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Abstract

ATP synthase (F1F,) synthesizes daily our body’s weight in ATP, whose production-rate can be transiently increased
several-fold to meet changes in energy utilization. Using purified mammalian F,F,-reconstituted proteoliposomes and
isolated mitochondria, we show F;F, can utilize both AW,-driven H*- and K*-transport to synthesize ATP under
physiological pH = 7.2 and K* = 140 mEq/L conditions. Purely K*-driven ATP synthesis from single F1F, molecules measured
by bioluminescence photon detection could be directly demonstrated along with simultaneous measurements of unitary K*
currents by voltage clamp, both blocked by specific F, inhibitors. In the presence of K*, compared to osmotically-matched
conditions in which this cation is absent, isolated mitochondria display 3.5-fold higher rates of ATP synthesis, at the
expense of 2.6-fold higher rates of oxygen consumption, these fluxes being driven by a 2.7:1 K*: H* stoichiometry. The
excellent agreement between the functional data obtained from purified F;F, single molecule experiments and ATP
synthase studied in the intact mitochondrion under unaltered OxPhos coupling by K* presence, is entirely consistent with
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K* transport through the ATP synthase driving the observed increase in ATP synthesis. Thus, both K* (harnessing A¥.,) and
H* (harnessing its chemical potential energy, Auy) drive ATP generation during normal physiology.
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Introduction

The family of ATPases shares a number of proteins with con-
served functions and molecular composition.! F-, A- and V-
ATPases are true biological rotary engines that work as coupled
motors: the F1/A1/V; is chemically driven (i.e., effecting trans-
duction of mechanical and chemical energy) and the membrane-
embedded Fo/A,/V, is powered by the energy stored in a trans-
membrane ion gradient.>3 Of these, a specialized group, the
ATP synthases, is the major route to ATP synthesis. One of the
best characterized members of ATPases is the F1F,-ATP synthase
(F1F,) of E. coli, mitochondria and chloroplasts. It was demon-
strated that both F; and F, subunits are required for ATP syn-
thesis.*

ATP synthase operates as two rotary stepper generators cou-
pled by a common shaft, the y subunit.*® The torque that is
generated by ion flow through the F, motor operates against the
counter-torque in F; driven by the energy of ATP hydrolysis. The
direction of F1F, is determined by which torque is larger: that of
the driving force of the ion electrochemical potential or that pro-
duced by the ATP chemical potential. Under physiological con-
ditions, F, torque exceeds the Fi-generated counter-torque at
ambient ATP levels, and thus the system proceeds toward ATP
synthesis. Although the principal function of the F;F, is to har-
ness the energy stored in electrochemical ion gradients to make
ATP, it can nevertheless run backwards (as an ATP hydrolase)
pumping ions in the opposite direction in the absence of the
activity of a regulated inhibitory protein. This scenario would
occur if, (1) the ATP levels would rise substantially relative to
the ion gradient magnitude, or (2) the ion gradient becomes dis-
sipated, as occurs during ischemia.

Most ATPases harness the free energy of the transmembrane
electrochemical proton gradient, Auy, but some use a Na* gra-
dient instead (e.g., see’). While the mechanistic basis of ion-
selectivity of various ATP synthases is a matter of consider-
able interest,® it is even more intriguing to consider the possi-
ble significance for mitochondrial function of the accompany-
ing “non-specific” ion flux via F1F,. The specificity of F1F, for H*
over other cationic species was found to be extremely high (esti-
mated > 107).° It can be calculated using the Goldman-Hodgkin—
Katz equation'® that for H* selectivity values of 10’ and 10%,
F1F, would conduct a non-trivial ~24 and 2 K*, respectively, for
every 100 H" during normal ATP synthesis (at cytosolic pH = 7.2
and K™ = 140 mEq/L) due to the > 10°-fold excess of cytoplas-
mic K+ over H. Given the large electrical force driving K* to
the mitochondrial matrix, it would make sense to harness this

energy to generate ATP rather than to dissipate Apx as heat.
Because the activity of the respiratory chain is known to be
regulated by intramitochondrial volume controlled by K*
influx, the added benefit would be the direct coupling of respi-
ratory chain activity and AV, dissipation (caused by energy uti-
lization/production) to an osmotic signal given by the amount
of K* traversing F1F, to make ATP, facilitating the proportional
matching between energy supply and demand. Finally, that part
of the proton gradient and energy not being directly dissipated
via ATP synthase because of the equivalent movement of charge
as K* would then be available to drive K* efflux from mitochon-
dria using the K*/H* exchanger (KHE), thus restoring osmotic
balance. These principles are fully compatible with Mitchell’s
chemiosmotic mechanism.!?13

We investigated the possible existence of a novel, regu-
lated function set for ATP synthase based on the postulated
ability to harness energy from K* flux. This would enable K+
uniporter-like function and serve to facilitate energy supply-
demand matching, while under certain circumstances, also to
function as a mKarp (see Juhaszova et al.*). The evidence pre-
sented provides direct proof of K (acting together with HT)
driven ATP synthesis by F1F, occurring naturally under physi-
ological pH and K* concentration.

Results

Potassium Channel Openers Activate K* Flux into
Proteoliposome-Reconstituted ATP Synthase

First, to measure K* flux into proteoliposome (PL)-reconstituted
purified F1F, (see Figure S1), the K*-sensitive fluorescent dye,
PBFI, was trapped inside the vesicles under conditions shown
in Figure 1A. In the presence of the protonophore FCCP (to enable
charge balance necessary for K* flux and to maintain membrane
potential, AV, = 0), the K™ channel opener (KCO) diazoxide (Dz)
significantly enhanced the initial rate of K* flux into PL; this
effect was completely blocked both by the F, inhibitor ventu-
ricidin B (Vent), and the mKarp blocker, 5-hydroxydecanoate (5-
HD), while it was essentially absent when the endogenous reg-
ulator of ATP synthase, IF; was depleted from F;F, PL (Figure
1B)(see also Methods section).

The reconstituted purified F1F, subjected to a transmem-
brane K* gradient at ApH = 0 generated a stable AW, reach-
ing a maximal voltage of ~55 mV (Figure 1C). The fact that this
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Figure 1. (A) Scheme of the proteoliposome (PL) system; ionic composition of the internal and external buffer, used in K* transport experiments. (B) Kinetics of K* flux
into PL; effect of IF; depletion. The KCO, Dz, significantly enhanced the rate of K* flux into PL; this effect was blocked both by the F, inhibitor, Vent, and the mKarp
blocker, 5-HD, and was absent in IF; -depleted F; F,. *P < 0.05. (C) Ratiometric fluorescence measurements of AW generated in F; F,-reconstituted proteoliposomes by a K*
gradient performed with oxonol VI (excitation 560, emission 640/615 nm). PL-reconstituted F; F, develops a stable, non-zero K* diffusion-potential (A¥ ~55 mV; orange
and light blue traces) in a K* concentration gradient (200 mM K ¢,:/0.5 mM K* i; other conditions as in panel A except PBFI omitted) that was completely dissipated
by 1 uM FCCP (orange trace). Addition of 10 nM valinomycin (instead of FCCP) resulted in a maximal K* permeability and increase of the oxonol VI fluorescence ratio
representing a membrane potential of ~150 mV (light blue trace). F, inhibitors DCCD and Oligo (xPL were preincubated with each drug for 15 min; green and dark blue
traces) prevented the development of AV by the K* gradient; thus, ATP synthase (and not some other contaminating K* conductance/channel) is responsible for AW
under control conditions because it is K*-permeable. PL without a K*-gradient do not develop AW (yellow trace). The Nernst potential-calibrated values of A¥ were
set by different K* gradients using 10 nM valinomycin (right Y-axis). (D-G) Planar lipid bilayer experiments. (D) Unitary K* currents from purified F;F, and (E) from
conventional mitochondrial membrane preparation (at —40 mV), reconstituted into lipid bilayers; pre-intervention baseline recordings are on the left, and the effect
of the various compounds are shown (2 mM MgATP, 30 uM Dz, 4 uM Vent, 50 uM Glib). KCOs reverse ATP-inhibited permeation of F;F, by K* that can be blocked by
Vent and Glib. (F, G) Unitary K* currents elicited in response to a voltage ramp (14.1 mV/sec) distinguish multiple conductance levels represented by O,-O; (C-closed
state). The 216 pS conductance (Os) is predominantly active in the recording shown in panel (F), while the 293 pS conductance (Os) is active during the recording in
panel (G) (highlighted by red lines).
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AV, remains stable until being dissipated by FCCP, in princi-
ple, rules out the possibility of contamination by an unidentified
K*/H" antiport or another charge-exchange mechanism. To fur-
ther elucidate this possibility, we utilized an electrophysiological
approach to rule out the presence of any other cation-selective
channel activity in our F1F, preparations (Figure S2A and B). It
hasbeen suggested that a mitochondrial ROMK potassium chan-
nel might act as the pore-forming subunit of a cytoprotective
mKarp channel.’® Our immunoblotting with anti-ROMK antibody
ruled out ROMK channel contamination of the isolated F1F, (Fig-
ure S2C).

Measurement of Unitary K* and H* Currents from F,F,

In unitary ion channel recordings from lipid-bilayer recon-
stitution experiments with purified F1F,, Dz reversed ATP-
inhibited ion flux that can be blocked by the F, inhibitor, Vent,
by the mKarp inhibitor, glibenclamide (Figure 1D and Supple-
mental Movie S1) and by F, inhibitors oligomycin and N, N’-
dicyclohexylcarbodiimide (DCCD; see below). Considering that
similar findings are obtained in conventional mitochondrial
membrane reconstitution studies (i.e., without using a purified
F1F,), for the first time, to our knowledge, we show that the
unitary ion currents derived from conventional mKarp prepa-
rations, which display the same characteristics as the puri-
fied F1F, complex, can be largely inhibited by Vent (Figure 1E)
at levels that do not affect sarcolemmal Karp currents. Uni-
tary currents from purified F;F, exhibit multiple conductance
levels as shown in Figure 1F,G and is clearly seen in the full
time series at Supplemental Movie S1 in agreement with sin-
gle channel behavior of conventional mKarp preparations. Note
that the adoption of the multiple discrete conductance levels
shows stochastic behavior manifesting a variety of long and
short open-closed dwell times; the “high-frequency” events rep-
resent true, “channel-like” gating and not bilayer noise (Supple-
mental Movie S1). This complex behavior may arise from the
multiple ion-binding positions on the F, c-ring. A comprehen-
sive literature search regarding the single channel characteris-
tics of conventional mKarp channel preparations reconstituted
into lipid bilayers indicates that multiple levels are frequently
observed (five distinct peaks/conducting states between 20 pS
and 120 pS in symmetric 150 mM K glutamate'®'” and conduc-
tances between 10 and 200 pS in symmetric 100 mM KCl,8:1°
which is largely consistent with the present data.

The ion-specificity of the observed unitary currents requires
closer examination because mammalian F;F, is thought to make
ATP only by H" flux. In the present experiments, the abun-
dance of K* over H* was ~10°:1 (comparable to that occurring
in cells), so it is reasonable to consider that K™ permeation may
be contributing as well. Furthermore, the potential contribution
of anion permeation cannot be excluded a priori. Because only
permeant ions contribute to the net ion-current reversal poten-
tial (Erev), this was examined in detail under various conditions
to assess the possibility of anion permeation and to interpret the
changes in cation permeation activated by KCOs. Since complete
substitution of the substantially larger and rather non-permeant
Hepes anion for Cl™ causes no change in Erey (17.9 + 0.7 vs 18.6 +
0.5 mV, respectively, P = ns), we concluded that the impact of CI~
permeation via F1F, is insignificant compared to cations. Addi-
tionally, the current-voltage relationship of purified F,F, was
examined in a pH gradient (pHcjs = 8.0, pHirans = 7.2, buffered by
TEA™-Hepes, in the absence of K* or any other small cation aside
from H*) yielding a reversal potential identical to the expected

Nernst potential for H" as the only permeant species, in agree-
ment with the idea that the OH™ anion is non-permeant. Since
the measured unitary ion currents under control conditions con-
sist only of H" and K*, we next assessed their relative contribu-
tions. Under ionic conditions where the reversal potential for H*
(En) was 0 mV and that for K* (Ex) was +28 mV, Er, Was found
to be ~+18 mV indicating that both cations must be permeant
and contributing to the total currents observed. In this case, Erey
is given by:

F

Ko + 22[H],
RFT (PK[K]0+PH[H]O>:RTIH<[ lo+ £ ]) )

Er v = —In
¢ Pg[K]i + Pu[H]; (K] + £ [H];

where:

R is the molar gas constant;

F is Faraday’s constant;

T is temperature (°K);

Px and Py are the respective ion permeabilities;

[Kloi and [H],; are ion concentrations across the bilayer

Maintaining steady voltages at each of the ion-reversal
potentials (to remove the driving force from the specific cation,
thus rendering pure unitary current from the other cation) pro-
duced macroscopic H" and K* currents (at + 28 and 0 mV,
respectively) of the same characteristics and open probability
(Po) as at —20 or —40 mV (Figure 1F and G). Importantly, the
KCO Dz increases P, and amplitude for both H* and K* currents
(Figure 1D and E) without causing any change in Eyey (18.3 £ 1.3 vs
18.5 + 0.9 mV with Dz, P = ns; similar data was obtained with
Na*: 18.1 &+ 1.0 vs 18.9 + 1.0 mV; n = 10). This indicates that
while the permeability for H and K* after Dz increases for both
cations, the ratio (Py/Px) remains unchanged (see eq.1). From the
Goldman-Hodgkin-Katz (GHK) formalism, the total ion currentis
related to the individual ion permeability as follows:

I = PuZ , VF2 ([H]; - [H]oexp (“57T)
THRT 1 exp (ZF)

+ Pk

oy (MeeslE)) o

RT 1 - exp (Z&YE)

where:

Z is the appropriate ion valence;
V is the transmembrane voltage

We determined that the baseline values for Py and Py
(5.2 + 0.9 x10™ and 87 + 2.9 x10Y m?/s, respectively)
each increases ~3.5-fold after Dz (to 2.2 + 1.3 x10% and
3.0 + 1.4 x107'® m?/s, respectively, n = 4, both P<0.05 vus. each
ion’s baseline value), thus keeping the selectivity of F,F, for H*
over K* at ~10°:1. Regarding the single ion channel behavior of
the conventionally-prepared mKarp, close inspection of the elec-
trophysiological data referred in eight published papers allowed
us to extract baseline values for Py and Py (mean values of
4.9+ 1.1 x107 and 1.9 £+ 0.5 x 107 m3/s, respectively)?*-2” which
compare extremely well with those obtained here for F;F,.

The importance of F1F, as a major K* pathway can be real-
ized from Eq. 2 which shows the sum of the K* and H* current
components in the GHK formulation. For sufficiently large AW,
magnitudes (>100 mV for the present case), a rearrangement
of Eq. 2 expressing the ratio of K* to H* conducted by F; F, simpli-
fies to the limiting value, [(Px[K™]eytosol)/(P[H™ Jeytosol)] at negative
AW, (the direction of ATP synthesis). Thus, during normal ATP
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Figure 2. (A) Scheme of the PL and reaction conditions to measure K* transport-coupled ATP synthesis (and hydrolysis). Ay = 0 for ATP synthesis and A¥w=0 by
using FCCP; n.b., omitting FCCP eliminates ATP synthesis ruling out the presence of an unsuspected, underlying K*/H* antiport mechanism. (B, C) K -gradient-driven
ATP production in PL is activated by Dz and (D) pinacidil, and (B-D) attenuated by inhibitors of F1F,, inhibitors of the mKarp and BKc, channels, and by K* gradient
dissipation (Val or No K* grad). (E) Na*t-gradient-driven ATP production in PL is activated by Dz and pinacidil and attenuated by inhibitors of complex V and the mKarp
(performed as in panel (A) except equimolar concentration of Na* substituted for K*). These experiments prove that the entity activated by KCOs is the F1F,. *P<0.05.

synthesis (cytosolic pH = 7.2 and K* = 140 mEq/L), F1F, may
potentially conduct an average of 3.7 K* for every H*. Under
these conditions, K* influx into mitochondria used by F;F, for
ATP production would depend solely on AW, because of its mag-
nitude (i.e., exponential term in Eq. 2) and not on AK" across
the inner membrane, nor on matrix K+ concentration (i.e., linear
termin Eq. 2, dwarfed by the exponential term; for further expla-
nation, see section: Quantitative comparison of H* and K* cur-
rent magnitudes through ATP synthase in Supplemental infor-
mation).

ATP Synthesis by Proteoliposome-Reconstituted F;F, in
a K* Gradient

To investigate whether ATP synthase can harness energy from
K*-flux, purified F;F, reconstituted into PL was subjected to a
transmembrane K* gradient (Figure 2A). Under conditions in
which A¥=0, and Auy and H" were unable to drive ATP syn-
thesis due to the presence of protonophore, FCCP, we show that
ATP synthesis driven by the K gradient occurs under these
conditions, and was increased several-fold by the KCOs, Dz or

pinacidil. This ATP synthesis was inhibited by the specific F,
inhibitor, Vent, the mKarp blocker, 5-HD, and abolished by the
K* ionophore, valinomycin (Val) (Figure 2B-D). Interestingly, the
F1F, is not selective among alkali ions after KCO-activation,
since we observed a comparable degree of ATP synthesisinaNa*
gradient, akin to that in a similar K* gradient (Figure 2E). More-
over, this effect seems to be restricted to small cations, since
there is no ATP generated by KCO activation of the F1F, in a com-
parable gradient of TEA*Cl". Similar K* gradients with either
Cl- or SO4% as counterions yielded comparable ATP amounts
(not shown). It is important to note that FCCP is necessary to
enable ATP synthesis driven by the K* gradient because it equi-
librates the transmembrane charge (via passive inward diffu-
sion of H') owing to Apug-driven K* efflux via F;F,. Omitting
FCCP eliminates ATP synthesis ruling out the possible contami-
nation of the PL's by an unsuspected protein which might cause
an underlying K*/H" antiport activity (also see section, Potas-
sium channel openers activate K* flux into proteoliposome-
reconstituted ATP synthase, Figure 1C and Figure S2 for addi-
tional details). Thus, any possibility that the observed ATP syn-
thesis was due to F1F, surreptitiously harnessing H* flux energy
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route within the complex on the c-ring.

(somehow derived from the original K* gradient energy) is ruled
out by this FCCP result, because ATP synthesis would instead
have been prevented by the protonophore-elicited dissipation
of H* energy. This evidence also shows that K™ can drive ATP
synthesis by the same mechanism and path as H*.

To further investigate whether the K* and H* paths through
F1F, are the same, we utilized the inhibitor DCCD that acts
by specifically and covalently modifying the protonated form of
a conserved glutamate carboxylate (in mammalian c-ring E58)
located in the binding pocket of the membrane-embedded c-
ring?®-3° and performed measurement of unitary ion channel
currents from F,F, under conditions where we could generate
and select pure K* and H* currents by setting specific mem-
brane potentials. Since E58 is critical for coordinating ion bind-
ing necessary for the H* gradient to generate ATP, we found that
DCCD rapidly inhibits ion flux (t; ~6 min) when being driven by
pure H* current (Figure 3A, Cyin), as expected. So long as the c-
ring binding pockets are H"-bound, continuing active H* flux is
not required for DCCD’s block since we found that the inhibition
fully develops when the c-ring is “stalled” without ion flow after
running pure H* current (Figure S3).

We hypothesized that E58 in the deprotonated state is also
critical for K* binding related to its generation of ATP, and that
occupancy of the same binding site by K* (likely by preventing
glutamate protonation via charge neutralization and physical
exclusion) would specifically prevent F;F, from reacting with,
and being inactivated by, DCCD (Figure 3B, Cyv). We employed
K*-only current conditions (i.e., under the present experimen-
tal conditions at 0 mV where there is no H* driving force, and
hence, no H* current) for 5 min before exposure to DCCD (Figure
3B orange trace labelled “III,” and Figure 3Cy;). We found that the
maintenance of K*-flux and binding prevented the subsequent
DCCD block for at least 15 min (Figure 3B, orange trace labelled
“IV,” and Figure 3Cyy), and for as long as 1 hour under continu-
ous K* currents (Figure S3), indicating protection of E58 by K*
from the inhibitory reaction with DCCD. Similar protection by
Na* from inhibition by DCCD was described for this conserved,
essential Glu site of the c-subunit from P. modestum 8. Return-
ing to driving F1F, with H' currents after the “protective” K*
current protocol, in the continuing presence of DCCD, lead to
rapid and irreversible inhibition of the enzyme (Figure 3B green
trace labelled ‘II,” Figure 3Cy, and Figure S3). Once the enzyme
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Figure 4. Direct, “single molecule bioenergetics” demonstration of K* -driven ATP synthesis by F1 F, using simultaneous measurements of K* currents and single-photon
detection of ATP. (A) Experimental scheme for simultaneous measurements of unitary K* currents (by voltage clamp) and low light level detection of ATP synthesis
activity (luciferase/luciferin bioluminescence) from reconstituted single molecules of F1F, in a lipid bilayer formed on a 30-50 um glass pipette (cis: 150 mEqg/L KT, pH
7.2/trans: 50 mEq/L K*, pH 7.2). (B) Representative experiment performed as described in (A). Top traces: K™ current in control (left) and that after F1F, inhibition by
Vent + Oligo (right), together with corresponding measurements with F1F, activity stalled at Erey. Bottom panels: Frequency histograms of detected bioluminescence
photons from ATP generated by K*-driven F;F, (background-subtracted photon counts measured during K* current (OmV) and at the E,e, (18mV); Control experiment
(left) vs Vent + Oligo block (right)). Note that the Control photon-rate frequency histogram during active K* currents (at 0 mV, Ex,) shows the production of ~50
photons/100 ms above that when stalled (no currents at +18 mV, Erey; n = 1000 observations each histogram, P<<0.0001 for paired comparison), and that both the 0 mV
current and associated photon production are abolished with + Vent/Oligo (Ex. Vs Erev; N = 1000 observations each histogram, P = ns). (C) Concatenated experimental
results: K*-driven photon production in control (0 mV vs stalled at +18mV, n = 11 paired observations, *P<<0.0001 by Fisher’s combined probability test) and that
after F1F, inhibition by Vent + Oligo (paired observations with control, n = 5, **P<<0.0001 by Fisher’s combined probability test); measured photon production rates
from K*-driven ATP synthesis appeared to be quantized in relation to the number of incorporated F;F, (“Possible number of ATP synthases” on right y-axis; see text
for further details). (D) Analysis of apparent quantal nature of K*-driven photon (ATP) production rate vs the proposed number of bilayer-incorporated ATP synthase
molecules (from experimental results, panel (C); regression analysis slope of ~25 photons/100 ms/ATP synthase, R? = 0.99. (E) Evidence for F;F, lipid bilayer insertions
as functional dimers. Time course of the cumulative K* current-time integral recording (running ATP synthesis index) from a representative F1F, experiment in control
(blue trace) and during Oligo inhibition (yellow and orange traces); arrow (yellow trace, 5 min Oligo) indicates abrupt change of the current-time integral slope (to half of
the control value) consistent with the initial activity of an F1F, dimer being reduced by one functional unit to the equivalent of a monomer; after 15 min Oligo (orange
trace), the activity of the remaining F1F, (monomer) becomes fully inhibited (n.b., slight deviation from a zero-slope is a typical baseline artifact of cumulative electrical
drifts in 4 4+ minute electrical recordings, and because it occurs in lipid bilayer recordings without protein incorporation, does not represent residual ATP synthase
activity). (F) Relationship between ATP synthesis rates calculated from single photon vs K* current measurements (see text for details). The number of F;F, molecules
is shown in brackets for several independent experiments; the average ATP synthesis rate is ~1000 ATP/sec/F1F, driven solely by K* current in the nominal absence
of ATP (thus without significant counter-torque on Fy, in contrast to physiological conditions). ATP synthesis rates estimated independently from single photon vs K*
current measurements are in excellent agreement, deviating from unity by < 18%, R? = 0.98.

was deactivated by DCCD during H* current passage, we found
that K* flux is also blocked (Figure 3B orange trace labelled “V”
and Figure 3Cy; Figure S3), consistent with the DCCD reaction
forming a stable acylurea adduct on E58. Together, these results
serve as another line of proof that mammalian F;F, can operate
utilizing K* flux, and that both K* and H* travel the same route
within the complex on the c-ring.

Direct Demonstration of K*-Driven ATP Synthesis by
Simultaneous Measurements of K™ Currents and
Single-Photon Detection of ATP: “Single Molecule
Bioenergetics”

To directly demonstrate that ATP synthesis can be driven specifi-
cally by K+ flux through F1F, and the energy stored in an electro-
chemical K* gradient, we designed a unique system for simul-

taneous measurement of unitary K* ion currents (by voltage
clamp) together with ATP synthesis (from low light-level detec-
tion of bioluminescence) generated by single molecules of ATP
synthase (Figure 4). Single molecules of purified F1F, were recon-
stituted in the lipid bilayer formed on a 30-60 um glass pipette
tip (Figure 4A). Pure K* current-driven ATP synthase activity due
to Apg produced by the experimental K™ gradient (at 0 mV, when
Apy = 0) was accompanied by a significant increase in the pho-
ton rate (i.e., real ATP generation) over background (at 18 mV
with F1F, stalled and no K or H' currents) that in turn was sig-
nificantly inhibited by specific F, blockers, Vent/Oligo (represen-
tative experiment in Figure 4B; concatenated results in Figure
4C). This experiment provides unambiguous and definitive proof of K* -
driven ATP production by single molecules of mammalian ATP syn-
thase under conditions reasonably matching the physiological K* ionic
milieu. In this experiment, K*, the only monovalent cation capa-
ble of performing electrochemical work, is thermodynamically
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driven by its preset gradient in the direction of ATP synthe-
sis, whereas protons are incapable of performing work because
the experiment is performed under circumstances constraining
Apyg = 0. That the entity that synthesizes ATP as a result of the
work performed by K+ flux is significantly blocked by the specific
F, inhibitors, Vent and Oligo, provides corroborating proof that
ATP synthase is responsible for the observed synthesis of ATP,
and not some unknown (or undescribed) complex.

The range of measured photon production rates from these
experiments varied by an order of magnitude (~25 to 250 pho-
tons/100 ms) and appeared to be quantized (allowing for “noise”)
with a “greatest common factor” of ~25 photons/100 ms which is
probably consistent with the activity of 1 monomer of ATP syn-
thase (Figure 4C right y-axis, D). We expected that there could be
occurrences of multiple ATP synthases since these latter experi-
ments were prepared with an increased amount of purified F;F,
intended to increase both the potential for multiple insertions
of ATP synthase into the lipid bilayer and the detected biolumi-
nescence signal over noise. Plotting the K*-driven photon pro-
duction rate vs the proposed number of ATP synthase molecules
(from 1 to 10 ATP synthases), and performing regression anal-
ysis of all experimental results, rendered a slope of ~25 pho-
tons/100 ms/ATP synthase (Figure 4D). The data pattern suggests
that most of the insertions observed are of ATP synthase dimers
and multiples thereof, whereas isolated monomers appeared to
be relatively rare (accounting for < 10% of observed occurrences).
There are several additional lines of evidence for the idea of ATP
synthase dimer-insertions: (i) examining the time course of inhi-
bition of K™ current flux by oligomycin to find a quantal pattern
of inhibition. In experiments producing ~50 photons/100 ms
at baseline (indicated as dimers in Figure 4C) the current-time
integral (CTI, the precise “electrical analog” of cumulative ATP
synthesis) shows in a representative example that at ~5 min
of oligomycin exposure the time-dependent slope of CTI (pro-
portional to ATP synthesis rate) is abruptly reduced by exactly
half, consistent with the activity of a dimer being reduced by
one functional unit to the equivalent of a monomer (Figure 4E,
yellow trace, arrow), and subsequently, after 15 min, the activity
of the remaining ATP synthase becomes fully inhibited (Figure
4E, orange trace). (ii) Purified ATP synthase is isolated mainly
as dimers in the current protocol, as gauged by the abundance
of ATPase activity in Clear Native PAGE in-gel assay (Figure S1).
(iii) ATP synthases form rows of natural dimers along cristae in
mitochondria (e.g., as shown in five different species: bovine, Y.
lipolytica, P. anserina, S. cerevisiae, and potato)3! and are isolated
as natural dimers by other workers (e.g., as shown using trans-
mission electron microscopy).3?

We sought to further quantify and compare the ATP synthe-
sis rates independently derived from single molecule electrical
and bioluminescence measurements. Bioluminescence-emitted
photon measurements, concatenated with the efficiencies of the
ATP-luciferase reaction, light path and camera detection char-
acteristics, together with the fraction of the solid angle col-
lected from an isotropically emitting point source by the objec-
tive lens, produce a quantitative estimate of ATP production
rate (see Supplementary Methods). Additionally, an indepen-
dent estimate of ATP synthesis rate from these same experi-
ments can be derived from the parallel unitary current measure-
ments since three ATP’s are made from the flux of eight ions
through mammalian ATP synthase. Excellent agreement was
obtained for single molecule ATP synthesis rates calculated from
photon vs K* current measurements incorporating the range of
1, 4 and 10 ATP synthases (<13% deviation from the line of iden-
tity; Figure 4F, 12 = 0.93), yielding the consistent value of ~ 1,900

ATP/s/ATP synthase driven by K* (+50, SEM of n = 11), which is
in good agreement with published data (e.g.,**). Note that ATP
synthase is operating in these experiments against a negligible
counter-torque because the ambient [ATP] is negligible, which
is experimentally necessary to resolve the extremely low levels
of bioluminescence generated from the driven activity of sin-
gle molecules of ATP synthase. In the presence of “physiolog-
ical” levels of ATP (~3-4 mM) the resultant chemical counter-
torque exerted at F; against the electrical torque driving F,
would reduce ATP synthesis by about an order of magnitude
(see section in Juhaszova et al.* on “Regulation of mechano-
chemical efficiency of F,1F,”), so the equivalent ATP synthesis
rate in these K*-driven experiments would be ~190 ATP/s/ATP
synthase (+5, SEM of n = 11) in an intracellular milieu, which is
in good agreement with published data.3*>’

K*-driven ATP Synthesis in Isolated Heart Mitochondria

Measurements of K* flux, a stable K*-diffusion potential, and
purely K*-driven ATP synthesis in proteoliposome- and sin-
gle molecule-reconstituted ATP synthase (Figures 1-3), together
with unitary K* and H' currents sustained by purified F;F,
reconstituted in lipid-bilayers (Figure 1D, F, G), show that ATP
synthesis can happen under physiological conditions (cytosolic
pH=7.2and K" = 140 mEq) in which F,F, is driven by up to ~3.5
K+ for every H. These findings predict that, in mitochondria, K*
transport carried by F;F, would share a sizable portion of the ATP
synthesis flux driven by A py with a high K*: H* stoichiometry.

To assess these predictions, we studied the effect of physio-
logical levels of K™ on the ATP synthesis flux and the correspond-
ing K*: H* stoichiometry in isolated mitochondria at constant
osmolality (260 mOsm) in the presence vs absence of K* (isos-
motically substituting sucrose for K*). We quantified the Oligo-
sensitive oxygen consumption rate (OCR) with high-throughput
Seahorse respirometry (Figure 5A), and ADP/O ratio with high
resolution respirometry (Oroboros) (Figure 5B). At similar respi-
ratory control ratio (RCR~5) (Figure 5E), ATP synthesis was 3.5-
fold higher in the presence of K* than in its absence (Figure 5C)
with a K*: H* stoichiometry of 2.7:1 (Figure 5D). More robust ATP
synthesis with K* resulted from a 2.65-fold higher respiratory
flux (Figure 5A) at ADP/O ratio 2.0 and 1.6 (Figure 5B) in the pres-
ence and absence of K*, respectively. Under these conditions,
a significant mitochondrial K* influx occurs during state 4-to-3
transitions. The OCR values were within the range of reported
data under similar conditions (Table S1). To further investigate
the role of respiratory substrates on the ATP synthase flux in the
presence or absence of K*, we used palmitoyl CoA (PCoA), Car-
nitine and malate (Mal). Similar results to G/M were obtained
in the presence of these substrates. In KCl vs sucrose, 20puM
PCoA/0.5mM Carnitine/0.5mM Mal were able to sustain a 1.7-
fold and 3.7-fold larger OCR and ATP synthesis flux, respectively,
with a K*: HT stoichiometry of 2.7:1 (see Figure S5, and its leg-
end).

Next, we employed radioactive tracers to measure the pro-
tonmotive force (PMF), and its individual components, AVn,
and ApH, in isolated rat heart mitochondria in the presence or
absence of K at constant (260mOsm) osmolality under states
4 and 3 respiration (Figure 5F-H). While AWy, was similar under
both respiratory states and in absence or presence of K* (Figure
5G), ApH was significantly higher under state 3 compared to
state 4 respiration in the absence of K™ whereas it remained con-
stant in its presence (Figure 5H). This resulted in 0.3 pH units
increase in the matrix when K* was absent (pH; 8.4 vs. 8.1)
(Figure 5I) with pH 7.2 in the medium. In K* absence, the flux
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OCR times the P/O ratio in K*- or sucrose-based assay medium; n = 60/3 experiments, P < 0.0001. (D) The K*/H" stoichiometry was calculated from the difference
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Z = 2.303RT/F (see also Supplemental Experimental Procedures). (I) Summary scheme describing the ion fluxes and their respective driving forces, AV, and ApH,
determined under state 3 respiration in K*- or sucrose-based medium (see also Supplemental Experimental Procedures). *P<0.05; ****P<0.0001

through the ETC is higher than through ATP synthase result-
ing in increased matrix alkalinization. In the K* media, the
extra matrix alkalinization is prevented due to the additional
flux of K* through FiF, accompanied by increased ATP syn-
thesis and enhanced H* entering mitochondria through the
K*/H* exchanger (Figure 5I). Importantly, PMF, as an energy-
proportional index, exhibited a significant decrease under state
3 respiration in the presence of K*, consistent with the addi-
tional output of ATP, whereas it remained constantin its absence
(Figure SF).

Using dynamic, simultaneous, fluorometric monitoring of
AW, NAD(P)H and volume (90° light scattering) rather than
steady state measurements, we investigated possible effects of
matrix alkalinization on carbon substrate oxidation during state
4—3 transition in mitochondrial suspensions subjected to the
addition of ADP pulses of increasing concentration (Figure S4H-
M). Under both conditions of K* presence and absence, the RC
flux is controlled downstream of NADH, e.g., by the RC activi-
ties, ATP synthase, etc., (i.e., the “pull” condition)®®:%° as can be
judged by the in-phase response of mitochondrial A¥,,, NAD(P)H

and volume, as a result of the increase in energy demand exerted
by the ADP pulses, ruling out a matrix alkaline-pH limitation on
substrate oxidation in either condition (Figure S4H-O).

Mitochondrial volume changes associated with the state
43 transition, as measured with radioactive tracers,
were greater in the K'-containing medium (1.25 + 0.15 to
0.81 + 0.16) than in sucrose (1.27 £ 0.19 to 1.06 + 0.13 pl/mg prot)
reflecting a more dynamic and higher rate of ADP influx and
conversion to ATP, thus higher amplitude of volume changes
in salt medium associated with the transition to from low to
high respiration (see also Figure S4L-O). These results were
corroborated by our fluorometric simultaneous measurements
of AV, and volume of isolated heart mitochondria, where
we show that, in the presence of K*, mitochondria exhibit
significantly faster ATP synthesis as revealed by the shorter
time lapse utilized to fully consume the ADP added (roughly
1000 sec vs. 1600 sec: compare H and I in Figure S4; see also
panels N, O).

The existence of a substantial mitochondrial K* influx, asso-
ciated with ATP synthesis in mitochondria, was confirmed by
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an independent, direct assessment of changes in the matrix
K* accumulation in mitochondria loaded with the K*-sensitive
probe PBFI In the K*-based medium, a significant oligomycin-
sensitive mitochondrial K* influx happened during the state 4-
to-3 transitions (Figure S4 B, D). Thus, in the presence of K*, both
respiratory chain and the ATP synthase are operating at higher
rates which supports the notion that both H* and K* trans-
port (with both Aux and Auy energies) are utilized to synthesize
ATP.

Together, our data indicate that mitochondria synthesize 3.5-
fold higher rates of ATP synthesis in the presence of K* com-
pared to osmotically-matched conditions in which this cation
is absent. The 2.6-fold higher respiratory flux is mainly respon-
sible for the higher ATP synthesis flux driven by a 2.7:1 K*:
H* stoichiometry. Thus, in the presence of K*, both Aux and
Apy energies (Auy producing Aug almost entirely through the
driving force of AWy,) are utilized to synthesize ATP with the
resulting matrix-accumulated K* being continuously restored
via the Aug-driven K*/H" exchanger (Figure 5I, top). In the
absence of K*, ATP synthase relies only on H*, thus obligat-
ing a greater contribution of the ApH component of the PMF
to ATP synthesis (as evidenced by an additional matrix alka-
lization of 0.3 units which is not observed in the presence of
K*) (Figure 5I, bottom; see also Discussion). The presence of
any significant inner membrane K* leak pathway (e.g., through
an unspecified channel) can be ruled out as an explanation
for this K* influx since it would have significantly uncou-
pled OxPhos, lowering RCR and P/O ratio in the presence of
K*. Instead, OxPhos coupling was unaltered by K™ presence,
and the data is entirely consistent with K transport through
the ATP synthase driving the observed increase in ATP syn-
thesis. Thus, there is excellent agreement between the func-
tional data obtained from purified F1F, single molecule exper-
iments and ATP synthase studied in the intact mitochon-
drion. Altogether, these results are fully consistent with pre-
dictions arising from experiments performed with purified ATP
synthase reconstituted into proteoliposomes and lipid bilay-
ers. It is important to point out that this tight consistency
of results obtained between the technically diverse range of
experiments presented here (i.e., from single molecule to intact
organelle approaches) rules out that the behavior of purified,
isolated F;F, develops an artifactual K* conductance (e.g., due
to some hypothetical loss of an important regulatory compo-
nent, etc.), because ATP synthase undoubtedly remains nat-
urally and functionally unaltered in the intact mitochondrial
experiments.

Discussion

Up to the present, it has been a central tenet of bioenerget-
ics that mammalian ATP synthase operates solely on proton
flux through F, to make ATP. The present work significantly
revises that concept. We found that despite the high degree of
Fo’s H* selectivity vs. K* (~10°:1), the abundance of cytoplas-
mic K* over H' being > 10°:1 enables ATP synthase to harness
Auk (electrical gradient energy) and conduct a significant num-
ber of K* for every H" in the synthesis of ATP. Specifically, our
finding is supported by the following evidence: 1) under physi-
ological pH = 7.2 and K = 140 mEq/L conditions, purified F;F,
reconstituted in proteoliposomes exhibiting a stable (non-zero)
AV¥p, in the presence of the K gradient, can synthesize ATP
solely driven by the free energy stored in the experimentally-
defined K* gradient by up to ~3.5 K* for every H*; 2) purely

K*-driven ATP synthesis from single F;F, molecules measured
by bioluminescence photon detection could be directly demon-
strated along with simultaneous measurements of unitary K+
currents by voltage clamp, both blocked by specific F, inhibitors,
Vent/Oligo; 3) in the presence of K*, compared to osmotically-
matched conditions in which this cation is absent, isolated
mitochondria display 3.5 or 3.7-fold higher rates of ATP syn-
thesis, at the expense of 2.6- or 1.7-fold higher rates of oxy-
gen consumption in G/M or PCoA, respectively, these fluxes
being driven by a 2.7:1 K*: H* stoichiometry; the excellent
agreement between the functional data obtained from puri-
fied F1F, single molecule experiments and ATP synthase stud-
ied in the intact mitochondrion under unaltered OxPhos cou-
pling by K* presence, is entirely consistent with K* transport
through the ATP synthase driving the observed increase in ATP
synthesis.

Further work from our lab addresses the regulation of K*
transport flux through the ATP synthase by endogenous reg-
ulatory proteins, in addition to pharmacological agents that
have been conventionally used to characterize the mitochon-
drial Karp channel (Juhaszova et al.*). Therein, we provide
evidence of evolutionary convergence of ATP synthase regu-
latory proteins with the emergence of mitochondria to sug-
gest a selection process favoring mechanisms that avoid energy
wastage and improve the activity and efficiency of the ATP
synthase.

As the currency of metabolic energy, the flux of ATP catalyzed
by ATP synthase generates every day (in humans) ~1x10% ATP
molecules, corresponding to a mass of about 80 kg. In other
words, each day we synthesize and recycle the equivalent of our
own body weight in ATP.# In the human heart, the estimated
daily amount of ATP generated (6-35 kg) is much more than its
own weight (~300 g).#12 This entails an extraordinary process
of energy supply-demand matching which occurs at extremely
high rates. The increase in energy demand from rest to max-
imal can be 5- to 10-fold in normal people, depending on the
intensity of physical activity, and reach 20-fold in well-trained
human athletes.*> We propose that the dynamic range of ATP
synthesis flux enabled through the newly discovered K* mecha-
nisms described here, are essential to fulfill to a great extent the
broad span of energy demand needs, matched by the supply of
a highly efficient mechanism of energy generation, and evolu-
tionarily tuned by endogenous regulators from the Bcl2 family
of proteins.

Although what we propose remains fully compatible with
Mitchell’s chemiosmotic mechanism (*?; reviewed in'?), our
findings have major bioenergetic implications (conceptualized
in Figure 6). Electrophysiological measurements indicate that
purified F;F, reconstituted into the lipid bilayer could conduct
up to 3.7 K* for every H' (see section, Measurement of unitary K*
and H* currents from F;F,) in the absence of any other K* con-
ducting pathway (see section, Potassium channel openers acti-
vate K* flux into proteoliposome-reconstituted ATP synthase,
Figure S2 and Figure 1C). The demonstration that F1F, in iso-
lated mitochondria utilizes ~3 K* for every H* transferred, yield-
ing ~2 K* per ATP (based on 8 ions driving the c-ring per 3 ATPs
in mammalian F;F, together with our measurement of ~3:1 K*:
HT), indicates that ATP synthase acts as a K*-uniporter, i.e., the
primary way for K* to enter mitochondria. In isolated mitochon-
dria the major fraction of the total K* flux (likely significantly
exceeding 60% considering the accompanying large differences
in matrix volume changes) is sustained by the ATP synthase
(Figure 5; Figure S4B and D), thus showing that F1F, is a major
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tightly coupled system of energy supply-demand matching through the K* cycle utilizing F1F, because the matrix influx of K* is truly directly proportional to ATP

synthesis.

mitochondrial K* influx pathway. Since K* entry is directly pro-
portional to ATP synthesis and regulates matrix volume and res-
piration, in turn it directs the matching between energy supply
and demand (see further discussion, below). The K* flux can be
enhanced, halted, or even reversed depending on ATP concen-
tration based on thermodynamic energy balance (and the func-
tion of IF,).

Since mammalian ATP synthase is currently believed to be
a machine running exclusively on H*, the present work, for the
first time, to our knowledge, shows that ATP synthase utilizes
~3 K* for every H" to make ATP inside intact cellular mito-
chondria. This K* entry is directly proportional to ATP synthe-
sis (~2 K* per ATP) and regulates matrix volume, and in turn
serves the function of directing the matching of cellular energy
utilization with its production. In particular, an increase in cel-
lular workload leads to an increase in ATP demand (and ADP
accumulation) and an increase in ATP synthase activity which
in turn causes a significant but reversible matrix contraction (Fig-
ure S4 H, I, L, M) which if unopposed by inward K* flux probably
tends to limit respiration and ATP production (Figure S4 L, M). A sud-
den increase in ATP synthase activity causes a transient matrix
K* influx > efflux mismatch (Figure S4 B, D) leading to (osmot-
ically driven) net water retention, which attenuates the degree
of matrix contraction (compare matrix volume dynamics in K*
vs sucrose media, Figure S4 L, M) and supports a better match-
ing of respiratory drive to maintain the increased utilization of
the electrochemical gradient energy by ATP synthase (compare

ATP synthesis capacities in K* vs sucrose media, Figure 5C). Fur-
ther work from our laboratory Juhaszova et al.* presents addi-
tional evidence supporting this mechanism which is the basis of
the regulatory process of volume activation of respiration (e.g.,
as described and characterized in*%°). After a brief time, KHE
catches up restoring K* influx-efflux matching which nulls the
osmotic imbalance and stops additional changes in volume, but
remaining at an elevated matrix volume together with a higher
level of respiratory function to better support OxPhos demands
than if K* were absent (Figure 5A and S4 E-G). When work-
load and ATP consumption return to normal levels, the decrease
in ATP synthase activity and its accompanying proportionally
reduced rate of K* influx causes a transient K* influx < efflux
mismatch causing a reversal of osmotic forces (now outward)
and allowing the matrix volume and respiration to return to
the baseline. These mechanisms lead to improved matrix vol-
ume compensation and regulated respiratory function match-
ing to ATP synthase activity during high workloads which leads
to a ~3-fold increase in ATP output in K* vs sucrose media
(Figure 5C). This explains how these newly described mech-
anisms (Figure 6B) differ from the current dogma (Figure 6A)
whilst still conforming completely to Mitchell’s chemiosmotic
mechanism.*?

Although the mitochondrial ATP synthesis has been discov-
ered almost a century ago®® the precise role of volume changes
in the regulation of mitochondrial metabolism is still elusive
despite having been repeatedly emphasized.*’#° According to
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the results of the present work, K*-driven ATP synthesis plays
a major role in the osmotic regulation of OxPhos. Whether
changes in matrix volume act to enhance respiratory function by
recruiting respiratory chain supercomplex formation (e.g.,>%>1;
reviewed by°2>%) or by other mechanisms yet to be elaborated
(e.g., see discussion of matrix Na* below), is a matter for future
study.

The ability to reproduce our experimental results by indepen-
dent laboratories is another important avenue to gain further
confidence in some of the conclusions presented here, e.g., that
the molecular entity responsible for mKarp channel activity is
ATP synthase. Thus, we sought to provide such independent evi-
dence by examining published papers by other labs reporting the
electrophysiological characterization of the conventionally pre-
pared mKarp. A PubMed literature search revealed eight papers
by five independent labs?%:21:23-27 which provided sufficient mea-
sured parameters allowing us to re-analyze and extract the sin-
gle ion permeability coefficients, Py and Px (cf., Eq. 2 and sec-
tion Measurement of unitary K* and H* currents from F:F,).
Querying the “what if” scenario that both K* and H* permeate
the mKarp, the values (n = 9) extracted from these publications
for the permeability coefficients of both protons (Py) and potas-
sium (Px) provided excellent quantitative agreement with our
data, further supporting our conclusions regarding the identity
of mKarp channel.

Regarding the issue of a transporter (e.g., ATP synthase)
functioning as an ion channel by its biophysically character-
ized electrophysiological behavior (based on the activities we
have measured and extensively verified as not being caused
by a contaminant), this is just the latest example of a growing
list of “classical” transporters that have been identified in the
past 2 decades as having “dual use” because of their accom-
panying channel activity (°%; see also®). Other well character-
ized examples of dual-use transporters with channel behav-
ior include, (i) GABA transporters with cation-permeable chan-
nels,*® (ii) serotonin transporters with Na* channel activity,”’
(iii) norepinephrine transporters with inorganic ion permeable
channels,*® (iv) dopamine transporters with Cl- channel activ-
ity,> (v) certain members of the CIC chloride channel family
which function as H*/Cl- exchangers,®® (vi) Na/K pump with
proton conducting channels,®! (vii) the cystic fibrosis trans-
membrane conductance regulator (CFTR) which operates as a
Cl- channel gated by its ATPase activity,®? (viii) TMEM16 pro-
teins encompassing both Cl~ channel and lipid scramblase activ-
ity,3 (ix) glutamate transporters with Cl- channel activity,%* (x)
the organic anion (prostaglandin) transporter SLCO2A1 that is
a core component of the Maxi-Cl channel,®> and (xi) acetate
transporters with Cl~ channel activity.?®® To this growing and
important list, we add mammalian ATP synthase whose activ-
ity mimics a monovalent cation channel as described herein
(i.e., for H", and at ~1 million-fold lower permeability, K*
(and Na')).

A long debated issue in the chemiosmotic hypothesis has
been about the proton gradient being localized or delocalized
(reviewed by®”). Recently, the use of a ratiometric pHluorin, a
GFP protein pH sensor directed to specific mitochondrial sub-
compartments, has shown the presence of only very small
PH gradients generated in the unstirred layers close to mem-
branes.®® These authors suggest that kinetic coupling involving
a “lateral membrane proton diffusion” between the Auy gen-
erator (respiratory chain) and the ATP synthase, rather than
local proton gradients, may be involved in ATP synthesis. How-
ever, under the conditions used in our planar membranes or
proteoliposomes there are no “generators” of Aug. Thus, the

only driving force for ATP synthesis would be the transmem-
brane gradient of K* and/or H* bulk phases. The experimen-
tal results obtained with intact, functional, mitochondria under
steady state conditions are also consistent with single molecule
and proteoliposome experiments, and can be interpreted with-
out invoking local H* gradients. Ultimately the predictions
from single molecule and proteoliposome-reconstituted exper-
iments are in full agreement with the intact mitochondrial
results.

Recent high-resolution structures of dimeric ATP synthase
from Polytomella alga and bovine mitochondria indicate that
the matrix and luminal half-channels of the proton conducting
pathway are likely hydrated with water molecules all the way to
the positively charged Arg'® (in bovine, and to the correspond-
ing Arg?® in Polytomella) separating these channels. In the recon-
struction of the Polytomella proton channel, the narrowest part
from the luminal half-channel is 4 by 5 A, and the narrowest
part from the matrix half-channel is 4 by 7 A.671 In view of these
results and considering that “water-naked” K* ion has a radius
of 1.33 A (~4 A singly hydrated) and 0.95 A for Na* (3.67 A singly
hydrated), in principle, ion size per se is not a limitation for K*
(or Na*) ion to move through luminal and matrix part of the pro-
ton conducting channel of the ATP synthase. Thus, by extension
of this analysis to mammalian ATP synthase, there would be no
theoretical, strict size-prohibition for the single-hydrated K* or
Na* (in addition to the typical H*) to pass through the mam-
malian ATP synthase hemichannels, which of course is com-
patible with the data presented in the present report. The pre-
cise basis of the relative ion selectivity (~10°-fold for hydrated-
H* over hydrated-K* and -Na't) remains to be determined, but
as with other selective ion channels, it might involve the rel-
ative energy barriers generated by the differences in dehydra-
tion energy, and the degree to which the “solvation environ-
ment” and geometry of functional side chains on the narrow
protein neck of the selectivity filter—where the (likely singly-
hydrated-) ions pass single-file—matches each of the respec-
tive ions’ preferred coordination chemistry at a distance relevant
to favorable (i.e., energy barrier-minimizing) ligand-interactions
(the net effect of which overwhelmingly favors H* transit). The
vast excess of cytoplasmic K* and Na* over H overcomes these
oppositely-biased selectivity factors, and enables the roughly
comparable levels of macroscopic ion fluxes observed for each
of these species.

To exert its inhibitory action, DCCD modifies the F, part of
ATP synthase through a protonated glutamate (E58) in the c-ring.
The protonated requirement for inhibition is corroborated by the
results in Figure 3 in which, under the conditions of exclusive K*
transport, does not enable DCCD current inhibition in the pla-
nar lipid membrane system. A previous report in P. modestum?®
described that, in the presence of Na*t or Li*, ATP synthase was
specifically protected from inhibition by DCCD. E58 is not the
only site of ATP synthase modified by DCCD. Glutamate E203 in
the g-subunitin F; (E199 in’?) can also be modified by DCCD, and
the effects of such modification are unknown. An increase in the
current upon DCCD addition has been observed which, specula-
tively, may result from the interaction of DCCD with E203 (Figure
3). Our observations are consistent with published information,
since an increase in rotation following DCCD addition has been
observed elsewhere.”

Another interesting question is the possible role(s) played by
the likely utilization of a relatively small quantity of Na* (its
free energy across the mitochondrial inner membrane essen-
tially determined by AV, as with K*) by mammalian F1F, to
make ATP at normal cytoplasmic Na* levels. We measured Pna



to be approximately the same as Pk (see section Measurement of
unitary K* and H* currents from F,F,, and Figure 2E), so at cyto-
plasmic Na* levels of 8, 10 or 12 mEqg/L,’*7> we would expect
ATP synthase to conduct ~one Na* for every 5, 4 or 3 H", respec-
tively, during the synthesis of ATP in normally charged cellular
mitochondria (i.e., at AV, magnitudes > 100 mV). At these pos-
sible levels, it might not be a trivial epi-phenomenon, and since
the flux of Na*, like K*, would vary in direct proportion to work-
load and ATP synthase activity, matrix Na* levels could be sig-
nificantly altered in this way, (i) regulating OxPhos via a recently
identified mechanism involving a direct action of matrix Na*
on lipids to change inner membrane fluidity and respiratory
chain function,’® and (ii) biasing mitochondrial NCX activities,
and in turn, factoring as a previously unrecognized workload-
related determinant of matrix Ca?* levels. Since mitochondrial
Ca?* is a significant regulator of several Krebs cycle dehydroge-
nases (reviewed in’’), both of these potential Na* mechanisms
could play direct roles in energy homeostasis, and, for exam-
ple, be important in heart failure where a limitation of energy
production is thought to play a significant pathological role and
cytoplasmic Na* can achieve abnormally elevated levels. This
hypothesis could be the subject of future research.

In conclusion, we demonstrated that mitochondrial ATP syn-
thase utilizes the ion gradient energy not only of H* but also of
K* to drive ATP synthesis, what is likely to be the primary mech-
anism by which mitochondrial function matches energy supply
with demand for all cells in the body. The essential mitochon-
drial homeostatic and pro-survival mechanisms discussed here
and in Juhaszova et al.,* including F1F, operation as a primary
mitochondrial K* uniporter to facilitate energy supply-demand
matching, and as a recruitable mKarp channel to protect from
pathological opening of the mPTP, result from regulated func-
tion of ATP synthase conducting both K™ and H.

METHODS

Detailed methods are provided in the Supplemental Information
Section of this manuscript.

Purification, Characterization and Reconstitution of
F1F,

F1F, was purified according to manufacturer protocol (Mito-
sciences) and reconstituted into liposomes and planar lipid
membranes. Isolated F;F, was characterized by gel elec-
trophoresis using the Novex Bis-tris gel systems under native
and denaturing conditions following the manufacturer proto-
col (Invitrogen). Mice carrying an inactivated Atpifl allele were
obtained from the European Mouse Mutant Archive (EMMA),
bred to homozygosity and are referred to as IF17~ or IF1 depleted.

ATP Measurements

Bioluminescent assays which employ the luciferin-luciferase
ATP-dependent reaction were used to evaluate the ATP produc-
tion by PL.

Electrophysiological Measurements

The Planar Lipid Bilayer workstations (Warner Instruments)
were used to characterize electrophysiological properties of the
reconstituted F1F,,

Simultaneous measurements of unitary K* currents and sin-
gle photon detection of ATP synthesis activity (bioluminescence)
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from reconstituted F,Fo into a lipid hydrogel-hydrogel interface
bilayer formed on a 30-50 um glass pipette are described in SI
Supplemental text.

Membrane Potential Measurements

The potential-sensitive fluorescent probe oxonol VI was used to
monitor F1Fo-generated Ay in a K* gradient using a PTI spec-
trofluorometer (Photon Technology International Inc.).

Statistics

All experiments were performed at least in triplicate, with cell
number greater than 12 in each independent experiment unless
stated otherwise. All data are mean + SEM. Comparisons within
groups were made by an appropriate one-way ANOVA or Student
t test, and P value <0.05 was considered as statistically signifi-
cant.

Supplementary Material

Supplementary material is available at the APS Function online.
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