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It utilizes both the concentration gradient and the electrical potential of the inner mitochondrial 

membrane to drive the flow of protons from the intermembrane space to the matrix to generate ATP 

via ATP-synthase. However, the proton leak flow, which is mediated via the inner mitochondrial 

membrane and uncoupling proteins, can reduce the efficiency of ATP production. Protons can exhibit 

a quantum behavior within biological systems. However, the investigation of the quantum behavior of 

protons within the mitochondria is lacking particularly in the contribution to the proton leak. In the 

present study, we proposed a mathematical model of protons tunneling through the inner mitochondrial 

membrane and the mitochondrial carrier superfamily MCF including uncoupling proteins UCPs and 

the adenine nucleotide translocases ANTs. According to the model and its assumptions, the quantum 

tunneling of protons may contribute significantly to the proton leak if it is compared with the classical 

flow of protons. The quantum tunneling proton leak may depolarize the membrane potential, hence it 

may contribute to the physiological regulation of ATP synthesis and reactive oxygen species ROS 

production. In addition to that, the mathematical model of proton tunneling suggested that the proton-

tunneling leak may depolarize the membrane potential to values beyond the physiological needs which 

in turn can harm the mitochondria and the cells. Moreover, we argued that the quantum proton leak 

might be more energetically favorable if it is compared with the classical proton leak. This may give 

the advantage for quantum tunneling of protons to occur since less energy is required to contribute 

significantly to the proton leak compared with the classical proton flow. 

Keywords: quantum tunneling; quantum biology; mitochondria; proton leak; UCPs; ANTs 

 

Abbreviations: Adenosine triphosphate: ATP; Proton motive force: pmf; Adenine nucleotide 

translocase: ANT; Uncoupling protein: UCP; Reactive oxygen species: ROS; Adenosine diphosphate: 

ADT; Guanosine triphosphate: GTP; Guanosine diphosphate: GDP; Mitochondrial carrier superfamily: 

MCF; Inner mitochondrial membrane: IMM; Potential mean force: PMF; Intermembrane space: IMS; 

Electron transport chain: ETC  

1. Introduction  

The mitochondrion is a vital cellular organelle that produces energy in the form of adenosine 

triphosphate ATP [1,2]. In addition, mitochondria are involved in several important cellular functions, 

which include carbon and nitrogen metabolism, oxidation of sugars, fats, and proteins, ion hemostasis, 

and programmed cell death mediated via caspases [1,2]. The energy production is based on maintaining 

the proton gradient across the inner mitochondrial membrane and the flow of protons from the 

intermediate space to the matrix through the ATP synthase is responsible for ATP synthesis [1,2]. 

According to Mitchell’s chemiosmosis hypothesis, pumping protons against their concentration 

gradient from the matrix to the intermembrane space creates a proton motive force (pmf). This pmf 

drives the flow of protons from the intermembrane space back to the matrix going through the enzyme 

ATPase that catalyzes the production of ATP [1,2]. The pmf is generated due to the concentration 

difference across the inner mitochondrial membrane and its electrical potential which is negative at 

the matrix side relative to the intermembrane space [1,2]. However, protons can flow across mediators 

other than the ATP synthase and this flow is called proton leak. A proton leak across the membrane can 

affect the chemical proton gradient, the electrical potential of the inner membrane, and thus the motive 
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force for proton flow [3−8]. Thus, the proton leak can affect the efficiency of ATP synthesis. It behaves 

in a non-ohmic pattern, which means the relationship between the proton current and the voltage is not 

linear but rather exponential [8]. There are two types of proton leak: 1) The basal proton leak and 2) 

the inducible proton leak. The basal proton leak is mediated via the lipid bilayer of the inner 

mitochondrial membrane, the adenine nucleotide translocases (ANTs), and uncoupling proteins 

(UCPs). However, the proton leak is not mediated via the protein activity of these carriers because it 

was shown that the proton leak was produced even though inhibitors for these carriers were added [8]. 

On the other hand, the inducible proton leak requires the activation of mitochondrial anion carrier 

protein function and is catalyzed by ANTs and UCPs [8]. The physiological function of the proton leak 

is to uncouple between oxidation and phosphorylation to protect against excessive reactive oxygen 

species ROS production [8]. The inducible proton leak is activated by free fatty acids and superoxide 

ions, while it is inhibited by purine nucleoside di- and tri-phosphates including ADP, ATP, GDP, and 

GTP. The proton leak reduces ROS production by decreasing the rate of ATP production via two 

mechanisms: 1) It uncouples the oxidation from phosphorylation by bypassing the flow through the 

ATP-synthase [8]. 2) The proton leak can depolarize the electrical potential of the inner mitochondrial 

membrane IMM, hence it will reduce the electrical gradient that is necessary to drive the protons 

through the ATP synthase [9–11]. Therefore, fine regulation of the electrical potential of the inner 

mitochondrial membrane IMM is crucial to provide sufficient ATP for cellular functioning and 

decrease the amount of reactive oxygen species ROS produced. The ANTs and UCPs are considered 

members of the mitochondrial carrier superfamily (MCF) proteins. These proteins have a common 

molecular structure in which they contain two salt-bridge networks, which are at the cytoplasmic and 

matrix sides. Breaking down the salt bridges of these networks results in the proton flow through the 

MCF proteins. These cytoplasmic and matrix networks serve as gates that control the flow of protons 

[8]. During the flow of protons, the MCF protein alternates between the cytoplasmic and matrix states 

to allow the passage of protons [8].  

A Proton is a particle that can show quantum mechanical behavior and obey the mathematical 

formalism of quantum mechanics including the Schrödinger equation. According to quantum 

mechanics, the proton has a wave-particle duality which means that it can behave like a particle and a 

wave. Its wave behavior is studied using the principles of quantum mechanics [12]. For this reason, 

researchers have theoretically and experimentally started studying the quantum wave behavior of 

protons and other particles within biological systems in the so-called field of quantum biology [13,14]. 

Biologists have been thinking about the role of the quantum mechanical phenomena, including 

tunneling in cellular functions and the mitochondrial electron transport chain, and the process of 

electron bifurcation [13,14]. Interestingly, the proton received considerable attention by quantum 

biologists to investigate its quantum wave behavior within biological systems [15,16]. This implies 

that the quantum wave behavior can contribute to the biological actions and processes. They have 

applied the phenomenon of quantum tunneling on protons to explain the enzymatic reactions and the 

point mutations of DNA [17–19]. The mitochondrion is a promising molecular target to utilize the 

quantum mechanical formulation to explore the quantum mechanical aspects of the biological and 

cellular functions [15]. Researchers have focused on electrons as candidate quantum particles to 

investigate the quantum mechanical aspects of the physiological functions of mitochondria [20−23]. 

However, protons, which are crucial for ATP production, did not receive enough attention in the context 

of their quantum mechanical behavior.  

In this study, we aim to show that the quantum tunneling of protons through the IMM and its 
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proteins can serve as a proton leak that can control ATP and ROS production and may be implicated 

in the pathogenesis of several neurodegenerative diseases. In the present work, we explored the role 

of the quantum behavior of protons particularly quantum tunneling in the proton leak flow through the 

inner mitochondrial membrane. See Scheme 1. 

 

Scheme 1. A schematic diagram of the proton tunneling through the inner mitochondrial 

membrane IMM and the MCF proteins (shown in red). The scheme illustrates the net 

quantum tunneling of protons to the matrix of mitochondria serving as a leak current to 

control the production of ATP and ROS. 

2. The mathematical model  

A mathematical model of quantum tunneling of ions has been proposed and applied to the voltage-

gated channels showing several pathophysiological and clinical implications [24,25]. In the present 

study, the model of quantum tunneling will be applied to protons while passing through the inner 

mitochondrial membrane IMM and MCF proteins. In this model, protons are treated as quantum waves 

that can tunnel through the closed gates of the MCF proteins. The barrier height of these gates is larger 

than the kinetic energy of protons and thus they are classically impermeable. The molecular structure 

of the MCF indicates that the proton flow is impeded at the two ends of the inner mitochondrial 

membrane; the matrix and cytoplasmic ends [8]. Hence, two energy barriers can control the flow of 

protons through these proteins. Moreover, the inner membrane itself limits the flow of protons due to 

its hydrophobic nature. Accordingly, the proton tunneling can be applied to MCF proteins and the lipid 

bilayer of IMM. 

There are several shapes of the barrier through which quantum tunneling occurs. The barrier shape 

of the hydrophobic materials as in the case of IMM can be mimicked using the triangular shapes as 

obtained using the potential mean forces (PMFs) [26−28]. See Figure 1. The barrier shape of the salt-

bridge networks has not been studied using the potential mean forces. Hence, we will use the same 

triangular shapes of the IMM for the salt-bridge networks, which are reasonable shapes used frequently 

in biological simulations.  
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Figure 1. The figure represents the energy profile of the barriers that block the permeation 

of protons. The shape of the energy barrier takes the shape of the triangle that is illustrated 

by the red and the green graphs that are equivalent in terms of the tunneling probability of 

protons as will be shown below. The blue line represents the kinetic energy of the proton. 

Factor A represents a factor that can increase or decrease the barrier height, which will be 

explained later. 

Based on Figure 1, the triangular shape of the barrier can take two forms, which are the right 

angle triangle (green in color) and the isosceles triangle (red in color). The right angle triangle indicates 

that the potential energy of the barrier increases linearly as the ion passes through the barrier until 

reaching the highest point of energy at the end of the barrier. On the other hand, the isosceles triangle 

indicates that the potential energy of the barrier increases linearly until reaching the highest point of 

energy at the middle of the barrier and then starts to decrease until the end of the barrier. 

A possible mechanism of sealing off the permeation of ions including protons is 

dewetting/dehydrating the pore [27]. As the number of water molecules in the pore decreases, the 

barrier height will increase and the flow of ions will diminish and vice versa [27]. Moreover, a recent 

investigation found that the electrical field increases the hydration of the pore and increases the 

conduction of ions [29]. 

The energy profile of the green graph can be mathematically represented by the following 

equation:  

( ) ( ) ,0
a

G a
U x x x L

L L
=   ,       (1) 

where G is the original barrier height, L is the length of the barrier, 
a

a

L
 is a factor related to the factor 

A which decreases or increases the original barrier height G. In this term 
a

a
A

L
= ; 

mH
a q V+= in which 

H
q + is the charge of proton, mV  is the electrical potential of IMM and aL represents the length of the 

inner mitochondrial membrane IMML  . These variables and their relations to each other will be 
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explained later.  

On the other hand, the energy profile of the red graph can be mathematically represented by the 

following equation:  

2( ) ,0
2

( )

2( )( ),
2

a

a

G a L
x x

L L
U x

G a L
x L x L

L L


 


= 
− −  


,      (2) 

The tunneling probability of protons through these biological barriers can be estimated using the 

1-D Wentzel–Kramers–Brillouin (WKB) approximation [12,30]: 

2

1

8
( )

x

x

m
U x KEdx

T e

−
−

= ,         (3)  

where m is the mass of proton and  is the reduced Planck constant. 

Concerning the MCF proteins, there are two energy barriers. Therefore, the protons should tunnel 

through both of them to complete their passage to the other side of the inner mitochondrial membrane. 

See Figure 1.  

Both triangular shapes are equivalent in terms of tunneling probability that can be calculated by 

the following equation:  

32
(G )

3( ) a

a

aL
T KE

G a L

L L

= − ,       (4) 

See the appendix at the end of the article for the mathematical derivation of Eq (4).  

2.1. The quantum tunneling of protons through the inner mitochondrial membrane IMM 

The protons at both sides of the IMM have the opportunity to tunnel through it. Since the electrical 

potential of the IMM is positive at the IMS side, it is expected that the tunneling of the IMS protons 

to the matrix has a higher probability compared to the tunneling probability in the opposite direction 

of the matrix protons. See Figure 2.   

2.1.1. The quantum tunneling of intermembrane space IMS protons 

The IMS protons will encounter the energy barrier of the lipid bilayer of IMM. However, the 

electric field across the IMM will reduce the barrier height for IMS passage from the IMS side to the 

matrix side because their direction of flow is the same as the electric field. In addition, their kinetic 

energy will be attained from the thermal biological environment. See Figure 2.  
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Figure 2. The figure represents the quantum tunneling of protons from the IMS and matrix 

sides through the inner mitochondrial membrane. The IMS protons have a higher tunneling 

probability illustrated by larger wave amplitude if they are compared with the waves of the 

matrix protons. 

The quantum tunneling of protons in the IMS side through the IMM itself can be calculated by the 

following equation:  

2

1

8 1
( )

2

( )

x

m
B

IMMx

G qVm
x K Tdx

L

IMS IMMT e

−−
−

= ,        (5)  

where 1

1

2
B

IMM

m

K T

x L
G qV

=
−

 at which 1

1
( )

2
BU x KE K T= =  and 2 IMMx L=  which is at the end of the 

IMM. By solving the integral in Eq (5), it becomes:  

328 1
( )

3( ) 2

( )

IMM
m B

m

Lm
G qV K T

G qV

IMS IMMT e

−
 − −

−
=

,       (6) 

2.1.2. The quantum tunneling of protons in the matrix 

The matrix protons face the potential barrier of IMM itself and its electrical potential mV  and have 

a kinetic energy from the thermal biological environment. Therefore, the quantum tunneling of matrix 

protons can be calculated by the following equation:  
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2

1

8 1
( )

2

( )

x

m
B

IMMx

G qVm
x K Tdx

L

Matrix IMMT e

+−
−

= ,       (7) 

where 1

1

2
B

IMM

m

K T

x L
G qV

=
+

  at which 1

1
( )

2
BU x KE K T= =  and 2 IMMx L=  which is at the end of inner 

mitochondrial membrane IMM. By solving the integral in Eq (7), it becomes: 

328 1
( )

3( ) 2

Matrix( )

IMM
m B

m

Lm
G qV K T

G qV

IMMT e

−
 + −

+
= ,      (8) 

2.2. The quantum tunneling of protons through the MCF proteins 

As protons can tunnel through the IMM, they can also tunnel through the barriers of the salt-

bridge networks of the MCF proteins including UCPs and ANTs. Based on the molecular structure of 

MCF proteins, protons may tunnel through two separate barriers, unlike the tunneling through the 

IMM which is assumed to be one continuous barrier. See Figure 3.  

 

Figure 3. The figure represents the quantum tunneling of protons from the IMS and matrix 

sides showing their wave behavior. The quantum tunneling occurs through the two salt 

bridge networks at both sides that are illustrated by B1 and B2 for the IMS and matrix 

sides, respectively. In this model, the proton tunnels through the closed B1 and B2. The 

IMS protons have higher tunneling probability and higher kinetic energy illustrated by 

larger wave amplitude and higher wave frequency, respectively. On the other hand, the 

matrix protons have lower tunneling probability and lower kinetic energy illustrated by 

smaller wave amplitude and lower wave frequency, respectively. This will be the first 

model of MCF.  
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2.2.1. The quantum tunneling of intermembrane space IMS protons 

The IMS protons encounter two potential energy barriers while tunneling through MCF proteins. 

The first is the salt-bridges network at the IMS side (B1) and the other is at the matrix side (B2) that 

are illustrated in Figure 3. The IMS protons tunnel through the potential barriers of B1 and B2, but the 

electrical field of IMM will decrease their barrier heights along with kinetic energy from the thermal 

biological environment. Accordingly, the quantum tunneling probability of IMS protons through the 

B1 can be calculated by the following equation:  

2

1

11

8 1
( )

2

(MCF B1)

x

mB
B

B IMMx

qVGm
x K Tdx

L L

IMST e

−
− −

−


= ,       (9) 

where 1
1

1

1

2

( )

B

mB

B IMM

K T

x
qVG

L L

=

−

 at which 1

1
( )

2
BU x KE K T= =  and 2 1Bx L=  which is at the end of B1. By 

solving the integral in Eq (9), it becomes: 

31
1

1

1

8 2 1
(G )

2
3( )

(MCF B1)

m B
B B

mB IMM

B IMM

qV Lm
K T

qVG L

L L

IMST e

−
 − −

−

− = ,      (10) 

Based on Eq (10), IMS protons tunnel through the B1 barrier with a lower barrier height compared to 

the original height of B1 and with kinetic energy obtained from the thermal biological environment. 

On the other hand, the IMS protons will tunnel through the potential barrier of B2 while getting kinetic 

energy from the electrical potential of IMM before reaching the B2 barrier along with the thermal 

kinetic energy from the surrounding environment. In addition, the electrical field across the B2 barrier 

will lower the barrier height of B2 for the IMS protons. Hence, the quantum tunneling probability of 

IMS protons through B2 can be calculated by the following equation: 

2

22

21

( )8 1
( ) ( )

2

(MCF B2)

x

m m IMM BB
B

B IMM IMMx

qV qV L LGm
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− − +

−
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= ,    (11) 

where

2

1
1

1

( ) 1

2

( )

m IMM B
B

IMM
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B IMM

qV L L
K T

L
x

qVG

L L

−
+

=

−

  at which 2
1

( ) 1
( )

2

m IMM B
B

IMM

qV L L
U x KE K T

L

−
= = +   and 2 2Bx L=  

which is at the end of B2. By solving the integral in Eq (11), it becomes: 

32 2
2

2

2

( )8 2 1
((G ) )

G 2
3( )

(MCF B2)

m B m IMM B
B B

mB IMM IMM

B IMM

qV L qV L Lm
K T

qV L L

L L

IMST e

−−
 − − −

−

− = ,  (12) 

Thus, Eq (12) becomes: 



198 

AIMS Biophysics  Volume 11, Issue 2, 189−233. 

3
2

2
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(MCF B2)

B m B
mB

B IMM

m
qV K T

qV

L L

IMST e

−
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− = ,      (13) 

Eventually, the quantum tunneling of IMS protons through the MCF proteins can be calculated by the 

following equation: 

( ) ( 1) ( 2)IMS MCF IMS MCF B IMS MCF BT T T− −=  ,        (14) 

2.2.2. The quantum tunneling of matrix protons  

The matrix protons can tunnel through B1 encountering its barrier height that is increased due to 

the effect of the electrical field that its direction is opposite to the flow of matrix protons to the IMS 

side. The matrix protons attain kinetic energy from the surrounding biological environment. However, 

their kinetic energy will be reduced during their passage in MCF until reaching the B1 due to the 

influence of the opposing electrical field across the IMM. See Figure 3. Therefore, the probability of 

quantum tunneling through the B1 barrier can be calculated by the following equation: 

2

1

11

8
( )

Matrix(MCF B1)

x

mB

B IMMx

qVGm
x KEdx

L L
T e

−
+ −

−


=

,        (15) 

where

1

1

qV ( )

qV ( )1
(E )

m IMM B

IMM

E

m IMM B

L L IMM

L

L L
KE e dE

L





−

−

−
= −  in which E is the thermal energy, q is the charge 

of proton and BK T =  ; in which BK is the Boltzmann constant and T is body temperature. By solving 

the integral, the kinetic energy of the matrix protons once reaching the B1 barrier can be estimated by 

the following equation 32214.28 10 mV
KE e

−−=  in which the prefactor 214.28 10− has the Joule (J) unit 

and the coefficient in the exponent (32) has the unit of V-1. This equation calculates the mean thermal 

energy which has been lowered by the effect of the electric field of the IMM. In addition, 

1
1

1

( )mB

B IMM

KE
x

qVG

L L

=

+

 at which 1( )U x KE=  and 2 1Bx L=  which is at the end of the barrier B1. By solving 

the integral in Eq (15), it becomes: 
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m B
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qV Lm
KE

qVG L
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T e

−
 + −

+

− = ,     (16) 

On the other hand, matrix protons encounter the barrier height of B2 with further increase in its 

height due to the electric field of IMM along with a kinetic energy attained from the thermal biological 

environment. Hence, the quantum tunneling of matrix protons through B2 barrier can be calculated by 

the following equation: 

2

2

21

8 1
( )

2

Matrix(MCF B2)

x

mB
B

B IMMx

qVGm
x K Tdx

L L
T e

−
+ −

−
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,      (17)  
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where 1
2

2

1

2

( )

B

mB

B IMM

K T

x
qVG

L L

=

+

at which  1

1
( )

2
BU x KE K T= = and 2 2Bx L=  which is at the end of the barrier 

B2. By solving the integral inEq (17), it becomes: 

32
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8 2 1
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2
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m B
B B

mB IMM

B IMM

qV Lm
K T
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+

− =
,     (18)  

Eventually, the quantum tunneling of matrix protons through the MCF can be calculated by the 

following equation: 

( ) ( 1) ( 2)Matrix MCF Matrix MCF B Matrix MCF BT T T− −=  ,      (19) 

As a result of quantum tunneling of protons through barriers, other quantum physical quantities 

can be studied including the quantum unitary conductance and the quantum membrane conductance. 

The quantum unitary conductance is the quantum conductance due to quantum tunneling through a 

single barrier unit, while the quantum membrane conductance is the quantum conductance per surface 

area unit. 

2.3. The quantum conductance of protons through the inner mitochondrial membrane IMM 

The passage of IMS protons through IMM via quantum tunneling results in quantum tunneling 

current and quantum conductance. The quantum unitary conductance can be calculated by the 

following Eq [12]: 

2

( ) ( )
H

IMS IMM IMS IMM

q
C T

h

+

= ,       (20)  

The quantum membrane conductance of IMM for IMS protons can be calculated by the following 

Eq [12]: 

( )

( )

( )

IMS IMM

IMS IMM

IMS

C
MC

A
=

,       (21) 

where
( )

3

3 ( )L

1
2 8 ( )

2

m IMM
IMS

m B

G qV
A

m G qV K T

−
=

− −

which is the surface area unit related to tunneling barrier of 

IMM for IMS protons.  

Similarly, the quantum unitary conductance and the quantum membrane conductance of matrix protons 

through the IMM can be calculated by the following equations, respectively: 

2

Matrix( ) Matrix( )
H

IMM IMM

q
C T

h

+

= ,      (22) 
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Matrix( )

Matrix( )

(Matrix)

IMM

IMM

C
MC

A
= ,      (23) 

where
( )

3

3 ( )L

1
2 8 ( )

2

m IMM
Matrix

m B

G qV
A

m G qV K T

+
=

+ −

which is the surface area unit related to tunneling barrier 

of IMM for matrix protons.  

The surface area unit related to the tunneling barrier A can be calculated as a result of multiplying the 

length of the barrier IMML by the scale of length for quantum tunneling , hence IMMA L =  [12]. This 

scale of length can be deduced from equations of tunneling probability because the general equation 

can be represented by the following expression: 
L

T e 

−

=  [12]. If this general equation is matched with 

Eqs (6) and (8), then A  values for IMS and matrix protons can be determined as in Eqs (21) and (23). 

2.4. The quantum conductance of protons through the MCF proteins 

The quantum conductance of IMS protons through single MCF protein can be calculated by the 

following equation:  

2

( ) ( )
H

IMS MCF IMS MCF

q
C T

h

+

= ,        (24) 

The quantum membrane conductance of IMS protons at certain density D of MCF proteins can 

be calculated by the following equation [31]: 

( ) ( )IMS MCF IMS MCFMC C D=  ,        (25) 

where D is the number of MCF proteins per surface area unit.  

Similarly, the quantum unitary conductance and the quantum membrane conductance of matrix protons, 

which are mediated by MCF proteins, can be calculated by the following equations, respectively: 

2

Matrix( ) Matrix( )
H

MCF MCF

q
C T

h

+

= ,        (26)  

Matrix( ) Matrix( )MCF MCFMC C D=  ,        (27) 

2.5. The influence of quantum leak of protons on the electrical potential of inner mitochondrial 

membrane IMM 

The physical origin of the electrical potential of the inner mitochondrial membrane has been 

explained by several approaches [32]. However, based on the electrochemical principles, two major 

approaches can explain the generation of the electrical potential of IMM. These two approaches are: 1) 

The proton flow-based approach [31] and 2) The approach of the electrostatic density of protons [32]. 
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The proton flow-based approach states that the generation of electrical potential is generated once the 

balance between the chemical gradient and the gradient of electrical potential is established. This 

implies that the net flow of ions across the membrane is zero [31]. The proton flow-based approach is 

similar to the electrochemical approach that is used to calculate the membrane potential of neurons 

and cardiac cells using the Goldman-Hodgkin-Katz (GHK) equation [31]. On the other hand, the 

approach of the electrostatic density of protons states that it is the charge density of protons at both 

sides of the inner mitochondrial membrane that creates a voltage difference similar to the voltage 

difference across the capacitor [32]. Therefore, this approach does not account for the effect of proton’s 

conductance on the membrane potential rather it accounts for the localized concentration of protons at 

the sides of the membrane [32]. Even though several reasons argue against the electrostatic model and 

assume it is inappropriate to model the bioenergetics of mitochondria [33], we use this model for 

comparison and to theoretically validate the critique of this model as we will explain later. In the 

following sections, we will investigate the influence of the quantum conductance due to proton 

tunneling on the electrical potential of IMM according to both approaches. There are four major 

pathways for proton transport across the IMM, see Figure 4. These pathways include 1) the inner 

mitochondrial membrane IMM itself. 2) The electron transport chain ETC protein complexes particularly 

complex I, complex III, and complex IV. 3) The MCF proteins including UCPs and ANTs. 4) The ATP 

synthase protein.  

 

Figure 4. The figure illustrates the classical and the proposed quantum transport across the 

inner mitochondrial membrane IMM. The straight arrow indicates the classical transport 

while the wavy arrow indicates the quantum transport. 

There are two possible types of transport mediated via these pathways and these include the 

classical transport in which the protons overcome the barrier by gaining higher energy than the barrier 

height. The other possible type is quantum transport which is achieved by quantum tunneling in which 

the protons can overcome the barrier by lower energy than the barrier height according to their quantum 

behavior. Accordingly, the proton transport across the leak-mediating pathways can be in the classical 

and quantum forms. See Figure 4. The pumping activity of ETC complexes will be assumed to be only 

classical transport as we focus on the quantum leak flow. In addition, the ATP synthase is mainly 

involved in the ADP to ATP conversion process and will not be involved in the discussion of the 

generation of the electrical potential of IMM.  
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In the first approach, the membrane potential is generated to balance the flow of protons to zero. 

Before involving the role of MCF proteins, two pathways contribute to the flow of protons and these 

are the IMM itself, and ETC protein complexes. Hence, the electrical potential of IMM is attributed 

to the conductance of IMM itself and the conductance of ETC proteins. The lipid bilayer membrane 

conductance of ions and protons is experimentally and theoretically measured by the unit of 

nS/cm2 [8,26]. Assuming that the membrane conductance of the protons in the intermembrane space 

IMS is1nS/cm2 = 51 10−  S/m2. The exact value of conductance is not our concern because we aim to 

show what the influence of quantum tunneling would be on the electrical potential using any 

reasonable value. Thus, the conductance of ETC proteins can be predicted using the Nernst equation: 

( ) ( )
mFV

RT
IMS matrixIMS matrix

H MC e H MC
−

+ +   =    ,     (28) 

where
IMS

H +   is the proton concentration in the IMS, IMSMC is the classical membrane conductance 

of protons through the IMM, 
matrix

H +    is the proton concentration in the matrix, matrixMC  is the 

classical membrane conductance of matrix protons due to the activity of ETC proteins, F is Faraday’s 

constant, R is the gas constant, T is the body temperature, and mV is the electrical potential of IMM. 

By substituting the values in Table 1 in the corresponding variables in Eq (28), the conductance 

of the matrix protons is 25.4 10−  S/m2, which is predominantly mediated by ETC proteins. See 

Figure 4. The matrix protons have higher conductance than the IMS protons which is attributed to 

the activity of ETC proteins that favor a net proton flow to the IMS side to generate an electrical 

potential of 180 mV, which is positive at the IMS side relative to the matrix side. If the ETC proteins 

are inactivated, then the conductance of IMM will predominate and it will favor the net proton flow 

from the IMS side to the matrix side down the concentration gradient of protons, see Table 1. In this 

case, the membrane potential will be equal to the Nernst potential of protons and it will be around −50 

mV, which is negative at the IMS side relative to the matrix side, which is not compatible with the 

bioenergetics of mitochondria. Accordingly, we will investigate the influence of the quantum tunneling 

transport and the classical transport on the electrical potential using the following GHK equations: 

( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix

H MC MC e H MC MC
−

+ +

− −
   + = +    ,   (29) 

( ) ( )
mFV

RT
IMS C IMS matrix C matrixIMS matrix

H MC MC e H MC MC
−

+ +

− −
   + = +    ,   (30) 

where
QMC is the quantum membrane conductance mediated by IMM and/or MCF proteins and CMC

is the classical membrane conductance mediated by IMM and/or MCF proteins.  

On the other hand, the second approach relies on the concentration of the localized protons not on their 

conductance. However, as we aim to assess the influence of the proton leak current, which is defined 

in terms of electrical conductance, the flow of protons will shift the electrical potential of IMM to the 

potential of equilibrium at which the net flow across the membrane is zero. The flow of protons will 

not affect the concentration of protons; hence the conductance of leak current cannot affect the 

membrane potential according to the electrostatic model. Therefore, the effect of conductance on 

membrane potential can be assessed using the GHK equation, but in this case, the conductance of ETC 
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proteins must be omitted because the electrostatic approach states no role for ETC conductance in the 

first place. In this case, if the electrostatic approach sets the membrane potential to be 180 mV and the 

tunneling leak current is activated, then the flow of protons can depolarize the membrane potential to 

the equilibrium potential determined by Nernst equation without affecting the concentration of protons 

according to the laws of electrochemistry. In other words, the effect of proton conductance will 

dominate over the effect of the electrostatic effect of protons. Accordingly, the assessment of the 

influence of proton leak according to the electrostatic approach will be made using the following 

Nernst equations:  

( ) ( )
mFV

RT
Q IMS Q matrixIMS matrix

H MC e H MC
−

+ +

− −
   =    ,     (31) 

( ) ( )
mFV

RT
C IMS C matrixIMS matrix

H MC e H MC
−

+ +

− −
   =    ,     (32) 

3. Results 

Based on the mathematical equations in the previous section, we will utilize the values of the 

physical parameters for mitochondria and its IMM to investigate the quantum tunneling behavior of 

protons, proton tunneling flow and its influence on the electrical potential of IMM (Table 1).  

Table 1. The values of the physical parameters used in the study. 

Parameter Value 

The thickness of IMM IMML  97 10−  m 

The length of the salt-bridges network 1/ 2B BL  91 10−  m 

The mass of proton 
271.67 10−  Kg 

The protons concentration in matrix 
Matrix

H +    51.58 10− mmol/L 

The protons concentration in the IMM 
IMS

H +    41 10− mmol/L 

The electrical potential of IMM mV  180 mV 

The charge of proton 
H

q +  191.6 10− C 

The Planck constant h  
346.6 10− Js 

The reduced Planck constant  
341.05 10− Js 

The Boltzmann constant BK  231.38 10−  J/K 

The Body temperature T 310 K 

The gas constant R 8.314 J/mol.K 

The Faraday’s constant F 96485 C/mol 
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3.1. The quantum tunneling probability of protons  

3.1.1. The quantum tunneling through the inner mitochondrial membrane IMM 

 

Figure 5. (a): The relationship between the barrier height of inner mitochondrial 

membrane IMM and the logarithm of the tunneling probability for the IMS protons. (b): 

The relationship between the barrier height of the inner mitochondrial membrane IMM 

and the logarithm of the tunneling probability for the matrix protons. The investigation is 

made at different values for the electrical potential of IMM. 

Based on Eqs (6) and (8), the relationship between the barrier height of IMM and the quantum 

tunneling probability of protons at different values of the electrical potential of IMM can be 

investigated (Figure 5).  

3.1.2. The quantum tunneling through the mitochondrial carrier superfamily MCF 

Based on Eqs (10) and (16), the relationship between the barrier height of B1 and the quantum 

tunneling probability of protons at different values of the electrical potential of IMM can be 

investigated. See Figure 6.  
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Figure 6. (a): The relationship between the barrier height of B1 and the logarithm of the 

tunneling probability of IMS protons through B1 barrier. (b): The relationship between the 

barrier height of B1 and the logarithm of the tunneling probability of matrix protons 

through B1 barrier. The investigation is made at different values for the electrical potential 

of IMM and assuming that B1 barrier is closed and the B2 barrier is open. 

Based on Eqs (13) and (18), the relationship between the barrier height of B2 and the quantum 

tunneling probability of protons at different values of the electrical potential of IMM can be 

investigated (Figure 7).  

 

Figure 7. (a): The relationship between the barrier height of B2 and the logarithm of the 

tunneling probability of IMS protons through B2 barrier. (b): The relationship between the 

barrier height of B2 and the logarithm of the tunneling probability through B2 barrier. The 

investigation is made at different values for the electrical potential of IMM and assuming 

that B1 barrier is open and the B2 barrier is closed. 
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Based on Eqs (14) and (19), the relationship between the barrier height of B1 and B2 and the 

tunneling probability of protons at different values of the electrical potential of IMM can be 

investigated (Figure 8).  

 

Figure 8. (a): The relationship between the barrier height of MCF (both B1 and B2 are 

closed) and the logarithm of tunneling probability of IMS protons through B1 and B2 

barriers. (b): The relationship between the barrier height of MCF and the logarithm of 

tunneling probability of matrix protons through B1 and B2 barriers. 

3.2. The quantum unitary conductance of protons  

3.2.1. The quantum unitary conductance of the inner mitochondrial membrane IMM 

Based on Eqs (20) and (22), the relationship between the barrier height of IMM and its quantum 

unitary conductance at different values of its electrical potential can be investigated (Figure 9).  
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Figure 9. (a): The relationship between the barrier height of the inner mitochondrial 

membrane IMM and the logarithm of the unitary conductance of IMS protons. (b): The 

relationship between the barrier height of the inner mitochondrial membrane IMM and the 

logarithm of the unitary conductance of matrix protons. The investigation is made at 

different values for the electrical potential of the IMM. 

3.2.2. The quantum unitary conductance of the mitochondrial carrier superfamily MCF 

Based on Eqs (24) and (26), the relationship between the barrier height of B1 and the quantum 

unitary conductance of MCF at different values of the electrical potential of IMM can be investigated 

(Figure 10).  

 

Figure 10. (a): The relationship between the barrier height of B1 barrier and the logarithm 

of the unitary quantum conductance of IMS protons. (b): The relationship between the 

barrier height of B1 barrier and the logarithm of the unitary quantum conductance of matrix 

protons. The investigation is made at different values for the electrical potential of IMM. 
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Based on Eqs (24) and (26), the relationship between the barrier height of B2 and the quantum 

unitary conductance of protons at different values of the electrical potential of IMM can be investigated 

(Figure 11).  

 

Figure 11. (a): The relationship between the barrier height of the B2 barrier and the 

logarithm of the unitary quantum conductance of IMS protons. (b): The relationship 

between the barrier height of the B2 barrier and the logarithm of the unitary quantum 

conductance of matrix protons. The investigation is made at different values of electrical 

potential of the IMM. 

 

Figure 12. (a): The relationship between the barrier height of MCF (both B1 and B2 are 

closed) and the logarithm of the unitary quantum conductance of IMS protons. (b): The 

relationship between the barrier height of MCF and the logarithm of the unitary quantum 

conductance of matrix protons. The investigation is made at different values for the 

electrical potential of IMM.  
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Based on Eqs (24) and (26), the relationship between the barrier height of B1 and B2 or so called 

the barrier height of MCF and its quantum unitary conductance at different values of the electrical 

potential of IMM can be investigated (Figure 12).  

3.3. The quantum membrane conductance of protons  

3.3.1. The quantum membrane conductance of the inner mitochondrial membrane IMM  

Based on Eqs (21) and (23), the relationship between the barrier height of the IMM and the 

quantum membrane conductance of protons at different values of the electrical potential of IMM can 

be investigated (Figure 13).  

 

Figure 13. (a): The relationship between the barrier height of the inner mitochondrial 

membrane IMM and the logarithm of the quantum membrane conductance of IMS protons. 

(b): The relationship between the barrier height of the inner mitochondrial membrane IMM 

and the logarithm of the membrane quantum conductance of matrix protons. The 

investigation is made at different values for the electrical potential of IMM. 

3.3.2. The quantum membrane conductance via quantum tunneling through the mitochondrial 

carrier superfamily MCF 

Based on Eqs (25) and (27), the relationship between the barrier height of B1 and the quantum 

membrane conductance can be investigated at MCF protein density of 1410 m-2 and at different values 

of the electrical potential of IMM (Figure 14).  
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Figure 14. (a): The relationship between the barrier height of B1 barrier and the logarithm 

of the quantum membrane conductance of IMS protons. (b): The relationship between the 

barrier height of B1 and the logarithm of the quantum membrane conductance of matrix 

protons. The investigation is made at different values for the electrical potential of the IMM 

and protein density 1410D = m-2. 

 

Figure 15. (a): The relationship between the barrier height of B2 barrier and the logarithm 

of the quantum membrane conductance of IMS protons. (b): The relationship between the 

barrier height of B2 and the logarithm of the quantum membrane conductance of matrix 

protons. The investigation is made at different values for the electrical potential of the IMM 

and protein density 1410D = m-2. 
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Based on Eqs (25) and (27), the relationship between the barrier height of B2 and the quantum 

membrane conductance can be investigated at MCF protein density of 1410 m-2 and at different values 

of the electrical potential of IMM (Figure 15).  

Based on Eqs (25) and (27), the relationship between the barrier height of B1 and B2 and the 

quantum membrane conductance can be investigated at MCF protein density of 1410 m-2 and at different 

values of the electrical potential of the IMM (Figure 16). 

 

Figure 16. (a): The relationship between the barrier height of MCF (both B1 and B2 

barriers are closed) and the logarithm of the quantum membrane conductance of IMS 

protons. (b): The relationship between the barrier height of MCF and the logarithm of the 

quantum membrane conductance of matrix protons. The investigation is made at different 

values of electrical potential and at protein density value 1410D = m-2. 

3.4. The influence of the proton quantum tunneling on the electrical potential of IMM 

The quantum tunneling of protons generates a proton flow and a quantum conductance. Therefore, 

the proton tunneling can affect the electrical potential of IMM and as a result, it can affect the ATP and 

ROS production. Since the MCF proteins alternate between the two states of the salt-bridge network 

(IMS state and matrix state) during proton flow and the regulators such as fatty acids can act on one 

state rather than the two states [3−5], several models can be proposed to investigate the quantum 

tunneling of protons through the MCF proteins (Figures 3 and 17). 

There are five models of proton quantum tunneling: 1) both barriers B1 and B2 are closed and 

protons tunnel through them, see Figure 3. 2) B1 barrier is closed for protons at both sides of IMM, 

hence proton tunneling occurs through the B1 barrier, and there will be a classical transport through 

the B2 barrier, see Figure 17a. 3) B2 is closed for protons at both sides of IMM, hence proton tunneling 

occurs through the B2 barrier and there will be a classical transport through the B1 barrier, see Figure 
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17b. 4) B1 is closed for IMS protons while B2 is closed for matrix protons, hence IMS protons tunnel 

through the B1 barrier and are classically transported through the B2 barrier and matrix protons tunnel 

through the B2 barrier and are classically transported through the B1 barrier, see Figure 17c. 5) B2 is 

closed for IMS protons while B1 is closed for matrix protons, hence IMS protons tunnel through the 

B2 barrier and are classically transported through the B1 barrier and matrix protons tunnel through the 

B1 barrier and are classically transported through the B2 barrier (Figure 17d). 

 

Figure 17. The figure represents four possible models for the states of B1 and B2 barriers 

and the corresponding quantum tunneling process showing their wave behavior. (a): The 

second model of MCF. (b): The third model of MCF. (c): The fourth model of MCF. (d): 

The fifth model of MCF.  

As we explained before, there are two approaches to investigating the influence of proton 

tunneling on the electrical potential of IMM: 1) The proton flow–based approach in which the 

membrane potential is generated due to the electrical conductance of IMM for protons similar to the 

potential generation in neurons and cardiac cells. 2) The approach of electrostatic density of protons 

in which the electrostatic accumulation of protons at the IMS side generates the difference in the 

voltage across the membrane similar to the capacitor. Therefore, the electrostatic approach does not 

depend on the conductance of protons. In the present study, we aim to show how proton tunneling may 

affect the electrical potential according to the two approaches and what the differences between them 

are. 

To assess the influence of quantum tunneling of protons through the IMM on its electrical 

potential according the proton flow-based approach, the quantum version of Goldman-Hodgkin-Katz 

equation is used [34]:  

( ) ( )( ) ( )
mFV

RT
IMS Q IMS IMM matrix Q matrix IMMIMS matrix

H MC MC e H MC MC
−

+ +

− −
   + = +      (33) 
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The relationship between the energy barrier height of the IMM and its membrane potential can be 

investigated based on Eq (33) (Figure 18).  

 

Figure 18. The figure represents the relationship between the barrier height of the inner 

mitochondrial membrane IMM and the electrical potential of IMM. This relationship is 

made according to the proton flow-based approach. 

 

Figure 19. The figure represents the relationship between the barrier height of the inner 

mitochondrial membrane IMM and the electrical potential of the IMM. The investigation 

is made according to the electrostatic approach. 

To assess the influence of the proton quantum tunneling through the IMM on its electrical 

potential according to the approach of electrostatic density, the Nernst equation can be used involving 

the quantum conductance of protons:   

( ) ( )( ) ( )
mFV

RT
Q IMS IMM Q matrix IMMIMS matrix

H MC e H MC
−

+ +

− −
   =    ,    (34) 
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According to Eq (34), the quantum tunneling flow across the IMM will be balanced at the 

equilibrium point of Nernst potential at which the net flow across the IMM is zero. The relationship 

between the barrier height of IMM and its electrical potential can be investigated based on Eq (34) 

(Figure 19).  

3.5. The influence of quantum leak current of protons through the MCF proteins on the membrane 

potential of IMM 

The influence of the protons quantum tunneling through both barriers B1 and B2 of MCF proteins 

on the electrical potential of IMM according to the proton flow-based approach can be investigated 

using the following GHK equation: 

(MCF B1B2) (MCF B1B2)( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix

H MC MC e H MC MC
−

+ +

− − − −
   + = +      (35) 

The relationship between the barrier height of both barriers B1 and B2 or so called the barrier 

height of MCF and the electrical potential of IMM can be investigated based on Eq (35) (Figure 20). 

 

Figure 20. The figure represents the relationship between the barrier height of the MCF 

and the electrical potential of the inner mitochondrial membrane potential IMM. (a): the 

figure shows that there is no real solution when the both barriers B1 and B2 are closed 

within the range values of barrier height between around 1 and 3. (b): the relationship is 

investigated with a range of barrier height less than 1 in which real solution for the 

membrane potential can be found. This relationship is made according to the proton flow-

based approach. 

On the other hand, the influence of the protons quantum tunneling through both barriers, as in the 

first model, on the electrical potential of IMM according to the approach of electrostatic density of 

protons can be investigated using the Nernst equation: 
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The relationship between the barrier height of MCF and the electrical potential of IMM can be 

investigated based on Eq (36) (Figure 21).  

 

Figure 21. The figure represents the relationship between the barrier height of the MCF 

and the electrical potential of IMM. The investigation is made according to the electrostatic 

approach. One value of MCF density is chosen because the graph will not change by 

changing D values. 

Figure 20 and Figure 21 investigated the influence of protons quantum tunneling through MCF 

proteins according to the first model of MCF that is illustrated in Figure 3. 

In the second model of MCF, its influence on the electrical potential of IMM according to the 

proton flow-based approach and the approach of electrostatic density can be investigated by the 

following equations, respectively:  

(MCF B1) (MCF B1)( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix
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+ +
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Based on Eqs (37) and (38), the relationship between the barrier height of B1 barrier and the electrical 

potential of IMM can be investigated (Figure 22). 
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Figure 22. (a): the figure represents the relationship between the barrier height of B1 for 

protons at both sides and the electrical potential of the inner mitochondrial membrane IMM. 

The relationship is made according to the proton flow-based approach and at different 

values of protein density. (b): the figure represents the relationship between the barrier 

height of B1 for protons at both sides and the electrical potential of the inner mitochondrial 

membrane IMM. The relationship is made according to the electrostatic approach and at 

different values of protein density. One value of MCF density is chosen because the graph 

will not change by changing D values. 

In the third model of MCF, its influence on the electrical potential of IMM according to the proton 

flow-based approach and the approach of electrostatic density can be investigated by the following 

equations, respectively:  

(MCF B2) (MCF B2)( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix
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+ +
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Based on Eqs (39) and (40), the relationship between the barrier height of B2 barrier and the electrical 

potential of IMM can be investigated (Figure 23). 
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Figure 23. The figure represents the relationship between the barrier height of B2 for 

protons at both sides and the electrical potential of the inner mitochondrial membrane IMM. 

(a): The relationship is made according to the proton flow-based approach and at different 

values of protein density. (b): The relationship is made according to the electrostatic 

approach. One value of MCF density is chosen because the graph will not change by 

changing D values. 

In the fourth model of MCF, its influence on the electrical potential of IMM according to the 

proton flow-based approach and the approach of electrostatic density can be investigated by the 

following equations, respectively:  

(MCF B1) (MCF B2)( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix
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−

+ +
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Based on Eqs (41) and (42), the relationship between the barrier height of B1 or B2 barrier and the 

electrical potential of IMM can be investigated (Figure 24). 
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Figure 24. The figure represents the relationship between the barrier height of B1 for IMS 

protons and B2 for matrix protons and the electrical potential of the inner mitochondrial 

membrane IMM. (a): The relationship is made according to the proton flow-based 

approach and at different values of protein density. (b): the relationship is made according 

to the electrostatic approach. One value of MCF density is chosen because the graph will 

not change by changing D values. 

In the fifth model of MCF, its influence on the electrical potential of IMM according to the proton 

flow-based approach and the approach of electrostatic density can be investigated by the following 

equations, respectively: 

(MCF B2) (MCF B1)( ) ( )
mFV

RT
IMS Q IMS matrix Q matrixIMS matrix
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Based on Eqs (43) and (44), the relationship between the barrier height of B1 or B2 barrier and the 

electrical potential of IMM can be investigated (Figure 25). 
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Figure 25. The figure represents the relationship between the barrier height of B2 for IMS 

protons and B1 for matrix protons. (a): The relationship is made according to the proton 

flow-based approach and at different values of protein density. (b): The relationship is 

made according to the electrostatic approach. One value of MCF density is chosen because 

the graph will not change by changing D values. 

3.6. The influence of the classical flow of protons on the electrical potential of the IMM 

The previous investigations focused on the influence of the tunneling leak flow of protons on the 

electrical potential of IMM. However, it is important to assess the effect of the classical leak of protons. 

The statistical Boltzmann distribution can be used to study the influence of the classical transport of 

protons via MCF proteins. The effect of the classical transport of protons through open MCF proteins 

on the electrical potential of IMM can be investigated using the statistical Boltzmann distribution 

according to the proton flow-based approach and the approach of electrostatic density using the 

following equations, respectively:  
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where MCFC  is the classical unitary conductance of MCF protein when proton flows through an 

open state of B1 and B2 barriers. The barrier height of either B1 or B2 is multiplied by 2 is to indicate 

that at least two times the barrier height of B1 or B2 are required to achieve a full classical transport 

through MCF protein assuming the barrier height of B1 and B2 are the same for the sake of the 

mathematical simplicity. Up to authors’ knowledge, the range values of C MCFC −   has not been 

determined yet, but we can assume a value of 1710− S to fit the membrane conductance of protons with 

a unit of nS/cm2 along with D values in the range of 12 1610 10−   m-2, which correspond to 41 10−
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protein/
2m .  

Based on Eqs (45) and (46), the relationship between the barrier height of B1/B2 and the electrical 

potential can be investigated (Figure 26).  

 

Figure 26. The figure investigates the influence of the classical flow of protons on the 

electrical potential of inner mitochondrial membrane IMM. (a): The relationship between 

the barrier height of B1 or B2 barrier and the electrical potential of the inner mitochondrial 

membrane IMM based on the proton flow-based approach. (b): The relationship between 

the barrier height of B1 or B2 barrier and the electrical potential of the inner mitochondrial 

membrane IMM based on the approach of electrostatic density of protons. One value of 

MCF density is chosen because the graph will not change by changing D values. 

Furthermore, we can investigate the effect of the classical transport of protons on the electrical 

potential of IMM in terms of the classical conductance values of protons. These conductance values 

are either for the IMM itself or the MCF proteins using the following equations for the proton flow-

based approach and the approach of electrostatic density, respectively: 
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Based on Eqs (47) and (48), the relationship between the classical conductance of protons and the 

electrical potential of IMM can be investigated (Figure 27).  
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Figure 27. The figure represents the relationship between the membrane conductance of 

protons and the electrical potential of IMM according to the classical transport of protons. 

(a): The relationship is made according to the proton flow-based approach. (b): the 

relationship is made according to the electrostatic approach. 

3.7. The tunneling leaky current of protons  

In the context of our present study, it is crucial to quantify the proton leak current mediated by 

quantum tunneling. The tunneling leak current can be calculated based on the conductance values using 

the following equation:  

Q Q mI C V= ,          (49) 

where 
QI  is tunneling leak current, 

QC  is the unitary quantum conductance discussed earlier and mV  

is the electrical potential of IMM. The unit of current that will be used is Ampere (A).  

Based on Eq (49), the relationship between the electrical potential of IMM and the tunneling leak 

current can be studied for the proposed barriers (Figures 28−31).  
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Figure 28. The figure represents the relationship between the potential of IMM and the 

logarithm of the tunneling leak current through IMM for IMS and matrix protons as 

represented in (a) and (b), respectively.  

 

Figure 29. The figure represents the relationship between the potential of IMM and the 

logarithm of the tunneling leak current through B1 barrier for IMS and matrix protons as 

represented in (a) and (b), respectively. 
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Figure 30. The figure represents the relationship between the potential of IMM and the 

logarithm of the tunneling leak current through B2 barrier for IMS and matrix protons as 

represented in (a) and (b), respectively. 

 

Figure 31. The figure represents the relationship between the potential of IMM and the 

logarithm of the tunneling leak current through B1 and B2 barriers for IMS and matrix 

protons as represented in (a) and (b), respectively.  
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4. Discussion 

4.1. The quantum tunneling of protons through the inner mitochondrial membrane  

The mitochondrion is a vital cellular organelle for ATP production, which provides cells with 

energy for physiological functions. ATP production is made via the proton flow through the ATPase 

protein in the inner mitochondrial membrane. The flow of protons is mainly dependent on the 

membrane potential of the inner mitochondrial membrane, which is positive at the side of 

intermembrane space IMS with respect to the matrix. However, not all the protons flowing through the 

inner mitochondrial membrane are utilized to generate ATP. Some of these protons leak through the 

inner membrane and the uncoupling proteins to control the production rate of ATP and ROS [8]. If 

there were a loss of the proton leak, excess production of ROS would result and in turn, would harm 

the cells. On the other hand, an increase in the proton leak would result in a decrease in ATP production 

which can also harm the cells. The reduction in ATP production by the proton leak current is mediated 

by two mechanisms: 1) Dissipating a proportion of the proton flow without being used in 

phosphorylation ‘uncoupled oxidative phosphorylation [8]. 2) Membrane depolarization, which 

decreases the main force required for protons to flow through the ATPase [9–11].  

Quantum biology is an interdisciplinary field that studies the intersection between quantum 

mechanics and biology. It aims to investigate the quantum effects on the biological processes [13,14]. 

One of the major particles that has been the focus of quantum biology is the proton, which has been 

studied in the context of DNA mutation [17,18] and proton tunneling in enzymes [19]. Thus, in our 

present work, we investigate the quantum behavior of protons and the role of their quantum tunneling 

in the proton leak and its influence on the electrical potential of the inner mitochondrial membrane. 

Up to the authors’ knowledge, the present work is the first paper that explores the role of quantum 

tunneling of protons in mitochondria particularly its role in the proton leak. The proton leak current is 

mediated through the inner mitochondrial membrane itself and the uncoupling proteins. Hence, we 

apply the model of proton quantum tunneling on these two molecular structures. The proton tunneling 

implies that the proton has a non-zero probability of going through an energy barrier whose energy is 

higher than the energy of the proton. In the context of the proton passage through the inner 

mitochondrial membrane, the protons have the potential capacity to pass via quantum tunneling 

through the membrane itself and the closed uncoupling proteins. The probability of quantum tunneling 

of protons depends on the energy barrier height, its width, and the membrane potential of the inner 

mitochondrial membrane. As the energy barrier height and its width decrease, the tunneling probability 

increases and vice versa. In addition, the changes in membrane potential can affect the barrier height 

and/or the kinetic energy of protons, hence it is an important factor that modulates the tunneling 

probability.  

The probability of quantum tunneling of protons from the intermembrane space is higher than 

that for the protons in the matrix. This discrepancy is due to the differences in the height of barriers 

they pass through and their kinetic energy due to the effect of the electric field of IMM. The protons 

in the intermembrane space acquire higher kinetic energy because they go through the membrane 

potential along with the same direction of the electric field, which is from the intermembrane space to 

the matrix. In addition, since the IMS protons flow along the same direction of the electric field, it will 

decrease the barrier height of IMM and MCF. On the other hand, the membrane potential imposes an 

energy barrier and decreases the kinetic energy of matrix protons, therefore, they have a lower 

tunneling probability. As a result, it is expected that there will be a net flow of protons to the matrix, 
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which may uncouple the oxidation from the phosphorylation and depolarize the electrical potential of 

the inner mitochondrial membrane IMM. The quantum tunneling of protons can occur through the 

inner mitochondrial membrane itself or the MCF proteins. However, differences exist between them 

due to the differences in the molecular structure and thus in the characteristics of the energy barrier. 

The whole inner mitochondrial membrane with a thickness of 97 10− m represents an energy barrier 

that impends the passage of protons. On the other hand, the MCF proteins possess two energy barriers 

consisting of salt bridges on the matrix and intermembrane space sides. In the present study, we assume 

an approximate value of 91 10− m for the length of each network of salt bridges and we propose five 

models of the protons quantum tunneling through the MCF proteins as in Figures 3 and 17.  

Even though the width of the energy barrier for the inner mitochondrial membrane is larger than 

that for salt bridges barriers B1 and B2, the tunneling through the inner membrane can be significant 

due to the larger membrane potential involved in lowering the barrier height for protons across the 

length of inner membrane especially as the barrier height decreases. If Figures (5)−(8) are compared, 

it is clear that the tunneling probability of protons increases as the barrier height decreases especially 

in the case of the tunneling through the B2 barrier only, which showed greater sensitivity to the drop 

in the barrier height compared to the other barriers. Furthermore, it is clear from Figures (5)−(8) that 

as the electrical potential of IMM increases, the tunneling probability of IMS protons increases, while 

the tunneling probability of matrix protons decreases as the electrical potential increases. As a 

consequence of the quantum tunneling of protons, a quantum tunneling current of protons and a 

quantum conductance are expected to occur. Based on the differences between the several barriers in 

terms of tunneling probability, the B2 barrier showed the highest tendency for larger quantum 

conductance values at larger values of barrier height if it is compared with the other barriers using 

Figures 9−16. However, all barriers including IMM show significant values of quantum conductance 

as the barrier height decreases.  

4.2. The effect of quantum tunneling leak of protons on the membrane potential of IMM 

The present work aims to investigate the impact of the quantum tunneling leak of protons on the 

electrical potential of IMM, which is a main driving force of ATP synthesis. We adopted two 

approaches regarding the generation of the electrical potential of IMM. These approaches include: 1) 

The proton flow-based approach and 2) The approach of electrostatic density of protons. The approach 

of protons flow states that the flux of protons across the IMM is responsible for membrane potential 

generation. This approach is similar to the mechanism of membrane potential generation in neurons 

and cardiac cells, which is calculated using the Goldman-Hodgkin-Katz (GHK) equation. This means 

that the concentration and the conductance of protons determine the value of membrane potential. On 

the other hand, the approach of the electrostatic density of protons states that the accumulation of 

charges of protons at the IMS and matrix sides creates the potential difference across the membrane 

without the involvement of protons flow. Hence, the membrane conductance of protons in this 

approach has no role in membrane potential. 

According to Figure 18, the proton flow-based approach predicts that the net quantum tunneling 

flux to the matrix through IMM can depolarize its electrical potential below 180 mV. However, this 

does not happen until the barrier height of IMM decreases to around 203 10− J or less. Thus, protons 

tunneling through barriers whose heights are larger than 203 10−  J cannot affect the electrical 

membrane potential of IMM. Furthermore, in this case, the process of depolarization does not switch 

the original polarization, which means that the electrical potential will be positive at the IMS side 
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relative to the matrix side. Hence, as the barrier height of IMM decreases, the membrane potential 

decreases below 180 mV without switching the IMM electrical polarity. On the other hand, the 

approach of electrostatic density of protons predicts different patterns of change in the electrical 

potential. According to Figure 19, it is clear that there is a switch in the electrical polarity of IMM in 

which the IMS side becomes negative relative to the matrix side. Moreover, the switch in the polarity 

is observed across all values of the barrier height. Additionally, as the barrier height of IMM decreases, 

the electrical potential becomes less negative and more near zero but never goes above zero. Switching 

the electrical polarity according to the electrostatic approach is not compatible with the bioenergetics 

of mitochondria because in this case, the proton flow across ATP–synthase will be compromised.   

Interestingly, the influence of proton tunneling through MCF proteins on the electrical potential 

of IMM has different characteristics that distinguish them from the influence of proton tunneling 

through the IMM itself. Based on Figure 20 which represents the influence of the barrier height on the 

membrane potential according to the first model, it is clear that no real mathematical solution for 

membrane potential exists when the values of the barrier height are within the range 
20(0.7 3) 10−−   J 

because the two barriers B1 and B2 differ significantly in terms of utilizing the membrane potential 

for the kinetic energy of protons. This significant difference is attributed to the locations of B1 and B2. 

The B1 barrier exploits a smaller proportion of membrane potential, while the B2 barrier exploits a 

larger proportion. Hence, no solution is expected to be found when both barriers are closed within the 

range mentioned before. This means that there is no physical or biological meaning for both barriers 

to be closed within these range values of the barrier height. However, when the value of barrier height 

decreases below 200.7 10−  J, the presence of both B1 and B2 has a physical and biological meaning. 

This meaning is the ability of proton tunneling to depolarize the IMM within a range of small values 

of membrane potential from around 30 mV to zero. On the other hand, when the approach of 

electrostatic density is adopted, the proton tunneling through the closed B1 and B2 results in the switch 

in the electrical polarity of IMM across all values of the barrier height, which is bio-energetically 

incompatible. In addition, as the barrier height decreases, the membrane potential becomes less 

negative with small changes in the potential relative to the changes in the barrier height (Figure 21).  

According to Figures 22-25, in the second model in which proton tunneling occurs through the 

B1 barrier only, the proton flow-based approach predicts that the net proton tunneling to the matrix 

can depolarize the electrical potential of IMM below 180 mV when the barrier height decreases to less 

than 201.5 10−  J. However, the proton tunneling does not affect the membrane potential if the barrier 

height is higher than  201.5 10−   J. In addition to that, when the barrier height decreases to around 
200.5 10−  J or less, the proton tunneling will switch the electrical polarity of IMM until reaching −0.1 V, 

which can compromise the ATP production as in conditions of neurodegenerative diseases. On the 

other hand, based on the electrostatic density approach, the proton tunneling will switch the electrical 

polarity of IMM across all values of barrier height. However, proton tunneling will make the membrane 

potential less negative as the barrier height decreases within the range of values less than 202 10−  J, 

whereas the membrane potential becomes more negative as the barrier height decreases within the 

range of values larger than 202 10−  J. In the third model in which the proton tunneling occurs through 

the B2 barrier, proton tunneling can depolarize the membrane potential at barrier height values around 
205 10−  J or less and as the barrier height decreases, the electrical potential becomes more depolarized 

until reaching zero V without a switch in the electrical polarity of IMM. On the other hand, the 

electrostatic approach predicts that proton tunneling will switch the electrical polarity of IMM across 

all values of the barrier height and the membrane potential becomes less negative as the barrier height 

decreases. In the fourth model in which IMS protons tunnel through the B1 barrier and the matrix 
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protons tunnel through the B2 barrier, the proton tunneling can depolarize the membrane potential 

below 180 mV when the barrier height decreases below 201.5 10−  J with a minimal switch in the 

electrical polarity of IMM below zero V at lower values of barrier height. According to the electrostatic 

approach, proton tunneling switches the electrical polarity of IMM and the membrane potential 

becomes less negative as the barrier height decreases. In the fifth model in which the IMS protons 

tunnel through the B2 barrier and the matrix protons tunnel through the B1 barrier, they can depolarize 

the membrane potential below 180 mV at a barrier height value around 205 10−  J or less. In addition, 

as the barrier height decreases, the membrane potential becomes more depolarized until a minimal 

switch in the electrical polarity of the IMM occurs at lower values of barrier height. The electrostatic 

approach predicts a switch in the electrical polarity of IMM under the influence of protons quantum 

tunneling that shifts the membrane potential to less negative values as the barrier height decreases and 

vice versa.  

Protons also can be transported through the IMM and MCF proteins classically. This implies that 

protons must obtain energy equal to or higher than the barrier height, otherwise no transport can take 

place. According to classical electrochemistry, the classical conductance values of protons at the matrix 

and IMS sides are the same, unlike the quantum tunneling model which shows a significant difference 

between protons on both sides in terms of tunneling probability and quantum conductance as explained 

before. Based on the proton flow-based approach, the opening of MCF proteins allows the classical 

transport of protons down their concentration gradient from the IMS side to the matrix side. This 

classical transport can depolarize the electrical potential of IMM without a switch in its electrical 

polarity as presented in Figures 26 and 27. However, if the electrostatic approach is considered, the 

classical transport of protons will switch the polarity of IMM towards the equilibrium potential of 

protons or the Nernst potential of protons, which is around −0.05 V. 

Even though both the quantum and classical proton leak can depolarize the electrical potential of 

IMM, the major difference between them is that quantum tunneling-induced depolarization is more 

energetically favorable since protons do not need to get energy equal to or higher than the barrier height. 

Furthermore, no significant difference between the two types of transport in terms of the values of 

barrier height at which the leak becomes significant and depolarizes the membrane potential. Generally, 

according to our results, the depolarization induced by proton leak begins once the barrier height drops 

to 
20(2 1.5) 10−−   J or less for both types of leak. However, proton tunneling through certain barriers 

can depolarize the potential at higher values as in the depolarization induced at 203 10−  J in the case 

of proton tunneling through IMM and in the depolarization induced at 205 10−  J in the case of IMS 

proton tunneling through B2 barrier only as in the third and fifth model of MCF proteins. As a result, 

it seems that the proton tunneling has an energetic advantage over the classical transport. In addition, 

the depolarization induced by quantum tunneling is much less dependent on the number of uncoupling 

proteins if it is compared with the classical transport. This observation can be noticed if the graphs of 

depolarization, in the results section, are compared for both types of transport. These graphs show that 

there is lesser variation in the values of membrane potential as the density of uncoupling proteins 

changes. Therefore, the quantum behavior of protons is equally important or even more important than 

the classical behavior, which deserves to be focused on in future research. In other words, when the 

barrier height of the salt bridges decreases, both the quantum and classical leaks increase, but it is more 

likely that the quantum leak might contribute more significantly due to the lower energetic requirement 

for ions to pass and the decreased dependence on the density of uncoupling proteins. Additionally, the 

electrical potential of the IMM modulates the proton leak current mediated by quantum tunneling. If 

the membrane potential increases, the tunneling leak current and quantum conductance are increased 

to decrease the electrical potential and vice versa. Moreover, the major determinant of the classical and 
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quantum leak is whether the barrier height is lower or higher than the energy of protons. If the barrier 

height is lower than the energy of protons, then classical transport is expected to occur, while if the 

barrier height is higher than the energy of protons, then quantum transport is expected to occur.    

We focus on the tunneling leak current mediated via uncoupling proteins and the IMM. However, 

other promising molecular targets are candidates to apply the principles of quantum mechanics on. 

Other possible targets include ATPase which can run in both directions and other ion channels within 

the IMM. According to the present calculations, the quantum tunneling process might be important in 

increasing the efficiency of ATP production by the ATP synthase because quantum tunneling implies 

that ions can permeate through barriers by energy that is lower than the energy of the barrier. Hence, 

future works and investigations should focus on these molecular structures to determine the 

significance of the quantum tunneling of protons in the efficiency of energy production.   

4.3. The role of quantum tunneling to the proton leak current 

The occurrence of proton leak can be understood if the mitochondrial membrane is viewed as a 

flux capacitor in which the charges are stored to generate an electric field across the membrane while 

ions can flow in both directions and can change the strength of the electric field and thus the electrical 

voltage [35]. Based on Figures (28)−(31), several conclusions can be surmised regarding the tunneling 

leak current. The relationship between the tunneling leak current and the membrane potential is non-

linear or non-ohmic. The tunneling current of IMS protons increases exponentially as the membrane 

potential increases, while the tunneling current of matrix protons decreases exponentially as the 

membrane potential increases. In addition, the tunneling leak current of IMS protons is much larger 

than matrix protons, which leads to the leak tunneling current being in the direction from IMS to the 

matrix of mitochondria. Furthermore, the tunneling leak current has a wide spectrum of values that are 

influenced by type of the barrier, the barrier height, and the membrane potential. It increases as the 

barrier height decreases but this varies according to the type of barrier imposed in front of protons. 

The inner mitochondrial membrane IMM and B2 barriers permeate significant leak current at higher 

values of barrier height i.e. at 203 10G −=   J, while the B1 and MCF barriers (B1 and B2 are closed) 

permeate the same significant current or less at lower values of barrier height i.e. at 201 10G −=   J. It 

contributes significantly to the proton leak current because if the tunneling current values in Figures 

(28)−(31) are compared with the classical leak current 17 1810 0.18 1.8 10I CV − −= =  =   A, the 

tunneling current shows comparable or even higher values than the classical ones. Interestingly, it 

seems that proton tunneling contributes to the dissipation process occurring in mitochondria because 

tunneling exhibits significant values of leak current through the IMM and uncoupling proteins. This 

dissipation is critical in controlling ROS production, generates heat, and is involved in cell signaling. 

This suggests that dissipation mediated via tunneling leak current has an anti-inflammatory effect [16]. 

Moreover, uncoupling is not limited to the backflow of protons but may include other ions including 

calcium and potassium ions which may contribute to the dissipation process. Hence, the quantum 

tunneling of these ions warrants further investigations to explore their influence on the electrical 

potential of the IMM. Furthermore, cells can capture energy through the gradients of ions across other 

membranes and are not limited to the mitochondrial membrane. Therefore, this indicates that quantum 

tunneling might play a crucial role in the energy extraction in other vital cellular processes including 

facilitated diffusion mediated by carrier proteins. Quantum tunneling might be a survival and adaptive 

mode of transport that conserves energy because the mathematical results indicate that tunneling 

consumes less energy compared to the classical one to accomplish the same metabolic tasks.  
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A recent interesting study showed that using voltage dyes of lipophilic cations the changes in the 

electrical potential of the IMM can be visualized by a high resolution under different metabolic states 

including the effect of inducing the leak proton current [36]. Hence, this method of investigation can 

be utilized to visualize the influence of the tunneling current of protons on the electrical potential and 

perhaps to infer a unique pattern of voltage dynamics that can be distinctive from the pattern induced 

by the classical leak current. This may provide experimental evidence on the theoretical results 

obtained in Figures 18−25 and Figure 26, which delineate different patterns of changes in the voltage 

of IMM. 

4.4. Implications to aging, inflammation and diseases  

The uncoupling proteins can modulate the electrical potential of the inner mitochondrial 

membrane IMM and thus can affect the production of ROS that contribute to oxidative stress and the 

production of ATP which is a major energy source for normal neurological functioning [37−39]. In 

healthy cells, the mitochondrion couples between the ATP and ROS production in such a way that the 

increase in ATP production is associated with an increase in ROS production and vice versa. Hence, 

the balance between ATP and ROS production is fine-tuned, which ensures providing adequate energy 

for cellular functions while minimizing the collateral damage made by ROS. The aging process 

involves a mitochondrial dysfunction which results in a decline in ATP production which puts the cells 

at the risk of apoptosis. Consequently, apoptosis triggers an inflammatory response which leads to an 

increase in the levels of ROS. Aging, inflammation, and the pathophysiological processes of several 

diseases affect the integrity of membranes, their curvature, and lipid composition [40]. All these 

changes may alter the shearing and tension forces on the pore-forming proteins such as uncoupling 

proteins. This may lead to a decrease in the barrier height of the closed gate and thus an increase in the 

tunneling probability and the tunneling leak of protons [40,41]. In addition, if the process of 

uncoupling leads to a significant reduction in the membrane potential of the IMM beyond the redox-

optimized ROS balances, a state of low-energy oxidative phase ensues due to the decreased rate of 

ROS scavenging [42]. As a result, elevated levels of ROS cause oxidative damage to DNA, proteins, 

lipids, and other components of the cell. These harmful effects predispose cells to inflammation, 

carcinogenesis, and cell death.  

Under pathological conditions including neurodegenerative diseases and ischemic heart diseases, 

there will be a decoupling between the production of ATP and ROS, which means that the decrease in 

ATP level is associated with an increase in ROS production [43]. Moreover, these pathological 

conditions can disrupt the functions of mitochondria, especially within the inner mitochondrial 

membrane as part of the aging process [37−46]. The aging-related disruption affects the integrity of 

the IMM and its proteins including the MCF proteins [37−47]. This leads to an increase in their 

permeability possibly due to the reduction in the barrier height values from a bioenergetics 

perspective [37–47]. As we explained earlier in the study, the decrease in the barrier height of IMM 

and the salt-bridge networks will enhance the proton leak flow either via quantum tunneling or classical 

transport that will depolarize the membrane potential. Within the normal physiological functioning of 

mitochondria, mild depolarization can be protective by decreasing the level of ROS associated with 

lowering ATP production due to the proton leak itself and membrane depolarization. However, when 

the drop in the barrier height becomes beyond the physiological limits, the membrane depolarization 

will be overwhelming so the decrease in ATP production will be intolerable to mitochondria and cells. 

Eventually, an increase in ROS production oxidative stress, and cell death will ensue [37−46]. 
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Therefore, targeting the proton leak current may offer promising therapeutic drugs to manage 

challenging neurological diseases. In addition, taking into consideration the quantum behavior of 

protons in this context will provide effective pharmacological interventions because the quantum 

tunneling behavior is influential and more energetically favorable making its influence on the 

progression of these diseases remarkable. Accordingly, if oxidative stress is our major concern, then 

augmenting the quantum tunneling of protons will alleviate it [48], while if our major concern is the 

low ATP production, then inhibiting the quantum tunneling of protons will increase ATP production.  

5. Conclusions 

We speculated that tunneling leak flow of protons might have an important role in the 

physiological regulation of the leak current and modulation of the electrical potential of the inner 

mitochondrial membrane IMM. Moreover, the quantum-tunneling leak of protons might be more 

energetically favorable giving it more advantage over the classical leak of protons to dominate. In this 

theoretical framework, we assume that tunneling-induced membrane depolarization may have 

deleterious effects on cells because large IMM depolarization can deplete the ATP level, which 

increases the level of oxidative stress due to the higher rate of ROS production. Eventually, neuronal 

cell death occurs as observed in many neurodegenerative diseases. More importantly, our mathematical 

results suggest that quantum tunneling of protons can occur in a strong electric field as the same found 

across the IMM. Interestingly, the electric field may augment the probability of quantum tunneling and 

conserve the energy required for metabolic and cellular functions.  

The key message of the present paper is to shed light on the importance of considering the 

quantum wave behavior of protons in the functioning of mitochondria and motivate researchers to 

conduct theoretical and experimental works to explore additional quantum aspects in the function of 

mitochondria and the cell as a whole. 
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