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ABSTRACT: Transport of protons and solutes across mitochondrial membranes is essential for many
physiological processes. However, neither the proton-pumping respiratory chain complexes nor the
mitochondrial secondary active solute transport proteins have been characterized electrophysiologically in
their native environment. In this study, solid-supported membrane (SSM) technology was applied for
electrical measurements of respiratory chain complexes CI, CII, CIII, and CIV, the FOF1-ATPase/synthase
(CV), and the adenine nucleotide translocase (ANT) in inner membranes of pig heart mitochondria. Specific
substrates and inhibitors were used to validate the different assays, and the correspondingK0.5 and IC50 values
were in good agreement with previously published results obtained with other methods. In combined
measurements of CI-CV, it was possible to detect oxidative phosphorylation (OXPHOS), to measure
differential effects of the uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) on the respective
protein activities, and to determine the corresponding IC50 values. Moreover, the measurements revealed a
tight functional coupling of CI and CIII. Coenzyme Q (CoQ) analogues decylubiquinone (DBQ) and
idebenone (Ide) stimulated the CII- and CIII-specific electrical currents but had inverse effects on CI-CIII
activity. In summary, the results describe the electrophysiological and pharmacological properties of
respiratory chain complexes, OXPHOS, and ANT in native mitochondrial membranes and demonstrate
that SSM-based electrophysiology provides new insights into a complex molecular mechanism of the
respiratory chain and the associated transport proteins. Besides, the SSM-based approach is suited for
highly sensitive and specific testing of diverse respiratory chain modulators such as inhibitors, CoQ
analogues, and uncoupling agents.

Mitochondria play a central role in the cellular energy metab-
olism by providing the cell with ATP, the molecular unit of
currency of intracellular energy transfer. The underlying reaction
is the oxidative phosphorylation (OXPHOS),1 in which the
oxidation of reduced substrate NADH or FADH2 finally leads
to the phosphorylation of ADP by inorganic phosphate (1). The
outer and inner membranes surround each mitochondrion,
defining the intermembrane space between them. The proteins
participating in OXPHOS are respiratory chain complexes CI,
CII, CIII, and CIV and the FOF1-ATPase (CV), all localized in
the inner membrane. CI, CIII, and CIV are pumps moving
protons across the inner membrane to the intermembrane space.
The resulting electrochemical proton gradient serves as the driving
force for the ATP synthesis catalyzed by the FOF1-ATPase.
Newly synthesizedATP can subsequently leave themitochondria
through the adenine nucleotide translocase ANT [ADP-ATP
carrier (AAC) and adenine nucleotide carrier (ANC)] in exchange
for ADP (2, 3).

Activities of respiratory chain proteins are coordinated, and
changes in one complex can influence the activities of the

others (4, 5). Therefore, studies of their activities in native
surroundings, i.e., mitochondrial membranes, can provide new
insight into the regulation of OXPHOS and respiration. The
translocation of protons through the OXPHOS complexes as
well as the ANT transport activity generates membrane potential
and is therefore amenable to electrophysiological analysis. How-
ever, electrophysiological studies of inner mitochondrial mem-
branes with standard techniques are very limited because of the
poor accessibility of the membranes. For classical patch-clamp
experiments, either mitoplasts or mitochondrial membranes
incorporated into giant liposomes were used (6-9). Alterna-
tively, some patch-clamp studies used purified mitochondrial
transport proteins reconstituted in giant liposomes (10, 11). Such
studies are technically challenging and, until now, applicable only
to channel proteins or the channel activity of secondary active
solute transporters and/or carriers. On the other hand, two pilot
studies had demonstrated that the solid-supported membrane
(SSM) technology is suited for electrical measurements of
mitochondrial transport proteins reconstituted in proteolipo-
somes (12, 13). Despite these studies, to date there is no report
of the electrical analysis of respiratory chain complexes and
related transport proteins in their native environment.

The core of the technique is the SSM, consisting of a gold
electrode coated with an alkane thiol and a phospholipid layer on
top of it (14, 15). Biological membranes containing the transport
protein(s) of interest are then adsorbed onto this SSM sensor,
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thereby forming fluid-filled compartments between themembranes
and the SSM (Figure 1A). The protein-specific charge move-
ments into or out of these compartments are induced by substrate
concentration jumps and measured as transient electrical cur-
rents. The transient nature of the currents is due to the biosensor
assembly in which the gold electrode and the fluid of the com-
partment represent capacitor plates. Accordingly, the protein-
dependent currents correspond to the charging of these capacitor
plates. The kinetics of the currents depends on the activity and
mechanistic properties of the tested transport protein, whereas
the polarity of the translocated charge(s) and the direction of
their transport determine the sign of the detected currents (16, 17).
Usually, peak current amplitudes are used for the analysis of
transport activity.

In this work, we developed SSM-based protocols for measuring
transporters and pumps in native inner mitochondrial mem-
branes. These protocols were applied to investigate the functional
mechanism of respiratory chain complexes CI, CII, CIII, and
CIV, FOF1-ATPase (CV), andANT. Furthermore, ATP synthesis
(OXPHOS) was analyzed bymeasuring electrical currents induced
via combined activation of complexes CI, CIII, CIV, and CV.
This assay was also used to study the effect of uncouplers on the
OXPHOS machinery.

MATERIALS AND METHODS

Isolation ofMitochondria.Mitochondria were isolated by a
modified procedure of Blair et al. (18). Fresh porcine heart was
washed with an ice-cold 9% NaCl solution and stored on ice.
Veins and fat were removed before the muscle tissue was diced.
Approximately 70 g of heartmuscle tissuewas combinedwith 150
mL of cold buffer I [250 mM sucrose, 10 mM Tris (pH 7.4), and
“Complete” protease inhibitor mix (Roche)], added to a pre-
cooled blender (Waring), and homogenized at 20000 rpm for
1min. The homogenatewas filtered through a polycarbonate net.
Cold buffer I was added to the filtered suspension to give a final
volume of 250 mL and then the mixture homogenized using a
Teflon-glass homogenizer (250 rpm, 25 strokes). The homogenate
was centrifuged at 1500g for 10min at 4 �C. The supernatant was
filtered and centrifuged at 25000g for 15min at 4 �C. The remain-
ing pelletwas composed of three brown layers. The top light-brown
layer consisting of mitochondria was resuspended in buffer II
[250 mM sucrose, 20 mM Tris (pH 7.4), 0.2 mM EDTA, and
1 mM succinate] and homogenized with the Teflon-glass homo-
genizer (250 rpm, 10 strokes), and the resulting suspension was
centrifuged at 25000g for 15 min at 4 �C. The last two steps were
repeated to remove microsomes, hemoglobin, and myoglobin.

FIGURE 1: Electrical measurements and pharmacology of the ANT activity and sidedness of the inner membranes on sensors. (A)
Pictogram showing the arrangement of the membranes on the sensors, and the applied assay conditions (I-IV) for ANT. The gray bottom
bar indicates the SSM-covered sensor electrode, and the curved line above symbolizes the mitochondrial membrane with the embedded
ANT protein (white circles). A fluid-filled compartment (co) is formed between the SSM and the mitochondrial membrane. The arrows
indicate the direction of transport of the nucleotide into or out of the compartment under different assay conditions. (B) ANT-dependent
currents under conditions I-IV as described for panel A. The nucleotides were at a concentration of 300 μM. The top bar indicates the flow
of the activating solution containing either ADP (I and II) or ATP (III and IV). (C)Dependence of the currents on ATP (9) and ADP (0) as
measured in the presence of outward-directed ADP and ATP counter gradients, respectively. Currents were normalized relative to the
currents at 300 μM nucleotide. Results are means ( the standard error of the mean for three to five experiments at each concentration.
(D) Inhibition of ADP-induced currents with CAT and BKA (5 μM). The top bar indicates the flow of the activating solution. “Frozen”
sensors were used for panels A-D. (E) Effect of sensor freezing on the CAT and BKA inhibition. ANT was activated via ATP jumps
(300 μM) . The ANT activity (peak current) was repeatedly recorded on the same sensors over an extended time period in the absence of
inhibitors, in the presence of CAT, in the presence of CAT andBKA, and in absence of inhibitors. Arrows indicate the corresponding buffer
changes. (F) Preferential sidedness of the membranes on fresh and frozen sensors as determined by the side-specific inhibitors CAT and
BKA. CAT is membrane impermeable and binds to the intermembrane face (outside) of ANT. BKA is membrane permeable and binds to
the matrix face (inside) of ANT.
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The resulting pellet was resuspended in buffer II, aliquoted in
2 mL samples, and frozen in liquid nitrogen.
Preparation of Inner Mitochondrial Membranes. The

outer and inner mitochondrial membranes were separated by a
modified “swell-shrink-sonicate” procedure (19). Two milli-
liters of the purified mitochondria was thawed and centrifuged at
4 �C (25000g for 15 min). The pellet was resuspended in 6 mL of
10 mMTris (pH 7.4) and incubated on ice while being stirred for
15 min. Then, 6 mL of buffer III [32% sucrose (w/v), 30%
glycerol (v/v), 10 mM MgCl2, and 10 mM Tris (pH 7.4)] was
added, and the suspension was incubated for an additional
15 min while being stirred. The suspension was sonicated (five
bursts with a 15 s duration with 1 min intervals, on ice) using a
Dr. Hielscher UP 50 H instrument equipped with an MS1 tip at
70% amplitude. The suspension was centrifuged at 12000g for
10 min at 4 �C. The supernatant [inner membranes (IM) and
matrix] was further purified on a discontinuous sucrose gradient.
For the loading, the pellet was resuspended in 8 mL of mannitol
buffer [250 mMmannitol, 0.5 mMEGTA, 0.1% (w/v) BSA, and
10mMTris (pH 7.4)]. The sucrose gradients consisted of 2 mL of
25.3, 37.7, or 51.3% (w/v) sucrose in 10 mM Tris (pH 7.4). The
gradients were spun at 210000g for 3 h at 4 �C. The inner
membranes were collected in the 51.3% layer. The fractions were
diluted 3-fold with mannitol buffer and centrifuged at 12000g for
15 min at 4 �C. The resulting IM-enriched pellet was resuspended
in mannitol buffer, and the protein content was determined by a
BCA assay (Pierce). Aliquots corresponding to ∼100 μg of total
protein were stored at -80 �C.
SSM Sensor Preparation. The biosensors were prepared

with gold electrode sensors from IonGate Biosciences as de-
scribed by the manufacturer. Briefly, the sensors were first
covered with an alkane thiol followed by a phosholipid diphy-
tanoylphosphatidylcholine (15). Then, the sensor wells were filled
immediately with 50 μL of equilibrating buffer [140 mM NaCl,
2 mMMgCl2, and 30mMHepes (pH 7.2)] and incubated at 4 �C
for 15 min. An aliquot of purified inner mitochondrial mem-
branes (IM) was quickly thawed and diluted to a final protein
concentration of 0.5-1 μg/μL in equilibrating buffer. Optionally,
the buffer contained 5 μMBKA (bongkrekic acid) to irreversibly
block ANT. Diluted IM were resuspended and homogenized by
pipetting up and down 30 times, and 5 μL of the suspension was
applied to the sensor surface. The sensors were centrifuged at
2500g for 45 min at 6 �C. The biosensors were either stored at
4 �C for 2-4 days or frozen at-80 �C for several months. In the
latter case, the biosensors were thawed immediately prior to the
experiment. As described in Results, the freezing of the sensors
altered the ratio of inside-out (matrix-side-out) versus outside-
out (intermembrane-side-out) IM on the sensors. Accordingly, it
is noted in the text where “fresh” (4 �C) or “frozen” (-80 �C)
sensors were used.
Electrical Measurements and Data Analysis. For electri-

cal measurements, the IM-loaded biosensors were integrated into
the fluidic system of the SURFE2R WORKSTATION setup
(Surface Electrogenic Event Reader, IonGate Biosciences), and
the transport proteins were activated via rapid exchange among
preincubating (C), nonactivating (N), and activating (A) solu-
tions at a flow rate of 200-300 μL/s (16, 17). The application of
solution A induced transient rapidly decaying currents. After the
current decayed, rinsing the sensor with the C or N solution
returned the system to the preactivation state. By repeating such
solution exchange protocols, we could analyze different solutions
and experimental conditions on the same sensor for extended

time periods (4-8 h). If required, reference measurements were
performed to monitor possible loss (run down) of the protein
activity during the experimental period. The individual assay
conditions were as follows. (i) ANT-specific currents were induced
by exchange of solution N [150 mMK-gluconate, 30 mMHepes
(pH 7.2/NMG)] for solution A (solution N supplemented
with 300 μMADPorATP). Formeasurements in the presence of
outward-directed ATP or ADP counter gradients, sensors were
equilibrated with solution C (solution N supplemented with
300 μM ADP or ATP) prior to the application of solution N.
(ii) FOF1-ATPase in reverse mode wasmeasured on BKA (5 μM)-
treated sensors by exchanging solution N [140 mMK-gluconate,
10 mM MgCl2, 30 mM Hepes (pH 7.2/NMG)] for solution A
(solution N supplied with 300 μM ATP). (iii) Proton pumping
respiratory chain complexes CI and CIII were activated by
NADH concentration jumps using solution N [140 mM K-
gluconate, 2 or 10 mMMgCl2, 0 or 12.5 mMKPi, 30 mMHepes
(pH 7.2/NMG)] and solution A (solution N with 100 μM
NADH). (iv) CIV was activated by reduced cytochrome c with
solution N [140 mM NaCl, 2 mM MgCl2, 60 μM ascorbate,
30 mM Hepes (pH 7.2/NMG)] and solution A (3 μM reduced
cytochrome c in solution N). (v) The CII-CIII reaction was
trigged by 3 μM oxidized cytochrome c added to solution N
[150 mM K-gluconate, 10 mM MgCl2, 12 mM KPi, 30 mM
Hepes (pH 7.2/NMG)]. (vi) ATP synthesis (OXPHOS) was
activated by first equilibrating the sensors in solution C
[150 mM K-gluconate, 10 mM MgCl2, 12 mM KPi, 30 mM
Hepes (pH 7.2/NMG)] and then exchanging solution C for
solution N (solution C supplied with 100 μM NADH) and
solution A (solution C supplemented with 100 μM NADH and
300 μMADP). Inhibitors were prepared as DMSO stock solutions
(rotenone and oligomycin) or ethanol stock solutions (antimycin)
and added in equimolar amounts to all solutions. The final
concentration of DMSO or ethanol in solutions never exceeded
0.1%. KCN and NaN3 were added directly to the solutions. The
corresponding amounts of DMSO or ethanol were added to the
solutions also for the control experiments without inhibitors. To
prevent precipitation, idebenone (Ide) and DBQ were applied in
the presence of 350mg/LBSAand 0.01%DMSOto the solutions.
Alternatively, DBQ was applied in the absence of BSA, and
the solutionswere stirred extensively. For the quantification of the
effects of Ide and DBQ on CII-CIII or CI-CIII activities, the
currents were repeatedly recorded over a time period of ∼15 min
and the last five recordings were then used for the analysis.

Experiments for kinetic studies were performed in at least
triplicate, with the full range of substrate or inhibitor concentra-
tions being tested on each single sensor, and such a titration curve
was repeated on at least three different sensors. To calculate the
apparent K0.5 and IC50 values, we fit the data to a sigmoidal
dose-response function (Hill equation). Unless otherwise stated,
the Hill coefficient was set to 1. All current trace diagrams show
serial measurements recorded on the same sensor and are
representative of at least three independent experiments. Histo-
grams represent at least three independent experiments.

RESULTS

ANT and the Orientation of Membranes on Biosensors.
In mitochondria, the adenine nucleotide translocase ANT is re-
sponsible for the electrogenic exchange of ATP4- versus ADP3-

(“heteroexchange mode”). Besides, earlier SSM-based studies
using ANT-containing proteoliposomes showed that the carrier
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could also translocate only ATP4- or only ADP3- in the absence
of the other nucleotide (13). We adapted the described SSM-
based protocols to test the ANT activity on SSM sensors coated
with native inner mitochondrial membranes (IM). For the hetero-
exchangemodemeasurements, the sensors were equilibratedwith
either ATP or ADP (300 μM). Subsequently, a nucleotide-free
nonactivating solution was applied, thereby generating an out-
ward-directed ATP or ADP counter gradient (Figure 1A). The
nonactivating solution was then exchanged for an activating
solution containing either ADP or ATP (300 μM), correspond-
ingly. For measurement of the transport of only one type of
nucleotide, the sensor was equilibrated with nucleotide-free non-
activating solution and ANT was activated with either ADP or
ATP concentration jumps. Consistent with previous SSM-based
studies on proteoliposomes, ADP induced transient currents of
opposite sign in contrast toATP-induced currents [Figure 1B (13)].
Both ADP- and ATP-induced peak currents were significantly
increased in the presence of ATP and ADP counter gradients,
respectively (Figure 1B). The ATP dependence and the ADP
dependence of the currents were determined by measuring the
peak amplitudes at different ADP andATP concentrations in the
activating solution (Figure 1C andTable 1). In the presence of the
ATP or ADP counter gradients, the K0.5

ADP of 42 μM was ∼5
times higher than the K0.5

ATP of 7.9 μM. The same K0.5
ATP was

obtained in the absence of the ADP counter gradient. The speci-
ficity of the currents was tested with ANT inhibitors carboxya-
tractyloside (CAT) and bongkrekic acid (BKA) (Figure 1D,E).
The ADP-induced signal was partially inhibited by 5 μM CAT
and fully inhibited by 5 μM BKA. While the inhibition by CAT
was partially reversible (data not shown), BKA inhibition was
irreversible within the time frame of the measurement.

Both freshly prepared biosensors and frozen biosensors stored
at -80 �C after the adsorption of inner mitochondrial mem-
branes can be used for the SSM measurements (Materials and
Methods). On fresh sensors, CAT inhibited the ATP-induced
currents by 80-100%, while the currents on frozen sensors were
inhibited by 35-50% (Figure 1E). In contrast, BKA completely
blocked the ATP-induced signal on the fresh and frozen sensors.
CAT is membrane impermeable and binds specifically to the
intermembrane face of theANTprotein. Consequently, CAT can
access only intermembrane-side-out (outside-out) ANT proteins

on the sensors (Figure 1F). In comparison to CAT, BKA is fully
membrane permeable and binds to ANT on the matrix side and
can therefore inhibit ANT in intermembrane-side-out as well as
matrix-side-out membranes. The results of CAT inhibition
experiments indicate that the freezing of biosensors increases
the portion of matrix-side-out (inside-out) membranes on the
sensors (Figure 1F). Therefore, in the following experiments,
fresh sensorswere used if the intermembrane-side-out orientation
was preferred, whereas frozen sensors were used if either both
orientations or the matrix-side-out orientation was required.
FOF1-ATPase and ATP Hydrolysis. The FOF1-ATPase

(complex V, CV) can either synthesize ATP from ADP and Pi

(“forward” mode) or function as an ATPase hydrolyzing ATP to
ADP and Pi (“reverse” mode) (20, 21). In the following experi-
ments, the ATPase (reverse) mode was studied.

Two major aspects were taken into account when the FOF1-
ATPase assay was designed. First, because the ATP binding site
is localized at the matrix face of the protein, the FOF1-ATPase
can be activated via ATP concentration jumps only if the matrix
side of the membranes faces the bath solution (Figure 2A).
Therefore, frozen sensors with their increased content of matrix-
side-out membranes were used (Figure 1F and Materials and
Methods). Second, ATP concentration jumps not only will
activate FOF1-ATPase but can also activate ANT (Figure 1B).
To discriminate between these two ATP-dependent protein
activities, we exploited the differential effect of Mg2þ on both
transport systems (13, 21). ATP concentration jumps induced
positive transient currents in the presence of 10 mM MgCl2
(Figure 2B), consistent with the SSM-based principles and with
the movement of positive charges (protons) toward the sensor
electrode. Removing Mg2þ from the buffers diminished the
positive ATP-induced currents, and only ANT-specific negative
currents were recorded (Figure 2B, top trace). Application of the
ANT inhibitor BKA (5 μM) abolished the negative ANT-specific
signal underMg2þ-free conditions, while the positive current was
still detected in the presence of Mg2þ (Figure 2B, bottom trace).
Hence, the application of BKA and Mg2þ-containing solutions
allowed FOF1-selective measurements. On BKA-treated sensors,
ATP-induced currents were substrate-dependent with a calcu-
lated K0.5

ATP of 45 ( 5 μM and were fully inhibited by 1 mM
azide (Figure 2C andTable 1). The calculated IC50

azide was 13( 1
μM.For bothK0.5

ATP and IC50
azide, the absolute value of the Hill

coefficient was ∼1. The ATP-induced currents were fully inhib-
ited by the FOF1-ATPase-specific inhibitor oligomycin [2 μM
(Figure 2D)]. The effect of another FOF1-ATPase inhibitorN,N0-
dicyclohexylcarbodiimide (DCCD) depended on the concentra-
tion and incubation time [Figure 2E (22)]. At 1 μM DCCD, the
inhibition was slow and incomplete after incubation for∼10min,
whereas DCCD rapidly and fully inhibited the FOF1-ATPase-
specific current at a concentration of 10 μM.
Coupled Measurements of Respiratory Chain Proton

Pumps.Themitochondrial respiratory chain startswith complex
CI (NADH dehydrogenase), catalyzing the oxidation of NADH,
pumping protons across the membrane from the matrix into the
intermembrane space, and in parallel reducing coenzyme Q
(CoQ) (23). In subsequent reactions, the electrons of reduced
CoQ are transferred to CIII (cytochrome bc1 complex) and
finally via cytochrome c (cyt c) to CIV (cytochrome c oxidase).
Like in CI, the transfer of electrons in CIII and CIV is coupled to
proton pumping from the matrix to the intermembrane space.

The CI protein was activated by NADH concentration jumps.
Because the NADH binding site of CI is localized at the matrix

Table 1: Apparent Affinities and Inhibition Values Determined with the

SSM-Based Assays

protein

substrate or

inhibitor

K0.5 or IC50

(Hill coefficient)a

ANT ADPb 42 ( 4 μM
ATPb 7.9 ( 1.2 μM
ATPc 8.3 ( 1.0 μM

FOF1-ATPase ATP 45 ( 5 μM
azide 13 ( 1 μM

CI-CIII NADH 17 ( 2 μM
rotenone 782 ( 30 pM (1.7 ( 0.1)

antimycin A 27 ( 3 nM (1.8 ( 0.3)

CCCP 305 ( 60 nM

CII-CIII succinate 2.5 ( 0.7 μM
antimycin A 9.6 ( 1.7 nM (1.7 ( 0.4)

FOF1-ATP synthase CCCP 3.5 ( 0.8 nM

aAbsolute values of the Hill coefficient. If not otherwise stated, the Hill
values were fixed to 1. bMeasured in an exchange mode, with an ATP or
ADP (300 μM) counter gradient. cMeasured in a “one-direction mode” in
the absence of an ADP counter gradient.
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side of the protein, frozen sensors enriched in matrix-side-out
oriented membranes were used (see above). The application of
NADH (100 μM) induced positive electric currents, which was
consistent with the flow of positive charges (protons) from the
bath solution to the sensor electrode (Figure 3A,B). The CI-
specific inhibitor rotenone (10 nM) fully blocked the NADH-
induced current (Figure 3B). A simplewashout procedure did not
restore the observed current, but the addition of the CoQ
analogue decylubiquinone (DBQ, 3μM) to thewashout solutions
led to the recovery of the NADH-induced activity (Figure 3B).
Apart from rotenone, also the CIII-specific inhibitor antimycin
[300 nM (Figure 3C)] fully blocked the NADH-induced currents.
As in the case of rotenone, the NADH-induced currents were re-
established upon addition of 3 μM DBQ. In contrast, the
blockage of the NADH-induced current with the CIV inhibitor
KCN (1 mM) was fully reversible in the absence of DBQ
(Figure 3D). The CIV inhibitor sodium azide (NaN3, 1 mM) did
not inhibit the NADH-induced currents (Figure 1 of the Sup-
porting Information).

NADH-induced signals were further studied in terms of dif-
ferentCoQanalogues,NADHdependence, and inhibitionkinetics.
Two different CoQ analogues, DBQ and idebenone (Ide), were
tested. Pilot experiments showed that the effects of DBQ (3 μM)
on CI-CIII saturated only after repeated activations over a time
period of>15min in the presence of the CoQ analogue (data not
shown). Therefore, effects of DBQ (3 μM) and Ide (4 μM) on
NADH-induced currents were analyzed after repeated NADH

activations and over a time period of 17 min. In the presence of
DBQ, the NADH-induced currents were increased by ∼77%,
whereas Ide reduced the currents by∼40% (Figure 3F). TheK0.5

for NADH in the absence of DBQ was determined to be 17 (
2 μM (Table 1). In the absence of DBQ, the inhibition with
rotenone and antimycinwas dose-dependentwith calculated IC50

values of 0.8( 0.3 and 27( 3 nM, respectively, and the absolute
values of the Hill coefficients were greater than one (Figure 3E
and Table 1).
Direct Measurements of CIV Activity. The sensitivity of

NADH-induced currents to KCN suggested the involvement of
CIV. In addition, the protonpumping activity ofCIVwasmeasured
directly by performing concentration jumps with reduced cyt
c (Figure 4A). To prevent spontaneous oxidation, the reduced cyt
cwas applied in the presence of ascorbate (60 μM). Because cyt c
binds to the intermembrane side of the CIV protein, fresh sensors
enriched with intermembrane-side-out (outside-out) membranes
were used (Figure 1F andMaterials andMethods). Reduced cyt c
(3 μM) induced negative electrical currents, which was consistent
with the movement of positive charges (protons) from the com-
partment (matrix side) toward the bulk solution [intermembrane
side (Figure 4A,B)]. Adding eitherKCN (1mM) orNaN3 (1mM)
to the solutions inhibited the cyt c-induced signals (Figure 4B and
Figure 2 of the Supporting Information).
Coupled Measurements of CII and CIII. CII is a multi-

meric enzyme complex associated with the matrix face of the
inner mitochondrial membranes. CII catalyzes the conversion

FIGURE 2: FOF1-ATPase activity in reverse mode. (A) Pictogram showing the ATP-induced transport of protons via FOF1-ATPase on SSM
sensors. (B) Dependence of the ATP (300 μM)-induced currents on magnesium and ANT inhibitor BKA. The positive FOF1-dependent and
negative ANT-dependent currents were measured in the presence and absence of Mg2þ (10 mMMgCl2), respectively. On BKA (5 μM)-treated
sensors, only FOF1-ATPase-dependent currents were detected. (C) Dependence of the ATP-induced currents on ATP (9) and the FOF1-ATPase
inhibitor azide (0, NaN3). In the case of ATP dependence, the currents were normalized relative to the currents at 300 μM ATP. For azide
dependence, the currents were induced with 300 μMATP in the presence of increasing NaN3 concentrations and the currents were normalized
relative to the current without the inhibitor. Results are means ( the standard error of the mean for three to four experiments at each
concentration. (D) Inhibitionof theATP (300μM)-induced currentswitholigomycin (2μM), asmeasuredonBKA-treated sensors. (E) Inhibition
of theATP (300 μM)-induced currentswithDCCD.TheFOF1 activitywas recordedover an extended periodof time in the absence of additives, at
0.1%DMSO, 1 μMDCCD, 0.1%DMSO (washout), 10 μMDCCD, and final washout. Arrows indicate the corresponding buffer changes. For
panels B-E, measurements were performed in the presence of 10 mMMgCl2 on BKA (5 μM)-treated, matrix-side-out enriched sensors (inside-
out, Figure 1). The top bars indicate the flow of the ATP-containing solution.
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from succinate to fumarate, thereby transferring electrons from
succinate to the prosthetic group FAD and generating FADH2

(24). The electrons are then transferred from FADH2 via CoQ
andCIII to cyt c. During this electron translocation process, CIII
pumps protons from the matrix to the intermembrane space.

In pilot experiments, the activation ofCII andCIII via succinate
concentration jumps was tested. However, no succinate-induced
currents could be detected (data not shown). Therefore, an alter-
native approach for activatingCII andCIII via oxidized cyt cwas
developed (Figure 4C). Like for CIV (see above), cyt c binds to

FIGURE 3: CI, CIII, and CIV activities as measured via NADHconcentration jumps. (A) NADH-induced transport of protons via CI, CIII, and
CIVonSSMsensors. (B-D)NADH(100μM)-induced currents and inhibitionwith rotenone (10nM), antimycinA (300nM), andKCN(1mM).
Rotenone and antimycin effectswere reversed only if decylubiquinone (DBQ, 3μM)was added to thewashout solutions. The top bars indicate the
flow of the NADH-containing activating solution. (E) Dependence of NADH (100 μM)-induced currents on increasing rotenone and antimycin
concentrations. Currents were normalized relative to the current without the inhibitor. Results are means ( the standard error of the mean for
three or four experiments at each concentration. (F) Effects ofDBQ (3 μM) and idebenone (Ide, 4 μM)onNADH-induced currents. Currents are
relative to the current without the inhibitor or CoQ analog (none).

FIGURE 4: CIVandCII-CIII activities asmeasuredvia reduced andoxidized cyt c, respectively. (A andB) SSM-based principles of the activation
of the CIV-dependent proton pumping via reduced cyt c (3 μM) and the correspondingKCN (1mM)-sensitive currents. The measurements were
performed in the presence of 60μMascorbate. (CandD)SSM-basedprinciples of the activationofCII-CIII-dependent protonpumping through
oxidized cyt c (3μM)and the corresponding currents. Succinate (1mM),malonate (1mM), andantimycin (30nM)were applied to the solutions as
indicated. The top bars indicate the flow of the cyt c-containing, activating solutions. (E) Dependence of cyt coxid-induced currents on increasing
succinate and antimycin concentrations. Antimycin dependence was measured in the presence of 100 μM succinate. Currents were normalized
relative to the current at 0.1 mM succinate and to the current without antimycin. Results are means( the standard error of the mean for four to
eight experiments at each concentration. (F) Effects of DBQ (4 μM) and Ide (4 μM) on the cyt coxid-induced currents. Currents are relative to the
current without the inhibitor or CoQ analog (none).
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the intermembrane side of the CIII protein. Therefore, fresh
sensors enriched with intermembrane-side-out membranes were
preferentially used. In the presence of 1 mM succinate in the
nonactivating and activating solutions, the oxidized cyt c con-
centration jumps (3 μM) induced transient negative currents
(Figure 4D). The negative sign of the currents was consistent with
protons moving away from the sensor toward the bath solution.
Addition of the competitiveCII inhibitormalonate (1mM) to the
solutions reduced the cyt c-induced current (Figure 4D). In the
absence of succinate, the cyt c concentration jumps induced
negative currents, but these currents were significantly smaller
than the current in the presence of succinate (Figure 4D). The cyt
c-induced currents both in the presence and in the absence of
succinate were sensitive to the CIII-specific inhibitor antimycin
(Figure 4D). The calculated K0.5 for succinate was 2.5( 0.7 μM
(Figure 4E and Table 1). The IC50

antimycin of the cyt c-induced
currents, in the presence of succinate, was 9.6 ( 1.7 nM with an
absolute value for the Hill coefficient of ∼1.7 (Figure 4E and
Table 1). The CoQ analogues DBQ and Ide were analyzed as
described for theNADH-inducedCI-CIII activities. The applica-
tion of DBQ (4 μM) and Ide (4 μM) increased the cyt c-induced
currents by 39 and 15%, respectively (Figure 4F).
FOF1-ATPase and Oxidative Phosphorylation (ATP

synthesis).Conditions for measuring oxidative phosphorylation
(OXPHOS, ATP synthesis) were designed in analogy to the
physiological conditions in mitochondria. First, activation of CI
and CIII (and possibly CIV) via NADH concentration jumps
established a proton gradient (Figures 3A and 5A). Sub-
sequently, ATP synthesis was induced by ADP concentration
jumps in the presence of inorganic phosphate [Pi (Figure 5A)].
Because NADH and ADP bind to the matrix side of CI and
FOF1-ATP synthase, frozen sensors enriched with matrix-side-
out membranes were preferentially applied (Figure 1E,F and
Materials andMethods). Similar to the ATP jumps for measure-
ments of the FOF1-ATPase in reverse mode, the ADP concentra-
tion jumps can potentially induce ANT transport, thereby
interfering with the detection of the ATP synthase activity.
Therefore, ANT was inhibited by 5 μMBKA prior to the FOF1-
ATP synthase measurements. Consistent with the movement of
protons away from the sensor electrode, the ADP concentration
jumps (300 μM) induced negative currents that were inhibited by

the FOF1-specific inhibitor oligomycin [2 μM (Figure 5B)]. To
study the influence of a proton gradient on the FOF1-ATP
synthase, both NADH-induced and ADP-induced currents were
monitored simultaneously during the same electrical recording
(Figure 5C). ADP concentration jumps (300 μM) in the absence
of a proton gradient (measurements without NADH) induced
small but distinct positive currents (Figure 5C). Sequential
application of NADH (100 μM) and ADP (300 μM) resulted
in positive and negative currents, respectively. The sign of the
currents was consistent with the movement of protons toward
(NADH) and away from (ADP) the electrode. At 5 nM, the
proton uncoupling agent carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP) dramatically decreased the ADP-induced cur-
rents, while the NADH-induced currents were not affected.
Increasing the CCCP concentration to 50 nM abolished the
ADP-dependent currents, whereas theNADH-dependent signals
were affected to an onlyminor extent (Figure 5C). The calculated
IC50

CCCP of 3.5 nM for the ADP-induced current was 100 times
lower than the IC50

CCCP of 305 nM determined for the NADH-
induced signal (Figure 5D and Table 1).

DISCUSSION

The interplay among the respiratory chain proteins and
transporters of inner mitochondrial membranes is essential for
the regulation of many physiological processes such as oxidative
stress, Ca2þ homeostasis, and thermogenesis (25, 26). Therefore,
direct functional analysis of mitochondrial transport proteins in
their native environment is important for the understanding of
fundamental functions of the eukaryotic cell. This work describes
a new SSM-based approach for electrophysiological, mecha-
nistic, and pharmacological studies of the respiratory chain
complexes and ANT.
SSM-Based Currents and Activities of the Electron

Transport Chain Proteins. According to the principles of the
SSM-based electrophysiology, the protein-dependent currents
correspond to the charging of a capacitor. As expected for
capacitor charging, all reported substrate-induced currents were
transient with decay times of several hundredmilliseconds, which
is well within the range of currents reported in other SSM-based
studies (12, 13, 16). Apart from the translocation of charged

FIGURE 5: FOF1-ATP synthase (OXPHOS) activity asmeasured viaADPconcentration jumps andNADH. (A)ADPconcentration jumps in the
presence of NADH and Pi induce the FOF1-ATP synthase on SSM sensors. NADH activates CI, CIII, and CIV, building the outward-directed
proton gradient. (B)ADP (300 μM)-induced currents in the presence ofNADH(100μM)andPi (12mM), and inhibitionwith oligomycin (2μM).
(C) Sequentialmeasurements of theNADH(100μM)-induced andADP (300 μM)-induced currents, and inhibitionwithCCCP (nanomolar). (D)
Dependence of the NADH- and ADP-induced currents on increasing CCCP concentrations. Currents are relative to the corresponding current
without CCCP. Results are means( the standard error of the mean for four to eight experiments at each concentration. All measurements were
performed in the presence of 12 mMPi and 10mMMgCl2 on BKA (5 μM)-treated, matrix-side-out enriched sensors [inside-out (Figure 1)]. The
top bars indicate the flow of the NADH-containing solutions and the NADH- and ADP-containing solutions.
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substrates and cosubstrates (vectorial transport), the SSM tech-
nology can also detect other electrogenic events associated with
the activity of transport proteins, such as binding of a charged
substrate to the protein or a movement of protein innate charges
upon the binding of an electroneutral substrate (27-29). Accord-
ingly, the SSM technology can detect any charge movements
within the electric field of the membrane. In the case of mito-
chondrial respiratory chain complexes CI, CIII, and CIV,
vectorial transport of protons, as well as the movement of elec-
trons and of accompanying “chemical” protons, may in principle
be detected. The positive sign of the NADH-induced, CI-
CIII-dependent electrical currents was consistent with the flow
of protons from the bulk solution (matrix side) to the fluid-filled
compartments on the sensor electrode (14, 16, 17). In contrast,
transport of electrons fromNADHon the matrix side toward cyt
c at the intermembrane side would be expected to induce negative
currents (23). Therefore, the sign of the CI-CIII-dependent
currents shows that proton transport accounts for the major
portion of the NADH-induced electric signal. Both the chemical
protons and the excess of the vectorial protons apparently
compensate for the electron movements. Alternatively, electron
backflow to the matrix side via cyt c and CIV may neutralize the
initial electron motion. Similarly, the negative sign of the cyt
c-induced currents in the CII-CIII assay was consistent with the
transport of protons away from the fluid-filled compartment
toward the bulk solution, whereas electron transport was ex-
pected to induce currents with a positive sign. Thus, even though
the sum of all electrogenic steps ismeasured uponNADHor cyt c
application in these assays, the polarity (sign) of the signals
suggests that the electric activities represent mainly the vectorial
proton transport catalyzed by CI and CIII. The situation is
somewhat different in the case of the direct measurements of the
CIV activity. Here, the negative sign of the currents correlates
with the vectorial proton transport from the fluid-filled compart-
ments [matrix side (Figure 4A)] as well as with the transfer of
electrons from cyt c to the O2 reduction site of the enzyme [i.e.,
from bulk solutions to the compartment (30, 31)]. Therefore, the
polarity of the signals in the described CIV measurements does
not allow us to judge whether the vectorial proton transport
represents the major part of the electric activity. Nevertheless,
compensation of the electron movement by chemical protons is
highly probable.
Electrical and Pharmacological Characteristics of the

Native ANT Activity. The major function of ANT is the
exchange of one ATP4- from the matrix with one ADP3- from
the intermembrane space. This heteroexchange brings about a
surplus of negative charge with each transported ATP4- mole-
cule. Consistent with the movement of ATP-derived negative
charge into or out of the fluid-filled compartments on the sensor
(Figure 1A), ATP and ADP concentration jumps in the presence
of outward-directed ADP and ATP counter gradients induced
negative and positive electrical currents, respectively. Previous
experiments with the reconstitutedANT protein have shown that
beside the ATP-ADP heteroexchange, ANT can also transport
onlyATP or ADP (13, 32). Under such conditions, the transloca-
tion of one ATP4- molecule is coupled to the movement of
negative charge, while the translocation of one ADP3- results in
positive charge movements due to the positive countercharges
(∼3.3) of the nucleotide binding pockets (13, 32). Accordingly,
ADP and ATP jumps induced currents with opposite signs in the
absence of outward-directed nucleotide gradients. Under these
conditions, ANT transports one nucleotide molecule and then

either stops or switches over to an ATP-ATP or ADP-ADP
homoexchangemode that does not generate electric currents (32).
In contrast, in the presence of nucleotide counter gradients,
nucleotide jumps trigger a repetitive electrogenic ATP-ADP
heteroexchange. Therefore, the ATP- and ADP-induced currents
in the absence of nucleotide counter gradients were always smaller
and decaying faster than corresponding currents under hetero-
exchange conditions.

The sensitivity of the ADP- and ATP-induced signals to the
ANT inhibitors CAT and BKA demonstrates the specificity of
the signals. The calculated K0.5

ADP (42 μM) and K0.5
ATP (8 μM)

measured in the presence of the respective gradients were similar
to the previously publishedK0.5 values varying from1-30 μMfor
ADP to 1-140 μM for ATP (2). The large K0.5 variations were
explained by different experimental conditions as well as different
ANT sources. For the SSM measurements using ANT recon-
stituted in liposomes, theK0.5

ATP was estimated to be 20 μM(13),
which fitswell with theK0.5

ATP of 8 μMfor the nativeANT in our
measurements. Many studies suggest that the functional unit of
ANT is a homodimer transporting twomolecules of adenylates at
a time in opposite directions (2, 33-35). Alternatively, experi-
ments with yeast ANT suggested that the protein could also
function as a monomer (36, 37). Similarly, the cooperativity of
adenylate binding sites is still an open question (2, 33). In our
experiments, ADP and ATP dependencies fit well with single-
binding site kinetics (Hill coefficient of∼1), supporting themodel
in which the binding of the nucleotide to the functional ANT unit
is not cooperative. Moreover, the K0.5

ATP was the same in the
presence or absence of an outward-directed ADP gradient,
further supporting the idea that binding of a nucleotide at one
site does not influence the binding of the second nucleotide.
FOF1-ATPase: Reverse and Forward Mode, Uncoupling,

andMembrane Potential. Themajor role of the FOF1-ATPase
is to synthesize ATP at the expense of the membrane potential
built up by the proton-pumping respiratory chain complexes. In
this so-called “forward mode”, the FOF1-ATPase is also defined
as an ATP synthase. Besides, FOF1-ATPase can also function as
anATPase, catalyzingATPhydrolysis andpumping protons into
the matrix [“reverse mode” (21)]. In SSM experiments, the
positive sign of the ATP-induced currents corresponds to the
pumping of protons across the membranes toward the sensor
electrode via the reverse mode activity of the FOF1-ATPase. The
specificity of the positive ATP-induced currents was demon-
strated by their sensitivity to the FOF1-ATPase inhibitors oligo-
mycin, DCCD, and azide (21, 22, 38). The calculated IC50 for
azide was in good agreementwith previous studies (39). The time-
and concentration-dependent inhibition and the irreversibility of
DCCD reflect the fact that DCCD forms stable covalent bonds
with the FOF1-ATPase protein (22, 40). The FOF1-ATPase
proton pumping activity depended on the ATP concentration
to the first power (Hill coefficient of ∼1) with an apparent K0.5

(45( 5 μM) well within the range of published values from 38 to
140 μM (12, 39, 41).

The SSM-based ATP synthase assay consists of an ADP con-
centration jump in the presence of Mg2þ, phosphate (Pi), and a
proton gradient built upon NADH application. Under these
conditions, the negative sign of the ADP-induced currents repre-
sents the proton flux from the fluid-filled compartments across
the adsorbedmembranes to the bath solution and corresponds to
the FOF1-ATP synthase activity as demonstrated by the inhibi-
tion with the FOF1-ATPase-specific inhibitor oligomycin. In all
ATP synthase experiments, the ANT “background” activity had
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to be blocked with BKA and a high Mg2þ concentration; other-
wise, the negativeATP synthase-specific currentsweremasked by
the positive currents of the ADP-transporting ANT (data not
shown). Interestingly, ADP jumps induced small positive cur-
rents even after the ANT blockage whenmeasured in the absence
of a proton gradient (without NADH). Because of the presence
of BKA and a high Mg2þ concentration inhibiting ANT, it is
improbable that these currents originate from a residual ANT
activity. These signals may rather represent activities of other
ADP- and Mg2þ-dependent transport proteins (25, 42, 43).

The inhibition of the FOF1-ATPase-specific ADP-induced
currents by the protonophore and uncoupler CCCP is consistent
with the fact that proton gradients are essential for ATP synthesis
(22, 44). Interestingly, the ATP synthase was ∼100 times more
sensitive to CCCP (IC50 = 3.5 nM) than the NADH-induced
currents representing the coupled activities of the CI, CIII, and
CIV proton pumps. This differential CCCP effect is based on the
transport processes underlying the NADH-induced currents and
on the transport mechanism of the ATP synthase. With NADH
concentration jumps, proton pumps CI and CIII generate
currents until a maximummembrane potential is reached. There-
fore, the CCCP does not inhibit the NADH-dependent currents
by a reduction of the proton pump activities but rather provides a
short circuit for protons, thereby reducing the maximumpossible
membrane potential. Accordingly, the CCCP concentration
necessary for full inhibition of the NADH-induced currents
is ∼1 mM, a concentration that is usually applied to completely
dissipate mitochondrial membrane potential (45, 46). On the
other hand, membrane potential is the major driving force for
ATP synthesis. Therefore, dissipation of the membrane potential
by CCCP directly reduces the activity of the FOF1-ATP synthase.
The dependence of the FOF1-ATP synthase on the protonmotive
force is not linear, but aminimal thresholdmembrane potential is
needed for the activation of the FOF1-ATP synthase (22, 47).
Therefore, CCCP concentrations (∼10 nM) at which the
synthase-specific currents are just about fully inhibited reduce
the membrane potential to such threshold values. These results
demonstrate that the SSM-based approach allows the identifica-
tion of drugs, which affect the mitochondrial function by partial
depolarization.
Complexes CI, CIII, and CIV and Their Functional

Coupling. CI is the first complex of the respiratory chain
catalyzing the oxidation of NADH, reducing CoQ, and pumping
protons from the matrix into the intermembrane space (23). On
one hand, the NADH-induced currents showed an apparentK0.5

for NADH of 17 μM, which is in good agreement with the
K0.5

NADHvalues of 10-40μMdetermined forCI activity (48, 49).
Additionally, the apparent IC50

rotenone of 0.8 nM is similar to the
CI-specific values of 4-20 nM described in literature (48-51).
On the other hand, the data on the number of rotenone binding
sites are controversial. While Degli Esposti (50) suggests one,
Mehta et al. (52) described two rotenone binding sites on the CI
protein. With SSM-based electrophysiology, the absolute value
of the Hill coefficient for rotenone was 1.7( 0.3, suggesting that
multiple binding sites with positive cooperativity might exist. The
effects of a high rotenone concentration (2 μM) were irreversible,
whereas after the application of a low concentration of rotenone
(10 nM), the NADH-dependent signals could be re-established
when the CoQ analogue DBQwas added to the solutions. This is
in contrast to studies showing that rotenone does not compete
with CoQ analogues (50). Further studies are necessary to elu-
cidate the impact of DBQ on rotenone binding and CI function.

In the respiratory chain reaction, CoQ accepts the electrons
from NADH and transfers them to CIII. CIII oxidizes CoQ,
which is then available again for CI (26, 53). Thus, CoQ and the
functional CIII are both necessary for repetitive activations of CI
in the SSM experiments. The NADH-induced currents were
routinely observed in the absence of CoQ analogues and could
be fully inhibited by the CIII inhibitor antimycin, demonstrat-
ing that the endogenous CoQ pool and the CIII protein in
the mitochondrial membranes were sufficient and essential for
the maintenance of CI activity. Furthermore, the antimycin-
inhibited, NADH-dependent signals could be restored when the
oxidized CoQ analogue DBQ was supplied to the solutions,
thereby replacing the endogenous CoQ. Therefore, it is possible
to measure CI separately with solutions containing antimycin to
suppress reoxidation of endogenous CoQ and DBQ acting as an
artificial electron acceptor for the NADH dehydrogenase. The
apparent IC50 value for antimycin of 27 nMand the steep slope of
the curve (absolute value for the Hill coefficient of >1) were in
agreement with previously published results (51). Functional
CI-CIII coupling was further characterized by two different
CoQ analogues, DBQ and an antioxidant drug idebenone (Ide).
In the absence of antimycin, DBQ stimulated NADH-induced
currents, whereas Ide reduced them. This differential behavior is
in line with DBQ being a good substrate of CI, whereas Ide is a
poor substrate and can inhibit CI activity (54, 55).

The proton pumping activity of CIII is coupled to the transfer
of electrons to cyt c. The resulting reduced cyt c is then reoxidized
by CIV. Therefore, if the oxidized cyt c is limited, CIV is needed
for cyt c recycling and CIII activity. The fact that the NADH-
induced CI-CIII activity was routinely observed without an
additional supply of oxidized cyt c demonstrates that the inner
mitochondrial membranes contain sufficient amounts of endo-
genous cyt c and suggests that CIVmay participate in theNADH-
induced electric response by recycling of the cyt c. Different CIV
inhibitors were applied to study the involvement of CIV in the
NADH-induced response. Cyanide (KCN) is a standard inhibi-
tor of CIV (56, 57), and it can also bind to oxidized (ferric) but
not to reduced (ferrous) cyt c (58). Therefore, the sensitivity of
NADH-induced, CI-CIII-dependent signals to KCN can be
interpreted either by the inhibition of CIV and cyt c recycling or
by the direct binding of KCN to oxidized cyt c. Interestingly,
sodium azide [NaN3, another CIV inhibitor (31, 57)] did not
influence the CI-CIII-dependent currents, suggesting that the
KCN inhibition may rather reflect KCN binding to the oxidized
cyt c (Figure 1 of the Supporting Information). On the other
hand, direct activation of CIV via reduced cyt c jumps and the
inhibition of the corresponding currents with KCN and NaN3

clearly demonstrate that functional CIV is present in the mem-
branes (Figure 4B and Figure 2 of the Supporting Information).
At the current state of the study, we cannot definitively decide
whether the KCN effects are due to inhibition of CIV or
reduction of the oxidized cyt c pool, and whether the NADH-
induced currents correspond to the coupled CI-CIII or CI-
CIII-CIV activities. However, “isolated” CIV-independent CI-
CIII activity may be interesting in the context of the supramolec-
ular organization of the respiratory chain and its physiological
impact on the mitochondrial function (4, 59, 60).
Complexes CII and CIII. CII transfers electrons from

succinate to CoQ, thereby triggering CIII-dependent proton
pumping (24, 61). Because CII itself neither pumps protons nor
translocates electrons across the mitochondrial membranes, the
electrical characterization of CII was based on measuring the
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CIII activity. In pilot experiments, succinate concentration jumps
did not induce any significant CII-CIII-dependent currents
(data not shown). This was inconsistent with the ability to
activate the CI-CIII reactions via NADH jumps. One possible
explanation may be that the succinate-triggered reactions are
desynchronized, and therefore, CIII-dependent Hþ pumping
cannot be observed as an immediate succinate-induced electric
current. Such relative desynchronization of the CII-CIII activ-
ities in comparison to the CI-CIII reactions may be due to the
use of different CoQ pools by the CII and CI complexes (53, 59).
To circumvent this problem, we measured the CII-CIII activity
via oxidized cyt c jumps in the presence of succinate. Similar to
the CI-CIII (CIV) assay, the endogenous CoQ pool was
sufficient for the CII-CIII reaction. The calculated K0.5

succinate

of 2.5 μM was lower than the value of 40 μM reported in the
literature (24, 61). On the other hand, the calculated IC50

antimycin

of 9.6 nM and the Hill coefficient were similar to the values
determined by the NADH-induced CI-CIII assay and well
within the range of previously published results, demonstrating
the specificity of the CII-CIII assay [Table 1 (51)]. The specificity
was further demonstrated by the inhibition with the CII inhibitor
malonate. Finally, the detected stimulating effects of Ide and
DBQ on the CII-CIII activity correlate with results published
previously (54). At the current state of the project, we have no
convincing explanation for the origin of the antimycin-sensitive
but succinate-independent, cyt c-induced currents (Figure 4D). It
is possible these currents may reflect some transient charge
translocations in the CIII reaction centers.

CONCLUSIONS

Direct functional investigation of the respiratory chain and
transporters in their native environment is important for the
understanding of many essential physiological functions. The
experiments described in this work demonstrate that the SSM
technique is a powerful method for the pharmacological inves-
tigation of electrogenic transport processes in native inner
mitochondrial membranes. Monitoring the activity of transport
proteins by direct detection of charge movements allows new
insights into the mechanistic work of mitochondrial transport
proteins and can help in further understanding the complex
interplay of respiratory chain proteins and of the functional roles
of such interplay in respiration and oxidative phosphorylation.
Furthermore, the FOF1-ATP synthase assay provides a highly
sensitive tool for the detection of uncoupling agents and phar-
macologically relevant CoQ analogues. Thus, the technology
proves to be a versatile platform for general as well as detailed
mechanistic and pharmacological studies of proteins and electro-
genic processes of inner mitochondrial membranes.
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