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The metabolic control analysis was applied to digitonin-permeabilized HepG2 cell line to assess the flux
control exerted by cytochrome c oxidase on the mitochondrial respiration. Experimental conditions eliciting
different energy/respiratory states in mitochondria were settled. The results obtained show that the
mitochondrial electrochemical potential accompanies a depressing effect on the control coefficient exhibited
by the cytochrome c oxidase. Both the components of the protonmotive force, i.e. the voltage (ΔΨm) and the
proton (ΔpHm) gradient, displayed a similar effect. Quantitative estimation of the ΔΨm unveiled that the
voltage-dependent effect on the control coefficient of cytochrome c oxidase takes place sharply in a narrow
range of membrane potential from 170–180 to 200–210 mV consistent with the physiologic transition from
state 3 to state 4 of respiration. Extension of the metabolic flux control analysis to the NADH dehydrogenase
and bc1 complexes of the mitochondrial respiratory chain resulted in a similar effect. A mechanistic model is
put forward whereby the respiratory chain complexes are proposed to exist in a voltage-mediated threshold-
controlled dynamic equilibrium between supercomplexed and isolated states.
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1. Introduction

Mitochondrial respiration constitutes the main process sustaining
cell bioenergetic. It is accomplished by respiratory chain (RC)
complexes which transfer reducing equivalents from NADH or
flavin-containing enzymes ultimately to oxygen. The redox-driven
proton pumping activities of complexes I, III and IV and the
protonmotive-driven H+-FoF1 ATP synthase provide the coupling
mechanism for the oxidative phosphorylation (OXPHOS) [1].

The identification of the step(s) controlling cell respiration has
been the object of a number of studies which recently exploited the
theoretical framework of the metabolic control analysis (MCA) [2–4].
A fundamental concept of MCA is the control coefficient (CJ
v,i),

which gives a measure of the sensitivity of a systemic variable to a
particular parameter. Accordingly, in a pathway of reactions sequen-
tially catalyzed by a series of enzymes the control exerted on the
overall flux depends mainly on the step(s) exhibiting the higher
values in the CJ

v,i(s). Conversely, a step with a low CJ
v,i can scarcely

influence the global flux even when its amount is drastically reduced.
For this reason, it is important to define the specific control strength
exerted by a given enzymatic step and the threshold level beyond
which a deficit in the content of that enzyme starts to become
functionally limiting [5,6].

The rate of cell respiration is largely controlled by the rate of the
electron transfer through the mitochondrial RC [7] which is feed-back
modulated by the extent of the protonmotive force/electrochemical
membrane potential (ΔμH+) [1]. The latter is in turn controlled by the
rate of the ATP synthesis and by other ΔμH+-dissipative systems.
However, which specific step within the composite RC owns the main
control strength over the global electron transfer as well as the actual
value of the CJ

ν,i(s) is less defined. The reasons of the controversial
results so far reported partly depend on the biological sample used.
MCA on isolated mitochondria gives rise to different CJ

v,is for
components of the RC as compared with similar analysis carried out
on in situ mitochondria (i.e. intact or cell-membrane permeabilized
cells) [8]. Furthermore, the energy state of the mitochondrial
membrane is emerging as a potential factor influencing the respira-
tory flux control exerted by a given RC complex [9,10].
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In this study we extended previous MCA-related observations on
endogenously respiring intact cells [9] to address the following
specific points: a) to confirm the impact of the mitochondrial
membrane energy state on the respiratory flux control of cytochrome
c oxidase (CJ

v,COX) in digitonin-permeabilized cells under more
controlled OXPHOS-substrate delivery; b) to assess the specific effect
of the two components of the mitochondrial transmembrane
electrochemical potential (ΔμH+), the voltage (ΔΨm) and the proton
(ΔpHm) gradients; and c) to define on a quantitative basis the
relationship between the ΔΨm and the CJ

v,COX.

2. Materials and methods

2.1. Cell cultures

Human hepatoma-derived cell line (HepG2), normal human
dermal fibroblasts (NDHF) and murine myoblast cell line (L6) were
grown in DMEM (Dulbecco's modified Eagle's medium) supplemen-
ted with 10% (v/v) fetal bovine serum to 70–80% confluence before
harvesting. Cells were detached from 150 mm-diameter Petri dishes
with 2 ml of 0.05% trypsin/0.02% EDTA and washed in 20 ml of
phosphate buffer saline (PBS), pH 7.4, with 5% (v/v) calf serum,
centrifuged at 500×g, re-suspended in 200 μl of PBS, counted and
immediately used. Cell viability, as determined by Trypan Blue
exclusion, was typically never below 98%.

2.2. Polarographic measurements

The rate of oxygen consumption was measured by high-resolution
oxymetry (Oxygraph-2k, Oroboros Instruments) with a Clark-type
oxygen electrode in a thermostatically controlled chamber equipped
with a magnetic stirring device and a gas-tight stopper fitted with a
narrow port for additions via Hamilton micro-syringes. Measure-
ments were carried out at 37 °C with 1–2×106 HepG2 cells/ml
suspended in 0.25 mM sucrose, 10 mM KH2PO4, 27 mM KCl, 40 mM
Hepes, 1 mM MgCl2, 0.5 mM EGTA, 0.1% BSA, pH 7.1 supplemented
with 20 μg digitonin/ml/106 cells. The minimal amount of digitonin
suppressing cell respiration (in the presence of oligomycin) but
resulting in recovery of the activity following addition of pyruvate
+malate and in a respiratory control ratio≥8 in the presence of FCCP
was chosen. When indicated 1 mM ADP, 0.8 μM carbonylcyanide p-
trifluoromethoxyphenylhydrazone (FCCP), 35 nM nigericin, 45 nM
valinomycin were added (singularly or in combination) to the assay
medium. The minimal concentrations of nigericin and valinomycin
eliciting the maximal increase and collapse of the ΔΨm respectively
(see below) were selected. Oxygen consumption for the global
respiration flux (GRF) was sustained by 2 mM pyruvate+2 mM
malate±2 mM succinate; oxygen consumption by COX as isolated
step (COX-IS) by 10 mM ascorbate+0.2 mM TMPD in the presence of
0.2 μM antimycin A+1 μM rotenone. Higher concentrations of TMPD
enhanced the COX-IS activity but resulted also in a high residual CN-
insensitive O2-consumption likely due to auto-oxidation of TMPD.
Inhibitory titrations of the respiratory activities were performed by
sequential additions of 0.5–1.0 μl of freshly prepared concentrated
solutions of KCN, antimycin A, rotenone.

2.3. Metabolic control analysis (MCA)

The respiratory flux control coefficient of COX (CJ
v,COX) was

estimated from the ratio of the initial slopes of the KCN titration/
inhibition curves of the GRF and COX IS (graphic method) [3].
Alternatively, the CJ

v,COX was calculated from a non linear regression
analysis of the inhibitor-titration data set as developed in [11, see also
12] and modified in [9] (fitting method). The derived non-linear
equation correlating the percentage of the GRF to the inhibitor con-
centration depends on three parameters: KD, which is the dissociation
constant of the EI complex, E0, which is the total amount of the active
enzyme (i.e. COX), and CJ

v,i, which is the control coefficient of the
inhibited enzymatic step. Kd was estimated by Dixon plot analysis of
the COX IS (in the presence of 0.8 μM FCCP) resulting in 25±5 μM
(n=15). The content of COX was evaluated by the dithionite-reduced
minus air-oxidized differential spectra of HepG2 cell lysate resulting
4.8±0.5 pmol aa3/106 cells (n=5; Δε650–630nm=24 mM−1 cm−1)
and thus a value for E0=0.005 μM was assumed at the prevailing
experimental conditions (i.e. at 106 HepG2 cells/ml). The parameter
CJ

v,COX, was estimated by best-fitting the inhibitory titration data set
using the program GraFit 4.0.13 (Erithacus Software Ltd., Horley,
Surrey, U.K.). The accuracy of the fitting method was further tested as
in [9].

2.4. Measurement of the mitochondrial transmembrane potential (ΔΨm)

The ΔΨm was assessed spectrofluorimetrically with safranine O
[13,14]. HepG2 cells were suspended at 106 cells/ml in the respiration-
assaymedium eventually supplementedwith ADP and/or ionophores at
the concentrations detailed in the previous section. After 10 min of
incubation with digitonin the cell suspension was transferred to the
spectrofluorimetric cuvette equipped with a thermostatic control
system (T=37 °C) and a stirring device. The instrumental setting was
λex=495 nm, λem=596 nm, medium gain (FP-6500, Jasco Analytical
Instruments). Thefluorescence signalwas calibrated by four consecutive
additions of 2.5 μM safranine O and the respiratory activity started by
addition of 2 mM pyruvate+2mM malate. To calculate the ΔΨm, the
fluorescence signal was first converted in concentration of safranine O
using a non linear fitting equation of the calibrated fluorescence signals
and then the changes in safranine O concentrations were converted to
mV using the Nernst equation: ΔΨm(mV)=60·log10[S]in/[S]out; with
[S]in and [S]out standing for intramitochondrial and extramitochondrial
concentration of safranine O respectively. The intramitochondrial
volume was estimated on an average basis to amount to ≈50% of the
total HepG2 cell volume by stereological analysis of confocalmicroscopy
imaging of the tetramethylrhodamine, ethyl ester (TMRE) distribution
(see also [15,16]). Estimation of the total cell volume resulted in≈6 pl/
cell thus an intramitochondrial volume of 3 μl/106 cells was used (see
also biometric parameters in http://bionumbers.hms.harvard.edu/). No
correction for bound safranine O was applied because titration of the
fluorescence signal with the dye in buffer without or with cells (in the
absence of respiratory substrates and in the presence of 3 μM FCCP)
resulted in undistinguishable calibration curves.

2.5. Statistical analyses

The two-tailed Student's t-test was applied, with a Pb0.05, to
evaluate the statistical significance of differences measured through-
out the data sets presented.

3. Results

3.1. The respiratory flux control of COX depends on the membrane
energization state in permeabilized cells and on the combination of the
respiratory substrates

In a previous MCA study in intact HepG2 cells we reported that
the CJ

v,COX exhibited a high value under resting (phosphorylating)
endogenous respiration and was negatively regulated under conditions
preserving dissipation of the ΔμH+ (i.e. in the presence of oligomycin
[9]). Similar results were obtained in intact murine myoblasts (L6) cell
line and primary normal human dermal fibroblasts (NDHF) (supple-
mentary Fig. S1) thereby confirming that the depressing effect of the
mitochondrial ΔμH+ on the CJ

v,COX was a general phenomenon
irrespective of the cell phenotypical background.

http://bionumbers.hms.harvard.edu/
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To consolidate this finding we extended the MCA to digitonin-
permeabilized HepG2 cells. By high resolution oxymetry the results of
the KCN titration on the activity of the mitochondrial RC-dependent
global respiratory flux (GRF) sustained by exogenous additions of
pyruvate plus malate (P/M) and on the COX isolated step (COX-IS) by
ascorbate plus TMPD were analyzed. The KCN titrations were carried
out both in the absence and in the presence of ADP (i.e. respiratory
A

B

C

Fig. 1. Inhibitory KCN titrations analysis of the respiratory activities in digitonin-permeab
substrates sustaining the GRF were 2 mM pyruvate+2 mM malate (P/M, panel A), pyruv
presence of 1 μM rotenone (P/M/S/+rot, panel C) and 10 mM ascorbate+0.2 mM TMPD (A/
3+ADP (in the presence of 1 mM ADP) respectively (as indicated in the symbol legends) and
low concentration range of the inhibitor wherefrom the CJ

v,COXs were graphically estimated f
points (indicated as dotted lines) and shown in panel E. The continuous lines are a non-linea
were estimated from the parametric equation described in the Materials and Methods sectio
from the respective KCN inhibitory profiles. Panel D, uninhibited oxygen consumption rates
assay medium. Each bar indicates the mean value±s.e.m. of the indicated n independent cel
GRFs under S4−ADP and S4*+ADP+olig resulted in no significant difference whereas both exhi
method. The statistical analysis between group-related pairs of CJ

v,COX values is shown whe
state 4−ADP and 3+ADP as defined in [17]). The GRF under state 4−ADP

resulted in a significant resistance to KCN inhibition as compared to
that of state 3+ADP. The respiratory state-dependent sensitivity to
KCN was practically absent in the COX-IS (see supplemental Fig. S2).
Plots of the percentages of inhibition of the GRF and the COX-IS
(Fig. 1A) enabled estimation of the CJ

v,COX which resulted in 0.056±
0.017 under state 4−ADP and 0.261±0.046 (Pb0.001) under state
D

E

ilized HepG2 cells. Panels A–C, KCN titration of the GRF and COX-IS. The respiratory
ate+malate+2 mM succinate (P/M/S, panel B), pyruvate+malate+succinate in the
T) for the COX-IS. The closed and open symbols refer to the respiratory states 4−ADP and
are means±s.e.m. of n≥4 independent cell preparations. The split x axis enlarges the

rom the ratio of the slopes obtained by linear regression analysis of the first 3–4 titration
r regression best fit applied to the data points of the GRF whereby the indicated CJ

v,COXs
n. The graphs on the right of each panel are the threshold plot representations derived
of the GRF and COX-IS. When indicated ADP±1.26 μM oligomycin, was present in the
l preparations along with the statistical analysis of the differences when significant. The
bited a Pb0.0001 when compared to S3+ADP. Panel E, CJ

v,COXs measured by the “graphic”
n the difference was significant.



1117G. Quarato et al. / Biochimica et Biophysica Acta 1807 (2011) 1114–1124
3+ADP (estimated by graphic method, Fig. 1E). Importantly similar
results were obtained when the CJ

v,COX was assessed by non-linear
regression analysis of the sole GRF inhibition [11] (0.051±0.001 and
0.297±0.022 in state 4−ADP and 3+ADP respectively).

The respiratory control ratio of the uninhibited GRF activities (i.e.
state 3+ADP/state 4−ADP) was N8 indicating a full competence of the
mitochondria in digitonin-permeabilized cells in maintaining a high
protonmotive force.

The threshold plot provided further evidence of the effect of the
membrane energy state on the apparent control strength/reserve
capacity of COX (Fig. 1A). In state 3+ADP a 60% decrease of the IS
resulted in about 30% inhibition of the GRF whereas in state
4−ADP a 60% decrease of the IS resulted in about 5% inhibition of
the GRF.

Transfer of reducing equivalents to both complexes I and II,
achieved by succinate along with pyruvate plus malate (P/M/S),
resulted in a higher sensitivity to KCN and in a higher CJ

v,COX both in
state 3+ADP and 4−ADP (0.660±0.048 and 0.125±0.001 respectively,
Fig. 1B,E). The threshold plot, in the presence of succinate, confirmed
the effect accompanying themembrane energy state on the CJ

v,COX in a
manner more closely resembling that observed in intact cells (cf. the
threshold plots of Figs. 1B and S1A). Intriguingly, when the KCN
titration was carried out with P/M/S but in the presence of rotenone
(thus setting conditions for electron transfer occurring only via
complex II) the effect of the respiratory state on the COX-mediated
control vanished with a CJ

v,COXb0.1 both in state 4−ADP and state
3+ADP (Fig. 1C,E).

In the presence of ADP plus oligomycin (state 4*+ADP/olig) both the
GRF rates and the CJ

v,COXs were significantly depressed as compared to
state 3+ADP (Fig. 1D,E). This observation ruled out any involvement of
ADP in the differential effect of themembrane energy state on the CJ

v,COX.

3.2. The two components of the ΔμH+, ΔΨm and ΔpHm, exhibit a similar
effect on the COX-mediated respiratory flux control

Since the ΔμH+ generated by the mitochondrial RC comprises a
voltage and a pH gradient [1] we wondered whether these two
thermodynamic components had comparable or differential effects on
the CJ

v,COX. To this aim we performed the MCA in the presence of
either the K+/H+ exchanger nigericin and the K+-ionophore
valinomycin to maximize the contribution of the ΔΨm or the ΔpHm

to the ΔμH+ [1]. In addition, the effect of the protonophoric uncoupler
FCCP was tested.

Fig. 2A shows that when compared with state(s) 4 either
valinomycin or FCCP caused a significant enhancement of the P/M-,
P/M/S- and A/T-dependent oxygen consumption (more pronounced
in the GRF) whereas nigericin did not cause significant changes
(cf. Figs. 1D and 2C). TheMCA resulted in the following outcomes: i) in
the presence of nigericin the CJ

v,COX was 0.013±0.003 and 0.093±
0.025 for the P/M- and P/M/S-dependent respiration respectively and
the corresponding threshold plots were further right-shifted as
compared with those obtained under state 4−ADP (cf. Figs. 1A,B
and 2A); ii) in the presence of valinomycin the KCN titration curve
displayed a lower inhibition comparable with that observed in the
presence of nigericin, particularly at low concentrations of the
inhibitor, whereby the CJ

v,COX was 0.035±0.011 and 0.088±0.011
for the P/M- and P/M/S-dependent respiration respectively and the
threshold plots presented an almost unchanged respiratory rate of
the GRF up to 40% inhibition of the COX-IS; iii) in the presence of FCCP
the titration with KCN resulted in a much less sigmoidal inhibitory
curves with both the CJ

v,cox and the threshold plots closely resembling
those obtained under state 3+ADP.

When a similar analysis was carried out in the presence of ADP
(without oligomycin) the addition of nigericin caused a significant
depression of the GRFs with no apparent change in the COX-IS
whereas addition of either valinomycin or FCCP resulted in a further
enhancement of the oxygen consumption activities in both. Interest-
ingly, the MCA unveiled that both nigericin and valinomycin caused a
marked increase of the resistance to KCN as compared to what was
observed under state 3+ADP in the absence of ionophores. Conse-
quently, this resulted in a relatively low CJ

v,COX (Fig. 2D) and a right-
shifted curve of the threshold plot. Conversely, addition of FCCP did
not cause major changes in the CJ

v,COX which resulted comparable
with that attained under state 3+ADP.

It is worth noting that, the data in Fig. 2C,D show that the CJ
v,COX

was six-fold lower in the presence of valinomycin as compared to that
attained with FCCP though the actual respiratory rates in both
conditions were comparably higher with respect to the states 4−ADP

and 4+ADP/olig. In particular, the initial rate of the COX-IS in the
presence of valinomycin was comparable with that of the P/M-
dependent GRF and even lower than the P/M/S-dependent GRF at
variance with what was observed under state 4 or in the presence of
nigericin. All this, would rule out that the impact of the membrane
energy state on the CJ

v,COX was vitiated/biased by the actual velocity or
elasticity of the COX-IS.

It must be pointed out that the binding of CN− takes place at the
heme a3 of COX in the ferric state [18,19]. A slow binding of CN− to the
oxidized enzyme has been reported for the so called “resting” purified
COX. However this limitation does not apply to our conditions since
COX was continuously turning over and the binding of CN− was
completed within the time-window of the measurements [18]. The
steady-state reduction level of the COX redox centers is known to be
affected by the membrane potential [1] and thus one could argue that
the different “sensitivity” to the inhibitor might depend on the
different oxidation state of the inhibitor-binding site. This concern
does not apply to our case because heme a3 is located downstreams of
the CuA-heme a electrogenic step within the COX [20,21] therefore
in the presence of a ΔΨm heme a3 is more oxidized than under
membrane de-energized condition. If the different sensitivity to CN−

between the respiratory states 4 and 3 depended on the redox state of
heme a3 one would expect a minor resistance under state 4 (i.e. high
ΔΨm) which instead was the opposite of what was observed.

Collectively these observations suggested that conversion of the
ΔμH+ in either ΔΨm or ΔpHm had a similar depressing impact on the
control strength exerted by COX over the GRF and that collapse of the
whole ΔμH+ did not result in significant changes of the CJ

v,COX as
compared to state 3+ADP.

3.3. A relatively small increase of the membrane potential accounts for
the effect of the membrane energy state on COX-mediated respiratory
flux control

To assess the reliability of our results we measured the ΔΨm

(the major component of the ΔμH+ [1]) in permeabilized HepG2
under the prevailing conditions used in the MCA utilizing the
fluorescent probe safranine O in the P/M-“mode” of respiration
(Fig. 3A). The calculated value of the ΔΨm was, under state 4−ADP of
respiration, 193.6±1.5 mV (n=10) (Fig. 3B) closely matching the
ΔΨm value estimated under similar condition in isolated mitochon-
dria using different methodological approaches [22]. Additions of KCN
up to 50 μM did not cause significant change of the ΔΨm which,
however, progressively decreased at higher titers of the inhibitor
(Fig. 3C). Under state 3+ADP the steady-state ΔΨm was, as expected,
significantly lower than in state 4−ADP (176.8±2.2 mV, n=19,
Pb0.05 vs. the state 4−ADP-related ΔΨm ). However, the difference
in terms of calculated voltage was never larger than 20–25 mV. It can
be noticed that, only at concentrations of KCNN50–100 μM does the
state 3+ADP-related ΔΨm start to decrease progressively, as for the
state 4−ADP-related ΔΨm. However, at variance from this, the ΔΨm

maintained at values significantly higher, never dropping below
140 mV even at concentrations of the inhibitor suppressing the
respiratory activity. The ΔΨm is known to be generated, under certain
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Fig. 2. Effect of ionophores on the inhibitory KCN titrations analysis of the respiratory activities in digitonin-permeabilized HepG2 cells. Permeabilized cells were preincubated 5 min
before the addition of the respiratory substrates with either 35 nM nigericin or 45 nM valinomycin or 0.8 μM FCCP. Panels A and B, KCN titration performed in the presence of ADP+
oligomycin (state 4*+ADP+olig) or ADP alone (state 3+ADP) respectively using the respiratory substrate combinations as in Fig. 1 and indicated in the symbol legend. The tripartite
upper part of the two panels shows the titrations at low concentration of KCN. Each point is the mean±s.e.m. of n≥5 different cell preparations. The experimental data-sets for both
the GRFs and the COX-ISswere best-fittedwith a non-linear regression equation. The bipartite lower part of the two panels shows the threshold plot representations in the presence of
each ionophore (as indicated in the symbol legends) and in the P/M- and P/M/S-dependent respiratory state. Panel C, uninhibited oxygen consumption rates of the GRF and COX-IS.
PanelD, CJ

v,COXsmeasured by the “graphic”method. In C andD the presence of ADP, oligomycin and ionophores is indicated by the dark box; each bar indicates themean value±s.e.m.
of the indicated n independent experiments; the statistical analysis between group-related pairs of values in panels is shown by connecting lines when the differencewas significant.
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C D

Fig. 3. Measurements of the ΔΨm in digitonin-permeabilized HepG2 cells. Panel A, experimental traces of the spectrofluorimetric time-course recordings of the ΔΨm-related
safranine O fluorescence changes. The experimental conditions are detailed in the Materials and Methods section. The three differently colored traces refer to the respiratory state
conditions reported in the legend (i.e. ±1 mMADP).Where indicated the following additionsweremade: 2 mMpyruvate+2 mMmalate (Pyr/Mal), 1.25 μMoligomycin, and 0.8 μM
FCCP. The final concentrations of KCN obtained by successive additions of the inhibitor are shown. The two left-sided y axes refer to the experimental fluorescence signal reported in
arbitrary units (A.U.) and to the final concentration of safranine O calibrated by four successive additions of 2.5 μM of the fluorophore (in a non-linear scale). The right-sided y axis
reports the calculated mitochondrial membrane potential (in a non-linear mV scale). Each trace is representative of 4–5 different experiments yielding similar results. Panel B,
measured steady-state ΔΨms attained under different respiratory state conditions with P/M used as respiratory substrates. When indicated 1.25 μM oligomycin, 1 mM ADP, 0.8 μM
FCCP, 35 nM nigericin, and 45 nM valinomycin were present in the assay medium. S4 and S3 indicate the classical respiratory states 4−ADP and 3+ADP respectively. Each bar indicates
themean value±s.e.m. of the indicated n independent experiments. The statistical analysis between pairs ofΔΨm values is shownwhen the difference was significant. Panel C, effect
of the KCN titration on the ΔΨm. The experimental conditions are those described in panel A and the different respiratory states tested are defined in the inset legend. Each point
indicates the mean value±s.e.m. of n≥4 independent experiments. Panel D, relationship between the extent of the ΔΨm and the CJ

v,COX. The CJ
v,COXs estimated by the “graphic”

method (as reported in Figs. 1E, 2D) are plotted versus the steady-state ΔΨm measured under identical P/M-sustained respiratory state conditions (as indicated in the symbol
legend).
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conditions, by the protonmotive activity of the H+ FoF1 complex
when functioning in the reverse ATP-ase instead of the ATP-synthase
mode [23]. Addition of oligomycin together with ADP restored
the sensitivity of the ΔΨm to high concentration of KCN thereby
indicating the occurrence under state 3+ADP of a compensatory H+

FoF1 ATP-ase-dependent outward protonmotive activity. Similar
results were observed the P/M/S-“mode” of respiration (see Fig. S3).
Importantly, when nigericin was present the measured ΔΨm reached
the value attained under state 4−ADP even in the presence of ADP.
In the presence of oligomycin, nigericin caused a further significant
increase of theΔΨmwith values as high as 210.3±1.6 mV. Also in this
case, the ΔΨm started to be affected by the KCN titration al values
higher than 50–100 μM.

The ΔΨm generated by the protonmotive activity of the COX-IS did
not show significant differences between states 4 and 3. Its extent was
lower than that attained by the GRFs (i.e. ≈150 mV) and following
KCN titration a significant decrease started to be detectable at
concentrations of the inhibitor higher than 50–100 μM in a respiratory
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B

Fig. 4. Inhibitory titration analysis of the GRF by rotenone and antimycin A in digitonin-
permeabilized HepG2 cells. Cells were permeabilized and assayed as described in the
Materials andMethods section in the presence of 2 mM pyruvate+2 mMmalate. Panel
A, effect of complex I-inhibition by rotenone on the GRF under states 4−ADP, 3+ADP and
3*+ADP/FCCP (as indicated in the symbol legend); concentrations of ADP and FCCP were
1 mM and 0.8 μM respectively. Each point is the mean±s.e.m. of n≥5 different cell
preparations. The experimental data-sets were best-fitted with the non-linear
regression equation described in the Materials and Methods section and the estimated
CJ

v,CIs (by the “fitting” method) reported. Panel B, effect of complex III-inhibition by
antimycin A on the GRF under states 4*+ADP/olig and 3+ADP (as indicated in the symbol
legend). Each point is the mean±s.e.m. of n≥5 different cell preparations. The solid
line fitting the experimental data-sets is from a routine polynomial equation. The inset
shows the MFC analysis carried out on the inhibitory data sets devoid of the first
titration points and normalized to the point intercepting the two linear slopes of the
state 3+ADP-corresponding curve (see dotted square). The residual points were
analyzed by the “fitting” procedure and the computed CJ

ν,CIII shown.
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state-independent manner (not shown). Both valinomycin and FCCP
caused practically full prevention/collapse of both the GRF- and COX-
IS-dependent ΔΨm.

These observations ruled out the possibility that the observed
effect of the membrane energy state on the CJ

v,COX was an artifact. The
CJ

v,COX was calculated by the inhibitory titration curve in the lowest
concentration range of the KCN where no significant change of the
ΔΨm was in fact detectable. If some concern may be raised it regards
the estimation of the “COX reserve capacity”which is calculated from
data on the left side of the threshold plot [8]. Indeed, as shown in Fig.
S4, an abrupt dissipation of the ΔΨm takes place at the highest
concentration of the inhibitor partially overlapping the decrease of
the GRF at the same concentrations of KCN, in particular, for state(s) 4
and 3+ADP+NIG. Under these circumstances the effect of the
membrane energy state cannot be unambiguously assessed as the
inhibitory titration causes changes by itself in the ΔΨm.

Fig. 3D (see also Fig. S3) highlights the negative correlation
occurring between the extent of the ΔΨm and the value of the CJ

v,COX

estimated under the variety of the respiratory settings presented in
this study.

It must be pointed out that the quantitative analysis presented
here of the ΔΨm relied on the estimation of the intracellular
mitochondrial volume assessed by distribution of the membrane
probe TMRE (see under Material and methods). This probe may not
reliably provide a precise estimation of the matrix volume when used
in conventional confocal microscopy. However, also if the value used
in this study was overestimated it has to be considered that even
halving the mitochondrial volume, the membrane potential would be
scarcely affected because of the logarithmic relationship between the
ΔΨm and the distribution ratio of the probe. Moreover, quantification
in mV of the ΔΨ assessed by the safranine probe might lead to
overestimation of the true absolute value. Indeed a ΔΨ-mediated
binding of the probe to the membrane in addition to its partition
between the two spaces of the dielectric cannot be excluded.
Nevertheless, whatever was the real value of the ΔΨ under state 4
of respiration the conclusion that its relative small decrease following
transition to state 3 markedly affected CJ

v,COX yet stands valid.

3.4. The membrane energy state exerts a similar effect on the respiratory
flux control of complex I and complex III

To verify whether the establishment of a largemembrane potential
influenced the CJ

vs of the other protonmotive RC complexes, the
MCA was extended to the complexes I (NADH:UQ oxidoreductase)
and III (UQH2:cytochrome c oxidoreductase/bc1) titrating the GRF
with the specific inhibitors rotenone and antimycin A respectively.
Fig. 4A shows the inhibitor titration analysis of the P/M-sustained GRF
with rotenone. Given the challenging technical difficulties in measur-
ing the activity of the complex I-IS, only the inhibitory profiles of the
GRF is reported. Under state 4−ADP the respiratory activity was signifi-
cantly more resistant to the inhibitory activity of rotenone as com-
pared with that attained under state 3+ADP±FCCP. The CJ

v,CI estimated
by the “fitting” method resulted in: 0.124±0.002, 0.448±0.024,
0.531±0.189under states 4−ADP, 3+ADP, and3*+ADP+FCCP respectively.

The MCA was also applied to complex III (UQH2:cytochrome c
oxidoreductase/bc1) titrating with antimycin A the GRF. The results
shown in Fig. 4B compare the inhibitory titration analysis of
respiration under state 4*+ADP/olig and state 3+ADP and unveil a
complex sigmoidal profile. At relatively low concentrations of
antimycin A the GRF was scarcely inhibited irrespective of the
respiratory state. Beyond 10 nM of antimycin A the inhibition
suddenly increased under state 3 whereas it was significantly more
resistant under state 4. However, at 20–25 nM of antimycin A the
respiration of both states 4 and 3 was practically zeroed. Antimycin A
exhibits a very high affinity to complex III [24]. Thus, the titration,
closely approaching the enzyme-inhibitor complex formation, indi-
cated that the inhibitory action of antimycin A became significant
when its concentration overcame the amount required to bind
roughly half of the bc1 molecules. The bc1 complex is a homodimer
[25] and evidences provided in literature show that electron transfer
from ubiquinol to cytochrome c may occur via an inter-monomeric
electron transfer mechanism when one of the two monomer is
inhibited [26,27]. Therefore, the right shifted profile under state 3,
starting at the semi-saturating concentration of antimycin A, might be
an indication of the effect exerted by the ΔΨm on the CJ

v of the bc1
dimer similarly to what was observed for complex I and COX.
Although the MFC analysis of the antimycin A-titration curve was
challenging we thought to remove the first part of the titration
(roughly corresponding to 1:1 binding ratio of the inhibitor to the bc1
homodimer) and to estimate the CJ

ν of complex III applying the fitting
procedure to the residual normalized experimental points. Even in
keeping the limitation of this approach the computed values of the CJ

ν

was around 0.7 and 0.1 under state 3 and state 4 respectively.
The above-reported observations lead to the conclusion that the

three protonmotive RC complexes (i.e. complex I, III and IV) share
under condition of low membrane energization a larger control
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strength over respiration as compared to that exerted under high
membrane energization settings.

4. Discussion

4.1. The MCA supports the occurrence of mitochondrial RC supercomplexes

The effect of the ΔμH+ in controlling the actual rate of electron
transfer in the mitochondrial RC is long known and constitutes the
basis of the respiratory control adapting the O2 consumption rate to
the cellular energy demand [1,17]. In this studywe applied theMCA to
investigate the impact of the protonmotive force on the control
strength exerted by the RC complexes on the GRF. The main results
attained and our interpretation thereof are given point by point in the
following.

The results shown in Fig. 1 indicate that the quantitative
estimation of the CJ

v,COX depends on the combination of the
respiratory substrates used. The explanation that we offer to
rationalize this observation relies on and is consistent with the notion
that the mitochondrial RC is organized in discrete multi-complex
units (defined supercomplexes or respirosomes) [28,29] functionally
depending on the reducing substrate initiating the electron transfer.

Since a given respiratory substrate will select/activate specific RC
multicomplex units this introduces some caveats in the interpretation
of the inhibitor titration assay used to calculate the CJ

v according to
theMCA. In particular, a lower inhibition of the GRF, as comparedwith
that attainable with the IS at the same concentration of the inhibitor,
is expected. Because cyanide binds to all the COX molecules
irrespectively of the unit where COX is present there will be, under
conditions where not all the multicomplex units are active, a subset of
COX molecules buffering the effect of the inhibitor when the GRF is
titrated with cyanide. When the choice of substrates used is such that
more RC multi-complex units are recruited the artifactual inhibitor-
buffering effect of the isolated step is reduced (see the scheme in
Fig. S5).

It can be noted that when the respiratory substrate used is the sole
succinate the CJ

v,COX is relatively low (Fig. 1C). A plausible explanation
for this observation is that complex II does not participate to
formation of any RC-supercomplex (consistent with [30,31]) and
this will introduce upstream of COX a kinetic limiting factor strongly
reducing the CJ

v,COX. Our observations are consistent with the
occurrence in vivo of the following prominent RC-units: NADHRC[CI,
CIII,CIV) and Succ-CIIRC[CIII,CIV), where the subscript indicates the
composition of the supercomplex and the superscript indicates the
reducing substrate/complex. An alternative explanation is that
complex II is recruited to form the supercomplex NADH/SuccRC[CI,CII,CIII,
CIV] when complex I is functionally active.

The occurrence of RC supercomplexes is further functionally
supported by the observation that all the three protonmotive RC
complexes (i.e. complex I, III and IV) share under condition of low
membrane energization a large control strength over respiration
(Fig. 4). The metabolic control theory foresees that the sum of the
control coefficients of the enzymatic steps within a given pathway
cannot exceed the value of unity unless a number of steps organize in
multi-enzymatic structural/functional units [2–4,31]. In this study we
show that the control coefficients of COX and complex I resulted
under de-energized conditions in values which when summed
approached the limiting value of unity. Considering also the tentative
estimates of the CJ

v of complex III and the possibility that the CJ
vs of

the RC complexes in permeabilized cells may result slightly lower
than under in vivo conditions (i.e. in intact cells) the limiting value
foreseen by the MCA may well be overcome.

It must be pointed out that the effect of the respiratory substrate
combination on the CJ

v,COX is more evident under state 3+ADP (see
ahead in the Discussion for a comprehensive explanation). However,
irrespective of the combination of respiratory substrate used (with
the exception of succinate alone) the CJ
v,COX under state(s) 4 of

respiration proved to be much lower than under state 3.
The results shown in Figs. 2 and 3 unveil that the establishment of

a large ΔΨm and/or ΔpHm causes a decrease of the CJ
v,COX. However,

the two components of the ΔμH+, although thermodynamically
equivalent, did not sum up their relative effects. This is highlighted
by the effect elicited by both nigericin and valinomycinwhen added to
the respiratory state 3+ADP. Thus, to exert the depressing effect on the
CJ

v,COX both the ΔΨm and the ΔpHm need to overcome some specific
threshold value whereas a thermodynamic summation of sub-
threshold values of the two ΔμH+ components is apparently
ineffective. This leads to the conclusion that the action of the ΔΨm

and of the ΔpHm actuates by a different mechanism. Evidently, the
establishment of both a large ΔΨm and ΔpHm unleashes the
respiratory control strength of COX attained under uncoupled or
state 3 respiration and places the main kinetic limitation(s)
somewhere (or somehow) upstream of COX. A schematic view of
this concept is provided in Fig. 5.

It must be pointed out, however, that the control exerted by the
ΔpHm is unlikely to play a role of physiological relevance. Indeed
establishment of very large ΔpHm has never been documented under
in vivo conditions. Conversely, variations of the ΔΨm following the
state 4 to state 3 transition and vice versa are likely to occur in
consequence of changes of the energy demand of the cell.

In a recent MCA-study on intact HepG2, Dalmonte et al. [10]
reported similarly to our results that the CJ

v,COX estimated in the
presence of valinomycin was significantly reduced as compared with
that estimated under either resting (i.e. a state 3-like condition) and
uncoupled conditions. However, conflicting with our results nigericin
did not change the CJ

v,COX exhibiting values as high as that measured
under resting or uncoupled conditions. In this study the authors did
not measure directly the effect of nigericin on the ΔΨm, as we did,
taking for granted a full conversion of the ΔμH+ in ΔΨm. Fig. S6 shows
that relatively higher concentration of nigericin with respect to that
utilized in our study resulted in a paradoxical progressive reduction of
the ΔΨm likely due to the protonophoric property of nigericin which
under certain conditions may overcome its K+/H+ exchange activity.
It is plausible that, at the relatively high concentration of nigericin
used in [10] (i.e. three-fold higher then that assessed to be optimal in
our study) a condition was settled where the actual ΔΨm was
comparable if not lower than that attained under resting respiration
thus precluding to assess the real depressing effect of a high ΔΨm on
the CJ

v,COX.
The summation corollary of the metabolic control theory foresees

that a decrease in the CJ
v of a given enzymatic step may arise from the

introduction in the pathway of one or more additional step(s) [2]. It is
largely documented that at high protonmotive force (like that elicited
by the presence of oligomycin) the mitochondrial respiratory rate is
dominated by the proton suck-back (proton leak) across the
membrane [32, see also 33]. Although this notion is phenomenolog-
ically undisputable nevertheless it has nothing to do with the
conclusions drawn from our observations. Indeed, the establishment
of a large FCCP-mediated proton leak across themembrane results in a
CJ

v,COX undistinguishable from that estimated under state 3 of
respiration in spite of the fact that a new step in the integrated
metabolic pathway has been “introduced”.

Furthermore, the experiment on valinomycin-treated cells pre-
sented in Fig. 2 shows that substitution of the transmembrane
electrical potential with a pH gradient resulted in no change in COX
control. Given the large difference in membrane conductivity of
protons with respect to other cations or anions (the membrane
conductance for H+ is at least 106 times higher than for K+ [34]), one
would expect a tighter control of ΔpH in the metabolic network and,
as a consequence, a compensatory decrease of the control coefficients
of the other steps. In addition the non-Ohmic flow–force relationship,
which is a measure of the proton leak, is known to vanish when the
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Fig. 5. Proposed model for the effect of the two components of the ΔμH+, ΔΨm and ΔpHm, on the controlling step(s) in the RC activity. Three thermodynamic conditions are
schematically indicated, distinguished either by the presence of a relatively low ΔμH+ (A) or by the presence of each or the other of its two components ΔΨm (B) or ΔpHm (C) at their
maximal attainable steady-state value (i.e. in the presence of nigericin or valinomycin respectively and with the H+ FoF1 ATP synthase blocked by oligomycin). The respiratory chain
is schematized as a bipartite dark box within the mitochondrial membrane with a part constituted by the COX and the other by all the steps located upstream. To visualize the
mechanism of control on the GRF the thickness of the bipartite box is inversely correlated with the control strength exerted by that part of the RC. Note that the thickness of the
“O2→H2O” arrow reflects the GRF-activity shown in Figs. 1D and 2C. In the presence of a relatively low ΔμH+ (either with an uncoupler (not shown) or under state 3 respiration
(shown), panel A) COX exhibits a large CJ

v,COX over the cellular O2 consumption with a relatively low reserve capacity. The establishment of a large ΔΨm (panel B) causes a marked
depression of the global oxygen consumption rate and shifts themajor control strength to step(s) upstream of COX.When a fullΔpHm establishes (panel C) the overall metabolic flux
is comparable with that of the uncoupled respiration or state 3+ADP but the CJ

v,COX of COX is again relatively lowered. Also in this case the ΔpHm affects differently the capacities of
the RC-related steps with the one acquiring the more stringent control strength located upstream of COX.
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electrical gradient is substituted with a pH gradient [35]. Thus, a high
ΔΨ or ΔpH exert the same phenomenological effect on the COX-
dependent flux control independently on the proton leak.

Moreover, the “flow–force” plotting of the respiratory rates of the
states 4−ADP- and 4*+ADP+olig-dependent GRFs as a function of the
respective ΔΨm demonstrated that the non-Ohmic degree of
dependence of the proton leak on the ΔΨm resulted to be lower
when the ΔΨm was “clamped” in the presence of the H+ FoF1-ATP
synthase inhibitor (Fig. S7). This indicated that the utilization of
oligomycin to establish a large ΔΨm did not introduce further steps in
the control of the GRF as compared to the more physiological state
4−ADP.

Therefore, in our opinion, the proton leak controls indirectly the
overall respiration by setting the actual value of the ΔΨm, which in
turn controls directly the distribution of the control strengths within
the different enzymatic steps constituting the respiratory pathway. It
is worth noting that the ΔΨm range where the depressing effect on
the CJ

v,cox was observed (i.e. between 170 and 210 mV) closely
overlapped that where the change in the membrane proton
conductivity is more evident (cf. Figs. 3D and S7 and see ahead in
the Discussion).

The results so far discussed might apparently recall those reported
by our group in an earlier publication [9]. However, it must be pointed
out that further substantial new observations are provided in the
present study as outlined in the following. (a) Tissue variation in the
control coefficient distribution of the OXPHOS complexes has been
reported [6,36] under state 3+ADP. Here we show that the lowering of
the CJ

v,cox under conditions preserving dissipation of the ΔμH+ in
endogenously respiring intact HepG2 cells [9] was confirmed in intact
murine myoblasts (L6) cell line and primary normal human dermal
fibroblasts (NDHF) (Fig. S1) thereby indicating that the depressing
effect of the mitochondrial protonmotive force on the CJ

v,cox is a
physiological relevant phenomenon irrespective of the cell pheno-
typical background. (b) The combination of selected respiratory
substrates enabled to differentiate the impact of the membrane
energy state on the CJ

v,cox as a function of the involved RC complexes.
(c) TheMCAwas extended to the RC complexes III and IV unveiling on
a semiquantitative basis an effect of the respiratory states on the CJ

vs
similar to that observed for COX. (d) Finally, and most relevant, the
quantitative estimation of the voltage gradients in the different
respiratory states unveiled that the decrease of the CJ

v,cox was not a
linear function of the ΔΨm amplitude but instead an “all or none”
response over a critical voltage-threshold value. Obviously, the
mechanistic implications of this last observation must be taken into
account to explain the mode of action.

Permeabilization of the cell membrane causes dilution of cytosolic
metabolites which may exert regulatory functions on the mitochon-
drial RC. In particular the intra- and extra-mitochondrial ATP/ADP
ratio appears to be a an important controller of the COX activity
[37,38], with a high ATP/ADP ratio inhibiting the activity of COX in an
allosteric mode. Moreover, recently it has been shown that the ATP-
mediated allosteric inhibition of COX requires a cAMP-dependent
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phosphorylation of COX [39]. However, a direct effect of externally
added ADP (i.e. low cytosolic ATP/ADP ratio) on the increased CJ

ν,COX

under state 4 of respiration has to be ruled out because in the presence
of oligomycin+ADP a decrease of CJ

ν,COX was observed. As we cannot
exclude alterations of the allosteric effect of matrix ATP the
observations reported in this study might concern an intrinsic feature
of the respiratory chain irrespective of a second respiratory control
“mode” [40]. However, it must be noted that both in intact and
permeabilized HepG2 cells the CJ

ν,COX resulted in comparable values
under state 3 of respiration and decreased by the same extent
following transition to state 4. Moreover, our results suggest that the
membrane potential-dependent change of the flux control coefficient
apply not only to COX but also to the other two protonmotive
complexes of the RC, for which a regulatory role exerted by the
adenine nucleotides has not been demonstrated.

In the attempt to rationalize the reported observations we offer a
model which, although not supported by direct physical evidence,
nevertheless might be taken in account as a working hypothesis
susceptible to experimental validation. It is proposed that the
mitochondrial RC complexes exist in two states, as single molecular
units or as supramolecular complexes. The two states are in dynamic
equilibrium and the electrical transmembrane potential beyond/
below a critical threshold value controls the equilibrium and the
occupancy of a given RC complex in one or the other of the two states
(see Fig. S8). The stoichiometry of the complexes in the aggregated
state is variable but driven by specific protein–protein interactions.
Under condition of absent or relatively low ΔΨm (b180 mV) the
aggregation state is favored whereas at higher voltage (210–220 mV)
the polydisperse state of the RC complexes prevails. This model is
consistent with the results presented in this study. Indeed, the
supercomplex state will confer high kinetic efficiency in terms of
electron transfer as the local availability of the reduced substrates/
metabolites is not limiting [41].

As a consequence, the supercomplex will behave as a functional
unit with high CJ

vs pertaining to the single complexes that when
summed will result in a value approaching or even overcoming the
theoretical limit of unity. Under this condition the reserve capacity of
the respiratory chain will be low and any change in each or the other
of the enzymatic steps constituting the complex will cause an almost
proportional change in the GRF. Under the polydisperse state each
enzymatic step will behave separately and their functional connec-
tivity will strongly depend on one hand from the collisional rate
constants of the isolated complex and of their electron donating/
accepting substrates [42] and on the other hand from the differential
effect exerted by the voltage gradient on the intrinsic electrogenic
steps of each or the other of the RC complexes [1,43,44]. This is
expected to slow down the global respiratory flux, to decrease the CJ

vs
of the enzymatic steps and to enhance the functional reserve capacity
of the RC complexes.

How the change in the structural assembly of the RC complexes is
achieved by the small increment of the ΔΨm was out of the scope of
this study. However, a number of possibilities can be envisaged and
experimentally assessed/scrutinized. Some physical–chemical fea-
tures of the phospholipid bilayer proved to be affected by the
establishment of a voltage transmembrane gradient. For instance the
(micro)viscosity of the membrane was found to vary as an
exponential function of an applied potential with a sharp increase
beyond 180 mV [45,46]. If we consider the actual structure of the RC
complexes as resulting from a dynamic equilibrium between the
supercomplexes and their isolated units it is plausible to hypothesize
that an enhanced membrane viscosity would favor the occupancy of
the complexes in the isolated state limiting their diffusion-controlled
interactions.

Thus in addition to the recognized role of the energy charge
(modulating the activity of the H+ FoF1 ATP synthase), of the ΔμH+
(modulating the rates of electrogenic steps) and of the allosteric/
covalent regulation (modulating the activity of the RC-complexes)
our model provides a further additional insight to the mechanism of
the respiratory control adapting the respiratory activity of the RC to
the changing cellular energy requirement.
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