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ARTICLE INFO ABSTRACT

The proton pumps of the mitochondrial electron transport chain (ETC) convert redox energy into the proton
motive force (AP), which is subsequently used by the ATP synthase to regenerate ATP. The limited available
redox free energy requires the proton pumps to operate close to equilibrium in order to maintain a high AP,
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ATP’l‘b . which in turn is needed to maintain a high phosphorylation potential. Current biochemical assays measure
Efeuel ;nr;:m complex activities far from equilibrium and so shed little light on their function under physiological conditions.
Tumovergy Here we combine absorption spectroscopy of the ETC hemes, NADH fluorescence spectroscopy and oxygen

consumption to simultaneously measure the redox potential of the intermediate redox pools, the components of
AP and the electron flux in RAW 264.7 mouse macrophages. We confirm that complex I and III operate near
equilibrium and quantify the linear relationship between flux and disequilibrium as a metric of their function
under physiological conditions. In addition, we quantify the dependence of complex IV turnover on AP and the
redox potential of cytochrome c to determine the complex IV driving force and find that the turnover is pro-
portional to this driving force. This form of quantification is a more relevant metric of ETC function than
standard biochemical assays and can be used to study the effect of mutations in either mitochondrial or nuclear
genome affecting mitochondrial function, post-translation changes, different subunit isoforms, as well as the
effect of pharmaceuticals on ETC function.

synthase and transport proteins. The free energy change (AG) of a
proton pump, expressed in Joules per mole of electrons transferred, is
given by:

AG = —FAEg + FAE; 1)

1. Introduction

In Mitchell's hypothesis of oxidative phosphorylation, protons
pumped across the inner mitochondrial membrane by the electron
transport chain (ETC) generate a proton motive force (AP) which drives
the regeneration of ATP by the F1Fo ATPase synthase [1]. The proton/
electron stoichiometry of the pumps and the ATP/H™* stoichiometry of
both the ATP synthase [2] and ATP transport circuit [3] are fixed with
little slip or leak [4] and therefore the rate of ATP production is tightly
coupled to the rate of oxygen consumption. ATP must be produced not
only at the rate needed by cytosolic ATP consuming processes but also,
importantly, at a high phosphorylation potential (AGarp) so that these
consuming processes are driven in the forward direction; the im-

where F is the Faraday constant, AEg is the redox span and AEy is the
energy transduced. The redox span equals the difference in the redox
potential of the product and substrate redox pools and provides the free
energy to pump protons against AP. The energy transduced equals the
product of AP and the pumping stoichiometry (number of protons
pumped per electron) and is the energy required to pump the protons.
Since a high AP is necessary to maintain a high AGa1p, and the redox
free energy available to complex I and III is limited [6], these proton

portance of maintaining AG,rp high is demonstrated in the mammalian
heart which can alter its oxygen consumption and ATP production by
several fold while maintaining AG4rp essentially constant [5]. From a
thermodynamic perspective, oxidative phosphorylation can be viewed
as an energy transduction process in which redox free energy is first
converted into a proton motive force by the electron transport chain
and then into the cytosolic phosphorylation potential by the ATP
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pumps must operate with a high thermodynamic efficiency (AE7/AEg),
and hence close to equilibrium (small AG). The normal metrics for
enzyme function, k., and Ky, are measured infinitely far from equili-
brium and therefore shed little light on the in-vivo function of the ETC.
For instance, the electron flux can change by an order of magnitude
between state 4 and state 3 even though the k., of the complexes,
which are measured with saturating substrate and in the absence of

Received 16 February 2018; Received in revised form 4 October 2018; Accepted 7 November 2018

Available online 08 November 2018
0005-2728/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00052728
https://www.elsevier.com/locate/bbabio
https://doi.org/10.1016/j.bbabio.2018.11.013
https://doi.org/10.1016/j.bbabio.2018.11.013
mailto:Roger.Springett@kcl.ac.uk
https://doi.org/10.1016/j.bbabio.2018.11.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbabio.2018.11.013&domain=pdf

M. Rocha, R. Springett

Table 1

Ky (NADH/NAD* and UQH,/UQ) or K4 (Cytc) for the pumping complexes and
concentrations of the intermediate redox pools in the matrix (NADH/NAD "), in
the inner membrane (UQH,/UQ) and in the intermembrane space (Cytc).

Complex Ky or Ky Pool Concentration
I ~80uM [10] NADH/NAD™* ~3.5mM [11]
~480 uM [10] UQH,/UQ ~12mM [12]
111 =600 uM [13]
~9.5uM [14] Cytc®* /Cytc®+ ~700 uM [15]
v ~10-30uM [16,17]

product and AP, is the same. Furthermore, the proton pumping com-
plexes must operate below their k., to achieve high thermodynamic
efficiency and probably do not turnover at k., even in state 3 because
AP is not zero [7] and the substrate pools are not fully reduced (the
NADH/NAD* and Cytc pools are 40-50% and 85-95% oxidized, re-
spectively [8]). Also, the concentrations of the intermediate redox pools
are much higher than their Ky, or Ky (see Table 1) so that the substrates
only become limiting when the intermediate redox pools are at the
extremes of their oxidation states. Likewise, complex activities mea-
sured with current biochemical assays will poorly reflect how these are
functioning in the electron transport chain of living cells since these
assays use saturating concentrations of substrate and minimal product,
which is supplied to the active site by lysing the inner membrane, hence
collapsing AP [9]. Under these conditions, the proton pumps operate far
from equilibrium (they have a very high redox span and do not trans-
duce energy) and the factors which limit maximal flux will be different
from those that determine flux near equilibrium. As such, new metrics
are needed to quantify complex function under these physiological
conditions.

Close to equilibrium, the electron flux through complex I and III is
linear with respect to the AG and saturates further from equilibrium
[16-18]. In the linear regime, the electron flux, J, measured in units of
electrons/second/complex is related to AG by:

J=—-0AG (2)
where 0 is the constant of proportionality. This constant is independent
of the protein level, it is expressed in units of electrons/second/com-
plex/millivolt, and must be large for both complexes I and III to obtain
high flux near equilibrium (small AG). We have named it the func-
tionality as it represents the ease at which the disequilibrium can drive
flux through the individual complex, and therefore could be a good
metric of the function of a complex under physiological conditions.
Regulation of ETC flux can be achieved by fine tuning the functionality
through different subunit composition [18] or post-translational
changes such as phosphorylation [19,20] or nitrosylation of complex I
[21], and methods to detect these, accurately, need to be in place.
The goal of this paper is to explore the functionality of complex I
and III in living cells as a metric of function. Although complex IV
operates far from equilibrium and the functionality is not appropriate,
we develop a similar metric by quantifying the relative contribution of
Cytc and AP to turnover. We map out the force-flux relationships of the
pumping complexes using oligomycin, to bring the ETC close to equi-
librium at low flux, and with increasing concentrations of a proto-
nophore, to increase the electron flux to maximal rates. This is carried
out in control cells and cells treated with low concentrations of in-
hibitors to selectively modify the functionality. We find that the func-
tionality of complex III is very dependent on the redox poise and that
both azide and cyanide have very different effects on complex IV.
Importantly, we demonstrate that our system allows accurate detection
of changes in the functionality of the pumps in living cells and therefore
can be used in subsequent studies to investigate the effect of small
molecules, mutations or post-translational modifications on the ETC.
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2. Materials and methods
2.1. Cell culture

RAW 264.7 mouse macrophage cells were cultured at 37°C in
Wheaton™ Magna-Flex™ spinner flasks in RPMI medium supplemented
with 10% heat-inactivated fetal bovine serum, 5mM b-glucose and
penicillin/streptomycin antibiotics, in a 95% air and 5% CO, incubator.
Cells were spun down at 500g for 5 min, and re-suspended at a density
of 2 x 107 cells/mL in a custom RPMI media without vitamin supple-
ments to reduce the background auto fluorescence.

2.2. Chamber and oxygen consumption

Studies were performed as described previously [22]. Briefly, cells
were placed in a 5 mL measurement chamber, where they were stirred,
maintained at 37 °C with a thermoelectric element, and sealed with a
plunger. Oxygenation was remotely-controlled and kept constant at a
concentration of 100 uM (unless stated otherwise) by passive transfer of
oxygen across 80 mm of silicon tubing submerged in the cell suspen-
sion. Oxygen tension in the chamber was continuously monitored using
an oxygen optode and the O, consumption was calculated from the
oxygen delivery and the rate of change of the oxygen concentration in
the cell suspension.

2.3. Spectroscopy

The spectroscopy system has been described previously [23]. In
brief, heme attenuation spectra and NADH fluorescence spectra were
measured with two separate CCD-spectrograph systems working in
time-multiplexed mode at 50 Hz and contiguous spectra were averaged
to give a temporal resolution of 0.5s. A warm white light emitting
diode (LED) was used for the attenuation spectra illumination and a
365nm UV LED was used for NAD(P)H fluorescence excitation. The
spectral fitting algorithms employed a linear combination of model
spectra to calculate oxidation changes of the hemes and NAD(P)H as
described previously [23]. For heme oxidation changes, the model
spectra were by, by, c; hemes of complex III, heme ¢ of cytochrome c,
Ag05, Aso2 and az spectra from complex IV [24] and a quadratic back-
ground to account for any baseline drift with a fitting range
520-630 nm. The NADH model spectra were the fluorescence spectrum
of NADH, the fluorescence spectrum of the RPMI medium and a linear
background with a fitting range of 410-610 nm.

2.4. Experimental protocol

Fig. 1 in results shows an example of the data collection and pro-
tocol for cells inhibited with cyanide. After a brief period of anoxia to
fully reduce the hemes and the mitochondrial NAD* /NADH pool, the
oxygen concentration was returned to 100 uM and the cells allowed to
stabilize for 8 min before being treated with 3 doses (Fig. 1 arrows I) of
either: 3nM of piericidin, 100 pM of azide or 5uM cyanide, each se-
parated by 2 min. Control cells were not treated with an inhibitor. Four
minutes after the last inhibitor dose, the cells were treated with oli-
gomycin (Fig. 1 arrow O) to inhibit the ATP synthase and bring the ETC
close to equilibrium and then with eight 200 nM doses (Fig. 1 arrows B)
of the protonophore BAM15 [25] to increase electron flux and oxygen
consumption. Studies were then ended with the addition of a high
concentration (2uM) of the protonophore carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP) and 1 mM of the complex II inhibitor 3-ni-
tropropionic acid (3-NPA) to collapse AP and inhibit the TCA cycle,
respectively, and so to fully oxidize the mitochondrial NADH/NAD*
pool. Finally, the cells were treated with 1 uM rotonone to fully inhibit
complex I and fully oxidize the hemes.

The NAD(P)H fluorescence originates from NADH and NADPH in
both the mitochondrial matrix and the cytosol. Both the excitation
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Fig. 1. Example of the protocol and data collection. Graphs show the oxygen
concentration (O, light grey trace of the upper panel), oxygen consumption
(VO,, black trace of the upper panel), oxidation changes of both Cytc and
complex IV heme a (middle panel), and the NAD* /NADH oxidation state, upon
the addition of an inhibitor (arrow “I”, representing here 5uM cyanide), 5 ug/
mL oligomycin (“O”), 200 nM BAM15 (“B”), 2uM CCCP (“C”), 1 mM 3-NPA
(“N”) and 1 uM rotenone (“R”).

spectrum and the emission spectrum of NADH and NADPH are identical
and the signals cannot be separated spectrally. Likewise, the mi-
tochondrial and cytosolic florescence cannot be separated without
using microscopy. Time resolved fluorescence studies have shown that
the fluorescence predominantly originates from bound NADH or
NADPH which has a longer non-radiative lifetime and so greater
fluorescence quantum efficiency [11]. Comparison between the fluor-
escence signal and the absorption signal, which is equally sensitive to
bound and unbound NAD(P)H, are linearly related so that the fluores-
cence signal from bound NAD(P)H can be used to calculate the oxida-
tion state of the free NAD(P)H pool [11]. In this study, we made the
assumption that the anoxia and mitochondrial inhibitors did not affect
NADPH and the cytosolic NADH levels so that changes in the fluores-
cence signal were only due to changes in the mitochondrial NADH le-
vels. With this assumption, the oxidation state of the mitochondrial
NADH/NAD " was back-calculated from the fully reduced state during
the anoxia and the fully oxidized state after 3-NPA and the CCCP at the
end of the study. Likewise, The oxidation state and content of the hemes
was also back-calculated from the fully reduced state during the anoxia
and the fully oxidized states recorded after addition of rotenone at the
end of the study to give the content of complex III, Cytc and Complex
IV. In studies using the complex IV inhibitors azide and cyanide, heme a
did not fully oxidize after rotenone and the content of complex IV was
calculated from the reduction during the anoxia corrected for the mean
baseline oxidation state of heme a measured in the untreated cells. The
residual oxygen consumption after treatment with rotenone was con-
sidered to be the non-mitochondrial in origin and subtracted from the
total oxygen consumption to give the mitochondrial oxygen consump-
tion. The mitochondrial oxygen consumption and content was then
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used to calculate the turnover number of complex III, Cytc and Complex
IV, in units of e/CIII/s, e/Cytc/s and O,/CIV/s, respectively.

2.5. Redox potentials and AP

The proton motive force (AP) is the sum of the membrane potential
(AY) and the pH gradient express in millivolts (ApH), which is given by
ApH = (RT/F)Ln(10)(pH,,-pH.) where R is the gas constant, T is the
temperature in Kelvin, F is the Faraday constant and pH,, and pH, are
the pH of the matrix and cytosol, respectively. The AG of complex I, III
and IV, expressed in millivolts (calculate from AG/F), is given by:

AG; = —(Ef? — ENAPHY 4 2AP
AGp = (B — E/) + AY + 2ApH

AGy = —(EP? — E&) + AW + AP 3)

where EVPH E,UQ E, %% and E,°? are the redox potentials of the
NAD*/NADH, UQ/UQH,, Cytc®** /Cytc®>* and 0,/H,0 pools. The term
in brackets on the left is the redox span (AEs) and the other terms are
energy transduced (AE7). Complex I transfers electrons from the NAD */
NADH pool to the UQ/UQH, pool and pumps 2 protons per electron
transferred giving a AEy of 2AP. Complex III transfers electrons from the
UQ/UQH, pool to the Cytc pool and operates by the Q-cycle [26] in
which electrons from the oxidation of UQH, at the Qo centre (on the
cytosolic side of the membrane) are bifurcated such that one electron
reduces Cytc and the other reduces a UQ at the Qi centre (matrix side),
see [27] for a recent review of complex III. The A¥ component of AEr is
due to the movement of charge across the membrane in the form of an
electron from the Qo centre to the Qi centre, the net charge of 2 protons
and an electron from the Qo centre to the cytosolic side of the mem-
brane and the uptake of a proton to the Qi centre from the matrix. The
2ApH originates from the difference in redox potentials of UQ/UQH, at
the Qo and Qi centres due to the origin of the protons being from the
cytosolic and matrix sides of the membrane, respectively [15]. Complex
IV reduces oxygen to water at the binuclear centre (BNC) buried in the
protein using electrons from the Cytc pool and protons from the matrix.
The AP term of AE7 is due to the pumping of one proton per electron
transferred to the BNC and the AY term is due to the movement of the
electron and substrate proton to the BNC against the membrane po-
tential.

A summary of how the parameters are calculated is given in Table 2.
The calculation of the AY¥, E,Y? and ApH from the redox poise of
complex III has been described previously and the approximations
discussed and justified [15,28]. In brief, the membrane potential (A¥)
was calculated assuming the electron transfer from the by to the by
heme of complex III occurs at equilibrium e.g.

AGy, py = —(EY — EY) + BAY = 0 (4)

where EP" and E,>* are the redox potentials of the by and b;, hemes,
respectively, and f3 is the fractional dielectric separation of the hemes in
the membrane and assumed to be 0.5 [29]. The redox potentials of by
and b; were calculated from their measured oxidation states using a
redox anticooperativity model [28] with midpoint potentials of + 40
and —20mV, respectively, and an interaction energy of 70 mV [29].
The redox potential of the ubiquinone pool was calculated assuming the
transfer of an electron from the by heme to the UQ/UQH, pool at the Qi
centre occurs at equilibrium, e.g.

AGpy, g = —(EY? — EM) + aAW = 0 5)

where « is the dielectric depth of by and assumed to be 0.25 [15]. The
pH gradient is calculated with an in-silico model of complex III using the
measured values of E,?%, E,U? and AY, assuming the cytosolic pH was
7.0 and then varying the matrix pH until the modeled turnover number
matches the measured turnover number [15]. The parameters of the in-
silico model of complex III are exactly as given previously [15] where
their justification and provenance are given in the supporting material.
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Table 2
Summary of how the parameters are calculated from the experimental data.
Parameter Origin
Epo Calculated from the measured oxidation state of Cytc using the Nernst equation and E,, = 260 mV (Eq. (6))
EbH, B Calculated from the measured oxidation states of by and b;, using the Nernst equation extended to include the redox anti-cooperativity
between the hemes.
E,U° Calculated from the redox potential of by assuming equilibrium (Eq. (5))
E,NAPH Calculated from the measured oxidation state of NADH using the n = 2 Nernst equation and E,, = —320 mV (Eq. (6))
AY Calculated from the difference in redox potentials of by and by, assuming equilibrium (Eq. (4))
ApH Calculated using a turnover model of complex III. The model has EpU% E,@ and AY fixed at the measured values and ApH is varied until

the modeled turnover matches the experimental turnover.

Cytc ¢, Complex III and IV content
end of study) and fully reduced (anoxia).
Turnover number of Cyt ¢, CIII and IV

Oxidation change (nM) of the b-hemes (complex III), c-heme (Cyt ¢) or heme a (complex IV) between fully oxidized (after inhibitors at

Complex IV: oxygen consumption (nM/s) divided by complex IV content (nM). Complex III: electron flux (4 X oxygen consumption in

nM/s) divided by complex III content (nM). Cyt c: electron flux (nM/s) divided by Cyt ¢ content (nM)

The model and the methods for calculation AY, ApH and E,U? have been
further discussed [22].
The Nernst equations for the redox potentials are:

+1[E+
EVADH — pNADH ELn( [NAD*|[H ])

2F [NADH]
+12
B = gue + My [
2F [UQH, ]
E}’(Liytc = Erﬁ‘ytc + ELH [CthH]
F [Cyte?*]

E%> = E%2 4+ ﬂLn [0a][H]*
ST WA

(6)
where E,, is the respective midpoint potential under standard condi-
tions, the proton concentrations are those of the matrix and the square
brackets denote concentration of the metabolite as a fraction of the
concentration under standard conditions. Standard conditions are de-
fined as metabolites at a concentration of 1 M, an oxygen concentration
of 957 uM (100% O, in saline media), [H,O] = 1.0, pH 7.0 and 37 °C.
The matrix pH was calculated from ApH assuming the cytosol was at
pH 7.0. The redox potential of the Cytc and NADH pools were measured
from the measured oxidation states using an E,, of 260 and —320 mV,
respectively, and the O, assuming the oxygen concentration was
100 uM (see Fig. 1) and an E,,, of 815 mV [30]. The oxidation state of the
UQ/UQH, pool was calculated from the redox potential assuming an E,,
of 90 mV, as used in the in-silico model.

3. Results
3.1. Kinetic and thermodynamic parameters of the electron transport chain

Mitochondrial function in living cells is adapted to the metabolic
requirements of tissues, and its characterisation is essential to under-
stand the basic physiology of cells. We used multi-wavelength spec-
troscopy to quantify mitochondrial function in RAW cells. Experiments
started with a brief period of anoxia and ended with the addition of a
high concentration of mitochondrial inhibitors (Fig. 1. CCCP, arrow
labelled ‘C’; 3-NPA, arrow ‘N’, and Rotenone, arrow ‘R’. See 2.4 Ex-
perimental protocol) to fully oxidize the electron transport chain. This
approach allowed us to infer on important kinetic and thermodynamic
parameters of the proton pumping complexes and Cytc, such as the
content of the hemes of complex III, Cytc and complex IV, and therefore
the content of complex III, Cytc and complex IV (Table 3), as well as the
oxidation state and redox potential of the intermediate redox pools at
baseline (Table 4). Furthermore, using developed algorithms, we re-
corded that under normal conditions (untreated cells), the baseline AW
was 157 = 3mV, ApH was 30 + 2mV, AP was =187 = 2mV and
oxygen consumption was 34 * 7uM / min (mean * SD, n = 6).
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3.2. Effects of mitochondrial inhibitors on the electron flux and redox poise
of the ETC

To investigate the effect of known mitochondrial inhibitors on the
electron flux and redox poise, cells were treated with three equal doses
of either 3nM piericidin to inhibit complex I, or 100 uM azide/5 uM
cyanide to inhibit complex IV, as illustrated in Fig. 1 (Fig. 1: arrow
labelled ‘T’ for the addition of inhibitors at 0, 2 and 4 min. See 2.4 Ex-
perimental protocol).

Inhibiting complex I with piericidin led to a ~5 mV reduction of the
NADH pool, as expected since NAD + /NADH is upstream of the site of
inhibition (complex I), also to an oxidation of the UQ and Cytc pools, as
both are downstream of it, together with a decrease in oxygen con-
sumption (Fig. 2a, b and c - blue bars). Likewise, inhibiting complex IV
with azide led to a reduction of the NADH, UQ and Cytc pools upstream
of the site of inhibition and also to a decrease in oxygen consumption
(Fig. 2a, b and c - light green). Cyanide, another inhibitor of complex
IV, similarly led to a reduction of the Cytc pool and a decrease in
oxygen consumption, however no changes in the redox potentials of the
NADH and UQ pools were recorded (Fig. 2a, b and c - dark green bars);
the oxidation state of the NADH pool changed from 61% to 55% oxi-
dized on addition of cyanide but this reduction was countered almost
perfectly by the acidification of the matrix. Similarly, the oxidation
state of the UQ pool, calculated from its redox potential and matrix pH,
changed from 58 to 42% oxidized.

Treatment with these inhibitors also impacted on AP (Fig. 2d, e and
f). Piericidin led to a slight but non-significant decrease in AP due to a
small decrease in AY whereas treatment with azide or cyanide sig-
nificantly decreased AP due to either a decrease in AY at constant ApH
for azide or decrease in ApH at constant A¥ for cyanide. Plotting oxygen
consumption as a function of AP (Fig. 2h) showed that the ETC respond
very differently to piericidin and to the complex IV inhibitors: piericidin
resulted in a marked decrease in oxygen consumption with very little
change in AP whereas both azide and cyanide elicited very similar re-
sponses with decreases in oxygen consumption and AP, albeit from a
slightly different baseline.

3.3. Effects of mitochondrial inhibitors on the functionality of complexes
complex I and III

The functionality is the ease at which the disequilibrium drives
electron transport and proton pumping of a complex. To investigate
whether the functionality of the complex I and III can be used as an
accurate metric, cells were treated with oligomycin (Fig. 1 arrow “0”)
to inhibit the ATP synthase and increase AP, and then titrated with 8
low doses of a protonophore (200 nM BAM15, Fig. 1, arrow “U”) to
decrease AP. This protocol allows the examination of the response of
the ETC to changes in AP in the presence or absence of inhibitors and
the mapping of the force-flux relationships for complex I, III, I + III
(Fig. 3) and IV (Fig. 6e).
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Content, turnover number and components of the free energy change of the proton pumping complexes and Cytc, under physiological conditions in RAW 264,7

mouse macrophages.

Complex I Complex III Cytc Complex IV
Content n.a. 15.0 2.6nM 69.7 = 18.1nM 46.2 = 8.1nM
Turnover number n.a. 138 10e/s 30 * 4e/s 11.2 * 0.80y/s
AG —26 = 5mV -13 1mV n.a. —-127 £ 7mV
AEg 400 * 3mV 230 mV n.a. 471 £ 5mV
AEr 375 £ 4mV 217 mV n.a. 345 = 5mV
Efficiency” 93.6 = 1.2% 94.3 .6% n.a. 73.1 = 1.4%

n.a. = not applicable. Value are presented as mean * SD (n = 6).
2 The thermodynamic efficiency is given by AEr/AEg.

Table 4
Oxidation states (% oxidized) and redox potential (mV) of the intermediate
redox pools under physiological conditions in RAW 264,7 mouse macrophages.

NAD*/NADH UQ/UQH, Cytc
Oxidation state 55 £ 5 65 = 3 81 + 2
Redox potential —-332 = 3 68 = 2 299 = 4

Values are presented as mean + SD (n = 6).

Regarding complex [, its turnover number cannot be directly cal-
culated because it is not possible to separate the contribution of elec-
tron flux from both complex I and complex II to the oxygen consump-
tion, and it is not possible to quantitate the content of complex I
because this enzyme does not contain hemes. Instead, we use complex
III turnover number as a surrogate for complex I turnover number. The
relative content of complex I and complex III should not change during
these brief studies and, assuming that electron flux originates from the

oxidation of glucose via the malate-aspartate shuttle and the TCA cycle,
the electron flux through complex I and II should be in the ratio of 5:1.
As shown in Fig. 3a and, as expected for a reversible enzyme, the
turnover number of complex I was linear with AG close to equilibrium
and saturated far from equilibrium in both untreated and treated cells.
Since the oxidation state of NADH after addition of oligomycin was near
zero (Fig. 1), the NADH redox potential, the redox span and the change
in free energy of complex I could not be calculated for this point. Four
linear regressions were then fitted to the linear portion of the curves
(first three data points) and, when extrapolated back to the x-axis, the
regression lines crossed the origin at —0.2 * 3.6, 5.7 = 11.9,
11.8 = 9.1 and —4.2 *= 3.5 for the untreated, piericidin, azide and
cyanide groups respectively (mean * SD, n = 6). As expected, 9 nM of
piericidin (complex I inhibitor) significantly decreased both the func-
tionality of complex I, as represented by the gradient of the linear re-
gression, and the maximal flux when compared to untreated cells,
whereas cyanide (complex IV inhibitor) did not cause any change.
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Fig. 2. Redox poise and oxygen consumption of the electron transport chain when treated with complex I or complex IV inhibitors. Graphs show the redox potentials
of a) Cytc (E,?*), b) ubiquinone (E,"?) and c¢) NADH (E;P™), the d) proton motive force (AP), ) mitochondrial membrane potential (A¥), f) pH gradient (ApH) and
g) complex IV turnover of cells, following the addition of 3-9nM of piericidin (complex I inhibitor, blue bars bars), 100-300 uM azide or 5-15uM of cyanide
(complex IV inhibitors, light and darker green, respectively). Graph h) illustrates oxygen consumption as a function of AP. Results are expressed as mean * SD
(n = 6) except for h) which is mean = SE (n = 6). fp < 0.01 unpaired t-test baseline from control, *p < 0.01 paired t-test inhibitor from baseline.
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Fig. 3. Functionality of complex I, complex III and the span from NADH to Cytc (complex I + III). Plots map the relationship between force and flux of electron
through a) complex I, b) complex III and ¢) from NADH to Cytc, at the different time points of the BAM15 titration. The data points are expressed as mean * SE
(n = 6) and the lines are regression lines to the linear region (first three points for complex I and the first two points for complex II and complex I + III). The
regression line for complex I + III has been restricted to pass through the origin. Insets are the functionality in units of e/CIIl/s/mV and expressed as mean * SD

(n=6)and }

Surprisingly, the well described complex IV inhibitor azide ([30,31])
had a significantly greater effect on complex I functionality than pier-
icidin although the flux did not plateau over this range of AG.

The linear region of the force-flux relationship of complex III
(Fig. 3b) was smaller than that of complex I and so regression lines were
fitted to the first two data points. These lines should pass precisely
through the origin because the AG for complex III is calculated from the
in-silico model. However, the model has a precision of only =1 mV and
the curves are non-linear even over this restricted range resulting in a
small deviation of the extrapolated line to the origin. When compared
to the untreated cells, piericidin significantly decreased the function-
ality of complex III while complex IV inhibitors slightly increased its
functionality. The change with piericidin is surprising: although pier-
icidin is a ubiquinone analogue, it only inhibits complex III at micro-
molar concentrations and not at the nanomolar concentration used here
[31].

Combining complexes I and III gives a redox span from NADH to
Cytc that is independent of ubiquinone and so, independent of errors in
the measurement of the ubiquinone redox potential. Again, due to the
limited region of linearity and absence of the point at lowest flux, the
regression lines were fitted to the first two points and constrained to
pass through the origin (Fig. 3c). As visible, the functionality of com-
plex I + III did not change upon treatment with cyanide when com-
pared to untreated cells, whereas it was significantly lower with pier-
icidin and azide. These results suggest that the lower functionality of
complex I with azide does not result from errors in the measurement of
the ubiquinone pool.

3.4. Components of the redox poise of the ETC upon mitochondrial
inhibition

In order to get a greater understanding of how the redox poise and
components of AP contribute to the AG of complex I and III, we plotted
these parameters as a function of electron flux during the BAM15 ti-
tration (Fig. 4). Regression lines to the first few data points are shown
as a guide to the eye and each panel is shown on the same scale so the
relative change of each component can be directly compared.

In untreated cells, the redox potential of Cytc (Fig. 4a) was in-
dependent of electron flux until high flux was reached, and then oxi-
dized as flux became maximal. The upstream inhibitor piericidin led to
an oxidation relative to untreated cells at all fluxes and the downstream
inhibitors cyanide and azide led to a reduction, with 300 pM of azide
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indicates a significant difference from control (unpaired t-test, p < 0.01).

having a greater effect than 15uM of cyanide. The ubiquinone pool
(Fig. 4b) oxidized as the electron flux increased in untreated cells, with
the oxidation rate rising markedly as flux became maximal. The re-
lationship was unchanged after cyanide treatment but both piericidin
and azide led to an oxidation and reduction of the ubiquinone pool,
respectively, when compared to control. Finally, the NADH pool
(Fig. 4c) also oxidized with increasing electron flux but barely changed
upon treatment with the inhibitors.

Both the AY and ApH decreased with increasing electron flux
(Fig. 4e and f), as expected, with the changes in A¥ being much larger
than in ApH. Azide inhibition caused the largest fall in AY whereas
cyanide had little effect on A¥, when compared to the control. In
contrast, cyanide created larger changes in ApH with electron flux when
compared to the very similar responses recorded in control cells and
both piericidin and azide treated cells. For both complex I and complex
I1I the redox span (AEs) decreased with increasing electron flux and the
increase in turnover numbers were driven by the greater decrease in
transduced energy (AE7) (Fig. 4g). When compared to untreated cells,
piericidin increased the redox span of complex I whereas azide and
cyanide decreased it.

3.5. The redox poise affects the functionality of complex IIT

The in-silico model of complex III turnover was used to explore the
effect of the redox poise on the functionality. Complex III was first
poised at equilibrium with E9 = 300mV + AEp,
EY? = 60 mV + AE;,, AY = 190mV and ApH = 25 mV where AE;, can
be used to vary the poise at constant redox span and AE, = 0 mV ap-
proximates the conditions found in the cells at zero flux (Fig. 5).
Complex III was then driven in the forward direction by decreasing A¥Y
or ApH, or by reducing E,"? or oxidizing E;,“* and the turnover number
was plotted as a function of AG (Fig. 5) at three different redox poises
(AE, = —10, +10or + 30mV in Fig. 5a, b and c, respectively). At each
redox poise, the turnover was independent of the method of generating
AG and linear with respect to AG close to equilibrium (dis-
equilibrium < 10mV) such that the gradient (functionality) was in-
dependent on the method of generating the disequilibrium. Further
from equilibrium (disequilibrium > 10mV), the curves diverged, the
turnover became non-linear with respect to AG and dependent on the
method of generating the disequilibrium. Although the functionality
was independent of the mechanism of generating the disequilibrium,
the functionality did depend on the redox poise with a more oxidized
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Fig. 4. Redox poise, A¥ and ApH as a function of complex turnover during the BAM15 titration. Graphs plot the redox potentials of a) Cytc (E,?™), b) ubiquinone
(ExY9) and c) NADH (E,MPH), the d) proton motive force (AP), e) mitochondrial membrane potential (A¥), f) pH gradient (ApH), and g) both redox span (AEg) and
energy transduced (AE7) of complexes I and III, as a function of electron flux following the addition 9 nM of piericidin (blue), 300 uM azide or 15 uM of cyanide (light
and darker green, respectively). The lines are regressions lines to the linear region and included as a guide to the eye. Each panel is shown on the same scale so that
changes can be directly compared. In g), the AEg (upper data points represented as circles) and the AE; (lower data points represented as triangles) regression lines for
each treatment have been restricted to cross the Y-axis are the same point. Data is expressed as mean + SE (n = 6).

poise giving a lower functionality. Plotting the functionality against
redox poise (Fig. 5c, inset) shows that the maximum functionality oc-
curs when AEj is —4mV, very close to the redox poise found in un-

rectly.

treated cells extrapolated to zero turnover. This suggests that the small
increase and decrease in functionality with complex IV and complex I

Complex Il TN (e’/ClIl/s)

inhibitors, respectively, is due to a more reduced and oxidized redox
poise, respectively, rather than binding and affecting complex III di-
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Fig. 5. Modelling the dependence of complex III functionality on redox poise. The model of complex III turnover was poised at equilibrium with
Ex? = 300mV + AEp, E,"? = 60mV + AE,, A¥ = 190 mV and ApH = 25mV and then flux initiated by either varying AY, ApH, E,?* or E,Y2 The insert of c)
shows the functionality (e/CIIl/s/mV) as a function of AE,. This was calculated from the flux of the model at a AG of —1 mV from the equilibrium poise as AE, was
varied.
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3.6. Measuring the functionality of complex IV

As opposed to complex I and III, complex IV operates far from
equilibrium (Table 3) and thus functionality is not an appropriate
metric. The turnover of complex IV depends on AP and E,®* such that a
decrease in AP or a reduction in Cytc increases turnover. To address the
lack of a measure, we developed a protocol to quantitate the depen-
dence of turnover on AP and E,*. Ideally, the dependence on each
would be determined by fixing one and measuring the turnover while
the other parameter is varied. Since this is not possible to perform in the
living cells, the relative contribution of each was determined by a null
point study in which the decrease in AP necessary to maintain constant
turnover in the presence of an oxidation in Cytc was determined. The
methodology is shown in Fig. 6a—c. The cells were first treated with
oligomycin, which decreased oxygen consumption and increased AP.
They were then treated with 4 doses of 100 nM BAM15 which increased
complex IV turnover, decreased AP and resulted in a small oxidation of
Cytc. Finally, they were treated with 4 doses of 7.5 nM piericidin which
decreased complex IV turnover, decreased AP and oxidized Cytc. The
value of AP and E,“* was interpolated during the additions of BAM15
to give the same turnover number as after each dose of piericidin
(Fig. 6a—c, blue lines). This gave 8 pairs of the change in AP (AAP) and
the change in Cytc (AE,?™) for each experiment which, in combination,
do not change the turnover number. These experiments were repeated 6
times and the 48 pairs of AAP and AE,“™ were plotted where a linear
response was observed (Fig. 6d). A linear regression restricted to pass
through the origin gave a gradient of 1.23, meaning that a 10 mV de-
crease in AP can be countered by a 12.3mV oxidation in Cytc; this
implies that the turnover of complex IV is a function of
AE,®™ + 1.23AP and that this parameter is the driving force for com-
plex IV turnover.

Surprisingly, when complex IV turnover number was plotted as a
function of E,“™ + 1.23AP for the oligomycin and BAM15 titration
data in untreated cells, a linear relationship was found (Fig. 6e); the
regression's gradient was 0.417 = 0.068 O,/s/CIV/mV and the x-axis
intercept was =563 mV. As expected, this relationship was not affected
by pre-treating the cells with 9nM of piericidin (complex I inhibitor)
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because the decrease in complex IV turnover is due to the consequent
downstream oxidation of Cytc rather than a direct inhibition of complex
IV. Also, as expected, both azide and cyanide inhibited complex IV so
that, for a given driving force, the turnover was lower. Pre-treatment
with 300 uM azide did not affect the x-axis intercept but decreased the
gradient by =~4.8 fold to a value of 0.087 + 0.015, consistent with a
79% of complex IV completely inhibited at this concentration and
leaving the remaining 21% functioning normally. In contrast, cyanide
did not affect the gradient of the response, except at the lowest turnover
where the relationship deviated from linearity, but rather decreased the
crossing point by =25mV to =540 mV.

4. Discussion

The accurate characterisation of the mitochondrial respiratory chain
is challenging, requiring in many developed protocols the lysis of cells
and isolation of mitochondria. The present work describes a new ap-
proach for investigating ETC flux and its regulation in living cells under
physiological conditions. We have characterised RAW cells in kinetic
and thermodynamic dimensions and showed the importance of this
accurate quantification since inhibition of the same complex may lead
to different downstream effects (azide vs cyanide). Also, we introduce a
new metric - the functionality - which reflects how well complexes I, III
and IV are working and we believe it can be used in future studies to
underpin (patho)physiological mechanisms underlying the regulation
of mitochondrial function.

4.1. Background for the equilibrium model

Standard biochemical assays to measure the activities of the mi-
tochondrial complexes are non-physiological since AP is collapsed,
substrate is supplied at high concentration and products are minimal,
making the complexes operate far from equilibrium. These assays will
therefore poorly reflect the actual flux in-vivo and will provide little
information of how the ETC functions as an integrated system. In the
present study, we measured the redox potential of the donor and ac-
ceptor pools of complexes I, III and IV, along with both components of
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AP, so that we can characterize their function as if they were isolated
while they still operate in their authentic environment and as part of
the ETC. Our system allows the accurate investigation of the ETC in
living cells and can precisely detect changes in the functionality of the
pumps - as discussed in the subsequent sections.

In these studies, E,U? and A¥ were calculated from the redox poise
of the b-hemes of complex III assuming equilibrium and, using these
parameters together with E,*, the ApH was estimated by matching the
turnover number of an in-silico model of complex III to the measured
turnover number [15,28]. Once ApH has been determined, the calcu-
lation of AP, AG;, AGp and the driving force for complex IV is
straightforward and the functionalities can be measured. However, the
accuracy of these measurements is predicated on the accuracy of cal-
culating A¥ and ApH.

Complex III is able to precisely bifurcate the electrons into the high
and low potential chains but the mechanism of precise bifurcation is not
known [32,33]. The first stochastic kinetic model, developed by the
Mazat group [32,34], addressed the precise bifurcation mechanism by
including both the bifurcation elementary reactions (first electron
passed to the Rieske centre and the second electron transferred to by)
and the short circuit elementary reactions (first electron passed to by,
and the second electron passed to the Rieske centre). For simplicity,
these elementary reactions combined the electron transfer and the
proton transfer, and estimated the rate constants using the Dutton ruler
for electron transfer thus neglecting the contribution of the proton
transfer. As predicted by Osyczka et al. [35], this model displayed
considerable short circuiting when the model was inhibited by anti-
mycin and b; became reduced. We took this model and included the
redox anti-cooperativity between by and by and the effects of A¥ on the
rate constants of the electrogenic reactions [15]. However, contrary to
the enzyme, the model showed substantial short circuiting under in-
vivo conditions. To prevent the short circuiting, we artificially con-
strained the model to precisely bifurcate by omitting the short circuit
elementary reactions. Despite these simplifications, the present model
does reproduce the precise bifurcation observed, and therefore allows
us to estimate the contribution of ApH in determining flux. It is there-
fore serviceable in the context of the present paper. A more complete
model should separate each ubiquinol oxidation into an electron
transfer elementary reaction and a proton transfer elementary reaction
with the result that the overall rate of ubiquinol oxidation will be highly
dependent on the role of the proton (see [36]). The in-silico model of
Victoria et al. [37] reproduced the experimental kinetics of bifurcation
by inclusion of a movement of the intermediate semiquinone closer to
by to enhance the electron transfer rate constants. They suggested that
coulombic repulsion between the anionic semiubiquinone and reduced
by, could prevent one of the short circuit reactions, but this was hy-
pothesis was not tested in their in-silico model. More recent work from
the same group [38] has suggested other intermediate states that might
be involved in the mechanism of precise bifurcation outlining possible
scenarios for further improvement. Currently no in-silico model is able
to reproduce the precise bifurcation naturally without the imposition of
artificial constraints.

The parameters used to calculate AY have been taken from direct
measurements [29] and have not been adjusted to give reasonable
values of AY¥ [15,28]. The parameters of the in-silico model of complex
III are described and justified in the supporting data of [15] and, like-
wise, have not been adjusted to give a reasonable value of ApH. The
observation that the force-flux relationship of complex I can be extra-
polated to the origin with good accuracy (in both untreated and treated
cells) provides strong evidence that AP and AG; have been correctly
calculated. Such evidence has not been provided in other studies in
isolated mitochondria using the functionality as a metric [39,40].

The linearity between flux and AG close to equilibrium has a rig-
orous derivation in a near-equilibrium thermodynamic analysis and can
be illustrated with the reversible Michaelis Menton reaction E + S <>
ES < EP < E + P, where E is an enzyme, S is the substrate and P is the
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product. The overall reaction, S< P is made up of 3 individual ele-
mentary/micro reactions, E + S < ES, ES <= EP and EP < E + P, each
with a forward and reverse rate constant. The AG of the overall reaction
is equal to the sum of the individual AG's and, at equilibrium, the AG of
the overall reaction and of each micro reaction is zero. When the overall
reaction is displaced from equilibrium, all the individual AG's must
adapt and be displaced from equilibrium to allow equal metabolic flux
through each micro reaction; for instance, when the product con-
centration is decreased from the equilibrium position to initiate net
forward flux, the AG of the E + S <= ES and ES <= EP micro reactions
must become negative to generate flux through these steps. The flux
through a micro reaction is linear with respect to its AG when the AG is
much smaller than the thermal energy [28,35], which is 26.7 mV at
37 °C. This has several consequences: the flux and AG of the overall
reaction will be linear until the AG of at least one micro reaction is no
longer small compared to the thermal energy. Also, the gradient of this
linear region will be independent of the mechanism by which the dis-
equilibrium is created but will be dependent on the poise of the equi-
librium (Fig. 5). The proton pumps of the ETC are much more complex
than the simple Michaelis Menton scheme with many micro reactions
and a branching network rather than a simple linear network, but the
principles still hold. The larger number of micro reactions in complex
enzymes (see [36,37]) means that the linear region can extend to a
larger overall AG before one of the individual AG is no longer small
compared with the thermal energy. Another consequence of the line-
arity of flux close to equilibrium is that enzymes that function close to
equilibrium, such as complex I, complex III, the ATP synthase and the
phosphate uniporter, must be reversible because the force-flux re-
lationship will cross the origin with a large gradient (Fig. 5), although
the maximal reverse flux is not necessarily as large as the maximal
forward flux. In fact, high thermodynamic efficiency and reversibility
go hand in hand.

4.2. Complex III functionality

In the present work we describe the functionality as the gradient of
the force-flux relationship in the linear region and, although the gra-
dient should be independent of the mechanism creating the dis-
equilibrium, it can depend on the poise of the complex at equilibrium.
We found that piericidin, a ubiquinone analogue and potent complex I
inhibitor, decreased the functionality of complex III even though it does
not inhibit isolated complex III at these concentrations (Isp = 10 pM)
[31]. Using our in-silico model of complex III, which is not affected by
piericidin, we found that the functionality of complex III has a max-
imum at a redox poise slightly more reduced (—4 mV) than that found
in untreated cells and that the functionality was quite dependent on the
redox poise. This is understandable because, when the UQ/UQH, pool
is very oxidized, there is little ubiquinol for oxidation at the Qo centre,
and when the pool is highly reduced there is little ubiquinone available
for reduction at the Qi centre. In both cases the turnover and func-
tionality is very low. This dependency could explain the decrease in
complex III functionality with piericidin and the small increase with the
complex IV inhibitors because piericidin causes a substantial oxidation
of the UQ/UQH- and Cytc pools due to its effect on complex I and the
complex IV inhibitors cause a smaller reduction in these pools. We
conclude that changes in the functionality of complex III cannot be used
to determine whether small molecules, mutations or post-translational
changes affect the function of complex III without taking the redox
poise into account.

4.3. Complex I functionality

Complex I is a much larger and more complicated enzyme with
many more micro reactions and, as could be predicted, the linear region
of the force-flux relationship is larger than for complex III. As expected,
cyanide did not change the functionality of complex I when compared
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to untreated cells and piericidin decreased both the functionality and
the maximal flux consistent with the inhibition of complex I
Surprisingly, 300 uM of azide also reduced the functionality of complex
I, and to a greater extent than 9 nM of piericidin.

Azide is best known as an inhibitor of complex IV [41], but also
inhibits the ATP synthase [42] and acts as a weak uncoupler [43],
which can be seen in Fig. 4d as a concurrent decrease in AP and an
increase in the electron flux after addition of oligomycin in the azide
treated cells when compared to the other cells. As far as we are aware,
there are no reports of azide inhibiting complex I or complex III, and
azide does not inhibit the isolated complex I (in the absence of AP) at
this concentration and has only an 8% inhibition at 15mM (Justin
Fedor, private communication). If azide did inhibit complex III then this
could affect the calculation of A¥, ApH and E,"? leading to an error in
the calculated force-flux relationship. However, this is unlikely to be
the case because the force-flux relationship of complex I and complex
I + III pass through the origin with good accuracy and, similarly, the
force-flux relationship of complex IV with and without azide crosses the
x-axis at approximately the same value. Also, it is unlikely that such a
large effect is caused by a change in the redox poise because the NADH/
NAD™ pool is only slightly more reduced at equilibrium while the UQ/
UQH, pool is barely changed. While the gradient of the force-flux re-
lationship for azide is smaller than for piericidin, azide does not cause
the relationship to plateau as it does for piericidin in this range of
disequilibrium (Fig. 3a), and flux still responds to decreases in AP
(Fig. 4d). It therefore remains possible that complex I flux might in-
crease and reach the same maximum level of the uninhibited enzyme as
AP decreases to zero and AG becomes very large. If this is the case, then
inhibition would not be seen when the isolated enzyme is treated with
azide and would only occur in the presence of a substantial AP, ex-
plaining why this effect has not been previously described. This might
suggest that azide binds to the membrane domain of the enzyme which
contains the proton pumps and would be sensitive to the electric field
generated by AY rather than the electron transfer domain, which is
outside the membrane and would not sense AP [44]. If this is the case,
then this data suggests that functionality of complex I is good metric of
function and can be used in future studies to investigate the effect of
small molecules, mutations or post-translational modifications.

4.4. Complex IV driving force

Complex IV is the terminal acceptor of the ETC and pumps one
proton per electron. The electrons from Cytc are first transferred to the
Cuy centre just below the Cytc binding site [45], then onto the heme a
and finally to the binuclear centre (BNC) consisting of heme a3 and the
Cug centre, where oxygen is reduced to water. As opposed to the other
complexes, complex IV operates far from equilibrium and so analysis in
terms of the functionality is not appropriate. It has been shown that the
turnover number of purified and detergent-solubilized complex IV re-
spiring on Cytc and ascorbate is proportional to the concentration of
reduced Cytc [46,47]. This was originally interpreted as turnover being
limited by the binding and release of Cytc. However, this has been
questioned after it was found that the Cu, centre remains in redox
equilibrium with Cytc [47]. A linear relationship between turnover and
the AG was found in isolated mitochondria treated with an uncoupler
[48,49] and, as would be expected for an enzyme which operates far
from equilibrium, the relationship did not pass through the origin. In
contrast, when respiration was titrated with an upstream inhibitor, the
relationship was non-linear with AG and the gradient was negative such
that turnover decreased as the reaction moved further from equilibrium
[49]. In this paper, we used a null-point study to quantify the relative
contribution of E,%* and AP to the turnover of CytOx and derive an
empirical driving force of E,?* + 1.23AP for complex IV turnover.
Surprisingly, we find a linear relationship between this driving force
and turnover except at very low turnover numbers which, as would be
expected, is not affected by piericidin. Our technique -clearly
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demonstrates that inhibition by azide has a very different effect than
inhibition by cyanide, in line with previous studies in the isolated en-
zyme. These have shown that azide acts as an uncompetitive inhibitor
with regards to oxygen whereas cyanide acts as a non-competitive in-
hibitor; both being non-competitive with respect to Cytc [41]. In line
with this, optical and infrared spectroscopy have found two binding
sites for azide in the oxidized enzyme: one with K4 of 64 uM in a protein
environment, and the other with an K; of 20 mM bound to a metal ion
[50,51]. Similarly, the crystal structure also shows two azide binding
sites, one at the periphery of subunit I far (16 A) from both hemes
where it is hydrogen bonded to amino acids (Tyr379 and Asn422), and
one at the BNC bridging the iron of the heme and Cug [52]. We cal-
culated a K; of 74uM in the cells with 300 uM of azide assuming in-
hibition is given by the fractional change in functionality. This is con-
sistent with previous reported values of the K; of azide (55 puM) in the
isolated enzyme [41] and suggests that inhibition in the isolated en-
zyme and in our cells is caused by the binding to the peripheral site
rather than the BNC. In contrast, titration studies have shown only one
binding site for cyanide in the oxidase [53] which, according to the
crystal structure, lies at the BNC [54,55]. Furthermore, it is known that
cyanide can bind to the reduced enzyme (K; of 100 uM) and to the
oxidized enzyme in a two-step process (final K; of 1 uM) [56]. The re-
duced cyanide-bound enzyme is still able to reduce oxygen to water
[41], whereas the oxidized cyanide bound form cannot, even in the
presence of reduced Cytc [53]. Even though both azide and cyanide
preferentially bind to the oxidized enzyme, their different binding sites
could account for the different forms of inhibition observed in the
isolated enzyme.

The results presented here suggest that the azide bound enzyme is
catalytically incompetent thus changing the gradient (only the unbound
form contributes to turnover) with little change in the x-axis intercept
while the cyanide bound form, at these concentrations and under these
conditions, is catalytically competent and can still reduce oxygen with a
similar gradient but with a decreased x-axis crossing point. This is very
different from a normal understanding of cyanide inhibition and re-
quires further investigation.

4.5. Interpreting the driving force for complex IV

The form of the driving force and the observation that the turnover
of complex IV is linear with the driving force invite an interpretation in
terms of an energy transducing near-equilibrium system: the x-axis
crossing point would be the redox potential of an apparent electron
acceptor, the 1.23AP would be the energy transduced, and the gradient
would correspond to the functionality. The AG of this reaction would be
given by:

AGe_pce = —(BAC — EY) + 1.23AP %)

where E;° is the redox potential of the acceptor which is being

maintained at redox potential of =563 mV. An obvious candidate for
the electron acceptor is the binuclear centre. Proton pumping occurs on
transfer of an electron from heme a to the BNC, consistent with the need
for an energy transduction term. Furthermore, the proton pump is fully
reversible [57,58] (only the oxygen reduction is irreversible) implying
that the proton pump can operate close to equilibrium. Finally, binding
of cyanide lowers the midpoint potential of heme a3 [59] consistent
with it lowering the redox potential of the BNC and decreasing the x-
axis cross point. Although these facts give some credence to an energy
transduction interpretation and identification of the BNC as the electron
acceptor, the situation is more complicated. The BNC cycles though the
states P, F, O, E and R with each transition requiring an electron from
heme a and a substrate proton from the matrix. The fully reduced state,
R, then binds molecular oxygen to form state A whereupon the oxygen
undergoes a concerted and irreversible 4-electron reduction to re-
generate P (see [60] for a review). Each electron transferred to the BNC
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is accompanied by the pumping of one proton and movement of an-
other charge across the membrane (an electron is transferred from Cytc
to the BNC and the substrate proton is taken up from the matrix to the
BNC) giving an energy transduction of AP + AY, very different from
1.23AP. Furthermore, the midpoint potential of the P/F and F/O cou-
ples is much higher than 560 mV [61] whereas the E/R couple is much
lower at =340 mV when measured in redox titrations [59]. It has been
noted that the low midpoint potential of the E/R couple is insufficient
to pump protons and it must have a higher midpoint potential in-vivo
[62]. If the apparent electron acceptor is the BNC, then this would be
the first direct observation of this higher midpoint potential.

4.6. Oxygen consumption and AP

In the present work we measured the impact of mitochondrial in-
hibition on oxygen consumption and, being able to quantitate AP, we
are also able to investigate how these two parameters vary. We found
that inhibition of complex I with piericidin leads to a decrease in
oxygen consumption with little change in AP whereas inhibition of
complex IV with cyanide or azide leads to a more moderate decrease in
oxygen consumption but a greater decrease in AP (Fig. 2h).

It seems obvious that an inhibition of the ETC would lead to a de-
crease in oxygen consumption. However, if the rate of ATP consump-
tion by the cytosol is constant, and hence the rate of proton influx
through the ATP synthase is constant, then the instantaneous decrease
in both electron flux and proton pumping upon partial inhibition of the
ETC would lead to a decrease in AP due to the mismatch in proton efflux
and influx. This decrease in AP would drive the pumping complexes
away from equilibrium and thereby increase both electron flux and rate
of proton pumping until a new steady state is achieved. This new steady
state would occur when the proton pumping rate matches the un-
changed proton influx through the ATP synthase, and so the resulting
oxygen consumption will not have changed but AP will have decreased.
However, we do see a decrease in oxygen consumption implying that
cytosolic ATP consumption has decreased. One possible explanation is
that the decrease in AP leads to a decrease in cytosolic AG47p Which is
sensed by the ATP consuming reactions, resulting in a decrease in the
rate of cytosolic ATP consumption. In parallel, the decrease in AGarp
could be sensed by the glycolytic enzymes, triggering an increase in
glycolytic ATP production and therefore decreasing the need for mi-
tochondrial ATP. Consistent with this, in addition to mass action and
allosteric binding of ADP and ATP, AMPK is sensitive to the square of
the ADP/ATP ratio and has downstream targets which decrease ATP
usage and increase glycolysis [63].

Within this framework, the effect of inhibiting the ETC on AP and
oxygen consumption should be independent of the site of that inhibi-
tion, which is not what we observe. Our results imply that the ATP
consumption in the cytosol is regulated by an additional pathway or
pathways that can somehow sense the site of inhibition and pre-
ferentially decrease ATP demand on inhibition of complex I. This would
complicate the interpretation of the control coefficients in metabolic
control analysis.

4.7. Determining maximal respiratory rate

The oxygen consumption of cells treated with a protonophore is
commonly used as a measure of the maximal oxygen consumption [64]
and the data presented here can determine what limits the maximum
respiratory rate. The addition of the protonophore increases the leak
through the inner membrane and lowers AP, which in turn drives each
pumping complex further from equilibrium and so increases their flux.
Under baseline conditions the turnover number of complex III and IV
are 138 e/s/complex III and 11.2 O,/s/complex IV, respectively, put-
ting them centrally in the linear region of the force flux relationship.
Given the functionality, each millivolt decrease in AP will increase the
flux through complex I, IIl and IV by =8, 10 and 6 e/complex III/s,
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respectively, in untreated cells. The value for complex III was calculated
assuming ApH was constant and the value for complex IV was converted
to e~ /complex III using the content of complex IV to complex III ratio
(3.1 £ 0.1) and 4e™ /O,. The flux through all the complexes must be
the same in the new steady state and this requires changes in the redox
spans due to changes in the redox potentials of the intermediate redox
pools.

If the redox potential of the NADH/NAD* pool were fixed, the
greater pre-steady state flux through complex III would oxidize the
UQH,/UQ pool and reduce the Cytc pool leading to a higher redox span
across complex I, a lower span across complex III and a greater driving
force for complex IV which would equalize the flux through each
complex. However, Fig. 4 shows that the Cytc pool is constant through
much of the dynamic range of flux. In this case, the higher pre-steady
state flux through complex III would oxidize the UQH,/UQ pool de-
creasing the redox span across complex III and lowering the flux until it
matched that of complex IV. Likewise the higher pre-steady state flux
through complex I would oxidize the NADH/NAD™* pool but the oxi-
dation would have to be greater than the oxidation in the UQH,/UQ
pool in order to decrease the redox span and decrease the flux to match
that through complex Il and IV. The net result would be an oxidation in
the UQH,/UQ pool, a larger oxidation in the NADH/NAD™* pool and
decreased redox span across complex I and III, as is observed (Fig. 4).
This pattern continues from the oligomycin inhibited state with in-
creasing protonophore until the electron flux reaches =250 e/Complex
I1I/s whereupon the Cytc pool begins to oxidize because the force-flux
relationship of complex III begins to saturate and the redox span in-
creases to maintain flux. This oxidation decreases the driving force for
complex IV requiring a larger decrease in AP to elicit the same increase
in flux. At =275 e/Complex III/s, the UQH,/UQ pool begins to oxidize
at a higher rate as complex I begins to saturate. At this point, further
addition of protonophore leads to a decline in A¥ and an oxidation in
Cytc without further changing electron flux.

Although complex III saturates first, the maximal respiration rate is
not limited by the activity of complex III because the in-silico modelling
shows that much higher fluxes can be created with a different redox
poise. Instead it is the oxidation in the UQH,/UQ pool which causes
flux through complex III to saturate. This oxidation is, in large part, due
to the oxidation in the NADH/NAD ™" pool. The simplest explanation for
the oxidation in the NADH/NAD™ pool is that this is necessary to in-
crease the rate of the TCA cycle through mass action. However, a si-
milar oxidation is also observed in the state 4 to state 3 transition when
isolated mitochondria respire on malate and glutamate, which pre-
sumably uses the malate-aspartate shuttle and only the malate dehy-
drogenase segment of the TCA cycle.

5. Conclusions

In this paper we have developed an alternative framework for un-
derstanding ETC flux and regulation under physiological conditions. We
have shown that the functionality of complex I can be used to detect
changes complex I function upon inhibition by piericidin and azide,
that caution needs to be employed in interpreting the functionality of
complex III and we have developed a similar metric for complex IV
which can differentiate the effects of inhibition by cyanide and azide.
Currently, post-translational modifications are particularly difficult to
quantify in isolated systems because the changes are often lost on
purification and the kinase and phosphatase inhibitors, which are used
to preserve protein phosphorylation during isolation, are also potent
inhibitors of oxidative phosphorylation. These measurements should be
a powerful tool in quantifying regulation by post translational mod-
ification, different subunit isoforms and DNA mutations that lead to
mitochondrial diseases.
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