography or immunoblotting
or a second dimension in 12% SDS-PAGE. Radioactive protein bands were detected by
Personal FX at “phosphorus imager” (Bio-Rad, Milan, Italy) and quantified by VERSADOC
(Bio-Rad). Immuno-revealed bands were quantified by densitometric analysis using Image
Lab system (Bio-Rad).
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