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Local | Classic | Total
pmf Pmf pmf
(mV) %(mM) | Exchange reduction factor | (mM) | (mV) | (mV) (mV) | Local pmf/classic pmf
50 725 | 7.35 6.84 1.29 5.30 | 306 56 362 5.44
55 725 | 7.35 7.52 1.29 5.83 | 308 61 369 5.04
60 7.25 7.35 8.21 1.29 6.36 | 311 66 377 4.69
65 725 | 7.35 8.89 1.29 6.89 | 313 71 384 4.39
70 725 | 7.35 9.58 1.29 7.42 | 315 76 391 4.13
75 725 | 7.35 10.3 1.29 7.95 | 316 81 398 3.90
80 7.25 7.35 10.9 1.29 8.48 | 318 86 404 3.69
90 725 | 7.35 12.3 1.29 9.55 | 321 96 417 3.34
100 7.25 | 7.35 13.7 1.29 10.6 324 106 430 3.05
110 7.25 7.35 15.0 1.29 11.7 327 116 443 2.81
120 725 | 7.35 16.4 1.29 12.7 329 126 455 2.61
130 725 | 7.35 17.8 1.29 13.8 331 136 467 243
140 7.25 7.35 19.2 1.29 14.8 333 146 479 2.28
150 7.25 7.35 20.5 1.29 15.9 335 156 491 2.15
160 725 | 7.35 21.9 1.29 17.0 337 166 503 2.03
170 7.25 7.35 23.3 1.29 18.0 338 176 514 1.92
180 7.25 7.35 24.6 1.29 19.1 340 186 526 1.83
190 725 | 735 | 26.0 1.29 20.2 341 196 537 1.74
200 725 | 735 | 274 1.29 21.2 343 206 549 1.66

Table2. Mitochondrial protonic motive force (pmf) and the associated properties including local pmf,
calculated as a function of membrane potentialusing Egs. (2 4) based on the measured properties (,

with the known reaction medium compositions of%efe cation concentrations, proton-
cation exchange equilibrium constants and cation exchange reduction factor (1.29) are from Table 1; and the
temperature 310 K. e “local’ pmf is the last term in Eq. (2), while the rst two terms of Eq. (2) give the
“classic” Mitchellian pmf. Adapted and updated from Ref.

Figure 1. e values of total pmf, local pmf and classic pmf in mitochondria calculated as a function of
membrane potential  using the newly formulated pmf expression (Egéd) th comparison with the

minimally required pmf (156 mV) for ATP synthesis and with the redox potential chemical energy upper limit
(228 mV).

(translating to 40.2 kdnol!) for both ATP synthesis and transport together, then the minimally required pmf
would be 113 mV (416 mV/3.67). According to a previous study in functional animalhbsi?t the critical

ATP hydrolysis free energy is approximate.5 kdnol !, which may be translated to a phosphorylation poten-

tial of 658 mV ( 63.5 kdmol/ ). Accordingly, the minimally required pmf for ATP synthesis and transport
together should be 179 mV (658 mV/3.67) in a functional animal cell.
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Note, the phosphorylation potential for ATP synthesis used by Slater®! for his 1967 evaluation of the Mitch-
ellian chemiosmotic hypothesis is+ 15.6 kcal/mol that was measured by Cockrell et al.*” in isolated rat liver
mitochondria. Remarkably, this phosphorylation potential of + 15.6 kcal/mol (translating to 65.3 k] mol™) for
ATP synthesis is quite close to the magnitude of the critical free energy — 63.5 k] mol™ for ATP hydrolysis in a
functional animal heart cell obtained by Wu et al.*>. According to this phosphorylation potential of + 15.6 kcal/
mol (translating to - 65.3 k] mol™! +F = — 677 mV), the minimally required pmf for ATP synthesis in mitochon-
dria should be 254 mV (677 mV/2.67) while the minimally required pmf for ATP synthesis and transport out
of mitochondria would be 184 mV (677 mV/3.67).

To give the most benefits of doubts for the Mitchellian chemiosmotic theory and its associated textbook pmf
equation (Eq. 1), we will use the minimally required pmf of 156 mV for ATP synthesis based on the conservative
value of + 9.6 kcal/mol (translating to 40.2 k] mol™)*® for the phosphorylation potential of ATP synthesis in the
following analysis. As shown in Fig. 1, the total pmf including the contribution from TELP is well above the mini-
mally required value of 156 mV to synthesize ATP, while the Mitchellian pmf is below this minimally required
pmf at any of the Ay values below 150 mV. This result indicates that the classic Mitchellian chemiosmotic theory
could hardly explain the energetics even in mitochondria as noticed previously also by an independent study*.
The mitochondria membrane potentials in a range from 40 to 140 mV have been determined in vivo in living
human fibroblast cells with the techniques of fluorescence microscopic imaging and deconvolution®. It is now
quite clear that the classic pmf alone cannot explain how the living cells are able to synthesize ATP and grow; In
contrast, the synthesis of ATP and cell growth can now be well explained by the total pmf (Fig. 1) as calculated
according to the TELP theory"»*>713,

Based on the in vivo measurement by Zhang et al.*®® using “fluorescent dye tetramethylrhodamine methyl
ester” (which equilibrates between mitochondria and cytosol in living cells), the distribution of the mitochondrial
membrane potentials in fibroblasts was determined to be mostly about 56 mV when the mean cytosolic dye fluo-
rescent intensity was used as a threshold. With a somewhat higher threshold (“mean + SD”) in their analysis®, the
mitochondrial membrane potential (A1) values in fibroblasts and “N2a” cells were reported to be 105+0.9 mV
and 81 £0.7 mV, respectively. At any of these reported mitochondrial membrane potential (Ay) values (56 mV,
105+0.9 mV, and 81 +0.7 mV), the classic pmf value as presented in Fig. 1 is below the minimally required pmf
value of 156 mV to drive ATP synthesis. That is, the “ApH, ., is only ~0.11” observed by Chinopoulos et al.®' can
be translated to a delocalized pmf of no more than 6.8 mV; with these low mitochondrial membrane potential
(A1) values, the total classic pmf values are no more than 63 mV, 112+0.9 mV, and 88 + 0.7 mV, which are all
below the minimally required pmf of 156 mV to drive ATP synthesis. Therefore, the Mitchellian chemiosmotic
theory and its pmf equation (Eq. 1) clearly failed to explain how the mitochondria can make ATP through oxida-
tive phosphorylation to support the cell growth here.

An independent experimental study by Akhmedov et al.3¢ showed that “the resting matrix pH was only 0.19
pH units higher than the cytosolic pH”, which is remarkably similar to the observation of “ApH,,, is only ~0.11”
by Chinopoulos et al.*. If this ApH of 0.19 (translating to a delocalized pmf of 12 mV) is used to calculate pmf
(with the mitochondrial membrane potential (A1) values of 56 mV, 105+0.9 mV, and 81+0.7 mV), the total
classic pmf values would then be 68 mV;, 117 £0.9 mV, and 93+ 0.7 mV, all of which are also below the minimally
required pmf value of 156 mV to drive ATP synthesis. Again, the Mitchellian chemiosmotic theory and its pmf
equation (Eq. 1) clearly failed to explain how the mitochondria can make ATP through oxidative phosphoryla-
tion to support the cell growth here.

Akhmedov et al.* further showed that “during glucose stimulation (increasing the glucose concentration from
2.5 to 16.7 mM), mitochondrial matrix pH in the insulin-secreting INS-1E cells increased from pH 7.25 +0.04
to 7.78 £0.02” and “fifteen minutes after initiation of the glucose response, the ApH increased 3.5-fold to 0.66”
If this high glucose-stimulated ApH of 0.66 (translating to a delocalized pmf of 40 mV) is used with the mito-
chondrial membrane potential (Ayr) values (56 mV, 105+0.9 mV, and 81 +£0.7 mV), the total classic pmf values
would then be 106 mV, 145+0.9 mV; and 121 £0.7 mV; all of them are still below the minimally required pmf
value of 156 mV to drive ATP synthesis. Therefore, once again, the classic Mitchellian chemiosmotic theory and
its pmf equation (Eq. 1) again failed to explain how the mitochondria can make ATP to support the cell growth.

These findings are well corroborated with the mysterious problem previously noticed by Silverstein (2014) as
a “thermodynamic efficiency of 113%” in mitochondria at a membrane potential of around 80 mV*. According
to the classic pmf equation (Eq. 1), to avoid the “impossibly high efficiency (>100%)” for mitochondria, one
would have to “adjust” the bulk-phase “ApH (in-out)” to an arbitrary value of at least “+2.5”. However, it is
now quite clear that the bulk-phase ApH (in-out) is nearly zero: “ApH,,, is only ~0.11” based on the modern
experimental measurements®! and modeling analysis of mitochondria®”. The observed bulk-phase ApH of nearly
zero in mitochondria®! is also corroborated with the prediction from the transmembrane electrostatic proton
localization theory>>’~° with the understating that mitochondrial inner membrane is rather impermeable to
ions®®¥. Another independent study using a pH-sensitive GFP® has recently also showed “that the intracristae
lumen does not provide a reservoir for substrate protons for ATP synthesis” indicating “kinetic coupling of the
respiratory chain with ATP synthase, but not proton gradients, drives ATP production in cristae membranes”

Note, the data in Table 2 and Fig. 1 show that the classic pmf value would be above the minimally required
pmf of 156 mV only if the mitochondrial membrane potential is above 150 mV. In some of the recent literatures®',
the bulk-liquid phase ApH across the mitochondrial inner membrane was believed to be typically less than 0.5
unit, such as “the resting matrix pH (~7.6) and ApH,,, (~ 0.45) of HeLa cells at 37 °C” reported by Poburko et al.*2.
In that case, only when the mitochondrial membrane potential is above 130 mV;, the classic pmf value would be
above the minimally required pmf (156 mV). This is an interesting feature, since it can probably explain why it
took so long in the last 50 years for the scientific community to fully realize the problems with the Mitchellian
chemiosmotic theory including its pmf equation (Eq. 1). For example, like in the parable of “the blind men and
an elephant” where a blind man touching the side of an elephant body may passionately feel the elephant “is a
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Figure 2. ATP production rate in isolated mitochondria experimentally measured as the steady-state ATP
efflux rate mediated through the adenine nucleotide translocase (ANT) with mitochondrial membrane potential
(A1) manipulated to various values in a range from 60 to 160 mV at various matrix pH (pHi) values in isolated
rat mitochondria energized with “5 mM K-glutamate and 5 mM K-malate” in the presence of dissolved O,.
Adapted from Chinopoulos et al.*™.

wall’”, some of the readers especially those who may have been fully occupied by the classic Mitchellian chemi-
osmotic theory looking at these classic pmf data points above the 156 mV level (Table 2 and Fig. 1) such as a
classic pmf value from 186 to 196 mV at a membrane potential (A1) from 180 to 190 mV previously reported
in isolated mitochondria®** could still feel hard to judge whether the Mitchellian chemiosmotic theory really
has deficiencies or not.

‘We now know that, even at the high membrane potentials (A1) such as 190 and 200 mV, its associated classic
pmf value 196 and 206 mV as shown in Table 2 actually are still below the minimally required pmf of 254 mV
(677 mV/2.67) for ATP synthesis in mitochondria, according to the phosphorylation potential of +15.6 kcal/
mol (translating to — 677 mV) used by Slater®’.

Anyhow, a good theory should be able to explain the bioenergetics with a full range of scientific data, for
example, in the entire range of mitochondrial membrane potential (Ayr) values from 50 up to 200 mV, not just
at the high membrane potential above 150 mV. Furthermore, the in vivo mitochondrial membrane potential
(Ay)79>% values are mostly below 150 mV including 56 mV, 105+ 0.9 mV, and 81 £0.7 mV reported by Zhang
etal.®® 91+11 mV and 81 +13 mV measured by Gurm et al. (2012) using the techniques of 4-['*F]fluorophe-
nyltriphenylphosphonium and in vivo positron emission tomography (PET) measurement®, and also 114 mV
and 123 mV measured in swine and human respectfully using an improved PET-based method by Alpert et al.”
and by Pelletier-Galarneau et al.”!. We now understand that the classic Mitchellian chemiosmotic theory and its
pmf equation (Eq. 1) cannot explain the mitochondrial energetics of oxidative phosphorylation in living cells
because it fatally misses to account for the pmf contribution from TELP>"13,

As shown in Table 2 and Fig. 1, the local pmf from TELP was calculated to be a range from 306 to 343 mV,
which is a function of the membrane potential (A) in a range from 50 up to 200 mV. The total pmf is the sum
of the classic pmf and local pmf, which in this case is in a range from 362 to 549 mV. The use of the local pmf
(and the total pmf) can now easily explain how mitochondria are able to synthesize ATP since they are all well
above the minimally required pmf of 156 mV at any of the mitochondrial membrane potential (A1) values in the
entire range from 50 to 200 mV. Thus, the newly formulated pmf expression in Eqgs. (2-4) consistently provides
an excellent elucidation for the energetics of oxidative phosphorylation in mitochondria without requiring any
arbitrary adjustment in the number of the bulk-phase “ApH (in-out)” that the previous study*® with the classic
Mitchellian doctrine had to require.

This new elucidation for the energetics in mitochondria can now also be well corroborated with the experi-
mental results from the measurements of ATP production as a function of membrane potential (Ayr) during
the state 3 after the addition of ADP in isolated rat mitochondria under oxidative phosphorylation experimental
conditions®!. Figure 2 presents the ATP production rate measured as the steady-state ATP efflux rate mediated
through the adenine nucleotide translocase as a function of mitochondrial membrane potential (Av) manipu-
lated through titration using uncoupler SF 6847 during the state 3 to various A values in a range from 60 to
160 mV at various matrix pH (pHi) values in isolated rat mitochondria energized with 5 mM K-glutamate and
5 mM K-malate in the presence of dissolved O,, as reported previously in great details®’. As shown in Fig. 2, the
oxidative phosphorylation ATP production through the activity of mitochondrial ATP synthase is indeed still
going on even in the low membrane potential range (60-150 mV) as predicted by the newly calculated pmf data
(Table 2 and Fig. 1) using the newly formulated pmf equations (Eqs. 2—4) where the total pmf values owning to
the effect of TELP are still well above the minimally required pmf of 156 mV for ATP synthesis. Furthermore, the
observed pattern of the ATP efflux rate which decreases as mitochondrial membrane potential (Ar) is reduced
(Fig. 2) is generally also in agreement with the pattern of the total pmf including the local pmf that is a function
of the membrane potential (Ay) as shown in Fig. 1.
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Under the experimental conditions of Fig. 2, based on the known metabolic pathways®’~1%!, the conversion
of a fed glutamate molecule to a-ketoglutarate and finally to oxaloacetate through part of the tricarboxylic acid
(TCA) cycle in mitochondria could produce 1 FADH, plus 3 NADH (1 NADH from glutamate to a-ketoglutarate
and 2 NADH from a-ketoglutarate to oxaloacetate) and an ATP by substrate-level phosphorylation (at the step
from succinyl-CoA to succinate), while the use of a fed malate molecule to oxaloacetate with the TCA cycle can
produce at least 1 NADH. The use of 4 NADH and 1 FADH, through the mitochondrial oxidative phosphoryla-
tion process could synthesize and transport 12.5 ATP [(4 NADH x 10 protons/NADH + 1 FADH X 6 protons/
FADH,) / (3.67 protons/ATP)] out of mitochondria via the adenine nucleotide translocase. That is, the measured
steady-state ATP efflux rate (Fig. 2) apparently is contributed mainly by the ATP production from the oxidative
phosphorylation process. Merely a small fraction (1/13.5 x 100% =7.4%) of the ATP production could be from the
substrate-level phosphorylation of the TCA cycle, although the percentage from the substrate-level phosphoryla-
tion could be higher than 7.4% when the mitochondrial membrane potential (A1) is reduced to an extremely
low level (near or below 60 mV) by titration using large amounts of uncoupler SF 6847.

Therefore, the newly calculated pmf data including the local pmf (Table 2 and Fig. 1) in conjunction with the
experimentally measured ATP production (Fig. 2) have now clearly showed that ATP synthesis through oxidative
phosphorylation by mitochondrial ATP synthase can indeed occur at alow membrane potential (Ay) anywhere
in a range from about 60 to 150 mV. This finding is remarkably in line with the independent observations of
mitochondrial membrane potentials in living cells being mostly about 56 mV, 105+0.9 mV and 81+0.7 mV*®,
91+11 mV and 81+ 13 mV®, and also 114 mV”° and 123 mV”! where apparently significant amounts of ATP
are synthesized at such low mitochondrial membrane potentials to support the growth and activities of the
living cells. That is, this new understanding may have major scientific implications with significant insights in
explaining how ATP can be synthesized through mitochondrial ATP synthase with the effect of TELP at such
remarkably low mitochondrial membrane potentials (Ay about 56 mV, 105+£0.9 mV and 81+£0.7;91+11 mV
and 81 +13 mV, and also 114 mV and 123 mV) in the living cells®*-7.

TELP utilizing mitochondrial environmental heat energy for ATP synthesis: a thermotrophic
feature? As presented in Table 2 and Fig. 1, all the total pmf values calculated through Egs. (2—4) for mito-
chondria are well above the minimally required pmf value for ATP synthesis; Thus, the ATP synthesis in mito-
chondria can now be well explained for the entire range of membrane potential (A1) from 50 to 200 mV. How-
ever, it is surprising that many of these pmf values (such as 362, 369, 391, 404, 430 and 455 mV) are significantly
larger than the “redox potential energy pmf upper limit (228 mV)” that could be maximally accounted for by
“the redox-driven protonic pump system” based on the redox potential difference (about 1140 mV) “between the
electron donor NADH (E,, ;= —320 mV) to the terminal electron acceptor O, (E, ;= +820 mV)”* as analyzed
previously in regarding to the redox potential chemical energy limit of 228 mV".

Note, this redox potential chemical energy upper limit for the pmf of 228 mV is still smaller than the mini-
mally required pmf of 254 mV (677 mV/2.67) for ATP synthesis in mitochondria, according to the mitochondrial
phosphorylation potential of + 15.6 kcal/mol (translating to — 677 mV)?.. Therefore, it also indicates that there
must be another disparate energy mechanism (which we now know is the thermotrophic feature associated with
TELP herein) to explain the mitochondrial energetics of oxidative phosphorylation.

How could the total transmembrane pmf exceed the mitochondrial chemical energy upper limit (228 mV)?
We now understand that mitochondria can isothermally utilize the environmental heat energy (also known as
the temperature-dependent molecular thermal motion kinetic energy) associated with TELP in “driving the
synthesis of ATP from ADP and Pi through F F,-ATP synthase”. Therefore, mitochondria represent not only a
chemotrophic system but also have a significant thermotrophic feature.

As recently reported®, the formation of a TELP layer apparently constitutes some kind of “negative entropy
effect”®”13 that “brings the excess protons to the mouths of the pmf users (F,F;-ATP synthase) where the protons
can isothermally utilize their molecular thermal motions (protonic thermal kinetic energy kzT) possibly including
their random and chaotic Brownian motions to push through the doors of F F,-ATP synthase in driving ATP
synthesis”. That is, although the thermal energy-associated protonic translational motions (kinetic energy) are
random and chaotic in all directions, “a localized proton at the water-membrane interface” has a much higher
probability to chaotically hit through the mouth (F, protonic channel) of FF,-ATP synthase in driving the
“F, rotary molecular machinery for ATP synthesis” (thus the protonic thermal motion kinetic energy may be
utilized) than “a delocalized proton in the bulk liquid phase that is far away from the protonic users” As shown
with the third term in Eq. (2) “for the local pmf”, the thermotrophic function featured as “the utilization of
protonic thermal kinetic energy kzT” is essentially expressed as “RT (= kT - N,) which equals to the product of
the Boltzmann constant kg, the mitochondrial temperature T and the Avogadro constant N,".

The “delocalized protons” in the mitochondrial cristae bulk liquid phase “are quite far away from the mem-
brane surface”; Thus, the random and chaotic thermal motions of the delocalized protons in the bulk liquid phase
are “not within the striking distance for them to hit into the F,F,-ATP synthase protonic channel to drive the
rotary molecular machinery for ATP synthesis”. As discussed also in the recent publication'®, “the delocalized
protons could also do the work when they are at the liquid-membrane interface near the FiF,-ATP synthase”.
Therefore, “the thermal energy factor RT (=kzT - N,)” is also in the second term of Eq. (2). However, the value

oflog;, < [H;;g] / [H;E;] > was nearly zero in the case of mitochondria; consequently, the delocalized protons in

mitochondria did not significantly contribute to the thermotrophic feature in driving ATP synthesis here.

As pointed out in the recent publication’®, “the protonic bioenergetics systems operate widely in nearly all
organisms known today”. Therefore, this special thermotrophic function associated with TELP “has occurred
probably for billions of years already on Earth”. As presented in Fig. 1, the amount of local pmf as calculated

according to the third term of Eq. (2) quantitatively represents the activity of this amazing thermotrophic
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