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Mitochondrial energetics

with transmembrane
electrostatically localized protons:
do we have a thermotrophic
feature?

James Weifu Lee

Transmembrane electrostatically localized protons (TELP) theory has been recently recognized

as an important addition over the classic Mitchell’s chemiosmaosis; thus, the proton motive force
(pmf) is largely contributed from TELP near the membrane. As an extension to this theory, a novel
phenomenon of mitochondrial thermotrophic function is now characterized by biophysical analyses
of pmfin relation to the TELP concentrations at the liquid-membrane interface. This leads to the
conclusion that the oxidative phosphorylation also utilizes environmental heat energy associated
with the thermal kinetic energy (kzT) of TELP in mitochondria. The local pmfis now calculated to be
in a range from 300 to 340 mV while the classic pmf (which underestimates the total pmf) is in a range
from 60 to 210 mV in relation to a range of membrane potentials from 50 to 200 mV. Depending on
TELP concentrations in mitochondria, this thermotrophic function raises pmf significantly by a factor
of 2.6 to sixfold over the classic pmf. Therefore, mitochondria are capable of effectively utilizing the
environmental heat energy with TELP for the synthesis of ATP, i.e., it can lock heat energy into the
chemical form of energy for cellular functions.

In the past, there was a common belief that the living organisms on Earth could only utilize light energy and/
or chemical energy, but not the environmental heat energy. Consequently, the life on Earth has been classified
as two types based on their sources of energy: phototrophs and chemotrophs. Recently through bioenergetics
elucidation studies with a new transmembrane electrostatic proton localization theory'~ now called also as the
transmembrane electrostatically localized protons (TELP) theory, Lee discovered that certain biosystems such
as alkalophilic bacteria Bacillus pseuodofirmus are capable of utilizing environmental heat energy isothermally
with TELP to help drive ATP synthesis®'*. This discovery indicated that the protonic bioenergetic systems may
have a thermotrophic function that is able to isothermally generate significant amounts of Gibbs free energy from
environmental heat (dissipated-heat energy)®-'%. It naturally raises a fundamentally important question: Do the
mitochondria-powered chemotrophs have a thermotrophic function featured with isothermal environmental
heat energy utilization as well? The answer to this scientific question is now positive!*>13,

This topic is related to Peter Mitchell’s chemiosmotic theory'®-!8, which we now know is not entirely correct
so that it must be revised>*>7%1>19-22_ However, Mitchell’s equation for the “protonic motive force (pmf)” has
entered many textbooks?* % and is typically expressed as

2.3RT
pmf = Ay — = — ApH (1)

Here, the pmf equation’s parameters are the transmembrane potential difference A, the gas constant R, the
absolute temperature T, Faraday’s constant F, and the transmembrane bulk liquid-phase pH difference (ApH)
as defined previously*>*.

Recent studies**>”#1319-22 showed that this Mitchellian textbook pmf equation (Eq. 1) could not really explain
the bioenergetics in many biological systems. The most obvious evidences that clearly invalidate Mitchell’s pmf

equation (Eq. 1) are the well-documented experimental observations of the alkalophilic bacteria (Bacillus
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pseuodofirmus)?’-* that keep “their internal pH about 2.3 units more acidic than the ambient bulk pH while Ay
is about 180 mV”%%1330-32 In this well-documented case, the application of the Mitchellian textbook pmf equa-
tion (Eq. 1) would predict a pmf of only 44 mV that for decades could never really explain how the organisms
can synthesize ATP with such a “small pmf”>>¥3-35,

As previously reported>”'*2-22 another deficiency of Mitchell’s chemiosmotic theory is its failure in address-
ing the legitimate question on whether the protonic coupling pathway for oxidative phosphorylation is localized
at the membrane surface or delocalized throughout the bulk aqueous phase since 1961 when this question was
first raised by Williams**~*3. We now know, Mitchell’s delocalized proton view cannot explain a number of well-
documented experimental results including (but not limited to): (1) The “localized proton coupling characteris-
tics” demonstrated in the “low salt” treated thylakoids of the well-documented Chiang-Dilley experiment*; (2)
The observed mitochondrial “ApH surface component of pmf”*%; (3) The “newly reported lateral pH gradient”
along the mitochondrial inner membrane surface*®; (4) An independent biomimetic study*’ recently also show-
ing a phenomenon of localized protons; and (5) The deficiency of Mitchell’s chemiosmotic theory that could not
fully explain the energetics even in mitochondria and E. coli as recently noticed by Lee and other scientists>'*?>45,

Furthermore, the novel transmembrane electrostatic proton localization (also called as TELP) theory">*7%13
developed recently with biomimetic experimental demonstrations>'?#**° showed how a “protonic capacitor” can
form from excess protons at one side of a membrane with excess hydroxyl anions at the other side of the mem-
brane. Through an effort in revising Eq. (1) to account for the TELP effects, the author has recently formulated a
new pmf equation that showed to result in plenty of pmf for ATP synthesis in alkalophilic bacteria®*!. The newly
developed pmf equation of Ref.? was then applied to systematically elucidate the energetics in alkalophilic bacteria
using the existing experimental data and a refined analysis for the cation exchange with TELP'*!%>2, Surprisingly,
large pmf values were found which substantially exceed the chemical energy upper limit of the redox-driven
protonic pumps'®!>415_ Tt was subsequently uncovered that the alkalophilic bacteria can effectively utilize the
protonic thermal kinetic energy through “TELP at the liquid-membrane interface” in driving the synthesis of
ATP molecules® 11371553,

Biomembrane including the mitochondrial membrane typically carries “negatively-charged surface groups”
at its two sides attracting ions including cations and/or protons and thus forming “electrical double layers™* as
expected by the Gouy-Chapman theory®. As pointed out previously>”'*??, the membrane surface charges are
“fixed” and their attracted ions including the associated electrical double layers are irrelevant to the membrane
potential Ay ; Consequently, the membrane-fixed surface-charges-attracted ions (including the electrical dou-
ble layers) “do not contribute to the pmf”>® in living organisms. The membrane-fixed surface charge-associated
“electrical double layers” are there all the time even before the biomembrane is physiologically energized and
even when the cells including mitochondria are completely dead.

Our recent theoretical studies®>”?* and experimental work®'*#**7 showed a protonic capacitor: the formation
of TELP demonstrated in an anode water-membrane-water cathode biomimetic system'®. The experimental
demonstration of the protonic capacitor provided a proof-of-principle for the creation of TELP, mimicking an
energized biomembrane system such as a mitochondrion in its energized resting state®>. With the TELP theory,
we have successfully elucidated the bioenergetic significance in mitochondrial cristae formation’. The application
of the TELP theory has now also resulted in a novel protonic action potential equation®? based on the protonic
capacitor concept with deep insights for neuronal electrophysiology, that may constitute a complementary devel-
opment to the classic Goldman-Hodgkin-Katz equation?.

Remarkably through our recent study’, we have now, for the first time, calculated the numbers of TELP (trans-
membrane electrostatically localized protons) in a range from 1.84 x 10* to 7.36 x 10* protons per mitochondrion,
corresponding to a range of membrane potential Ay from 50 to 200 mV for a mitochondrion with cristae’. This
is a significant development since it may have important implications in helping address another problem of the
Mitchellian chemiosmotic theory recently exposed by an independent study®®, which finds “that there may be
no more than seven H* ions in total in the whole intermembrane space!” As pointed out by Bal et al.*%, such a
few (<7) protons in the intermembrane/cristae space bulk liquid phase are obviously not sufficient to support
the activities of ATP synthesis in a mitochondrion where “thousands of ATP synthase complexes are considered
to be simultaneously active”. We now understand, it is the large numbers of TELP (in a range from 1.84x 10*
to 7.36 x 10* protons) per mitochondrion that we have just recently calculated apparently play an essential role
in helping driving ATP synthesis’.

More importantly as mentioned above, through the energetics analysis using the TELP theory we
recently discovered that “the alkalophilic bacteria are not only chemotrophs, but also have a thermotrophic fea-
ture that can create significant amounts of Gibbs free energy through isothermal utilization of environmental heat
energy with TELP (protonic thermal motion kinetic energy) to do useful work such as driving ATP synthesis™"’.

What we recently discovered in the protonic energetics of alkalophilic bacteria'? is just a tip of the iceberg.
We now understand that the thermotrophic feature may occur in many protonic bioenergetic systems including
mitochondria, which produce the cellular fuel ATP to support complex life®. In the kingdom of animals including
human, over 90% of cellular energy (ATP) is made by mitochondrial oxidative phosphorylation.

Therefore, in this paper, our updated pmf equation reported in the recent publications>>”!*°! j

1,2,4-7,9,13
>

is now further
extended systematically to calculate the protonic motive force (pmf) and to better elucidate the energetics in
mitochondria, employing our newly determined cation-proton exchange equilibrium constants’ for sodium,
potassium and magnesium, and utilizing the published animal mitochondria experimental data®’.

The study reported in this article is timely, especially, since it has recently been recognized that Mitchell’s
chemiosmotic theory could hardly explain the bioenergetics in mitochondria'">*, For example, Silverstein
(2014) noticed that the pmf calculated from the Mitchellian pmf equation (Eq. 1) would not be enough to drive
ATP synthesis when the mitochondrial membrane potential is around 80 mV*. Another independent study by
Nath® also encountered the problems of the Mitchellian chemiosmotic theory being “inadequate” to explain
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ATP synthesis in biological systems® % and thus proposed an alternative theory of energy transduction®. The

mitochondrial membrane potentials in living cells are now known to be mostly about 56 mV, 105+0.9 mV and
81+0.7mV® 91+11 mV and 81+ 13 mV®, and also 114 mV7° and 123 mV’!. That is, Mitchell’s chemiosmotic
theory and its associated textbook pmf equation (Eq. 1) is not able to explain the protonic energetics even in
mitochondria! This energetic problem of paramount importance will be addressed here in this article employing
the TELP theory'**7*!* with new discovery in analyzing the protonic motive force (pmf) including the local
pmf. Note, pmf can be translated to Gibbs free energy change AG according to a simple relation (AG = —Fpmf)
with the Faraday constant (F). Therefore, the study reported here may represent not only new progress in protonic
bioenergetics, but also the latest discovery on a naturally occurring novel energy phenomenon: the thermotrophic
function featured as isothermal environmental heat energy utilization with TELP to do useful work in driving
ATP synthesis that we now know to occur in the mitochondria of our body as well.

Methods
Newly formulated protonic motive force equations with TELP. The bioenergetic process for oxi-
dative phosphorylation (ATP synthesis) in mitochondria comprises the steps of creating an excess number
of protons on the intermembrane space/cristae side of the mitochondrial inner membrane accompanied by a
corresponding number of hydroxyl ions on the matrix side>'® typically, through the respiratory redox-driven
electron-transport-coupled proton pumps across the mitochondrial inner membrane’. According to the TELP
theory">*7%1322 the excess positively charged protons in the aqueous liquid on the intermembrane space/cris-
tae side of the mitochondrial inner membrane will electrostatically become localized at the liquid-membrane
interface, attracting an equal number of excess negatively charged hydroxyl anions to the other side (matrix) of
the mitochondrial inner membrane to form a “protons-membrane-anions capacitor structure”. This theory is
built on the fundamental understanding that liquid water can act as a protonic conductor, which is well in line
with the knowledge that protons quickly transfer among water molecules by the “hops and turns” mechanism
first outlined by Grotthuss™".

Therefore, a newly formulated equation for the protonic motive force (pmf) across a biomembrane consider-

ing TELP was introduced more recently through the author’s latest publications™”'*% as
2.3RT 2.3RT
pmf = Ay + F log;, ( [H;%] / [H;rBD + 3 log,o <1 + [Hﬂ / [H;%]) (2)

Here A is the “membrane potential from the p-side to the n-side” as defined by Mitchell’®”’, Nicholls and
Ferguson®>?% [H;" ] is the TELP concentration at the liquid-membrane interface on the positive (p) side of the

membrane; H;E;
of mitochondria); and [H,; ] is the “proton concentration in the bulk liquid n-phase” (matrix in mitochondria)®.
The first two terms of Eq. (2) comprise the “Mitchellian bulk phase-to-bulk phase proton electrochemical poten-
tial gradients” that we now call as the “classic” pmf, equivalent to that of Eq. (1); whereas the last term accounts
for the “local” pmf from TELP at the liquid-membrane interface”'>. o
For a protonic capacitor, as reported previously>>”1%225!, the ideal TELP concentration [H; ] on the positive
(p) side of the membrane is a function of the transmembrane potential Ay as expressed in the following equation:
o C Ay
Hi1 =— — 3
H =< 3)

is the “proton concentration in the bulk aqueous p-phase” (intermembrane space in the case

where C/S is “the specific membrane capacitance per unit surface area’, I is “the thickness of the localized proton
layer”2.

In mitochondria, non-proton cations in the bulk aqueous liquid phase can exchange with TELP at the liquid-
membrane interface and thereby reduce TELP concentration. To account for the exchanging effect, this study
employed the following equation developed recently also by Lee for the steady-state TELP concentration [H;' |
in consideration of cation-proton exchange with each of the cation species MI’, 5 of the bulk liquid p-phase at the
equilibrium state as reported in the recent publications>>”1%2251,

7]
Mzﬂ (4)
" {Kp i 1
i=1 { Pi { H;B } + }

Here {M‘;ﬂ is the non-proton cation concentration in the bulk liquid p-phase, and Kp; is the equilibrium constant

H] =

for the cation to exchange with TELP. The equilibrium constant Kp; is defined (and can be experimentally meas-
ured) as the ratio of the delocalized proton concentration H;i; to the cation concentration MI’;E in the bulk
aqueous p-phase when the cation-proton exchanging process reaches the midpoint at an equilibrium state where
the steady-state TELP concentration [HL+ |is equal to the localized cation concentration M}ﬂ at the liquid-

membrane interface’.

Note, each of the physical quantities appearing in Eqs. (2—4) may, in principle, be determined through experi-
mental measurements. There are “no freely adjustable parameters”. The calculations with Eq. (3) here used “C/S
=13.2 mf/m? as an averaged membrane capacitance based on measured experimental data”® and “/ = 1 nm as
a reasonable thickness of TELP layer” as previously explained in Ref.>>"!131922,
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Cation species species concentration
iy DT Exchange equilibrium constant Kp;

B
Na* 10 mM 5.07x10 1.01
K* 128 mM 6.93x107® 1.16
Mg** 1.0 mM 5.42x107° 1.10

Total product of cation exchange reduction factors:

[T Kp(%) 1 1.29

Table 1. The total product (1.29) of cation exchange reduction factors calculated from experimental cation
concentrations in the bulk liquid reaction medium for mitochondria (as reported in Ref.>”¢!), their associated
cation-proton exchange equilibrium constants, and cation exchange reduction factors for TELP concentration
at the liquid-membrane interface with the bulk liquid reaction medium pH ;5 = 7.25. Adapted from Ref’.

In the work reported in the next section, the TELP bioenergetics analysis with Eqgs. (2—4) is extended to
mitochondria not only by making a better treatment for cation-proton exchange®*, but also by incorporating
this treatment to calculate the total pmf (including both the “classic” and “local” pmf values) for the measured

values for Ay, [ A B], and [H ;55] using the well-documented animal mitochondria experimental data®'.

Cation exchange reduction factors on TELP. In the experimental study of “mitochondrial ATP-ADP
exchange” by Chinopoulos et al.®!, “mitochondrial membrane potential A was measured in a range from 60 to
160 mV using fluorescence quenching with a cationic dye owing to its accumulation in energized mitochondria”.
The Chinopoulos et al. experimental results demonstrated the synthesis of ATP that was measured as the “ATP
efflux rate” at a membrane potential Ay as low as 60 and 80 mV. Furthermore, their experimental work®! also
demonstrated that “there is essentially no or little bulk-phase pH difference” between the matrix and the inter-
membrane space: the “ApH,,,, is only ~0.11" That is, under the given reaction medium pH 7.25 (pH ), mito-
chondria matrix pH was about 7.35 (pH ) during the state three. Another independent study” also c0n51stently
showed that the mitochondria matrix pH is about 7.3, which essentially is identical to that of the cytosol. These
experimental observations are well corroborated with the Lee team’s “experimental results from a biomimetic
anode water-membrane-water cathode system where the bulk-phase liquid pH in the anode liquid chamber was
observed to be essentially about the same as that in the cathode liquid chamber before and after energization by
excess protons at one side of the membrane and excess hydroxyl anions at the other side”*®!**. Therefore, the

“measured experimental parameters (data) of the reaction medium pH 7.25 (pH ,p) and mitochondria matrix
pH 7.35 (pH,3) during the state three as reported by Chinopoulos et al”' are employed in the biophysical
analyses here as previously reported>”.

The concentrations of the bulk liquid-phase cations Na*, K*, and Mg?* in the mitochondria are listed in
Table 1 (adapted from Ref.’). As recently reported>”, Table 1 presents the value for each of the cation-proton
exchange constants Kp; for Na*, K*, and Mg?* used in the calculation. More importantly, it shows the “calculated
cation exchange reduction factors of TELP concentration for pH g = 7.25, which was the liquid medium pH
used in the mitochondrial membrane potential (A1) measurement experiment”®. It also shows that “the total
product of these factors (total cation exchange reduction factor in the denominator of Eq. (4)) is 1.29, which is
close to one, indicating a relatively small role of cation-proton exchange in modulating TELP concentration at
the liquid-membrane interface in mitochondria”>’

Results and discussions

Contribution from TELP to mitochondrial pmf. Transmembrane electrostatically localized protons
(TELP) significantly contribute to the total protonic motive force (pmf) that can be translated to Gibbs free
energy change (AG = —Fpmf). Table 2 lists the values of mitochondrial pmf and the associated properties cal-
culated as a function of transmembrane electrical potential difference A using Eqs. (2—4) under the given reac-
tion medium pH 7.25 (pH ,p), mitochondria matrix pH 7.35 (pH, ) and taking cation-proton exchange into
account as described above. The calculated pmf as a function of the transmembrane potential A is displayed in
Fig. 1, in comparison with the classic and local pmf contributions. These results showed that TELP dominantly
contribute to the overall strength of pmf.

A pmf of at least 156 mV is required to overcome the mitochondrial phosphorylation potential of —416 mV
(-9.6x4.187 + F) as calculated from the Gibbs free energy change (AGrp) of +9.6 kcal/mol reported in Ref.*88081
for ATP synthesis through oxidative phosphorylation with a proton-to-ATP ratio of 8/3 (416 mV/2.67 =156 mV).
The proton-to-ATP ratio of 8/3 is consistent with the animal mitochondrial F F,-ATP synthase structure, which
has 3 catalytic sites for ATP synthesis, driven by a flow of 8 protons per revolution through the 8 c-subunits in
its rotary molecular machinery®®$2-4,

In consideration of an additional proton being used in the transport of Pi and ADP into, and of ATP out
of, the mitochondrial matrix, the overall H*/ATP stoichiometry is increased by 1 to account for the additional
proton (2.67 + 1 =3.67). If the mitochondrial phosphorylation potential is conservatively assumed as—416 mV
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Local | Classic | Total

Ay [Hz'] pmf Pmf pmf

(mV) | pH 8 | PH,up [H 2’] °(mM) | Exchange reduction factor | (mM) | (mV) | (mV) (mV) | Local pmf/classic pmf
50 7.25 7.35 6.84 1.29 5.30 306 56 362 5.44
55 7.25 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 7.25 7.35 8.89 1.29 6.89 313 71 384 4.39
70 7.25 7.35 9.58 1.29 7.42 315 76 391 4.13
75 7.25 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 7.25 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 7.25 7.35 16.4 1.29 12.7 329 126 455 2.61
130 7.25 7.35 17.8 1.29 13.8 331 136 467 2.43
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 7.25 7.35 21.9 1.29 17.0 337 166 503 2.03
170 7.25 7.35 233 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 7.25 7.35 26.0 1.29 20.2 341 196 537 1.74
200 7.25 7.35 274 1.29 21.2 343 206 549 1.66

Table 2. Mitochondrial protonic motive force (pmf) and the associated properties including local pmf,
calculated as a function of membrane potential Ay using Eqs. (2-4) based on the measured properties (pH ,,
pH 5, Ay) with the known reaction medium compositions of ref.’". The cation concentrations, proton-
cation exchange equilibrium constants and cation exchange reduction factor (1.29) are from Table 1; and the
temperature T=310 K. The “local” pmf is the last term in Eq. (2), while the first two terms of Eq. (2) give the
“classic” Mitchellian pmf. Adapted and updated from Ref..

Total pmf

Local pmf

e A

A A

BOO—M

250 ~ Redox potential energy limit

pmf (mV)

1 Minimally required pmf

Classic pmf

T T T T T

T T T T
60 80 100 120 140 160 180

Membrane Potential (mV)

Figure 1. The values of total pmf, local pmf and classic pmf in mitochondria calculated as a function of
membrane potential Ay using the newly formulated pmf expression (Eqgs. 2—4) in 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 k] mol™) 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 animal heart cells®, the critical
ATP hydrolysis free energy is approximately —63.5 k] mol™, which may be translated to a phosphorylation poten-
tial of — 658 mV (- 63.5 k] mol™'/F). 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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function isothermally utilizing environmental heat energy associated with TELP. That is, the following local
pmf equation has fundamental scientific significance in relation to the thermotrophic function featured as the
“isothermal environmental heat energy utilization” with TELP.

localpmf = 2'Slleog10 (1 + [H;]/ [H;E?D (5)

According to Eq. (5), this special protonic thermotrophic function is mathematically related to the ratio
(H1/ H;}a]g) of TELP concentration |[H;" | at the liquid-membrane interface to the bulk-phase proton concen-

tration | H ;% in the intermembrane space/crista space at the same p-side of the mitochondrial inner membrane,
which is quite surprising.

When the TELP-associated thermotrophic activities utilize mitochondrial environmental heat energy (kzT)
in driving the molecular turbine of FyF,-ATP synthase for the synthesis of ATP from ADP and Pi, as discussed
also in the recent publication'® “a fraction of the environmental heat (k;T) energy may consequently be locked
into the chemical form of energy in ATP molecules; and it would thus result in a small drop in the environmental
temperature theoretically because of the TELP-associated isothermal environmental heat utilization” However,
in mitochondria and the cells, “there are many other processes (including the glycolysis, tricarboxylic acid cycle,
and the redox-driven proton-pumping electron transport activities as well as the ATP utilization processes such
as ATP hydrolysis) releasing heat energy, which could mask the thermotrophic function that features as the
isothermal environmental heat energy utilization process”. Therefore, the energetic phenomenon in mitochon-
dria (and the cells) may likely represent an interconnected mixture of both the chemotrophic processes and the
thermotrophic processes. This subtle complexity could probably also explain why it took so long for the human
beings on Earth to finally understand and figure it out here.

Based on the phosphorylation potential of + 15.6 kcal/mol (translating to— 65.3 k] mol™ +F = —677 mV) pre-
viously used by Slater® that is remarkably 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.**, the energy efficiency for the utilization of
total pmf (including local pmf) in driving the synthesis of ATP can now be estimated. For example, according to
the data in Table 2, at a mitochondrial membrane potential of 100 mV where the total pmfis 430 mV (including
the local pmf of 324 mV), the energy efficiency for the utilization of total pmf in driving the synthesis of ATP
is now estimated to be about 60% (677 x 100%/(2.67 x 430)), which thermodynamically appears to be a quite
reasonable energy conversion efficiency. This also indicates that a substantial portion of the total pmf energy
including the local pmf energy from TELP associated with the isothermal utilization of the mitochondrial envi-
ronmental heat-related molecular motion kinetic energy (ksT) can indeed be locked to the ATP chemical energy.

Therefore, the discovery of thermotrophic feature isothermally utilizing environmental heat energy reported
here “may have profound scientific and practical implications in bettering the fundamental understanding of
bioenergetics and energy renewal” as recently pointed out for sustainable development on Earth®. With the new
knowledge learned from this study, it may be possible to have the benefits of “mimicking this biophysical molecu-
lar scale process to create a new way in producing useful energy by isothermally utilizing the environmental heat
energy from the ambient environment”®*!%2 It may also have scientific implications on the questions of who we
are and how life began on Earth in terms of protonic bioenergetics. We now know that “water serves not only
as a solvent and a substrate, but also as a protonic conductor” in living organisms including mitochondria®”.
The thermotrophic function isothermally utilizing environmental heat energy discovered herein was previously
believed to be impossible for centuries. We now understand it is water as protonic conductor and consequently
the formation of a protonic membrane capacitor with TELP that makes this thermotrophic function possible.

Conclusion with the discovery. The classic Mitchellian chemiosmotic theory and its textbook pmf
equation (Eq. 1) cannot fully explain the energetics even in mitochondria. The TELP theory"**>”*!* with our
updated pmf equations (Eqgs. 2—5) can now fully elucidate the energetics of “oxidative phosphorylation in mito-
chondria” for the entire range of membrane potential (A) from 50 to 200 mV (Table 2 and Fig. 1). Through
this study, we have now identified a novel thermotrophic function featured as “the isothermal utilization of
environmental heat energy associated with the thermal motion kinetic energy of TELP in driving the synthesis
of ATP” in mitochondria.

It is now, for the first time, numerically showed that the local pmf associated with TELP isothermally utiliz-
ing their environmental thermal motion kinetic energy represents about 75% of the total pmf which is the sum
of the classic pmf and local pmf. The local pmf is now calculated, for the first time, to be in a range from 300 to
340 mV while the classic pmfis in a range from 60 to 210 mV in mitochondria with membrane potentials in a
range from 50 to 200 mV, respectively. Apparently, a substantial fraction of the “environmental heat energy (kzT)”
associated with TELP is “locked into the chemical form of energy in ATP molecules”

Therefore, it is now quite clear that the low-grade environmental heat energy (i.e., the thermal motion kinetic
energy of TELP) associated with the 37 °C human body temperature can be isothermally utilized by mitochondria
“to perform useful work driving the synthesis of ATP”. As shown in an example with a transmembrane potential
of 100 mV, mitochondria obtain as much as 324 mV (translating to the Gibbs free energy change of — 31 kJ/mol)
oflocal pmf through isothermally utilizing environmental heat (protonic thermal motion kinetic energy), which
surprisingly represents 75% of the total pmf (430 mV, translating to the Gibbs free energy change of —41 kJ/
mol); and only 25% is from the classic Mitchellian pmf component (106 mV, translating to the Gibbs free energy
of — 10 kJ/mol). Consequently, we human as a mitochondria-powered organism is not only a chemotroph but
also has a significant thermotrophic feature isothermally utilizing environmental heat energy in our human body
environment to do work such as ATP synthesis.
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Thermotropy of cells utilizing environmental heat energy was previously thought to be impossible for cen-
turies. We now understand it is water as protonic conductor and thus the formation of protonic membrane
capacitor that makes this thermotrophic feature possible. The energy efficiency for the utilization of total pmf
in “driving the synthesis of ATP” is estimated to be about 60%, which again indicates a considerable fraction
of the mitochondrial “environmental heat energy” associated with the thermal motion kinetics energy (kzT) of
TELP being “locked into the chemical form of energy in ATP molecules”. Therefore, this discovery may have
profound scientific implications.

Quite clearly, one of the immediate scientific implications from this discovery is that we human as a mito-
chondria-powered organism is not only a chemotroph, but now understandably also carries a significant ther-
motrophic feature!

Data availability

All data generated or analyzed during this study are included in this published article and its Supplementary
Information (xls efile of excel spreadsheet showing how the protonic motive forces were calculated) available
online at the journal website.

Received: 7 February 2021; Accepted: 7 June 2021
Published online: 16 July 2021

References
1. Lee, J. Proton-electrostatics hypothesis for localized proton coupling bioenergetics. Bioenergetics 1(104), 1-8. https://doi.org/
10.4172/2167-7662.1000104 (2012).
2. Lee, ]. Proton-electrostatic localization: Explaining the bioenergetic conundrum in alkalophilic bacteria. Bioenergetics 4(121),
1-8. https://doi.org/10.4172/2167-7662.1000121 (2015).
3. Saeed, H. & Lee, J. Experimental determination of proton-cation exchange equilibrium constants at water-membrane interface
fundamental to bioenergetics. WATER J. Multidiscip. Res. J. 9, 116-140. https://doi.org/10.14294/WATER.2018.2 (2018).
4. Lee, ]J. W. A possible electrostatic interpretation for proton localization and delocalization in chloroplast bioenergetics system.
Biophys. ]. 88, 324a-325a (2005).
5. Lee, ]. W. Electrostatically localized proton bioenergetics: better understanding membrane potential. Heliyon 5, €01961. https://
doi.org/10.1016/j.heliyon.2019.e01961 (2019).
6. Lee,]. W. Electrostatically localized protons bioenergetics over Mitchell’s classic chemiosmotic theory. Biochem. Mol. Eng. 2, 4.
https://doi.org/10.4172/2161-1009.51.002 (2013).
7. Lee, ]. W. Protonic capacitor: Elucidating the biological significance of mitochondrial cristae formation. Nat. Res. J. Sci. Rep. 10,
10304. https://doi.org/10.1038/s41598-020-66203-6 (2020).
8. Lee, J. Localized excess protons and methods of making and using the same. United States Patent Application Publication No.
US 20170009357 A1, 73pp. (2017).
9. Lee, ]. W. Localized excess protons and methods of making and using same. USA patent No. US 10,501,854 B2 (2019).
10. Lee, J. W. Physical chemistry of living systems: Isothermal utilization of latent heat by electrostatically localized protons at
liquid-membrane interface. Biophys. J. 116, 317a. https://doi.org/10.1016/j.bpj.2018.11.1719 (2019).
11. Lee, J. W. New finding in oxidative phosphorylation: Isothermal utilization of latent heat energy by electrostatically localized
protons at liquid-membrane interface. FASEB J. 33, 412. https://doi.org/10.1096/fasebj.2019.33.1_supplement.485.12 (2019).
12. Lee, J. Proton motive force computation revealing latent heat utilization by localized protons at a liquid-biomembrane interface.
Abstr. Pap. Am. Chem. S 255, 2 (2018).
13. Lee, J. W. Isothermal environmental heat energy utilization by transmembrane electrostatically localized protons at the liquid-
membrane interface. ACS J. Omega https://doi.org/10.1021/acsomega.0c01768 (2020).
14. Lee, J. New discovery in energetics: Isothermal utilization of latent heat enthalpy by electrostatically localized protons at liquid-
membrane interface. Abstr. Pap Am Chem S 257, 2 (2019).
15. Lee, J. Mitochondrial energetics with electrostatically localized protons: Do we have a thermotrophic feature?. Abstr. Pap. Am.
Chem. $257,2 (2019).
16. Mitchell, P. Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmotic type of mechanism. Nature 191,
144-148 (1961).
17. Mitchell, P. Possible molecular mechanisms of the protonmotive function of cytochrome systems. J. Theor. Biol. 62, 327-367
(1976).
18. Mitchell, P. David Keilin’s respiratory chain concept and its chemiosmotic consequences. Nobel Prize Lect. 1, 295-330 (1978).
19. Saeed, H. A. & Lee, ]. W. Experimental demonstration of localized excess protons at a water-membrane interface. Bioenergetics
4(127), 1-7. https://doi.org/10.4172/2167-7662.1000127 (2015).
20. Morelli, A. M., Ravera, S., Calzia, D. & Panfoli, I. An update of the chemiosmotic theory as suggested by possible proton currents
inside the coupling membrane. Open Biol. 9, 180221. https://doi.org/10.1098/rsob.180221 (2019).
21. Mulkidjanian, A. Y., Heberle, J. & Cherepanov, D. A. Protons @ interfaces: Implications for biological energy conversion. Bba-
Bioenerg. 1757, 913-930. https://doi.org/10.1016/j.bbabio.2006.02.015 (2006).
22. Lee, ]. W. Protonic conductor: Better understanding neural resting and action potential. . Neurophysiol. 124, 1029-1044. https://
doi.org/10.1152/jn.00281.2020 (2020).
23. Garrett, R. & Grisham, C. Biochemistry, Brooks. 5 edn, 644-677 (2013).
24. Nelson, D. L., Lehninger, A. L. & Cox, M. M. Lehninger principles of biochemistry. 6 edn, 731-791 (Macmillan, 2013).
25. Nicholls, D. G. & Ferguson, S. J. in Bioenergetics 2 (ed David G. Nichollsstuart J. Ferguson) 38-63 (Academic Press, 1992).
26. Nicholls, D. G. & Ferguson, S. J. in Bioenergetics (Fourth Edition) 27-51 (Academic Press, 2013).
27. Krulwich, T. A. Bioenergetics of alkalophilic bacteria. J. Membr. Biol. 89, 113-125 (1986).
28. Krulwich, T. A. & Guffanti, A. A. Alkalophilic bacteria. Ann. Rev. Microbiol. 43, 435-463 (1989).
29. Olsson, K., Keis, S., Morgan, H. W,, Dimroth, P. & Cook, G. M. Bioenergetic properties of the thermoalkaliphilic Bacillus sp.
strain TA2 Al. J. Bacteriol. 185, 461-465 (2003).
30. Sturr, M. G., Guffanti, A. A. & Krulwich, T. A. Growth and bioenergetics of alkaliphilic Bacillus firmus OF4 in continuous culture
at high pH. J. Bacteriol. 176, 3111-3116 (1994).
31. Krulwich, T. A. Alkaliphiles:‘basic'molecular problems of pH tolerance and bioenergetics. Mol. Microbiol. 15, 403-410 (1995).
32. Padan, E., Bibi, E., Ito, M. & Krulwich, T. A. Alkaline pH homeostasis in bacteria: new insights. Biochim. Biophys. Acta 1717,
67-88 (2005).
33. Guffanti, A. & Krulwich, T. Bioenergetic problems of alkalophilic bacteria. Biochem. Soc. T 12, 411 (1984).

Scientific Reports |

(2021) 11:14575 | https://doi.org/10.1038/s41598-021-93853-x nature portfolio


https://doi.org/10.4172/2167-7662.1000104
https://doi.org/10.4172/2167-7662.1000104
https://doi.org/10.4172/2167-7662.1000121
https://doi.org/10.14294/WATER.2018.2
https://doi.org/10.1016/j.heliyon.2019.e01961
https://doi.org/10.1016/j.heliyon.2019.e01961
https://doi.org/10.4172/2161-1009.S1.002
https://doi.org/10.1038/s41598-020-66203-6
https://doi.org/10.1016/j.bpj.2018.11.1719
https://doi.org/10.1096/fasebj.2019.33.1_supplement.485.12
https://doi.org/10.1021/acsomega.0c01768
https://doi.org/10.4172/2167-7662.1000127
https://doi.org/10.1098/rsob.180221
https://doi.org/10.1016/j.bbabio.2006.02.015
https://doi.org/10.1152/jn.00281.2020
https://doi.org/10.1152/jn.00281.2020

www.nature.com/scientificreports/

34.

35.
36.

37.

38.

39.

40.
41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Krulwich, T. A., Gilmour, R., Hicks, D. B., Guffanti, A. A. & Ito, M. Energetics of alkaliphilic Bacillus species: Physiology and
molecules. Adv. Microb. Physiol. 40, 401-438 (1998).

Krulwich, T. A. et al. Adaptive mechanisms of extreme alkaliphiles. Extremophiles handbook, 119-139 (2011).

Vinkler, C., Avron, M. & Boyer, P. D. Initial formation of ATP in photophosphorylation does not require a proton gradient.
FEBS Lett. 96, 129-134 (1978).

Ferguson, S. J. Fully delocalised chemiosmotic or localised proton flow pathways in energy coupling?: A scrutiny of experimental
evidence. Biochim. Biophys. Acta 811, 47-95 (1985).

Dilley, R. A, Theg, S. M. & Beard, W. A. Membrane-proton interactions in chloroplast bioenergetics: Localized proton domains.
Annu. Rev. Plant Physiol. 38, 347-389 (1987).

Dilley, R. A. On why thylakoids energize ATP formation using either delocalized or localized proton gradients—a Ca2+ mediated
role in thylakoid stress responses. Photosynth. Res. 80, 245-263 (2004).

Williams, R. Chemical advances in evolution by and changes in use of space during time. J. Theor. Biol. 268, 146-159 (2011).
Williams, R. J. P. Multifarious couplings of energy transduction. Biochim. Biophys Acta 505, 1-44. https://doi.org/10.1016/0304-
4173(78)90007-1 (1978).

Williams, R. J. P. Proton-driven phosphorylation reactions in mitochondrial and chloroplast membranes. Febs Lett. 53, 123-125.
https://doi.org/10.1016/0014-5793(75)80001-9 (1975).

Williams, R. J. P. Possible functions of chains of catalysts. J. Theor. Biol. 1, 1. https://doi.org/10.1016/0022-5193(61)90023-6
(1961).

Chiang, G. G. & Dilley, R. A. Intact chloroplasts show Ca-2+-gated switching between localized and delocalized proton gradient
energy coupling (Atp formation). Plant Physiol. 90, 1513-1523. https://doi.org/10.1104/pp.90.4.1513 (1989).

Xiong, J. W,, Zhu, L. P, Jiao, X. M. & Liu, S. S. Evidence for delta pH surface component (Delta pH(S)) of proton motive force
in ATP synthesis of mitochondria. Bba-Gen. Subj. 213-222, 2010. https://doi.org/10.1016/j.bbagen.2009.07.032 (1800).
Rieger, B., Junge, W. & Busch, K. B. Lateral pH gradient between OXPHOS complex IV and FOF1 ATP-synthase in folded
mitochondrial membranes. Nat. Commun. 5, 3103. https://doi.org/10.1038/ncomms4103 (2014).

Weichselbaum, E. et al. Origin of proton affinity to membrane/water interfaces. Sci. Rep. 7, 4553. https://doi.org/10.1038/s41598-
017-04675-9 (2017).

Silverstein, T. P. An exploration of how the thermodynamic efficiency of bioenergetic membrane systems varies with c-subunit
stoichiometry of F1FO ATP synthases. J. Bioenerg. Biomembr. 46, 229-241. https://doi.org/10.1007/s10863-014-9547-y (2014).
Saeed, H. Bioenergetics: Experimental Demonstration of Excess Protons and Related Features. PhD Thesis, Old Dominion
University, Norfolk, VA 23529 USA (2016).

Saeed, H. A. & Lee, J. W. Experimental demonstration of localized excess protons at a water-membrane interface and the effect
of other cations on their stability. Faseb ] 30, 2 (2016).

Lee, J. Localized excess protons and methods of making and using the same, PCT International Patent Application Publication
No. WO 2017/007762 Al., 56 pages (2017).

Lee, J. W. Elucidating the 30-year-longstanding bioenergetic mystery in alkalophilic bacteria. Biophys. J. 112, 278a-279a. https://
doi.org/10.1016/j.bpj.2016.11.1509 (2017).

Preiss, L. et al. The c-ring ion binding site of the ATP synthase from Bacillus pseudofirmus OF4 is adapted to alkaliphilic lifestyle.
Mol. Microbiol. 92, 973-984. https://doi.org/10.1111/Mmi.12605 (2014).

Grahame, D. C. The electrical double layer and the theory of electrocapillarity. Chem. Rev. 41, 441-501 (1947).

McLaughlin, S. The electrostatic properties of membranes. Annu. Rev. Biophys. Biophys. Chem. 18, 113-136. https://doi.org/10.
1146/annurev.bb.18.060189.000553 (1989).

Lee, J. W. Membrane surface charges attracted protons are not relevant to proton motive force. Bioenergetics 2, e114. https://doi.
0rg/10.4172/2167-7662.1000e4114 (2013).

Saeed, H. & Lee, ]. Experimental determination of proton-cation exchange equilibrium constants fundamental to bioenergetics.
Abstr. Pap. Am. Chem. S 255, 2 (2018).

Bal, W., Kurowska, E. & Maret, W. The final frontier of pH and the undiscovered country beyond. PLoS ONE 7, e45832. https://
doi.org/10.1371/journal.pone.0045832 (2012).

Acehan, D. et al. Cardiolipin affects the supramolecular organization of ATP synthase in mitochondria. Biophys. J. 100, 2184-
2192. https://doi.org/10.1016/j.bpj.2011.03.031 (2011).

He, J. Y. et al. Assembly of the membrane domain of ATP synthase in human mitochondria. P. Natl. Acad. Sci. US.A. 115,
2988-2993. https://doi.org/10.1073/pnas.1722086115 (2018).

Chinopoulos, C. et al. A novel kinetic assay of mitochondrial ATP-ADP exchange rate mediated by the ANT. Biophys. J. 96,
2490-2504. https://doi.org/10.1016/j.bp;j.2008.12.3915 (2009).

Nath, S. Beyond the Chemiosmotic theory: Analysis of key fundamental aspects of energy coupling in oxidative phosphorylation
in the light of a torsional mechanism of energy transduction and ATP synthesis-invited review part 1. J. Bioenerg. Biomembr.
42,293-300. https://doi.org/10.1007/s10863-010-9296-5 (2010).

Ferguson, S. J. & Sorgato, M. C. Proton electrochemical gradients and energy-transduction processes. Annu. Rev. Biochem. 51,
185-217. https://doi.org/10.1146/annurev.bi.51.070182.001153 (1982).

Slater, E. C., Rosing, J. & Mol, A. The phosphorylation potential generated by respiring mitochondria. Biochim. Biophys. Acta
292, 534-553. https://doi.org/10.1016/0005-2728(73)90003-0 (1973).

Slater, E. C. The mechanism of the conservation of energy of biological oxidations. Eur. J. Biochem. 166, 489-504. https://doi.
org/10.1111/j.1432-1033.1987.tb13542.x (1987).

Westerhoff, H. V., Melandri, B. A., Venturoli, G., Azzone, G. E & Kell, D. B. A minimal-hypothesis for membrane-linked free-
energy transduction—the role of independent small coupling units. Biochim. Biophys. Acta 768, 257-292. https://doi.org/10.
1016/0304-4173(84)90019-3 (1984).

Nath, S. Beyond the chemiosmotic theory: Analysis of key fundamental aspects of energy coupling in oxidative phosphorylation
in the light of a torsional mechanism of energy transduction and ATP synthesis-invited review part 2. J. Bioenerg. Biomembr.
42, 301-309. https://doi.org/10.1007/s10863-010-9295-6 (2010).

Zhang, H. et al. Assessment of membrane potential’s of mitochondrial populations in living cells. Anal. Biochem. 298, 170-180.
https://doi.org/10.1006/abio.2001.5348 (2001).

Gurm, G. S. et al. 4-[F-18]-tetraphenylphosphonium as a PET tracer for myocardial mitochondrial membrane potential. Jacc-
Cardiovasc. Imag. 5, 285-292. https://doi.org/10.1016/j.jcmg.2011.11.017 (2012).

Alpert, N. M. et al. Quantitative in vivo mapping of myocardial mitochondrial membrane potential. PLoS ONE 13, €0190968.
https://doi.org/10.1371/journal.pone.0190968 (2018).

Pelletier-Galarneau, M. et al. In vivo quantitative mapping of human mitochondrial cardiac membrane potential: A feasibility
study. Eur. J. Nucl. Med. Mol. Imaging https://doi.org/10.1007/500259-020-04878-9 (2020).

de Grotthuss, C. J. T. Sur la décomposition de leau et des corps quelle tient en dissolution a I'aide de I€lectricité galvanique. Ann.
Chim. 58, 54-73 (1806).

Marx, D., Tuckerman, M. E., Hutter, J. & Parrinello, M. The nature of the hydrated excess proton in water. Nature 397, 601-604
(1999).

Scientific Reports |

(2021) 11:14575 |

https://doi.org/10.1038/s41598-021-93853-x nature portfolio


https://doi.org/10.1016/0304-4173(78)90007-1
https://doi.org/10.1016/0304-4173(78)90007-1
https://doi.org/10.1016/0014-5793(75)80001-9
https://doi.org/10.1016/0022-5193(61)90023-6
https://doi.org/10.1104/pp.90.4.1513
https://doi.org/10.1016/j.bbagen.2009.07.032
https://doi.org/10.1038/ncomms4103
https://doi.org/10.1038/s41598-017-04675-9
https://doi.org/10.1038/s41598-017-04675-9
https://doi.org/10.1007/s10863-014-9547-y
https://doi.org/10.1016/j.bpj.2016.11.1509
https://doi.org/10.1016/j.bpj.2016.11.1509
https://doi.org/10.1111/Mmi.12605
https://doi.org/10.1146/annurev.bb.18.060189.000553
https://doi.org/10.1146/annurev.bb.18.060189.000553
https://doi.org/10.4172/2167-7662.1000e4114
https://doi.org/10.4172/2167-7662.1000e4114
https://doi.org/10.1371/journal.pone.0045832
https://doi.org/10.1371/journal.pone.0045832
https://doi.org/10.1016/j.bpj.2011.03.031
https://doi.org/10.1073/pnas.1722086115
https://doi.org/10.1016/j.bpj.2008.12.3915
https://doi.org/10.1007/s10863-010-9296-5
https://doi.org/10.1146/annurev.bi.51.070182.001153
https://doi.org/10.1016/0005-2728(73)90003-0
https://doi.org/10.1111/j.1432-1033.1987.tb13542.x
https://doi.org/10.1111/j.1432-1033.1987.tb13542.x
https://doi.org/10.1016/0304-4173(84)90019-3
https://doi.org/10.1016/0304-4173(84)90019-3
https://doi.org/10.1007/s10863-010-9295-6
https://doi.org/10.1006/abio.2001.5348
https://doi.org/10.1016/j.jcmg.2011.11.017
https://doi.org/10.1371/journal.pone.0190968
https://doi.org/10.1007/s00259-020-04878-9

www.nature.com/scientificreports/

74.

75.
76.

77.
78.

79.

80.

Pomes, R. & Roux, B. Molecular mechanism of H+ conduction in the single-file water chain of the gramicidin channel. Biophys.
J. 82,2304-2316 (2002).

Marx, D. Proton transfer 200 years after von Grotthuss: Insights from ab initio simulations. ChemPhysChem 7, 1848-1870 (2006).
Mitchell, P. & Moyle, J. Estimation of membrane potential and ph difference across cristae membrane of rat liver mitochondria.
Eur. J. Biochem. 7, 471-480 (1969).

Mitchell, P. The correlation of chemical and osmotic forces in biochemistry. J. Biochem. 97, 1-18 (1985).

Zheng, Y., Shojaei-Baghini, E., Wang, C. & Sun, Y. Microfluidic characterization of specific membrane capacitance and cytoplasm
conductivity of single cells. Biosens. Bioelectron. 42, 496-502. https://doi.org/10.1016/j.bios.2012.10.081 (2013).

Zurawik, T. M. et al. Revisiting mitochondrial pH with an improved algorithm for calibration of the ratiometric 5(6)-carboxy-
SNAREF-1 probe reveals anticooperative reaction with H+ ions and warrants further studies of organellar pH. PLoS ONE 11,
€0161353. https://doi.org/10.1371/journal.pone.0161353 (2016).

Cockrell, R. S., Harris, E. J. & Pressman, B. C. Energetics of potassium transport in mitochondria induced by valinomycin.
Biochem.-Us 5, 2326-3000. https://doi.org/10.1021/bi00871a022 (1966).

81. Slater, E. C. An evaluation of the mitchell hypothesis of chemiosmotic coupling in oxidative and photosynthetic phosphoryla-
tion. Eur. J. Biochem. 1, 317-326. https://doi.org/10.1111/j.1432-1033.1967.tb00076.x (1967).

82. Watt, I. N., Montgomery, M. G., Runswick, M. J., Leslie, A. G. W. & Walker, J. E. Bioenergetic cost of making an adenosine
triphosphate molecule in animal mitochondria. P. Natl. Acad. Sci. U.S.A. 107, 16823-16827. https://doi.org/10.1073/pnas.10110
99107 (2010).

83. Muller, D. J. et al. ATP synthase: Constrained stoichiometry of the transmembrane rotor. Febs Lett. 504, 219-222. https://doi.
0rg/10.1016/S0014-5793(01)02708-9 (2001).

84. Bason, J. V., Montgomery, M. G., Leslie, A. G. W. & Walker, J. E. How release of phosphate from mammalian F-1-ATPase gener-
ates a rotary substep. P. Natl. Acad. Sci. U.S.A. 112, 6009-6014. https://doi.org/10.1073/pnas.1506465112 (2015).

85. Wu, F, Zhang, E. Y., Zhang, ]. Y., Bache, R. J. & Beard, D. A. Phosphate metabolite concentrations and ATP hydrolysis potential
in normal and ischaemic hearts. J. Physiol.-Lond. 586, 4193-4208. https://doi.org/10.1113/jphysiol.2008.154732 (2008).

86. Akhmedov, D. et al. Mitochondrial matrix pH controls oxidative phosphorylation and metabolism-secretion coupling in INS-1E
clonal beta cells. Faseb J. 24, 4613-4626. https://doi.org/10.1096/1].10-162222 (2010).

87. Metelkin, E., Demin, O., Kovacs, Z. & Chinopoulos, C. Modeling of ATP-ADP steady-state exchange rate mediated by the
adenine nucleotide translocase in isolated mitochondria. Febs J. 276, 6942-6955. https://doi.org/10.1111/j.1742-4658.2009.
07394.x (2009).

88. Arias-Hidalgo, M. et al. CO2 and HCO3- permeability of the rat liver mitochondrial membrane. Cell Physiol. Biochem. 39,
2014-2024. https://doi.org/10.1159/000447897 (2016).

89. Cali, T, Ottolini, D. & Brini, M. Mitochondrial Ca2+ as a key regulator of mitochondrial activities. Adv. Mitochondr. Med. 942,
53-73. https://doi.org/10.1007/978-94-007-2869-1_3 (2012).

90. Toth, A. et al. Kinetic coupling of the respiratory chain with ATP synthase, but not proton gradients, drives ATP production in
cristae membranes. Proc. Natl. Acad. Sci. 117, 2412-2421. https://doi.org/10.1073/pnas.1917968117 (2020).

91. Poburko, D. & Demaurex, N. Regulation of the mitochondrial proton gradient by cytosolic Ca2+ signals. Pflug Arch. Eur. J. Phys.
464, 19-26. https://doi.org/10.1007/s00424-012-1106-y (2012).

92. Poburko, D., Santo-Domingo, J. & Demaurex, N. Dynamic regulation of the mitochondrial proton gradient during cytosolic
calcium elevations. J. Biol. Chem. 286, 11672-11684. https://doi.org/10.1074/jbc.M110.159962 (2011).

93. Kamo, N., Muratsugu, M., Hongoh, R. & Kobatake, Y. Membrane-potential of mitochondria measured with an electrode sensi-
tive to tetraphenyl phosphonium and relationship between proton electrochemical potential and phosphorylation potential in
steady-state. J. Membr. Biol. 49, 105-121. https://doi.org/10.1007/Bf01868720 (1979).

94. Hafner, R. P, Brown, G. C. & Brand, M. D. Analysis of the control of respiration rate, phosphorylation rate, proton leak rate and
protonmotive force in isolated mitochondria using the “top-down” approach of metabolic control theory. Eur. J. Biochem. 188,
313-319. https://doi.org/10.1111/j.1432-1033.1990.tb15405.x (1990).

95. Wan, B. et al. Effects of cardiac work on electrical potential gradient across mitochondrial-membrane in perfused rat hearts.
Am. ]. Physiol. 265, H453-H460 (1993).

96. Gerencser, A. A. et al. Quantitative measurement of mitochondrial membrane potential in cultured cells: Calcium-induced
de- and hyperpolarization of neuronal mitochondria. J. Physiol.-Lond. 590, 2845-2871. https://doi.org/10.1113/jphysiol.2012.
228387 (2012).

97. Xu, Y. et al. Energy sources for glutamate neurotransmission in the retina: absence of the aspartate/glutamate carrier produces
reliance on glycolysis in glia. J. Neurochem. 101, 120-131. https://doi.org/10.1111/j.1471-4159.2006.04349.x (2007).

98. Lanoue, K. F. & Schoolwerth, A. C. Metabolite transport in mitochondria. Ann. Rev. Biochem. 48, 871-922. https://doi.org/10.
1146/annurev.bi.48.070179.004255 (1979).

99. Desantis, A., Arrigoni, O. & Palmieri, F. Carrier-mediated transport of metabolites in purified bean mitochondria. Plant Cell
Physiol. 17, 1221-1233 (1976).

100. Lewandowski, E. D. et al. Altered metabolite exchange between subcellular compartments in intact postischemic rabbit hearts.
Circ. Res. 81, 165-175. https://doi.org/10.1161/01.res.81.2.165 (1997).
101. Schoolwerth, A. C. & LaNoue, K. E. Transport of metabolic substrates in renal mitochondria. Annu. Rev. Physiol. 47, 143-171.
https://doi.org/10.1146/annurev.ph.47.030185.001043 (1985).
102. Lee, J. W. Isothermal electricity for energy renewal PCT International Patent Application Publication Number WO 2019/136037
A1 (2019).
Acknowledgements

This research was supported also in part by a Multidisciplinary Biomedical Research Seed Funding Grant from
the Graduate School, the College of Sciences, and the Center for Bioelectrics at Old Dominion University, Nor-
folk, Virginia, USA.

Author contributions
J.W.L. designed and performed research, analyzed data, and wrote the paper.

Competing interests
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.W.L.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |  (2021) 11:14575 |

https://doi.org/10.1038/s41598-021-93853-x nature portfolio


https://doi.org/10.1016/j.bios.2012.10.081
https://doi.org/10.1371/journal.pone.0161353
https://doi.org/10.1021/bi00871a022
https://doi.org/10.1111/j.1432-1033.1967.tb00076.x
https://doi.org/10.1073/pnas.1011099107
https://doi.org/10.1073/pnas.1011099107
https://doi.org/10.1016/S0014-5793(01)02708-9
https://doi.org/10.1016/S0014-5793(01)02708-9
https://doi.org/10.1073/pnas.1506465112
https://doi.org/10.1113/jphysiol.2008.154732
https://doi.org/10.1096/fj.10-162222
https://doi.org/10.1111/j.1742-4658.2009.07394.x
https://doi.org/10.1111/j.1742-4658.2009.07394.x
https://doi.org/10.1159/000447897
https://doi.org/10.1007/978-94-007-2869-1_3
https://doi.org/10.1073/pnas.1917968117
https://doi.org/10.1007/s00424-012-1106-y
https://doi.org/10.1074/jbc.M110.159962
https://doi.org/10.1007/Bf01868720
https://doi.org/10.1111/j.1432-1033.1990.tb15405.x
https://doi.org/10.1113/jphysiol.2012.228387
https://doi.org/10.1113/jphysiol.2012.228387
https://doi.org/10.1111/j.1471-4159.2006.04349.x
https://doi.org/10.1146/annurev.bi.48.070179.004255
https://doi.org/10.1146/annurev.bi.48.070179.004255
https://doi.org/10.1161/01.res.81.2.165
https://doi.org/10.1146/annurev.ph.47.030185.001043
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |  (2021) 11:14575 | https://doi.org/10.1038/s41598-021-93853-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Mitochondrial Energetics with Transmembrane Electrostatically Localized Protons: Do We Have a Thermotrophic Feature?
	Original Publication Citation

	Mitochondrial energetics with transmembrane electrostatically localized protons: do we have a thermotrophic feature?
	Methods
	Newly formulated protonic motive force equations with TELP. 
	Cation exchange reduction factors on TELP. 

	Results and discussions
	Contribution from TELP to mitochondrial pmf. 
	TELP utilizing mitochondrial environmental heat energy for ATP synthesis: a thermotrophic feature? 
	Conclusion with the discovery. 

	References
	Acknowledgements


