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TELP theory: Elucidating the major observations of Rieger et al. 2021 
in mitochondria 

James Weifu Lee 
Department of Chemistry and Biochemistry, Old Dominion University, Norfolk, VA, 23529, USA   

A R T I C L E  I N F O   
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A B S T R A C T   

The transmembrane-electrostatically localized protons (TELP) theory may represent a complementary devel
opment to Mitchell’s chemiosmotic theory. The combination of the two together can now excellently explain the 
energetics in mitochondria. My calculated transmembrane-attractive force between an excess proton and an 
excess hydroxide explains how TELP may stay within a 1-nm thin layer at the liquid-membrane interface. 
Consequently, any pH sensor (sEcGFP) located at least 2–3 nm away from the membrane surface will not be able 
to see TELP. This feature as predicted from the TELP model was observed exactly in the experiment of Rieger 
et al., 2021. In contrast to their belief “the Δp at ATP synthase is almost negligible under OXPHOS conditions”, I 
find, when TELP activity is included in the energy calculations, there is plenty of total protonic Gibbs free energy 
(ΔGT) well above the physiologically required value of − 24.5 kJ mol− 1 to drive ATP synthesis through FoF1-ATP 
synthase.   

1. Introduction 

In the journal EMBO reports (2021), Rieger et al. reported a 
wonderful pH-sensing GFP mitochondrial experiment,1 where “pH 
profiles of mitochondrial sub-compartments were recorded with high 
spatial resolution in live mammalian cells by positioning a pH sensor 
directly at ATP synthase’s F1 and Fo subunits, complex IV and in the 
matrix”. The Rieger et al., 2021 publication states: “for on-side pH 
determination, the pH-sensitive GFP derivative sEcGFP,2 also known as 
pHluorin, was used as a ratiometric pH sensor.34 The generated pH 
profiles revealed that the local Δp was unexpectedly low under OXPHOS 
(oxidative phosphorylation), which are ATP synthesis conditions”.1 

Remarkably, the intracristal liquid pH 7.3 and the extracristal liquid pH 
7.4 as measured by Rieger et al., 2021 with SU γ-sEcGFP and SU 
e-sEcGFP were in excellent agreement with the intracristal bulk-liquid 
phase pHpB of “7.25” and the extracristal bulk-liquid phase pHnB of 
“7.35” that were employed in my previously published mitochondrial 
energetics studies.5–7 

The Rieger et al., 2021 experimental pH profiling observations of 
mitochondrial sub-compartments1 can now be better explained with the 
concept of a “protonic capacitor” across the mitochondrial crista mem
brane according to the fundamentals of the 
transmembrane-electrostatically localized proton (TELP) theory.5,8 The 
TELP theory was developed with the application of Gauss law9–11 based 

on the understanding of liquid water as a protonic conductor: protonic 
conduction through the “hops and turns” mechanism (Fig. 1) as first 
outlined by Grotthuss.12–15 

Recently, TELP activity has been experimentally demonstrated using 
a biomimetic water-membrane-water system16–19 showing how a “pro
tonic capacitor” can form from excess protons at one side of a membrane 
with excess hydroxides at the other side of the membrane. To account for 
the TELP activity, Lee has recently formulated a new series of protonic 
motive force (pmf) equations6 as follows. 
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Here Δψ is the transmembrane potential from the positive (p)-side to 
the negative (n)-side as defined by Mitchell,20,21 Nicholls and Fergu
son22,23; R is the gas constant; T is the temperature in Kelvin; F is the 
Faraday constant; [H+

L ] is the TELP concentration at the 
liquid-membrane interface on the p-side of the membrane; [H+

pB] is the 
“proton concentration in the bulk aqueous p-phase” (intermembrane 
space and cristae space in the case of mitochondria); and [H+

nB] is the 
“proton concentration in the bulk liquid n-phase” (matrix in 
mitochondria).5 

As discussed previously,6 the first two terms of Eq. (1) comprise the 
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“Mitchellian bulk phase-to-bulk phase proton electrochemical potential 
gradients” now called as the “classic” pmf; whereas the last term is the 
“local” pmf from TELP as presented more clearly in the following local 
pmf equation. 

local pmf =
2.3 RT

F
log10

(
1+

[
H+

L

]/ [
H+

pB

])
(2) 

As shown in Eq. (2), the local pmf is related to the ratio ([H+
L ]/ [H+

pB]) 
of TELP concentration [H+

L ] at the liquid-membrane interface to the bulk 
liquid-phase proton concentration [H+

pB] at the same p-side of the 
membrane. 

According to the protonic capacitor concept,8 the ideal TELP con
centration [H+

L ]
0 on the p-side of the membrane is a function of the 

transmembrane potential Δψ as expressed in the following equation: 
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where C/S is “the specific membrane capacitance per unit surface area”, 
l is “the thickness of TELP layer”,24 and F is the Faraday constant. 

The TELP concentration [H+
L ] at the equilibrium state of cation- 
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Here [Mi+
pB] is the non-proton cation (such as Na+) concentration in 

the bulk liquid p-phase, and KPi is the equilibrium constant for the cation 
to exchange with TELP. 

The TELP model with Eqs. (1)–(4) is useful in elucidating real-world 

bioenergetic systems with both delocalized and localized protonic 
coupling. For example, it has been successfully applied in elucidating the 
decades-longstanding energetic conundrum25–27 of ATP synthesis in 
alkalophilic bacteria28–33 and in bettering the understanding of ener
getics in mitochondria.6,8 Its application has recently led to the identi
fication of the TELP thermotrophic function as the Type-B energetic 
process34–37 which can isothermally utilize environmental heat energy 
to do useful work in helping drive the synthesis of ATP.6,7 

The application of the TELP model has also successfully elucidated 
the energetic significance of mitochondrial cristae formation. It has 
calculated, for the first time, the numbers of transmembrane- 
electrostatically localized protons to be in a range from 1.84 × 104 to 
7.36 × 104 protons per mitochondrion, corresponding to a range of 
transmembrane potential Δψ from 50 to 200 mV for a mitochondrion.8 

The application of the TELP model has now also resulted in a novel 
neural membrane potential equation24 based on the 
transmembrane-electrostatically localized protons/cations (TELC) 
capacitor concept with deep insights for neuronal electrophysiology, 
that may represent a complementary development to the classic 
Goldman-Hodgkin-Katz equation. 

Certain scholars including a special Collection editor for the Nature 
research journal Scientific Reports are now able to understand and 
appreciate the TELP research progresses. In her latest editorial,38 the 
editor has acknowledged that the TELP research progresses “refined and 
improved our knowledge of transport bioenergetics” in addition to the 
discovery of the TELP thermotrophic function. 

With the TELP theory, we successfully elucidated the effect of tran
sient “excess protons” in the experiment of Pohl’s lab group.39 Previ
ously, the results of Pohl’s lab group experiment39 were somehow used 
(or misunderstood) as a “support” to the putative “potential barrier 
model” of Junge and Mulkidjanian.40,41 For example, Silverstein42 once 
claimed that the putative “potential barrier model” of Junge and Mul
kidjanian40,41 was “supported by Pohl’s group”39. In his previous 
article,43 Silverstein even claimed it “seems to rule out Lee’s model”. In 
contrast, as shown in my recent publication,44 the experimental results 
of Pohl’s group39 can actually be well explained by the protonic con
duction fundamentals with the TELP model,5,8 but cannot really be 
explained by the putative “potential barrier model” of Junge and Mul
kidjanian.40,41 Remarkably, this new finding with the TELP theory 
agrees well with the independent analysis on the Pohl’s lab group 
experimental results39 by Agmon and Gutman,45 which also concluded 
“the excess protons propagate as an advancing front”. 

In this article, we will elucidate the Rieger et al., 2021 experimental 
pH profiling observations of mitochondrial sub-compartments.1 Espe
cially, we will employ TELP property to explain why a sEcGFP pH sensor 
at least 2–3 nm away from membrane surface can detect bulk 
liquid-phase pH but cannot see TELP. The TELP-associated protonic 
capacitor formation in a mitochondrial crista will be mathematically 
justified by application of the Gauss Law equation. Using the trans
membrane attractive force between an excess proton and an excess 
hydroxide, which was calculated to be as much as 1.92 × 10− 11 newton 
(N),24 we will provide a physical explanation how TELP activity stays 
within a 1-nm thin layer on membrane surface so that the sEcGFP pH 
sensors at least 2–3 nm away from membrane surface can see bulk liquid 
pH but not TELP. Rieger et al., 2021 made some interesting conclusion 
“Strikingly, the Δp at ATP synthase is almost negligible under OXPHOS 
conditions” with their experimental observation but apparently without 
fully considering the TELP theory.5,6,8 When the contribution from TELP 
activity is included in the energy calculation (Eqs. (1)− (7)) near the end 
of this article, readers will also be able to see that there is plenty of total 
protonic Gibbs free energy (ΔGT) well above the physiologically 
required value of − 24.5 kJ mol− 1 to drive ATP synthesis through the 
FoF1-ATP synthase in mitochondria. Consequently, the experimental 
observations of Rieger et al., 2021 under the OXPHOS conditions will 
now be better elucidated with the fundamentals of the TELP model,5,8 

which is fundamentally important to the science of energetics. 

Fig. 1. Liquid water as a protonic conductor: Protons can quickly translocate 
among water molecules by the “hops and turns” mechanism which is also 
known as the Grotthuss mechanism.15 (Adapted from Lee 2012 Bioenergetics 1: 
104, 1–8). 
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2. Results and discussion 

2.1. TELP model for a mitochondrial crista driving protonic energetic 
process for ATP synthesis 

According to our study here, the mitochondrial crista bioenergetic 
functions can now be explained with the fundamentals of the TELP 
model5,8 as illustrated in Fig. 2. As the redox-driven respiratory com
plexes I, III and IV pump protons across the membrane from the mito
chondrial matrix side to the intracristal side, it will create a population 
of excess protons at the intracristal side while leaving excess hydroxides 
at matrix side. The excess hydroxides will stay at the liquid-membrane 
interface along the matrix side while transmembrane-electrostatically 
attracting the excess protons of the other side to the intracristal mem
brane surface, which thus forms an “excess 
hydroxides-membrane-excess protons” capacitor (Fig. 2). 

As shown in Fig. 2, the TELP at the liquid-membrane interface 
around crista membrane surface is well positioned to drive ATP synthase 
to produce ATP from ADP and Pi. Notably, the protonic inlet of ATP 
synthase is perfectly located within the TELP layer on crista membrane 
surface for effective utilization of TELP in driving the synthesis of ATP as 
shown previously.6,33 This explains how the energetic system functions 
together with TELP to drive ATP synthesis. 

As reported previously,5,6,8,46 this TELP model (Fig. 2) is based on 
the knowledge of liquid water as a protonic conductor: protonic con
duction through the “hops and turns” mechanism (Fig. 1) as outlined 
first by Grotthuss.12–15 That is, in regarding protonic conduction, the 
liquid water on the matrix side is a protonic conductor; the membrane is 
an insulator; and the liquid water in the intracristal space is also a 
protonic conductor. Consequently, this protonic 
conductor-insulator-conductor system is a protonic capacitor by the 
physical definition. 

This protonic capacitor can be mathematically justified by using the 

Gauss Law equation of electrostatics and the fact that there can be no 
electric field E inside a protonic conductor (Fig. 2). Gauss’s Law relates 
the net charge Q within a volume to the flux of electric field lines 
through the closed surface surrounding the volume in the following 
equation, as shown in Ref. 46,47, 

εo

∮

E • dS = Q (5)  

where εo is the value of the absolute dielectric permittivity of classical 
vacuum and dS is a differential surface element. Here the small circle on 
the integral sign indicates that the integration is performed over the 
closed surface. Consider then a series of integration applications, where 
a small volume at the center of the intracristal liquid is gradually 
increased until it is just inside the intracristal liquid space in Fig. 2. The 
electric field E is zero within a proton-conductive liquid body. Thus, in 
each case the left side of Eq. (5) vanishes and therefore the right side 
must also vanish, which means that no net charge (Q = 0) is within the 
volume; the excess protons in this case must therefore be at the intra
cristal water-membrane interface along the p-side of the inner mito
chondrial membrane. 

Conversely, the electric field E = 0 holds true everywhere also within 
the extracristal (matrix) liquid environment. Applying Gauss’s Law to a 
series of volumes enclosing the entire crista system and decreasing them 
to be just outside the extracristal inner membrane surface (Fig. 2), the 
surface integrals of Eq. (5) vanish, and thus no net excess charge is 
found. Since the excess protons are at the intracristal side, the negative 
charges (excess hydroxides) must be at the extracristal membrane-water 
interface along the n-side of the crista membrane, precisely balancing 
the excess protons of the intracristal side, resulting in the total net 
charge of the entire system zero. 

Note, in addition to the application of the Gauss Law equation as 
shown above that justifies the formation of an “excess hydroxides- 

Fig. 2. The protonic membrane capacitor formation in a mitochondrial crista to drive ATP synthesis. The lateral asymmetric feature is resulted from the ellipsoidal 
geometric effect of a crista that enhances the density of TELP at a cristal tip where the FoF1-ATP synthase enzymes are located in comparison with that of the 
relatively flat membrane region where the proton pumping complexes I, III and IV are located as illustrated in a cross section for an ellipsoidal-shaped mitochondrial 
crista. This cross section may be considered as a special result from the tri-axial (a, b, and c) protonic conducting ellipsoidal crista equation in 3-dimensional x, y, and 
z coordinates for its middle cross section (where the z coordinate is zero). This TELP (protonic capacitor) model also illustrates how excess protons (H+) and hy
droxides (OH− ) can be transmembrane-electrostatically localized along the two sides of mitochondrial inner membrane before proton-cation exchange as it could be 
in a water-membrane-water system. Adapted from Ref. 8. 
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membrane-excess protons” capacitor (Fig. 2) under the oxidative phos
phorylation conditions in mitochondria, the protonic capacitor-based 
TELP equation (Eq. 3) shows the inter-relationship between the TELP 
concentration [H+

L ]
0 and the transmembrane potential (voltage) differ

ence Δψ . Technically, it is the TELP-associated membrane capacitor that 
gives rise to the transmembrane potential difference Δψ . Consequently, 
if there is a substantial transmembrane potential difference Δψ , there 
must be TELP. This fundamental understanding of the TELP theory may 
apply to many biological cells and membrane systems including 
mitochondria. 

Furthermore, in addition to the TELP theoretical understanding 
5,6,8,10,24,28,33,44 46, we recently have experimentally demonstrated the 
formation of an “excess hydroxides-membrane-excess protons” capac
itor and its associated TELP activity using biomimetic “water-mem
brane-water” systems.16–18,48 

2.2. TELP model explaining why an sEcGFP pH sensor at least 2–3 nm 
away from membrane surface can detect bulk liquid pH but cannot see 
TELP 

Rieger et al., 2021 performed a wonderful pH-sensing GFP experi
ment of mitochondrial sub-compartments (cristae) where “pH profiles of 
mitochondrial sub-compartments were recorded with high spatial res
olution in live mammalian cells by positioning a pH sensor directly at 
ATP synthase’s F1 and Fo subunits, complex IV and in the matrix”.1 In the 
experiment, Rieger et al., 2021 employed the pH-sensitive GFP deriva
tive sEcGFP,2 also known as pHluorin, which is a ratiometric pH 
sensor.34 As shown in Fig. 3A, the pH sensor (sEcGFP) was fused through 
molecular genetic engineering to subunit of different oxidative phos
phorylation (OXPHOS) complexes and to a mitochondrial processing 
peptidase (MPP) in the matrix. That is, they elegantly attached a pH 
sensor (sEcGFP) discreetly to the following positions: subunit Cox8a of 
the respiratory complex IV (CIV: Cox8a (CoxVIIIa)-sEcGFP), subunit e of 
complex V (CV SU e-sEcGFP), subunit γ of complex V (CV SU γ-sEcGFP), 

Fig. 3. A) Scheme showing the positions of the pH sensor (sEcGFP) fused to subunit of different oxidative phosphorylation (OXPHOS) complexes and the mito
chondrial processing peptidase (MPP) in the matrix. CIV: Cox8a (CoxVIIIa)-sEcGFP; CV SU e-sEcGFP, CV SU γ-sEcGFP. Matrix: MPP-sEcGFP. CI: complex I, CII: 
complex II, CIII: complex III, CIV: complex IV, CV2: dimeric complex V. ICS: intracristal space, CM: crista membrane. B) Schematic drawing illustrates a protonic 
membrane capacitor with TELP along the intracristal membrane surface. The bulk-liquid pH values and resulting gradients under respiratory conditions were 
experimentally determined, where the color gradient was made following the ratiometric pH code employed throughout the study. Adapted and modified from 
Rieger et al. 2021.1 
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and to the matrix protein mitochondrial processing peptidase 
(MPP-sEcGFP). The sEcGFP can be used as a ratiometric pH sensor since 
its pH-dependent emission spectra display an isosbestic point (Gao et al., 
2004; Rieger et al., 2014). Upon excitation with 405 nm, the emissions 
in two channels were simultaneously recorded, and their ratio was 
calculated (λ511/λ464) to determine pH value. The pH sensors 
MPP-sEcGFP, CoxVIIIa-sEcGFP, SU γ-sEcGFP, and SU e-sEcGFP posi
tioned as indicated in Fig. 3A were calibrated by incubating cells 
expressing each of these pH sensors in media with different pH values. 
Under well controlled metabolic conditions including the oxidative 
phosphorylation (OXPHOS) conditions in respiratory cells, the pH 
values at each of the pH sensors positions (MPP-sEcGFP, 
CoxVIIIa-sEcGFP, SU γ-sEcGFP, and SU e-sEcGFP) were ratiometrically 
determined according to the ratio of the measured emissions in the two 
channels (λ511/λ464). 

Notably, based on the size of the sEcGFP49 and its associated protein 
linker, the active site of its pH-sensitive chromophore is likely to be at 
least about 2–3 nm away from the mitochondrial crista membrane sur
face, which is perfect to measure bulk-liquid pH in the crista; but it is still 
too far away to detect TELP which typically stay within a 1-nm thin layer 
on the membrane surface. Therefore, according to the fundamental 
understanding with the TELP model (Fig. 2), we predict that the sEcGFP 
pH sensors including the MPP-sEcGFP, CoxVIIIa-sEcGFP, SU γ-sEcGFP, 
and SU e-sEcGFP as employed in the experiment of Rieger et al., 2021 
(Fig. 3A) can see the protons in the bulk liquid phase, but none of them 
could detect TELP that stay within 1-nm thin layer on mitochondrial 
crista membrane surface. 

The physical reason why TELP (transmembrane-electrostatically 
localized protons) stay within a 1-nm thin layer on membrane surface is 
because of the transmembrane attractive force between an excess proton 
on the p-side (of a typically 4-nm thin membrane) and an excess hy
droxide on the n-side, which has been calculated to be as much as 1.92 ×
10− 11 N.24 Consequently, to physically move a 
transmembrane-electrostatically localized proton away from the mem
brane surface by a nanometer (1 nm) towards the bulk liquid phase 
would require the work (W) of about 1.92 × 10− 20 J (1.92 × 10− 11 N ×
1.0 × 10− 9 m) which is 4.5 times as much as the Boltzmann kBT thermal 
kinetic energy (4.28 × 10− 21 J) at a physiological temperature of 37 ◦C 
(310 K).24 Therefore, the excess protons-membrane-excess hydroxides 
capacitor system is so stable (TELP staying within its 1-nm thin layer) 
under the physiological temperature conditions that any pH sensor such 
as sEcGFP located at least about 2–3 nm away from the crista membrane 
surface will not be able to see TELP. This predicted feature as expected 
from the fundamental understanding with the TELP model (Fig. 2) was 
observed exactly in the experiment (Fig. 3) of Rieger et al., 2021. 

As shown in Fig. 3B, under the OXPHOS (oxidative phosphorylation) 
conditions, the liquid pH values at the sites of CoxVIIIa-sEcGFP, SU 
γ-sEcGFP, SU e-sEcGFP, and MPP-sEcGFP were determined respectively 
to be 6.9, 7.3, 7.4, and 7.7. To an expert who really knows the field of 
protonic bioenergetics, these pH values obviously represent the mito
chondrial bulk-liquid phase pH values but not TELP or “localized pro
tons” although they were measured with the sEcGFP pH sensors near the 
membrane surface. However, it is also not too surprising for someone, 
especially those who may or may not fully understand the property of 
TELP, to believe these pH values as “local pH” or “localized protons”. For 
example, in a “critique”,42 Silverstein even took this type of pH values 
“6.8–7.0” (that were previously measured with sEcGFP pH sensors by 
the Rieger et al. team4) as “pHsurf” in arguing against the TELP theory5,8; 
Obviously that “critique”42 was largely stemmed from some misunder
standing of the TELP theory.5,8 

Notably, all these sEcGFP-measured pH values “6.9, 7.3, 7.4, and 
7.7” and “6.8–7.0” are in line with the mitochondrial bulk-liquid phase 
pH values (pH 7.35 in matrix liquid and pH 7.25 in intermembrane 
space/cristae liquid) measured independently by Chinopoulos et al. 
2009.50 Especially, the transmembrane bulk-liquid-phase pH difference 
(ΔpH) across the membrane-embedded ATP synthase (i.e., complex V 

(CV)) for ATP synthesis, “CV (SU γ - SU e)”, was determined to be about 
0.1 unit (= pH 7.4 – pH 7.3), which is in an excellent agreement with the 
independent experimental study of Chinopoulos et al. 200950 that 
demonstrated basically no or little bulk-phase pH difference between the 
matrix and the intermembrane space across the mitochondrial inner 
membrane: the “ΔpHmax is only ~0.11”. Therefore, as predicted by the 
TELP model (Fig. 2), what the sEcGFP pH sensors detected at the sites of 
CoxVIIIa-sEcGFP and SU γ-sEcGFP was the intracristal liquid pH, but not 
the TELP activity (Fig. 3B). 

2.3. Transmembrane potential Δψ indicating the presence of TELP in 
mitochondria 

As illustrated in Fig. 2, under the oxidative phosphorylation condi
tions, excess protons are created on the intracristal side by the respira
tory complexes I, III and IV that pump protons across the membrane 
from the extracristal side (matrix) while leaving excess hydroxides on 
the matrix side. The resulting formation of TELP (transmembrane-elec
trostatically localized protons) and their associated protonic capacitor 
have been mathematically justified through the application of the Gauss 
Law equation (Eq. 5) with liquid water as a protonic conductor. 
Furthermore, the formation of an “excess hydroxides-membrane-excess 
protons” capacitor and its associated TELP activity have recently been 
experimentally demonstrated using biomimetic “water-membrane- 
water” systems in the Lee laboratory.16–18,48 

The intimate relationship between the ideal TELP concentration 
[H+

L ]
0 and transmembrane potential difference Δψ is described in the 

TELP equation (Eq. 3), which shows that as long as there is a substantial 
value of Δψ , there must be TELP; this relationship is true also for their 
vice versa. That is, TELP and Δψ represent the “two faces of a coin” like a 
photon’s “dual wave-particle behavior”. Here, if the “coin” represents a 
protonic capacitor, then TELP and Δψ represent its “two faces”. 
Fundamentally, it is the formation of a TELP-associated membrane 
capacitor that gives rise to Δψ. On the other hand, the presence of Δψ 
must indicate the presence of TELP. In the experiment of Rieger et al., 
2021, “the mitochondrial membrane potential, Δψm, was determined 
using the membrane potential-sensitive dye TMRE (tetramethylrhod
amine ethyl ester)”1; Thus, the presence of mitochondrial membrane 
potential Δψ there was obvious, which clearly also indicates the pres
ence of TELP. 

As shown in Table 1, using Eqs. (3) and (4), the steady-state TELP 
surface density was calculated to be in a range from 3190 to 12800 
excess protons per μm2 of inner mitochondrial membrane surface area at 
the intracristal side when the transmembrane potential Δψ was in a 
range from 50 to 200 mV, respectively. At a typical transmembrane 
potential Δψ of 100 mV, the TELP surface density was calculated to be 
6400 excess protons per μm2. A typical mitochondrion (in a size about 
1500 nm × 300 nm x 300 nm with an ellipsoidal volume of about 5.65 ×
108 nm3) has an inner membrane surface area of 5.76 × 106 nm.2 The 
TELP surface density of 6400 excess protons per μm2 translates to a total 
of 37000 excess protons for a typical mitochondrion with inner mem
brane surface area of 5.76 × 106 nm2 as reported previously.8 

As illustrated in Figs. 2 and 3B, TELP as a protonic monolayer rightly 
over the protonic mouth of membrane-embedded FoF1-ATP synthase can 
be a highly potent force in driving the synthesis of ATP. As shown in 
Table 1, the steady-state TELP surface density in a range from 3190 to 
12800 excess protons per μm2 translates to TELP-associated local pH 
(pHTELP) at the liquid-membrane interface in a range from 2.27 to 1.67, 
respectively. This effective TELP-associated local pH (pHTELP) ranging 
from 2.27 to 1.67 is equivalent to the effective TELP concentration 
([H+

L ]) ranging from 5.30 to 21.2 mM which stays within the 1-nm thin 
layer at the liquid-membrane interface. That is, at a typical trans
membrane potential Δψ of 100 mV, its TELP surface density of 6400 
excess protons per μm2 can translate to the TELP-associated local pH 
(pHTELP) as low as about 2, which is equivalent to the effective TELP 
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concentration ([H+
L ]) of 10.6 mM (Table 1) that is quite powerful. Since 

TELP stays within the 1-nm thin layer on intracristal membrane surface, 
it is not detectable to a sEcGFP pH sensor that was located at least 2–3 
nm away from membrane surface. Therefore, the TELP property is 
highly special and powerful. 

As discussed recently 6 51, the formation of TELP apparently repre
sents a type of “negative entropy effect”48,51,52 that “brings the excess 
protons to the mouths of the pmf users (FoF1-ATP synthase) where the 
protons can isothermally utilize their molecular thermal motions (pro
tonic thermal kinetic energy kBT) possibly including their random and 
chaotic Brownian motions to push through the doors of FoF1-ATP syn
thase in driving ATP synthesis”. Consequently, despite the fact that the 
thermal energy-associated protonic translational motions (kinetic en
ergy) 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 (Fo protonic channel) of FoF1-ATP synthase in 
driving the “Fo rotary molecular machinery for ATP synthesis” than “a 
delocalized proton in the bulk liquid phase that is far away from the 
protonic users”. Therefore, the protonic (TELP) thermal motion kinetic 
energy may be utilized to do useful work in driving ATP synthesis 
through FoF1-ATP synthase, which as part of a thermotrophic function 
may convert a fraction of the thermal energy into the chemical energy of 
ATP. As shown in Eq. (2) “for the local pmf”, the thermotrophic function 
featured as “the utilization of protonic thermal kinetic energy kBT” is 
essentially expressed as “RT (= kBT ⋅ NA) which equals to the product of 
the Boltzmann constant kB, the mitochondrial temperature T and the 
Avogadro constant NA”. 

Bioenergetically, Δψ can be utilized to drive a charged particle such 
as proton through the protonic channel of FoF1-ATP synthase across the 
membrane to do electric work (eΔψ) in helping to drive ATP synthesis. 
In addition, TELP can utilize its thermal kinetic energy (kBT) to hit 
through the protonic channel of FoF1-ATP synthase in helping to drive 
ATP synthesis, which converts its environmental heat energy (kBT) into 
the chemical energy locked into ATP molecules and thus represents a 
substantial thermotrophic feature.6 Therefore, both Δψ and TELP as 
“two sides of a coin” have their unique energetic roles with substantial 
biological significance. 

2.4. TELP model better explaining the bioenergetics for oxidative 
phosphorylation in mitochondria 

It is important to keep in mind the fundamental understanding of the 
TELP theory.5,8 For example, to some observers who may or may not 
have the full knowledge of the TELP theory, but experimentally 
observed the liquid pH 6.9 at CoxVIIIa-sEcGFP, pH 7.3 at SU γ-sEcGFP, 
pH 7.4 at SU e-sEcGFP, and pH 7.7 at SU e-sEcGFP, they (such as Rieger 
et al., 2021) could believe “The generated pH profiles revealed that the 
local Δp was unexpectedly low under OXPHOS, which are ATP synthesis 
conditions”.1 Rieger et al., 2021 once concluded that “the Δp at ATP 
synthase is almost negligible under OXPHOS conditions”, stating “ATP 
synthesis is possible at low Δp”. That conclusion of Rieger et al., 2021 
shall now be revised according to the fundamental understanding of the 
TELP theory.5,8 

According to my analysis using the TELP model,5,8 with the trans
membrane liquid-phase pH difference (ΔpH) of about 0.1 unit (= pH 7.4 
– pH 7.3) across the membrane-embedded ATP synthase (complex V) as 
observed by Rieger et al., 2021, the energetics for ATP synthesis in 
mitochondria could not be explained by the classic Mitchellian protonic 
motive force (pmf) equation alone without considering the TELP activ
ity. That is, the classic pmf value calculated with the classic Mitchellian 
pmf equation in the textbooks would not be sufficient to drive ATP 
synthesis, even if using the most conservatively estimated mitochondrial 
phosphorylation potential of − 416 mV (− 9.6 × 4.187÷ F) as calculated 
from the Gibbs free energy change (ΔGATP) of +9.6 kcal/mol reported in 
Refs. 53–55 for ATP synthesis with a proton-to-ATP ratio of 8/3 (416 
mV/2.67 = 156 mV).6 The proton-to-ATP ratio of 8/3 is consistent with 
the known structure of the animal mitochondrial FoF1-ATP synthase, 
which has 3 catalytic sites for ATP synthesis, driven by a flow of 8 
protons per revolution through the 8 c-subunits in its nanometer-scale 
molecular turbine ring.56–59 

Note, protonic motive force (pmf) is equivalent to Gibbs free energy 
ΔG in a simple relation with the Faraday constant (F) as shown in the 
following equation: 

ΔG = − F × pmf (6) 

Therefore, the amount of total protonic Gibbs free energy (ΔGT) may 
be calculated using the following equation: 

Table 1 
Mitochondrial protonic energetics and associated properties including the transmembrane-electrostatically localized protons (TELP) density per membrane surface 
area (TELP per μm2), TELP-associated local pH (pHTELP) within its 1-nm thin layer at the liquid-membrane interface, TELP concentration ([H+

L ]) at the liquid-membrane 
interface, local protonic entropy change (ΔSL), the classic protonic Gibbs free energy (ΔGC), the local protonic Gibbs free energy (ΔGL) and the total protonic Gibbs free 
energy (ΔGT) calculated as a function of transmembrane potential Δψ using Eqs. (1)− (7) based on the measured properties (pHpB, pHnB, Δψ) with the known reaction 
medium compositions of ref. 50 and the experimental measurements of pH across the membrane-embedded FoF1-ATP synthase with the sEcGFP pH sensor fused to 
complex V subunit e and γ (CV SU e-sEcGFP and CV SU γ-sEcGFP) reported in Ref. 1. The cation concentrations, proton-cation exchange equilibrium constants and 
cation exchange reduction factor (1.29) are from Refs. 5,8; and the temperature T = 310 K. Adapted and updated from Ref. 57  

Δψ mV pHpB pHnB TELP per μm2 pHTELP [H+
L ] mM ΔSL J/K.mol ΔGC kJ/mol ΔGL kJ/mol ΔGT kJ/mol ΔGSyn kJ/mol ΔGChem kJ/mol 

50 7.3 7.4 3190 2.27 5.30 − 95.1 − 5.42 − 29.5 − 34.9 − 24.5 − 22.0 
55 7.3 7.4 3510 2.23 5.83 − 95.9 − 5.90 − 29.7 − 35.6 − 24.5 − 22.0 
60 7.3 7.4 3830 2.19 6.36 − 96.6 − 6.38 − 30.0 − 36.3 − 24.5 − 22.0 
65 7.3 7.4 4150 2.16 6.89 − 97.3 − 6.86 − 30.2 − 37.0 − 24.5 − 22.0 
70 7.3 7.4 4470 2.13 7.42 − 97.9 − 7.35 − 30.4 − 37.7 − 24.5 − 22.0 
75 7.3 7.4 4790 2.10 7.95 − 98.5 − 7.83 − 30.5 − 38.4 − 24.5 − 22.0 
80 7.3 7.4 5110 2.07 8.48 − 99.0 − 8.31 − 30.7 − 39.0 − 24.5 − 22.0 
90 7.3 7.4 5750 2.02 9.55 − 100 − 9.28 − 31.0 − 40.3 − 24.5 − 22.0 
100 7.3 7.4 6390 1.97 10.6 − 101 − 10.2 − 31.3 − 41.5 − 24.5 − 22.0 
110 7.3 7.4 7030 1.93 11.7 − 102 − 11.2 − 31.5 − 42.7 − 24.5 − 22.0 
120 7.3 7.4 7660 1.90 12.7 − 102 − 12.2 − 31.7 − 43.9 − 24.5 − 22.0 
130 7.3 7.4 8300 1.86 13.8 − 103 − 13.1 − 31.9 − 45.1 − 24.5 − 22.0 
140 7.3 7.4 8940 1.82 14.8 − 104 − 14.1 − 32.1 − 46.2 − 24.5 − 22.0 
150 7.3 7.4 9580 1.80 15.9 − 104 − 15.1 − 32.3 − 47.4 − 24.5 − 22.0 
160 7.3 7.4 10200 1.77 17.0 − 105 − 16.0 − 32.5 − 48.5 − 24.5 − 22.0 
170 7.3 7.4 10900 1.74 18.0 − 105 − 17.0 − 32.6 − 49.6 − 24.5 − 22.0 
180 7.3 7.4 11500 1.72 19.1 − 106 − 18.0 − 32.8 − 50.7 − 24.5 − 22.0 
190 7.3 7.4 12100 1.70 20.2 − 106 − 18.9 − 32.9 − 51.9 − 24.5 − 22.0 
200 7.3 7.4 12800 1.67 21.2 − 107 − 19.9 − 33.1 − 52.9 − 24.5 − 22.0  
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ΔGT = − FΔψ − 2.3 RT log10
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]/[
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] )
(7)  

where the first two terms represent the classic pmf free energy (ΔGc) 
while the last term is the local pmf free energy (ΔGL). 

Furthermore, the phosphorylation potential (ΔGATP) for ATP syn
thesis employed by Slater55 in his 1967 evaluation of the chemiosmotic 
hypothesis was +15.6 kcal/mol that had been experimentally deter
mined by Cockrell et al. 196654 in isolated rat liver mitochondria. 
Notably, this phosphorylation potential of +15.6 kcal/mol (equivalent 
to 65.3 kJ mol− 1) for ATP synthesis is remarkably close to the magnitude 
of the critical free energy − 63.5 kJ mol− 1 for ATP hydrolysis in an an
imal heart cell as measured by Wu et al. 200860 and thus it may be 
considered as a physiologically required phosphorylation potential 
(65.3 kJ mol− 1) for ATP synthesis. Based on this phosphorylation po
tential of +65.3 kJ mol− 1, the physiologically required protonic Gibbs 
free energy (ΔGSyn) for ATP synthesis with a proton-to-ATP ratio of 8/3 
in mitochondria should be − 24.5 kJ mol− 1 (− 65.3 kJ mol− 1/2.67). 

Therefore, we have recently employed this phosphorylation poten
tial (65.3 kJ mol− 1) to compare with the total protonic Gibbs free energy 
(ΔGT) that consists of the classic pmf free energy (ΔGc) and the local pmf 
free energy (ΔGL) in mitochondria for ATP synthesis. Remarkably, the 
intracristae liquid pH 7.3 that Rieger et al., 2021 detected with SU 
γ-sEcGFP and the extracristal liquid pH 7.4 measured at SU e-sEcGFP are 
essentially the same as the transmembrane bulk-liquid pH values of 
“7.25” and “7.35” that we have recently used, respectfully, for the 
intracristae bulk-liquid phase pHpB and the extracristal bulk-liquid phase 
pHnB (Table 1,5,6,8) across the membrane-embedded ATP synthase. 

According to the data presented in Table 1 and Fig. 4, the classic 
protonic Gibbs free energy (ΔGC in a range from − 5.42 to − 19.9 kJ 
mol− 1) alone is not adequate to explain the protonic energetics for ATP 
synthesis in mitochondria since the ΔGC value is substantially below the 

physiologically required protonic Gibbs free energy (ΔGSyn) of − 24.5 kJ 
mol− 1 for ATP synthesis at any point in the entire range of mitochondrial 
transmembrane potentials (Δψ) from 50 to 200 mV. The in vivo mito
chondrial transmembrane potential (Δψ)61–63 values were experimen
tally observed to be mostly below 150 mV including 56 mV, 105 ± 0.9 
mV, and 81 ± 0.7 mV measured by Zhang et al. (2001),64 91 ± 11 mV 
and 81 ± 13 mV determined by Gurm et al. (2012) using the techniques 
of 4-18Ffluorophenyltriphenylphosphonium and in vivo positron emis
sion tomography (PET) measurement,65 and also 114 mV and 123 mV 
reported in swine and human respectfully using an improved PET-based 
method by Alpert et al. 201861 and by Pelletier-Galarneau et al. 2020.66 

We recently reported6,7 that the classic Mitchellian chemiosmotic the
ory67–69 cannot explain the mitochondrial energetics in living cells 
because it fatally misses to account for the TELP Gibbs free energy 
contribution in mitochondria.5,8,51 

These findings are well corroborated with the mysterious problem 
previously commented by Silverstein (2014) as a “thermodynamic effi
ciency of 113%” in mitochondria at a transmembrane potential of 
around 80 mV.53 According to the classic Mitchellian pmf equa
tion,67,70,71 to avoid the “impossibly high efficiency (>100%)” for 
mitochondria, one would have to “adjust” the bulk-phase “ΔpH (in-out)” 
to an arbitrary value of at least “+2.5”. However, as mentioned above, 
the experiment of Rieger et al., 2021 using the calibrated ratiometric 
sEcGFP pH sensors clearly confirmed that the transmembrane 
bulk-liquid-phase pH difference (ΔpH) is only 0.1 unit (= pH 7.4 – pH 
7.3) across the membrane-embedded ATP synthase (complex V). This 
sEcGFP experimental observation of transmembrane liquid-phase pH 
difference (ΔpH) of 0.1 unit is well in line with previously reported 
independent observations that the bulk-phase ΔpH (in-out) is nearly 
zero: “ΔpHmax is only ~0.11” based on the modern experimental mea
surements50 and modeling analysis of mitochondria.72 The observed 
bulk-phase ΔpH of nearly zero in mitochondria50 is also corroborated 
with the prediction from the TELP theory5,8,28,48,52 with the 

Fig. 4. Gibbs free energy (ΔG) values including the total protonic Gibbs free energy (ΔGT), local protonic Gibbs free energy (ΔGL), and classic protonic Gibbs free 
energy (ΔGC) in mitochondria calculated as a function of transmembrane potential Δψ compared to the required protonic Gibbs free energy of − 24.5 kJ mol− 1 for 
ATP synthesis (ΔGSyn) and to the redox potential chemical energy upper limit (ΔGChem) of − 22.0 kJ mol− 1. Adapted from Ref. 7. 
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understanding that mitochondrial inner membrane is rather imperme
able to ions.73,74 An independent study using a pH-sensitive GFP75 has 
now 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”. Therefore, it is 
now quite clear that the classic Mitchellian chemiosmotic theory67–69 

alone cannot explain the energetics in mitochondria; there must be 
another rather disparate protonic energetics mechanism in driving the 
synthesis of ATP through the F0F1-ATP synthase. 

We now understand, this disparate protonic energetics mechanism 
acts through the local protonic Gibbs free energy (ΔGL) from 
TELP.5,8–11,28,51,52 As shown in Table 1 and Fig. 4, the calculated local 
protonic Gibbs free energy (ΔGL) is in a range from − 29.5 to − 33.1 kJ 
mol− 1 whereas the classic protonic Gibbs free energy (ΔGC) is in a range 
from − 5.42 to − 19.9 kJ mol− 1 for a range of transmembrane potential 
(Δψ) from 50 to 200 mV. The total protonic Gibbs free energy (ΔGT) that 
is the sum of the classic protonic Gibbs free energy (ΔGC) and the local 
protonic Gibbs free energy (ΔGL) was calculated to be in a range from 
− 34.9 to − 52.9 kJ mol− 1. All of these ΔGL and ΔGT values (Table 1) are 
substantially above the physiologically required ΔGSyn of − 24.5 kJ 
mol− 1 for ATP synthesis at any of the transmembrane potential (Δψ) 
values in a range from 50 to 200 mV. Therefore, the application of the 
newly formulated protonic Gibbs free energy equations (Eqs. (1)− (7)) 
has now consistently yielded an excellent elucidation for the energetics 
in mitochondria, which does not require any arbitrary adjustment in the 
number of the bulk-phase “ΔpH (in-out)” that the previous study53 had 
to require. 

The redox potential chemical energy upper limit (ΔGChem) for the 
entire respiratory redox-driven proton pump system in mitochondria 
was calculated to be about − 22.0 kJ mol− 1 as follows. The redox po
tential difference between the electron donor NADH (Em,7 = − 320 mV) 
to the terminal electron acceptor O2 (Em,7 = +820 mV) in this system is 
known to be about 1140 mV.22 For each pair of electrons from NADH to 
pass through the respiratory chain (complexes I, III and IV) to the ter
minal electron acceptor O2 as shown in Fig. 2, the system drives the 
translocation of 10 protons across the membrane from the matrix to the 
intermembrane space/crista space.8 That is, it couples the translocation 
of 5 protons per electron transport. Therefore, the maximum pmf that 
could be generated by the redox-driven proton pump system should be 
about 228 mV per proton (1140 mV/5 protons), equivalent to − 22.0 kJ 
mol− 1 (= − F× 228 mV) as the redox potential chemical energy limit 
(ΔGChem). 

Notably, even the redox potential chemical energy limit ΔGChem 
which represents the theoretical chemical energy upper limit (− 22.0 kJ 
mol− 1) of the classic Mitchellian bulk phase-to-bulk phase protonic 
electrochemical potential gradients,67–69 is still below the physiologi
cally required ΔGSyn of − 24.5 kJ mol− 1 for ATP synthesis in mito
chondria. Therefore, the known classic chemical energy process alone is 
not adequate to explain the protonic energetics in mitochondria. This 
also indicates that there must be another fundamentally disparate bio
physical energetics mechanism in mitochondria; which we now know is 
the thermotrophic function 6 33,34 35 36 isothermally utilizing environ
mental heat energy associated with TELP in driving the synthesis of ATP 
molecules. 

As listed in Table 1, the entropy change (ΔSL) for the TELP- 
associated isothermal environmental heat utilization process is indeed 
a negative number in a range from − 95.1 to − 107 J per Kelvin per mole 
(J/K.mol) when the TELP concentration [H+

L ] is in a range from 5.30 to 
21.2 mM, which is a function of the transmembrane potential (Δψ) in a 
range from 50 to 200 mV. This is a significant result (Table 1) since it has 
now numerically shown that the TELP membrane capacitor formation 
indeed represents a negative entropy event. 

The calculated total protonic Gibbs free energy (ΔGT) data including 
the local protonic Gibbs free energy (ΔGL) (Table 1 and Fig. 4) showed a 

plenty of protonic Gibbs free energy well above the ΔGSyn of − 24.5 kJ 
mol− 1 for ATP synthesis through the mitochondrial F0F1-ATP synthase 
even at a relatively low transmembrane potential (Δψ) level anywhere 
in the range from about 50 mV to 200 mV. This finding is remarkably in 
line with the independent experimental observations of mitochondrial 
transmembrane potentials (Δψ) in living cells being mostly about 56 
mV, 105 ± 0.9 mV and 81 ± 0.7 mV,64 91 ± 11 mV and 81 ± 13 mV,65 

and also 114 mV61 and 123 mV66 where apparently substantial amounts 
of ATP are synthesized at such relatively low mitochondrial trans
membrane potentials to sustain the growth and activities of the living 
cells. 

These results all show that when the TELP activity is included 
(Table 1, Figs. 2, 3B and 4) using newly formulated protonic bio
energetics equations (Eqs. (1)–(7)), there is plenty of total protonic 
Gibbs free energy (ΔGT) that is well above the physiologically required 
protonic Gibbs free energy (ΔGSyn) of − 24.5 kJ mol− 1 to drive ATP 
synthesis through the FoF1-ATP synthase in mitochondria. Therefore, the 
previously reported conclusion “the Δp at ATP synthase is almost 
negligible under OXPHOS conditions” of Rieger et al., 2021 shall now be 
revised and updated with the fundamental understanding of the TELP 
theory.5,8 That is, there actually is sufficient amount of total trans
membrane protonic motive force gradient “Δp at ATP synthase” when 
the TELP activity is included in the protonic energy calculation with the 
fundamental understanding of the TELP model (Eqs. (1)–(7)). 

2.5. The Mitchellian classic protonic motive force also at play in 
mitochondria 

Although TELP activity appears as the dominant protonic motive 
force in driving ATP synthesis through FoF1-ATP synthase in mito
chondria, it is worthwhile to note that the Mitchellian classic protonic 
motive force is also at play here as shown in Table 1 and Fig. 4. For 
example, at a mitochondrial transmembrane potential Δψ of 100 mV, 
classic protonic Gibbs free energy (ΔGC) is − 10.2 kJ mol− 1 (equivalent 
to pmf of 106 mV) although it is substantially smaller than the TELP- 
associated local pmf free energy (ΔGL) of − 31.3 kJ mol− 1 (equivalent 
to pmf of 324 mV) in their absolute values. Therefore, the Mitchellian 
classic protonic motive force Gibbs free energy is still also at play in 
mitochondrial energetics although the TELP-associated local protonic 
free energy (ΔGL) appears to be the major driving force for ATP syn
thesis through FoF1-ATP synthase. 

Furthermore, as calculated from the second term of the newly 
formulated total protonic Gibbs free energy (ΔGT) equation (Eq. 7) 
(equivalent to the second term of Eq. (1)), − 0.59 kJ mol− 1 (equivalent to 
pmf of 6.1 mV) of the classic protonic Gibbs free energy (ΔGC) is 
contributed by the transmembrane bulk-liquid-phase pH difference 
(ΔpH) of 0.1 unit (= pH 7.4 – pH 7.3) experimentally confirmed by 
Rieger et al., 2021 across the membrane-embedded FoF1-ATP synthase. 
Although the free energy contribution (− 0.59 kJ mol− 1) from the 
transmembrane bulk-liquid-phase pH difference (ΔpH) of 0.1 unit ap
pears to be small in comparing to that of TELP free energy (ΔGL) of 
− 31.3 kJ mol− 1, one shall still pay attention not to neglect its scientific 
significance since it technically also indicates that the “Mitchellian bulk 
phase-to-bulk phase proton electrochemical potential gradients” is still 
part of the protonic energetic processes in mitochondria. 

As calculated through the cation-proton exchange equation (Eq. 4) 
with the mitochondrial cation exchange reduction factor of 1.29 re
ported previously,5,8 a small fraction (22% = 1 − 1/1.29) of the ideal 
TELP population can be exchanged out of the TELP layer into the 
bulk-liquid phase, resulting in a slightly lower pH in the intracristal 
liquid. Therefore, based on the fundamental understanding of the TELP 
theory with the cation-proton exchange equation (Eq. 4) and with the 
newly formulated total protonic Gibbs free energy (ΔGT) equation (Eq. 
7), there can be some bulk-liquid-phase protonic conduction from the 
protonic sources to the protonic users as well. This may manifest as a 
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lateral intracristal liquid pH gradient from the active protonic pumps 
(the supercomplexes of CI, CIII and CIV) at the relatively flat region of a 
crista to the ATP synthase dimer at the tip of the crista, in addition to the 
dominant TELP translocation pathway along the intracristal membrane 
surface at the steady state under OXPHOS conditions (Fig. 2). Likewise, 
we can also predict that there could be a liquid pH gradient from the 
protonic outlet of FoF1-ATP synthase to the matrix bulk liquid phase that 
connects with the protonic pump inlets of the respiratory complexes I, III 
and IV in forming a complete protonic circuit. These features as pre
dicted from the fundamental understanding of the TELP theory were 
exactly observed in the experiment of Rieger et al., 2021 as shown in 
Fig. 3B: 1) the lateral intracristal liquid pH gradient from the liquid pH 
6.9 sensed by a sEcGFP linked at the Cox8a of CIV in the intracristal 
space to the intracristal liquid pH 7.3 measured with a sEcGFP linked at 
the p-side subunit e of FoF1-ATP synthase; and 2) pH gradient from the 
liquid pH 7.4 measured with a sEcGFP linked at the n-side subunit y of 
FoF1-ATP synthase to the liquid pH 7.7 detected with MPP-sEcGFP in the 
matrix. 

The “radial pH gradient” from liquid pH 7.4 measured with a sEcGFP 
linked at the n-side subunit y of FoF1-ATP synthase to the liquid pH 7.7 
detected in the matrix with MPP-sEcGFP may be explained by the 
steady-state emerging protons from the n-side protonic outlet of FoF1- 
ATP synthase to disperse into the pH 7.7 matrix liquid that is connected 
with protonic pump inlets of the respiratory complexes I, III and IV. 

Therefore, the experimental observations of Rieger et al., 2021 using 
sEcGFP pH sensors at spatially discreet points in the intracristal liquid 
and extracristal liquid are highly valuable since they not only confirmed 
the transmembrane liquid-phase pH difference (ΔpH) of 0.1 unit (= pH 
7.4 – pH 7.3) across the membrane-embedded FoF1-ATP synthase but 
also showed the involvement of “Mitchellian bulk phase-to-bulk phase 
proton electrochemical potential gradients” with steady-state lateral 
liquid pH gradient along the intracristal space and a radial pH gradient 
from n-side subunit y of FoF1-ATP synthase towards the matrix (Fig. 3B). 
This is in line with the understanding that about 20% of TELP formed 
from the protons pumped across the inner mitochondrial membrane 
may enter the intracristal bulk liquid through the cation-proton ex
change process (Eq. (4)); they can then go through the intracristal bulk 
liquid phase to the protonic users located at the cristal rim, although 
TELP conducting along the intracristal membrane surface to the pro
tonic users (FoF1-ATP synthase dimer) at the cristal tip appears to be the 
major driving force for ATP synthesis under OXPHOS conditions. 

Likewise, under the “glycolytic conditions” where the FoF1-ATP 
synthase runs in reverse pumping protons into the intracristal space 
through ATP hydrolysis, we can predict that the pH at subunit (SU) e (of 
FoF1-ATP synthase) will slightly decrease because a small fraction of the 
reversely pumped protons will also go to the intracristal liquid phase. 
Meanwhile, the pH at Cox8a (of CIV) will slightly increase because of 
limited respiratory-driven proton pump activity there under the glyco
lytic conditions. These features as predicted from the fundamental un
derstanding of the TELP model were observed also exactly in the 
experiment of Rieger et al., 2021 that showed pH 7.1 at SU e of ATP 
synthase and pH 7.2 at subunit CoxVIIIa of CIV.1 

All these also show that the TELP theory5,8–11,28,51,52 may represent a 
complementary development to Mitchell’s chemiosmotic theory.20,21 

The combination of the two together as expressed in Eqs. (1)–(7) can 
now well explain the energetics in mitochondria. 

2.6. Additional explanations possible for the observed lateral intracristal 
liquid pH gradient 

Therefore, with the fundamental understanding of the TELP model, 
we have now successfully explained all the major experimental obser
vations of Rieger et al., 2021. However, it is worthwhile to note that 
additional and/or alternative explanations may also be possible for the 
lateral intracristal liquid pH gradient observed by Rieger et al., 2021. 
One of the questions is whether this observation could be explained by 

the possibility that TELP and bulk-liquid protons (pH) do not show a 
sharp edge, at least not at protein surfaces. This possibility is quite un
likely since the transmembrane attractive force between an excess pro
ton on the p-side (of a typically 4-nm thin membrane) and an excess 
hydroxide on the n-side is so strong as to physically move a 
transmembrane-electrostatically localized proton away from the mem
brane surface by a nanometer (1 nm) towards the bulk liquid phase 
would require a work (W) of 4.5 times as much as the Boltzmann kBT 
thermal kinetic energy (4.28 × 10− 21 J) at the physiological temperature 
of 37 ◦C (310 K).24 In this case, the possibility of finding TELP outside its 
1-nm thin layer should be practically zero. 

Another question is whether the sEcGFP pH sensor of Rieger et al., 
2021 is measuring between membrane surface and bulk-liquid pH. 
Based on the property of TELP staying within the 1-nm thin layer on 
membrane surface, the sEcGFP-measured pH values are most likely to 
represent the bulk-liquid pH. 

Yet, another question is whether the lateral TELP electrostatic dis
tribution gradient that I previously identified8 could somehow effect a 
lateral intracristal liquid pH gradient like the one observed by Rieger 
et al., 2021. As shown in Fig. 2, my previous study showed that the 
lateral asymmetric feature resulted from the geometric effect of a crista 
can enhance the density of TELP at the crista tip where the FoF1-ATP 
synthase enzymes are located by a factor of the axial ratio (a/b) for an 
ellipsoidal-shaped mitochondrial crista (Fig. 2). The TELP density at a 
crista tip can be as much as 10 times (1 pH unit) higher than that of the 
relatively flat membrane region where the proton pumping complexes I, 
III and IV are located.8 This finding was in line with an independent 
study76 that proposed “a significant increase in charge density, and thus 
in the local pH gradient of ~0.5 units in regions of high membrane 
curvature”. Therefore, a question is whether this type of lateral TELP 
density gradient along the intracristal membrane surface can somehow 
also result in the formation of a lateral intracristal bulk-liquid pH 
gradient. Currently, that is not yet understood. It is prudent to keep this 
type of question in mind for future research effort. 

3. Conclusion 

Rieger et al., 2021 performed a wonderful pH-sensing GFP experi
mental study using the radiometric sEcGFP in mitochondria of live cells, 
where “pH profiles of mitochondrial sub-compartments were recorded 
with high spatial resolution in live mammalian cells by positioning a pH 
sensor directly at ATP synthase’s F1 and Fo subunits, complex IV and in 
the matrix”. They elegantly measured the intracristal liquid pH to be 7.3 
using the SU γ-sEcGFP at the p-side and the extracristal liquid pH to be 
7.4 with SU e-sEcGFP at the n-side of the membrane-embedded FoF1- 
ATP synthase. Remarkably, both the intracristal liquid pH 7.3 and 
extracristal liquid pH 7.4 as measured with sEcGFP at the two sides of 
the membrane-embedded FoF1-ATP synthase were in excellent agree
ment with the intracristal bulk-liquid phase pHpB of “7.25” and the 
extracristal bulk-liquid phase pHnB of “7.35” that were employed in our 
published mitochondrial energetics studies.5–7 

In the experiment of Rieger et al., 2021, “the mitochondrial mem
brane potential, Δψm, was determined using the membrane potential- 
sensitive dye TMRE” and the presence of mitochondrial membrane po
tential Δψ was obvious, which clearly indicates the presence of TELP as 
shown in the protonic capacitor-based TELP equation (Eq. 3). 

Under the oxidative phosphorylation (OXPHOS) conditions, the 
formation of a protonic capacitor across a crista membrane is now 
mathematically justified by using the Gauss law equation (Eq. 5). In the 
protonic membrane capacitor, the physical reason why TELP stays 
within its 1-nm thin layer on membrane surface is because of the 
transmembrane attractive force between an excess proton on the p-side 
(of a typically 4-nm thin membrane) and an excess hydroxide on the n- 
side, which has been calculated to be as much as 1.92 × 10− 11 N.24 

Consequently, to physically move a transmembrane-electrostatically 
localized proton away from the membrane surface by a nanometer (1 
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nm) towards the bulk liquid phase would require the work (W) of about 
1.92 × 10− 20 J, which is 4.5 times as much as the Boltzmann kBT thermal 
kinetic energy (4.28 × 10− 21 J) at the physiological temperature of 
37 ◦C.24 This explains how TELP stays within 1-nm thin layer under the 
physiological temperature conditions so that any pH sensor outside of 
the 1-nm thin TELP layer such as the sEcGFP pH sensors located at least 
2–3 nm away from the membrane surface will not be able to see TELP 
activity. This feature as predicted from the fundamental understanding 
with the TELP model (Fig. 2) was observed exactly in the experiment 
(Fig. 3) of Rieger et al., 2021. 

To some observers such as Rieger et al., 2021 who experimentally 
observed the liquid pH 6.9 at CoxVIIIa-sEcGFP, pH 7.3 at SU γ-sEcGFP, 
pH 7.4 at SU e-sEcGFP, and pH 7.7 at SU e-sEcGFP, but who may or may 
not be fully aware of the TELP theory,5,8 it would not be surprising for 
them (including Rieger et al., 2021) to believe “the Δp at ATP synthase is 
almost negligible under OXPHOS conditions”. In contrast, I find, when 
the TELP activity is included in the energy calculations using the newly 
formulated protonic bioenergetics equations (Eqs. (1)–(7)), it shows 
plenty of total protonic Gibbs free energy (ΔGT) that is well above the 
physiologically required protonic Gibbs free energy (ΔGSyn) of − 24.5 kJ 
mol− 1 to drive ATP synthesis through the FoF1-ATP synthase in mito
chondria at any of the transmembrane potential values in the entire 
range from 50 to 200 mV (Table 1, Fig. 4). 

This study also shows that the TELP theory5,8–11,28,51,52 may repre
sent a complementary development to Mitchell’s chemiosmotic the
ory.20,21 The combination of the two together as expressed in Eqs. (1)– 
(7) can now excellently explain the energetics in mitochondria. Conse
quently, the experimental observations of Rieger et al., 2021 under the 
OXPHOS conditions is now better elucidated with a protonic capacitor 
concept in accordance with the fundamentals of the TELP model,5,8 

which is fundamentally important to the science of bioenergetics. 

Funding declaration 

The protonic bioenergetics aspect of this research was supported 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, Norfolk, Virginia, USA. 

Ethics approval 

This research does not involve any clinical research. 

Data availability 

All data generated or analyzed during this study are included in this 
article and in the cited references. 

Consent to participate 

This research does not involve any clinical research. 

Credit authorship contribution statement 

James Weifu Lee: designed and performed research, analyzed data, 
and authored the paper. 

Declaration of competing interest 

The author declares no competing financial and non-financial 
interests. 

Acknowledgement 

The author thanks Prof. Karin B. Busch of Germany for the discus
sions on her team’s wonderful pH-sensing GFP mitochondrial 

experimental results (Rieger et al., 2014 and 2021) and for her highly 
valuable suggestions and review feedback that made this manuscript 
better. The author also thanks the anonymous peer reviewers for their 
highly valuable and constructive review comments that also made this 
article better. The author also thanks for the support provided in part by 
the Multidisciplinary Biomedical Research Seed Funding Grant from the 
Graduate School, the College of Sciences, and the Center for Bioelectrics 
at Old Dominion University, Norfolk, Virginia, USA. 

References 

1 Rieger B, Arroum T, Borowski M-T, Villalta J, Busch KB. Mitochondrial F1FO ATP 
synthase determines the local proton motive force at cristae rims. EMBO Rep. 2021; 
22, e52727. https://doi.org/10.15252/embr.202152727. 

2 Orij R, Postmus J, Ter Beek A, Brul S, Smits GJ. In vivo measurement of cytosolic and 
mitochondrial pH using a pH-sensitive GFP derivative in Saccharomyces cerevisiae 
reveals a relation between intracellular pH and growth. Microbiol-Sgm. 2009;155: 
268–278. https://doi.org/10.1099/mic.0.022038-0. 

3 Gao DJ, Knight MR, Trewavas AJ, Sattelmacher B, Plieth C. Self-reporting 
arabidopsis expressing pH and [Ca2+] indicators unveil ion dynamics in the 
cytoplasm and in the apoplast under abiotic stress. Plant Physiol. 2004;134:898–908. 
https://doi.org/10.1104/pp.103.032508. 

4 Rieger B, Junge W, Busch KB. Lateral pH gradient between OXPHOS complex IV and 
F0F1 ATP-synthase in folded mitochondrial membranes. Nat Commun. 2014;5. 
https://doi.org/10.1038/ncomms4103. ARTN 3103. 

5 Lee JW. Electrostatically localized proton bioenergetics: better understanding 
membrane potential. Heliyon. 2019;5, e01961. https://doi.org/10.1016/j. 
heliyon.2019.e01961. 

6 Lee JW. Mitochondrial energetics with transmembrane electrostatically localized 
protons: do we have a thermotrophic feature? Sci Rep-Uk. 2021;11. https://doi.org/ 
10.1038/s41598-021-93853-x. ARTN 14575. 

7 Lee JW. Energy renewal: isothermal utilization of environmental heat energy with 
asymmetric structures. Entropy-Switz. 2021;23:665. 

8 Lee JW. Protonic Capacitor: elucidating the biological significance of mitochondrial 
cristae formation. Nat Res J: Sci Rep. 2020;10, 10304. https://doi.org/10.1038/ 
s41598-020-66203-6. 

9 Lee JW. A possible electrostatic interpretation for proton localization and 
delocalization in chloroplast bioenergetics system. Biophys J. 2005;88:324a–325a. 

10 Lee JW. Proton-electrostatics hypothesis for localized proton coupling bioenergetics. 
Bioenergetics. 2012;1(104):1–8. https://doi.org/10.4172/2167-7662.1000104. 

11 Lee JW. Electrostatically localized protons bioenergetics over Mitchell’s classic 
chemiosmotic theory. Biochem. Mol. Eng. 2013;2:4. https://doi.org/10.4172/2161- 
1009.S1.002. 
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