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During cellular respiration, aerobic eukaryotes employ molecular oxygen within the mitochondria, to generate the 

energy currency of ATP. Chemiosmosis, the long-standing mechanism of mitochondrial oxidative redox metabolism, 

vouches for the “harnessing of a trans-membrane proton potential” for the synthesis of ATP. Herein, select elements of 

the chemiosmosis proposal are critically reviewed and debunked. Further, based on simple analogies and structure-

function correlations, murburn concept ( mured burning” or mild unrestricted burning)

 is advocated as a probable molecular explanation 

for mitochondrial oxidative phosphorylation. It is envisaged that the stochastic mechanism of murburn concept could 

ay pivotal roles in several biological redox schemes. The concept necessitates a paradigm shift in  

mitochondrial biochemistry. Biomed Rev 2017; 28: 3 - .
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The new paradigm is not only different but  better, as it (should) adequately explain the anomalies that necessitated 

the rise of the new system.
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In eukaryotes, mitochondria are the seat of oxidative phos-

phorylation, a pivotal life process which generates ATP, 

the ubiquitous cellular energy currency (1). From the early 

1950s to late 1960s, the primary hypothesis for mitochon-

drial oxidative phosphorylation (mOxPhos) was proposed 

by Edward “Bill” Slater (2) and it professed a chemical cou-

pling step sponsored by a high energy enzyme intermediate. 

-

tive explanation for OxPhos (sans experimental evidence)  in 
“chemiosmosis, the formation of a trans-membrane proton 

Boyer with “phosphohistidine” (4), an error that was phased 
out. Mitchell’s proton-pump based mechanism gained traction 
within the research community (5-8), leading to recognition 
with a Nobel and a “theory” stature was afforded for chemi-
osmosis (9). (Paul Boyer had subsequently made a volte face 
to support chemiosmosis, and that work too was recognized 
with a Nobel Prize.) Bill Slater was an acclaimed pioneer in 
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and served as the Editor of Biochimica Biophysica Acta, the 

for a long period (10). He was a meticulous man of science, 

who had vehemently disagreed with Mitchell (11, 12), and 

urged researchers on to rethink beyond the chemiosmosis 

explanation for mOxPhos. Bill passed away last year, with-

answers his [and other seasoned researchers’ (13, 14)] call 

and puts forth simple, novel insurmountable arguments that 

conclusively debunk the chemiosmosis paradigm. 

In the cytoplamic membranes (microsomes) of hepatocytes, 

oxidative metabolism of diverse xenobiotics occurs and this 

allows humans to get rid of drugs and toxic substances (15). 

Murburn concept (abstracted from “mured burning” or “mild 

unrestricted burning”) is a “molecule-unbound ion-radical” 

stochastic interaction and redox mechanistic rationale origi-

nally advocated for xenobiotic metabolism 

(mXM), with obligatory role for diffusible reactive oxygen 

species (DROS). Herein, this novel mechanistic paradigm is 

proposed as a fac-ile explanation for mOxPhos. 

The context of the current manuscript focuses on the 

highly recognized Electron Transport Chain (ETC) – Proton 

pumps – Chemiosmosis – Rotary ATP synthesis (EPCR) par-

adigm, as advocated in the contents of three well-known bio-

chemistry textbooks authored by Lehninger, Stryer and Voet 

(16-18). The details derived from information therein have 

not been explicitly referenced herein, to avoid redundancy 

and save space. This intentional faux pas is deeply regretted.

Mechanistic proposals, though “black boxes”, must satisfy 

fundamental laws of physics and justify elementary quan-

titative rationale. Chemiosmosis fails both these requisites. 

Figure 1 and its legend capture the essence of the chemios-

mosis paradigm for mOxPhos. 

1. Initial state considerations
 The simplest and strongest argument against the chemiosmo-

sis hypothesis rests in accounting protons. The mitochondrion 

is a bean shaped (cylindrical geometric approximation, with

3. At the physiological/neutral pH, the number of

protons in a mitochondrion would be:

= [(6.023 x 1023 x 5 x 10-8) x (0.2 x 10-15 1)

This does not even meet the requisite of reducing one mol-

ecule of oxygen to water, for which the ETC would need 24 

protons to be pumped out by a battery of Complex I – 

Complex III – Complex IV (Fig. 1)! The distribution density of 

the respiratory Complexes is ~ 104 to 105 per mitochondrion (19, 

20). Therefore, a mitochondrion must conservatively have ~105 

to 106 protons at a given instant, for the proteins 

(proton pumps) to work at steady state. It is inconceivable that 

such huge amounts of proteins are present to deal with such 

miniscule amount of protons. When considering that (i)

cristae involutions were not accounted in volume calculations, 

and (ii) ATP synthesis has also been noted at higher pH values, 

the scenario becomes even more incompatible with the 

fundamental premise of chemiosmosis.

In the mitochondrion, Grotthuss 

mechanism would ensure adequate proton availability for 

Krebs ’cycle enzymes’ catalytic purposes. However, pumping 

proton  from the matrix to inter-membrane space in a “proton-

limited” mitochondrion can only result with the “breaking 

of water”, to alter the intrinsically low  product of 

water. For breaking water, the dissociation of an 

O-H bond is way beyond the scope of ETC-proton pump

energetics and the isothermal physiological cellular system.

and/or “millimolar levels of intrinsic buffering aids chemios-

mosis” must be deemed antithetic because they counter the 

“closed system” perspective that Mitchellian postulates seek 

for the formation of a proton-based gradient. Quite simply, if 

“buffering worked only inside OR both inside and outside 

matrix”, then the pumping of protons would not lead 

to any gradient at all, as the change in any pH would be 

immediately neutralized. Millimolar levels of pre-

equlibriated resident ions and metabolites cannot serve as 

proton sources for the amount of protons needed (13). 

Protons from NADH cannot serve towards pumps because 

these are required to balance the equation for water 

formation. Considering the premise 

ciency”, the outward 

proton pumping becomes an even more non-viable 

thermodynamic proposition in steady state. Also, protons 

could spontaneously move across phospholipid membranes in 

millisecond time-frames (21), which is the currently perceived 

trans-membrane “proton-pumping” time-scale too. So, 

proton-pumping hypothesis becomes untenable from all 

perspectives. Therefore, “a TMP formation based on proton 

pumping across the internal mitochondrial membrane” is a 

mechanistically unfeasible proposition from the “initial state” 
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perspective. Quite simply, such a chemiosmotic machine can-

not function in the real world.

2. Modeling steady-state considerations
Against all odds, if one concedes that a mitochondrion is a

practically working chemiosmotic “Mitchellian” machine

(with ample protons, adequate modularity and staggered-

synchronization), it can be modeled starting from an initial

state consideration. Here, one need not really worry about the

actual number of protons, but only relative concentrations (in

the matrix and outside the matrix, within the inter-membrane

space) matter. The pictorial representation of such a minimal

idealized model is rendered in Figure 2. Now, the temporal

variations of TMP under some physiologically relevant sce-

narios (pH 6 to pH 8) are given in Table 1.

Even when starting off with a favorable gradient (case 

5), the resting potential that results is inadequate; and at least 

90% of the internal protons should still be pumped out at a 

given instant, to enable the transient potential to reach a value 

of ~180 to 200 mV, the threshold supposedly required/noted 

-

tween the two temporal points t2 and t3 (a sort of alternating 

temporal potential), then too, minimally 90% pumping out 

becomes essential (as seen with case 9). Scenarios 1-3 or 6 

may be more realistic ones physiologically, and these also 

require the pumping of ~99% of internal protons, to achieve 

Figure 1. 

 Currently, scientists believe that the Complex I 

receives electrons 

pass through the membrane proteins, protons from the matrix are pumped to the inter-

membrane space, to generate a trans-membrane potential (TMP). In the steady state, owing to this proton concentration 

difference (inter-membrane space positive, matrix negative) driving force for ATP synthesis is generated, which is harnessed 

by Complex V. As per the prevailing beliefs, the ETC serves to generate this TMP and oxygen merely serves as the terminal 

electron sink, forming water. Mobile small mol

boundaries are shown in black, aqueous and organic milieu are shown 

with blue and yellow colors respectively. The diagram
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Figure 2.  On the left, a simple spatio-temporal model of 

ETC-proton pump (  module) coupled with chemiosmotic proton channel + rotary ATP synthesis” (h module) is constructed. 

From a given state, the arrows point to the movement of protons in time. The two modules of “ETC + proton pump” and “proton 

channel + rotary ATP synthesis” are represented by  and h respectively. The  module pumps out various extents of the initial 

i i i
0]. In the second phase, the protons 

f f f

and outer phospholipid membranes, respectively) On the right, an approximate factual stoichiometry of the  modules (through 

h modules (through Complex V) is shown in 

steady state.

Table 1. Transient potentials (and their dependence on internal protons pumped out) assuming diverse initial states of pH, using 

the equation E = 61 log [
o
H+] / [

i
H+] 

-

tions into the matrix and the outer membrane is permeable, a common volume denomination is taken.

No. [H+]
i
 (nM)

[H+]
o

(nM)

Resting potential (mV)
Transient potential (mV) at t2

(when various % protons are pumped out)

t1 
(0)

t2
(1)

t2
(10)

t2
(50)

t2
(75)

t2
(90)

t2 
(99)

t2 
(99.9)

1 10 10 0 1 5 29 52 78 140 201

2 10 50 43 43 46 64 83 108 169 230

3 10 100 61 61 64 81 100 124 186 247

4 10 500 104 104 106 122 141 165 226 287

5 10 1000 122 122 125 140 159 183 244 305

6 50 10 -43 -41 -29 9 35 64 127 188

7 100 10 -61 -58 -40 5 32 61 124 186

8 500 10 -104 -93 -53 1 30 59 122 183

9 1000 10 -122 -103 -56 1 29 59 122 183

10 100 100 0 1 5 29 52 78 140 201
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of protons (compounded with a permeable outer membrane), 
the matrix proton concentration would be at dynamic equilib-
rium with respect to the inter-membrane space; and a proton 
gradient cannot exist, even between any two temporal states. 

this 
system (in toto), it must be constantly supplied from the 
outside or by the inclusion of a chemical gradient term. In 
any of these imaginable scenarios, there is little point in the 
proton pumping exercise, rendering chemiosmosis redundant 
with respect to steady-state. 

3. Elementary thermodynamics reassessed
Besides the protons’ unavailability

, the chemiosmosis proposal

erroneously assumes that protons “retain energy” upon being

pumped out into another disconnected macroscopic

phase, and “spontaneously seek” to re-enter the matrix.

[Mitchell made an unreal “Moebius loop” type connection

here for pumping out protons, the membrane is

impermeable (or directionally permeable, say +180°) and for

re-entry, the membrane is permeable (or anti-directionally

permeable, say -180°). As inferred earlier, such a premise

can only be functional through the “intelligent temporal

control of mod-ularized setup” and cannot work in steady-

state.] This is a violation of “thermodynamic sense”, and can

be duly demon-strated by the application of law of conservation of 

energy via a simple mathematical treatment, as follows. Let us

consider the elementary aspects of the reaction, as per the

prevailing ideas, taking NADH as the simple starting material

This reaction would be the primary directive 
source, releasing energy and being spontaneous. 

Step 2: (H-
m
H+ + 2e-)  

ims
H+ -

Here, energy must be expended to achieve the spatial separa-
tion across the inner phospholipid membrane, which could be 
more than 4 nm thick, and this energy is derived from Step 1.   

Step 3: 
ims

H+   
m
H+

Now, only a part of the energy released in Step 1 can be 
harnessed for the proton’s return into the matrix phase. The 
inability of the inner membrane to offer any decent connec-
tivity between the two macroscopic phases does not allow an 

-
ble energy term was somehow dependent on Step 2, we can 
speculate that |-y| << |+x|.
Now, by the law of conservation of energy, we can state that-

the threshold voltage. This means that the pumps would have 
achieved their targets only if there was no buffering, and 
practically no proton was left within the matrix. Also, even 
if the proton concentrations were reversed at the initial state 

-

Having understood the inconsistency of chemiosmotic 
logic with the idealized model (in the best case scenario of 
a staggered-synchronized modular system), it is now oppor-
tune to de-/re- construct it to a more realistic physiological 
plane by revoking the assumption that all proton pumping 
activities are temporally synchronized. Since Complex V 
(or the h module) is bidirectional, how can the unregulated 
and non-synchronized  module know when to stop pumping 

in the steady-state, let alone lead to a potential of ~200 mV. 
Therefore, in a realistic scenario, the purported proton-pumps 
themselves would be culpable of dissipating potentials by 
asynchronous working. , contrary to popular notion, 
chemiosmosis does not explain uncouplers’ (or ionophores’) 
effect on mOxPhos and this argument is further supported 
by the following authors’ writings (12, 13, 23, 24). Now, 
even if 

protons are pumped out to generate high TMP, 
the potential generated cannot drive the ATP synthesis 
throughout the mi-tochondrion because power would be too 
low, owing to very low charge density.

If synchronization of the purported proton pumps is not 
important, mitochondria can only tap the “potential differ-

work in a continuous and dynamic process (or steady-state) 
within a closed system. The “directionally closed system” 
perspective is a must for chemiosmosis concept. That is- the 
pumped out protons “need to experience” some drive to come 
back into the matrix. The image on the right of Figure 2 could 
help one register this idea. There, a simple vectorial schemat-
ic of a single mitochondrion’s idealized “proton pumps ver-
sus Complex V” distribution (in the ratio of ~ 6:4) is shown. 
Since the numbers of proton pumps are relatively higher 
than Complex V, one could/would envisage that at most time 
points, there would be a crowding of the protons at the inter-
membrane side. (This was the “vision” that Mitchell sold to 
the world.) But the point to note is that at steady state (with-

both directions. In steady state, with asynchronized pumping 
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it an impossible energy generating machine! Let’s remember 

that as per the current understanding, it is the spent energy 

“+x” that is conserved/recycled.)

Now, if we concede that Step 2 (the matrix to inter-mem-

brane space proton pumping associated with the electron 

most of the energy released in Step 1 and energy terms of 

Therefore, it would render such an elaborate process of 
“Electron Transport Chain-Proton pump-Chemiosmosis-Ro-
tary ATP synthesis” (EPCR) machine untenable or nonviable. 
[We arrive at this “zugzwang” deduction because Step 1 and 
Step 3 cannot be energetically connected through Step 2, vio-
lating the assumptions we started off with. (That can also be 
stated as- Step 3 cannot have a negative sign when Step 2 
has a positive one. Energy spent is done with, and it cannot 
be recycled within the same modality.) But this is precisely 
what the prevailing explanations achieve, and herein, the very 
same ideas were employed to show the vanity it leads to. The 
point that is proved in this exercise is that even if we tag along 
the prevailing explanations, we get nowhere in terms of ex-
plaining the energy logic for a viable machine. 

More seriously, let’s disregard every single point discussed
earlier and go purely by the fundamental concepts of energet-
ics, as available from literature.

I. If we account for the mechano-energetics of proton

ic terms, the EPCR loses ground even more.) More recently, 
some respected researchers would want one to “believe in 
a consensus” (against earlier published data by several re-
search groups) that it is only 2.5 molecules of ATP produced 
per NADH, to circumnavigate the energetic imbroglio. In that 
case, it gets into even greater disparity with the calculation 
shown in II below.

II. If we consider that ~33 molecules of ATP are formed
per glucose molecule oxidized (Since the number of ATP 
formed per two electrons going through the ETC is “demon-
strated to be maximally between 2.5 to 3 & 1.5 to 2 for the in-
troduction of the electrons at Complexes I & II respectively”, 
we could have anywhere between 30 to 36 ATP molecules 
formed. Therefore, the value of 33 is taken as a midpoint av-

would approximate to a value of ~39 %. {The complete oxi-
dation of glucose to six molecules each of carbon dioxide and 
water is associated with a theoretical energy term of 2937 

2937).} This value approaches the lower end of the energetic 
yield of the proton pump scheme alone, giving no scope for 
energy wastage in any other processes involved in glucose 
oxidation. (The reactions of glycolysis and Krebs’ cycle and 
all the molecular transports involved would have little rooms 
for their conduction. And this is when energy losses incurred 
in the proton pumping out scheme have not been really ac-
counted for).

Quite simply, we have an inadequate proposal in EPCR. 
Even if we grant it a “working status” (which is a travesty 
to fundamental reasoning; but which was still indulged!), it 
fails to explain the chemical logic and physiological energet-
ics of mOxPhos. We can see from the elementary quantitative 

-
thetic process could explain the redox metabolism involved. 
There were several reports through half a century (25-32) 
of P:O ratios exceeding the conveniently chosen maximal 
value of 1.5 and 2.5 (for succinate and NADH respectively) 
by John Walker (Nobel Laureate) group (33). Please see the 
title of the last paper quoted in the list above, by Lee et al. 
- “  

.”(32) Therefore, it is imperative that rather than
arriving at some “authority-imposed consensus” (which was
in turn powered by the aesthetic  of application of
“misplaced theories”), the mandate is now on the bioenerget-
ics research community to accept that such higher yields are
warranted by cellular metabolism and this mandate has factu-

ATP formation. {If we take ~35 kJ/mol as a conservative 
val-ue for 1 ATP molecule formation from 3 to 4 protons 
moving in (each with a maximum free energy value of ~22 
kJ/mol), or 4 x 22)] = 53 to 
40 %.}. This process is a subset of the overall redox-
coupled chem-ico-energetics equation, for which we get an 
overall (aver

molecule each of NADH or FADH
2
, we 

get a maximum of 
35 / 220) = 48 % and (2 x 35 / 150) 

=47% respectively for NADH and FADH
2
}.] 

Therefore, the pmf concept affords very little window for any 
energy loss (even with the best option of 3 protons per ATP) 

system. (When we consider that Mg2+ ions lower the energet-
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In that regard, although the mXM system (which 
has been explained by ) and 
mOxPhos systems serve totally different facets of 
metabolism at seemingly different locales within the 
cell, the two metabolic routines have an overwhelmingly 
striking set of analogies. 

5. Similarities in mXM and mOxPhos systems

Table 2 presents a comparison between the two systems.
At the outset, it can be seen that both these systems have
cata-lysts with similar cofactors, the reaction
systems employ reduced nicotinamide nucleotides and
oxygen at phospho-lipid interface, and water/ROS
formation is observed in both systems, etc. The distribution
densities are also similar the heme-cofactor containing
macromolecules far out-number

similar topography
and electrostatics, like dinitrophenol and dihalophenol,
“uncouple” electron transfers in both systems.
Figure 3 shows the parallels between the two 
systems with respect to experimental protocols and 
observations. The “classical respiration states of 
mOxPhos” for oxygen 

-tion obtained in mXM are 
similar (36). In mOxPhos research practice, the sequential 
addition of reaction components into the mitochondrial 
suspension (followed by tracking of oxygen utilization 
with oxygen electrode) is structured/cor-

negligible rate 
(of oxygen uptake and NADH depletion) was observed with 
CYP alone and a slightly higher rate was obtained with 
CPR alone, which was affected to various levels with a 
combination of CYP + CPR (depending on the ratios). A 
much higher rate was obtained when the xenobiotic sub-
strate was added to CYP + CPR mixture. In both mXM 
and mOxPhos research, workers had termed such 
“apparently non-physiological” trickling/wasting of redox 
equivalents as “electron leaks”. In both systems, the extent of 
coupling is conditional on system reconstitution and 
additives/environ-

and non-integral values are noted 
for various reaction indices. These observations could imply 
common chemical reaction logic and thermodynamic 
controls.

[for example- the commonly used 

anti-diabetic metformin, supposed to bind Complex I (41)] 
affect mitochondrial me-

In retrospect, Mitchell’s “chemiosmosis” did 
not make semantic sense because osmosis entails 
the movement of water (the solvent), not protons 
(the “solute”). It was seen here that  (A) Quantitative 
logic dictates that the copious amounts of proteins 
cannot be present to pump the miniscule amounts 
of protons.  here are little protons for

 

The most important thing to note in the context is that 
when the respiring mitochondrial membrane potentials 
reached up to ~200 mV (which is the supposed 
theoretical threshold for 

also associated with
an increased detection of diffusible reactive 
oxygen species, DROS 22). Given - (i) the fact that 
ETC does not prevent DROS formation, and (ii) the 
demonstration within this manuscript that chemiosmosis
was a “mirage”, the involvement of  
(which espouses obligatory roles  for DROS  in 
electron transfers and 
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existential analogy.

No Attributes Microsomal system* Mitochondrial system

1 Overall reaction

2 Initial electron donor 

3 Final electron acceptor

4 Obligatory Catalyst 1

5 Obligatory Catalyst 2

6 Ratio of catalysts

7 Reaction aids

8
Reaction center-stage (in 
vivo/in vitro)

9 Reaction of interest

10 System overview

Redox reaction + addition of moiety

NADPH 

Molecular oxygen (O
2
)

uses NADPH); membrane protein

Mixed function oxidase (hemoprotein CYP, 
binds and uses oxygen); membrane protein

Hexaligated heme Cyt. b
5
  (& Fe-S proteins 

in auxiliary systems)

Phospholipid interface/vesicles

Xenobiotic is hydroxylated 

Multi-enzymatic ordered sequential scheme, 

multi-substrate, multi-product, coupling/un-

coupling phenomena

Redox reaction + addition of moiety

NADH

Molecular oxygen (O
2
)

binds and uses NADH); membrane protein

Oxidase (hemoprotein, Complex IV, binds 
and uses oxygen); membrane protein

Hexaligated Cyt. , Fe-S proteins & CoQ

Phospholipid interface/vesicles

ADP is phosphorylated 

Multi-enzymatic ordered sequential scheme, 

multi-substrate, multi-product, coupling/un-

coupling phenomena

11
Partitioning of substrate and 
product at the membrane

The hydroxylated product has a lesser log P 
value than the substrate.

Log P value of ADP is -2.6 and that of ATP 
is -5.5.

12 Electron transfer

Long range, outer sphere mechanism; 
Essentially two-electron process overall, 
could involve one-electron step(s); electron 
can be exchanged from/to the system by 
redox-active additives

Long range, outer sphere mechanism; 
Essentially two-electron process overall, 
could involve one-electron step(s); elec-
trons can be exchanged from/to the system 
by redox-active additives 

13 Protons Extraneous proton consumed Extraneous proton consumed

14 Thermodynamic drive
Overall downhill, push of electrons from 
lower to higher redox potential, through di-
rect protein-protein contact

Overall downhill, push of electrons from 
lower to higher redox potential, through 
direct protein-protein contact

15 Substrate binding
Xenobiotic binds to catalyst 2 for pro-
longed time frame and waits for catalytic 
cycle to get completed

Oxygen binds to catalyst 2 for prolonged 
time frame and waits for catalytic cycle to 
get completed.

16 Water formation Catalyst 2 forms water Catalyst 2 forms water

17 ROS involvement
ROS formed as a deleterious side reaction, 
due to uncoupling

ROS formed as a deleterious side reaction, 
due to uncoupling

18 Inhibitors like CO and CN- Bind to Fe-center of catalyst 2 Bind to Fe-center of catalyst 2

19 Salient uncouplers Dihalophenolics Dinitrophenolics 

20 Overall stoichiometry
Subject to change by alteration of reaction 
microenvironment and non-integral values 
of ratios noted

Subject to change by alteration of reaction 
microenvironment and non-integral val-
ues of ratios noted

Table 2. Similarities and parallels between mOxPhos and mXM systems 
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respectively, generating one-electron equivalents in the mi-

lieu, which could be (enzymatically or non-enzymatically) 

relayed to oxygen on the inside or elsewhere, CoQ within 

the membrane and Cyt. c in the IMS of the mitochondrion. 

CoQ or ubiquinone need not be seen as a two-electron agent 

alone, its one-electron reduced form is also quite stable and 

would serve to enhance radical lifetimes in the vicinity of 
the membrane. (But the formation of CoQH

2
 is very impor-

tant, to establish a local two-electron sink reaction; without 

which DROS have little fruitful lifetimes.) The presence 

of various metal centers on the different proteins (of vary-

ing redox potentials) is to have catalysts in various redox 

potential ranges so that the radical formation and release 

would be smoothly transitioned and consistently main-

tained. Therefore, it is now understood that mitochondria 

primarily achieves a low-water, low-proton microenviron-

ment. The outer phospholipid membrane forms the outer 

dome of the reactor and Cytochrome c (functioning as a 

one-electron scavenger within the inter-membrane space) is 

the last barrier to prevent the escape of one-electron equiva-

lents. Complex IV can accept the redox equivalents from 

Cytochrome c and bring it back to the internal murzone, 

and also stabilize/reduce superoxide and further generate 

hydroxyl radical and singlet oxygen. Complex III could re-

establish a one-electron paradigm and perhaps recycle the 
DROS/CoQH2 that was formed in the internal membrane. 

Complex V serves as a proton server to the matrix and it 

involved in physiological oxidative phosphorylation reac-

tions. It is through the conduit of DROS that both coupled 

and uncoupled reactions occur. The reaction logic does not 

seek compartmentalization or multi-molecular ordered/ se-

Figure 3. 

and effect drug metabolism and interactions in mitochondria 

and cells (42). These effects are quite similar to mXM 

system observations with respect to drug metabolism 

inhibitions and drug-drug interactions (43). Many drug-

metabolizing cytochrome P450s (CYPs) like 1A1, 2B1, 

2E1, 2D6, 3A1, etc. are also found in mitochondria (44-46) 

and they are known to need the other mi-tochondrial 

membrane proteins for achieving their activity. 

also 

been observed (47). Therefore, (i) mitochondria pose im-

(48) and (ii) there are strong reasons to believe that murburn

concept could be operative in mOxPhos too. Another con-

necting link is the thought-line that during the primary stages

of evolution of life, there would not have been very highly

-

ties. In that light, stochastically ordered reaction logic like

murburn concept could have spontaneously formed and driv-

en fundamental life processes. In this perspective, the idea

presented herein is a probable proposal that scientists might

6. The essential scheme of murburn perspective for
mOxPhos
Reaction schema shown in Figure 4 and equations shown
in Box 1 capture the essence of murburn explanation for
mOxPhos. Further, Table 3 makes a preliminary compari-
son of the shift in perceptions and roles of reaction com-
ponents. It can be envisaged that murzymes (enzymes that
mediate unrestricted redox catalysis/reactions) of various
redox potentials, Complex I, II and III, initiate one-electron
reaction from the substrates NADH, succinate and CoQH

2
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Figure 4. Complex I and II are involved in the 

-

and heat are generated. 

catalysts or reactants in the system. Catalysts are represented in italics whereas reactants and products are given in bold. The 

scheme is rather unordered (stochastic) and reactions are primarily bimolecular, not seeking multi-molecular complexations. 

NADH could go through one or two electron routes, within milieu (and this is shown with NADH*).

Box 1

NADH + O
2
  NAD+ + HO

2
-   OR   NADH +2O

2
  NAD+ + 2O

2
*- + H+ (1)

CoQH
2
/FADH

2
 + O

2
  CoQ/FAD + H

2
O

2
   OR   CoQH

2
/FADH

2
 + 2O

2
  CoQ/FAD + 2O

2
*- + 2H+ (2)

NADH + CoQH
2
/FADH

2
 + 3O

2
  NAD+ + CoQ/FAD + H

2
O

2 
+ 2O

2
*- + H+ (3)

In the milieu (or in Complex IV’s vicinity), now-

H
2
O

2 
+ O

2
*-  1O

2
 + OH- + OH* (4)

H+ + OH-  H
2
O (5)

Therefore, the overall equation becomes-

NADH + CoQH
2
/FADH

2
 + 2O

2
  NAD+ + CoQ/FAD + H

2
O + O

2
*- + OH* (6)

Or, for one oxygen molecule, the equation is-

NADH + (C
4
H

4
O

4
)2- + O

2
  NAD+ + (C

4
H

2
O

4
)2- + H

2
O + OH- (7)

Concomitantly, the radicals produced above also serve as couplers in the matrix reaction:

Ad-O-(PO
2
)--O-(PO

3
)2- + HPO

4
2- + H+  Ad-O-(PO

2
)--O-(PO

2
)--O-(PO

3
)2- + H

2
O (8)

As evident, the scheme requires protons’ entry into matrix for equilibration. 
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lective and inherently constitutive in nature (36). The result-ing 

process is simple, functional and affords a viable chemi-cal 

coupling modality in the physiological redox ranges. In the

context of mitochondrial reaction system,  

reactor. Only herein, a radical reaction is initiated, moderated, 

maintained and quenched. These dynamic in situ gen-erated 

radicals mediate the coupling of phosphate to ADP.
As per , the reactions proceed oblig-

atorily through DROS and accumulation of these leads to 

No. Attribute / Item Chemiosmosis *

1
Nutshell of reaction 
paradigm

At low proton and water activity, radicals 
generated in a lipid interface afford phos-
phorylation. Random collisions between 
molecules or ions or radicals afford high 
kinetic viability; equilibrium forces and 
stochastic factors (including spin barriers) 
dictate reaction fates.

2
Outlay of reaction 
scheme

Flavo- and metallo-enzymes (in the pres-
ence of reducing substrates, oxygen and 
mobile redox active agents) set up a moder-
ated relay of one- and two- electron reaction 
equilibriums within the mitochondrial inner 
membrane-matrix interface; formation of 
CoQH

2
, water and phosphorylated products 

serve as two-electron sinks, pulling the 
overall reaction forward by a thermodynam-
ic tug exerted by the terminal reactions. 

3
Coupling link between 
redox reaction and 
phosphorylation

The formation of oxygen centered reactive 
intermediates directly aids phosphorylation.

4
Electron transfer mo-
dality

Molecule-ion-radical interactions scheme; 
may involve some outer sphere ET, but not 
obligatory; randomized one- and two- elec-
tron reactions moderated at the membrane-
matrix interface, with provisions for recy-
cling of lost electrons. 

5
Thermodynamics and  
kinetics

Shifting of one-electron equilibrium of oxy-
gen-superoxide to the right by two-electron 
reactions occurring primarily in the matrix 
side of the inner membrane. pH and ionic 
strength could alter the equilibriums. “Spin” 
could control/regulate crucial steps.

6
Summation of overall 
redox reaction

Multi-molecular ordered assemblies dictate a 
vitally deterministic course of events. Electron 
and proton separation over long distance and 
time across a phospholipid-embedded electron-
ic circuitry leads to a proton/chemical gradient; 
this energy is tapped by a molecular motor 
enzyme to synthesize ATP.

In the matrix side of the mitochondrial inner 
membrane, electrons are stripped from NADH 
and succinate, to be run down a “redox po-
tential slope” (by a thermodynamic push); the 
energy released through some of these inter-
molecular transfers is used to pump protons 
across the inner membrane (through a complex 
route within the proteins); then the protons’ 

to drive ATP formation by a molecular motor, 
which functions by conformation  changes. 

No chemical connection, but a highly indirect 
electro-mechanical connection.

Outer sphere model within protein, sequence 
of connected/charted events involving redox 
centers of proteins and small molecules in close 
proximity; movement/transfer of electrons 
primarily as pairs, via collisions or connectivity 
or supra complexes.

Essentially a push of electrons from lower to 
higher redox potential centers; followed or syn-
chronized with torque generation by a mecha-
nized molecular motor (tapping into the gener-
ated trans-membrane proton cum electro-chem-
ical gradient).

NADH + (C
4
H

4
O

4
)2- + H+ + O

2
  NAD+ + 

(C
4
H

2
O

4
)2- + 2H

2
O 

NADH + (C
4
H

4
O

4
)2- + O

2
  NAD+ + 

(C
4
H

2
O

4
)2- + H

2
O + OH- 

Also, the logic is predominantly a one-electron 

paradigm that invokes the involvement of oxygen at 

multiple points (in space and time) and all reactions in 

this scheme are bi-molecular, brought about in free 

solution or catalyzed by a protein around the 

phospholipid interface. Jagendorf’s in vitro experiments 

can be explained by the simple considera-tion that the 

closed vesicular system with ADP and Pi would need 

protons for the synthesis of an ester bond, because the 
protagonists’ pK

a
 values are near neutral pH (Box 1). This 

equilibrium-driven reaction is quite distinct from the 

physiological phosphorylation.

Table 3. Comparison of the prevailing EPCR hypothesis and the newly proposed murburn concept explanations for mOxPhos

Biomed Rev 28, 2017



42

7
Evolutionary perspec-
tive 

The whole machinery and process is aimed at 
reducing ROS formation.

The whole machinery is evolved for an ef-
fective utilization of DROS.

8 Physiological outlook
Highly sophisticated machineries and processes 
set as pre-requisites for energy transduction 
mechanism. 

Within the physiological redox window 
(-400 to +800 mV), rapid radical reactions 
synthesize energy currency.

9
Reducibility and 
Assumptions

Challenges , A vectorial and 
complicated model that requires a sequentially 
ordered process. Proteins (and their complexes) 
need to have functional/mechanistic ability to 
sense and tap electrical potential and concen-
tration gradients. Charge and mass transport 
across two macroscopic phases involved. The 

redproducibility.

Aligns with , minimalist 
model that has independent randomized 

-
face. Molecules have predictable properties 
but the reaction scheme with such agents 

of uncertainty. Reaction logic necessitates 

10 Analogy

For simplicity: A water mill or hydroelectric 
power plant. 
For complexity: engine, dynamo and battery of 
an automobile.

For simplicity- an ordinary hearth. 

11 Oxygen end of ETC as the terminal electron acceptor, 
bound at Complex IV alone

Quintessence of mOxPhos; Reacts in the 
initial phase; involved in a multitude of 
reactions and equilibriums; omnipresent 
conduit 

12 NADH Seen as 2-electron donor to Complex I
One or two electron reaction at Complex 
I and could have secondary roles; proton 

13 ADP
Bound status to Complex V; required for ETC 
and phosphorylation 

Could potentially bind to several sites be-
sides Complex V

14 Pi
Bound status to Complex V; required for ETC 
and phosphorylation 

Pi activation occurs in murzone

15 Proton
Used up on the matrix side; “pumped outward” 
and spontaneously moves inward

Involved in several reactions and equilibri-
ums in the redox processes within the matrix

16 Complex I

NADH dehydrogenase  and Ubiquinone reduc-
tase and proton pump
Catalyzes two electron transfers from NADH to 
CoQ and takes one proton from matrix to sup-
plement the proton shortage for CoQH

2
 forma-

tion; pumps four protons out from the matrix; 
forms the “chassis” for respirasome.

NADH oxidase (a murzyme) Owing to its 

NADH and omnipresent oxygen molecule, 
provides one electron into the oxygen-super-
oxide equilibrium. CoQ can get one or two 
electrons into the lipid membrane from one 
or two NADH molecules’ oxidation. 

17 Complex II

Succinate dehydrogenase AND Ubiquinone re-
ductase (and CoQ recycle proton supplier)
Catalyzes two hydride ion transfers to CoQ, 
forming CoQH

2

Succinate dehydrogenase, FADH
2
 oxidase 

AND Ubiquinone reductase
Catalyzes the generation of superoxide, 
could also generate CoQH

2
.

18 Complex III

Ubiquinone-cytochrome c oxidoreductase and 
proton pump
Intra-membrane electron conduit, transferring 
two-electron equivalents from one molecule of 
CoQH

2
 to two molecules of Cyt c (accompa-

nied by a very complex Q cycle); pumps four 
protons out of the matrix.

A murzyme with trans-membrane bifuction-
ality Projects that this component recycles 
the two-electrons lost into the membrane (to 
form CoQH

2
 or CoQH) by transferring one 

electron equivalent to oxygen in the matrix 
side and one electron to Cyt c in the inter-
membrane space. 
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19 Complex IV

Cytochrome c oxidase
Transfers 4 protons and four electrons to a 
long-term bound oxygen, to release two mol-
ecules of water; pumps four protons out of the 
matrix

A complex murzyme
Recycles the electron lost to cytochrome c 
by transferring it to oxygen; and/or transfers 
it to the bound superoxide thereby reducing 
it to form peroxide; forms water because of 
superoxide + peroxide reaction in its vicin-
ity (this gives a two-electron sink and a tug). 
Exact functions to be ascertained.

20 Complex V
Driven by protons and works well in both di-
rections, as ATPase and ATPsynthase.

Could serve to bring in protons and in driv-
ing equilibrium centered reactions as an 
ATPase; could work as ATPsynthase in 
equilibrium driven conditions.

21 Cytochrome c
One electron relay agent from Complex III to 
Complex IV.

Electron scavenger in the IMS; recycles by 
giving electrons off to Complex IV.

22 CoQ
Diffusible 2-electron relay agent transferring 
two electron equivalents from Complexes I and 
II to Complex III

Serves as 1-electron and 2-electron redox 
agent across a wide redox window within 
the phospholipid membrane

23 Ions Lead to electrical potential build up
Lead to charge relay facilitation and 
equilibrium effects

24 ROS Deleterious product formed in oxidative stress
Obligatory intermediacy of superoxide/
hydroxyl radicals and agents like singlet 
oxygen and peroxide

25 Cardiolipin
Structural component for respirasomes and 

traps protons

Enables better conservation of superoxide 
equivalents within the murzone by high 
negative charge density

26
Inner membrane & 
TMP

Chief regulator, selectively permeable, serves 
to maintain a (proton/chemical gradient) 
potential difference across itself. Proton-
pumping leads to TMP, which acts as tour-de-
force for ATP synthesis.

Serves to house and anchor murzymes that 
mediate radical reactions at the phospholipid 
interface. TMP (a side-event) builds up due 
to abundance of negative species in matrix.

27 Outer membrane Present to concentrate protons Present to prevent the escape of radicals

28 Matrix 
Reactions occurring within matrix are 
inconsequential to ETC or phosphorylation

Reactions within matrix govern the overall 
rates and outcomes

29 ATP
Formed at Complex V by rotational catalysis 
by the mechanical push afforded by the inward 
movement of protons

30 NAD+ Formed spontaneously at Complex I

31 Fumarate Formed spontaneously at Complex II

32 Water Formed at Complex IV and Complex V

33 Hydroxide ion Not involved in the overall equation

Perhaps formed in  and more 

associated with protons’ inward movement 
(Investigate)

Formed in the matrix/Complex I

Formed spontaneously at Complex II

Formed primarily in matrix side of murzone

Generated in the matrix side of the inner 
membrane; serves to enhance the longevity 
of radicals
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34
Inhibitors like
rotenone, carboxin, etc.

Disrupt ETC by binding to Complex I and II

Take away activity of the component 
by altering the redox status of center by 

sink in vicinity

35
Low amounts of 
inhibitors like cyanide, 
CO, etc.

Disrupt ETC by binding to Complex IV
Prevent the build-up and cycle of 
physiologically necessary radicals/DROS

36
Uncouplers, 
Uncoupling proteins 

Dissipate trans-membrane proton gradient
Disrupt DROS dynamics by facilitating 
superoxide dismutation at phospholipid 
interface 

* The precise/accurate functions of all membrane proteins and complexes need to be re-investigated and re-assigned with re-

spect to the murburn perspective. The functions listed in the table provide only a theoretical projection.

(that too, merely by the inward move-

1
 subunit. With the 

, this predicament is averted. A 
conformation change within the F

1
 domain (induced by 

the binding of ATP to Complex V in the matrix) could be 
relayed o domain. Thus, the 

relative 

would serve to bring in protons for chemostasis. 

This way, the structural integrity and functionality 
(inhibition by oligomycin) of the membrane-embedded 

Complex V could be better explained. A schematic cross-
sectional representation of the salient participants 

involved in mOxPhos is shown in Figure 5a and their surface 
distribution is shown in Figure 5b. From these schemes, it 

can be inferred that the distribution densities and 
structural features of all protagonists agree well with 

the roles accorded by . 

 (49, 50). 

7. Support for  relevance
in mOxPhos
The organization of mitochondria with only cristae invagina-
tions and two membranes agrees well with murburn concept.
The scattered distribution of proteins (or supercomplexes)
shows low amounts of Complex I and II (DROS generators)
and high amount of Complex IV (DROS stabilizer); and this is
solicited by . High levels of Cyt c and copious
amounts of CoQ also align well with the allocated one-electron
scavenging/recycling roles within the IMS and IPLM respec-

tively. The matrix-ward projections of Complex I and II and the 
fact that the redox centers therein are not aligned with a linear
increasing order of redox potentials point to deliberate ploys
by evolution for aiding DROS formation. Further, 

 also rationalizes that the “electron transfer routes” are
away from trans-membrane helices of these proteins. The fact
that there are “non-route redox centers” (within Complex I

and II) is rationalized by . The erstwhile con-
sideration required the inner mitochondrial membranes to be
discriminatory and regulatory in structure and function. The
mitochondrial membranes are seen herein as a hydrophobic in-

-
tions. For all practical purposes, mitochondrial membranes do
not show “super-deterministic” ability/features. (The fact that
they have high protein content could affect their selectivity and

permeability features, though.) This consideration aligns well

 the mandate that  allocates them. It
may

high negative charge densities on their lipid-assembled
periphery would keep superoxide and hydroxide in the
matrix side of the membrane interface, thereby enhancing
phosphorylation yields. Further, the concept remained a
conundrum as to how the c-subunits’ trans-membrane

domain of Complex V could latch on to the frail inner 
membrane (with only 20% lipids) and
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Figure 5. a. 

. (Figure is not drawn to scale, but for 

deriving semi-quantitative impressions alone.) The ratio depicted is a I:II:III:IV:V:Cyt. c = 1:2:2:6:6:9, based on a subjective 

with such a distribution. For details, please refer Chapter 2.  

 The images are not drawn to give precise spatial arrangements, 

but only to indicate an overall distribution. Depiction key:  Complex I - circle, Complex II - plus star, Complex III - triangle, 

Complex IV - rhombus, and Complex V - pentagon, Cytochrome c - asterisk. Cytochrome c is not shown in the overall view 

(to retain clarity in presentation). In the individual systems shown on the right, Gupte’s values are weighted.
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