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Abstract
In general, hitherto, all scholarly illustrations of oxidative phosphorylation are schematically
presented in two dimensions as in Fig.1, where the electron current is shown resulting in the
transmembrane proton gradient driving the formation of ATP via the F1F0- ATPase [1]. In this
hypothesis, the electrical gradient that results from electron transport induces a conformational
change of the F1F0-ATPase coupled with a change of hydrogen bonding of a strategic shell of
H₂O molecules, favouring the thermodynamics of the reaction ADP with inorganic phosphate (Pi)
to produce ATP. This hypothesis presents the whole coupling process of the mitochondrial inner
membrane in three dimensions, essential for this particulate biochemistry [1, 2].
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Introduction
Oxidative phosphorylation is the final stage of
aerobic cellular respiration when molecular oxygen
is reduced to H₂O [3]. It is composed of an electron
transport chain coupled with the phosphorylation of
ADP to produce ATP, the energy currency of the cell.
Along the electron transport chain, the electrons
pass from one macromolecular complex to the next
and terminate at molecular oxygen. The reduction-
oxidation (redox) potential generates a membrane
potential across the inner mitochondrial membrane
(IMM) which powers the formation of ATP by the
F1F0 ATPase at three coupling sites along the chain
I, III and IV. When the electrons are provided by
succinate instead of NADH, coupling site 1 is by-
passed resulting in a P/O ratio of approximately 2
[3]. In this day and age, any acceptable hypothesis
of oxidative phosphorylation must be, above all,
underpinned by the rules of thermodynamics: each
segment of a bioenergetic reaction or prediction
must be justifiable, feasible and entirely consistent
with the laws of thermodynamics. Energy change is
a characteristic feature of each and every chemical
reaction and the sign and magnitude of free energy
change (ΔG) of each consecutive step of the overall
oxidative phosphorylation process must be

identifiable before there can be clarity, an
understanding and a complete analysis. What is
clear is that the term energy transduction, if used,
needs substantial clarification.
The unpredictable complexities of a
macromolecular membrane topography, ultimately
determined by protein quaternary structure, can
only be left to the imagination at present. The
research of Greer J and Bush BL (1978) has
described a method that outlines steps to
determine surface topography and although this
work provides essential information relevant to the
overall architecture and detailed macromolecular
organisation of a cell membrane, the precise
organisation of oxidative phosphorylation
macromolecular structures embedded in the
coupling membrane remains unresolved [4, 5]. High
matrix density, staining and embedding have the
disadvantage of obscuring internal detail and
maybe loss of it [6]. Any freezing process must
surely affect the solvation shells of proteins and
probably their conformation, particularly if the
macromolecules and water shell are to be
considered the functional unit under discussion
here. Even so, however impenetrable remain the
complexities, with hitherto undiscovered
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techniques there should be an acceptable, detailed
3-D resolution of oxidative phosphorylation
eventually; one that supports the hypothesis and
does not conflict with any biological or chemical
axiom. A structure-function model is proposed in
this communication, and in the absence of precise
biological evidence, an imaginative logical leap is
taken to complete a comprehensive hypothesis that
should be testable in due course. There will always
be demand for the refinement of techniques that
penetrate and elucidate the chemical reactions that
constitute complex biochemistry, not least to
investigate the remarkable properties of the solvent
water that investigators in the field believe can be
different inside the cell from bulk water [7, 8, 9].
Our knowledge of cellular water structure remains
incomplete although there is a widespread belief
that the dynamics of biological macromolecules in

general, and proteins in particular, cannot be
decoupled from that of their aqueous solvent. At
present, there is no simple qualitative or
quantitative account of how protein and solvent
dynamics interact at a macro-molecular surface.
Ball (2017), in his comprehensive review of the
relationship between water and macromolecules,
provides ample evidence that a vague sheath of
hydration water exists in complex associations with
macromolecules, and however daunting a task, the
atomic resolution of that relationship now becomes
essential [8]. The studies cited in Ball's review
represent a selection from the vast amount of
valuable research that supports the concept and
the premise on which the hypothesis presented
here is largely based.

The Role of H₂O-H₂O Hydrogen
Bonding
Over a century ago, Rontgen (1892) postulated that
liquid water was comprised of a high-density fluid
and a low-density fluid while Bernal and Fowler
proposed that the tetrahedral geometry of the
water molecule could be responsible for this
characteristic [10, 11]. Subsequently, it was Pople
(1951) who proposed that water had distributions
of hydrogen bonds and far-reaching evidence
supporting this is presented by Brini et al. (2017)
and Maestro et al. (2016) in reviews of the
molecular structure and energies of water
molecules [12, 13, 14]. Liquid water forms a
fluctuating network of hydrogen bonds with an
average lifespan of around one picosecond. One
question asked is 'might the enthalpic and entropic
consequences of water's ability to form relatively
structured hydrogen-bond networks in small
clusters and within cavities make it especially
sensitive to the geometry or changing the geometry
of macromolecular confinement for instance'? The
hydrogen bond lifespan can vary significantly
depending on location: a longer lifespan of
hydrogen bonds occurs in deep clefts of a
myoglobin molecule for example where
macromolecular geometry changes have been
identified [8]. Basically, if the hydrogen bonds
between water molecules change from straighter
and stronger to bent and weaker bonds, the water
changes from one of low density to one of a higher
density. Based upon the long-time belief that water
exists as a mixture of high-density water (HDW)
and low-density water (LDW), Pollack maintains that
intracellular water can undergo abrupt phase
changes that serve biological functions [15]. In the
crowded cytoplasm, it is understood that the three-
dimensional hydrogen-bonded network of H₂O
molecules with five or six-membered rings plays
a fundamental role. It is known that low-density
water (LDW) has lower reactivity and is more ice-
like whereas high-density water (HDW) is more
disorganised and the more reactive of the two
polymorphs. The strong possibility of the existence
of LDW and HDW has encouraged many

researchers, using a variety of techniques, to study
the phenomenon and many properties investigated
have been related to the interplay between the two
interconverting structural polymorphs [16]. With
evidence supporting the existence of water in two
forms - the high-density form (HDW) and low-
density form (LDW) - a variable ratio of LDW/HDW
is very plausible such that spontaneous phase
changes at any time could well be critical and a
key factor that dictates solvation, molecular
conformation and associations [9]. Phase changes
will potentially affect biological and physical
processes as the direction of any biochemical
reaction is determined by or is dependent upon the
free energy of hydration of each reactant involved.
Furthermore, dynamic degrees of freedom in the
hydration shell could provide fluctuations that assist
proteins to undergo the conformational shifts
intrinsic to their chemical function. One probable
outcome of this is the vast variety of substrate-
specific enzymes endowed with molecular
structures hydrated by the most advantageous of
two water structures, strategically selected and
located at precise locations of macromolecules at a
critical time, thereby mutually enhancing catalytic
reactions [17, 18]. An enzyme-water mutualism is
predicted by the author to participate in the ATP
synthase of oxidative phosphorylation and this
concept is implicated here. It is plausible that the
evolutionary 'timing' of the proteins to bring their
hydration environment closest to a beneficial phase
transition presents a way to produce significant
effects from small changes in a microenvironment;
all delicately poised as perhaps for a voltage-
sensitive membrane pore. A possible contribution
to this in the minute confines of macromolecular
environments could be the unique organising force
of hydrophobicity, when hydrogen bonding is
maximised between water molecules and the area
of contact between non-polar solutes and water
minimized [19, 20]. Macromolecular folding could
result from this or, alternatively, a configuration
change could induce a hydrophobic reaction and
consequently a phase change of the water.
Macromolecular folding relating to hydrophobic
energies has been described by Chothia (1976)



[21].
In the first place, this hypothesis rests heavily upon
the understanding of the hydrogen bonding of
water molecules and the enthalpic consequences
brought about by changes in H2O-H₂O bonding due
to the interplay of the two water polymorphs.
Thermodynamics of solvation is generally governed
by a balance between the enthalpic water-water
and water-solute interactions providing the source
of one of the key forces that dictate macromolecular
conformations [8]. The latter envisages surfaces of
proteins extending into the solvent and this
coupling can make the hydration shell part of the
molecule itself and play a role in intramolecular
rearrangement and intermolecular recognition
processes. So, protein treats water molecules as a
resource to be exploited implying that the water
molecules can mediate an interaction between a
protein and substrate either to increase selectivity
or enable recognition of multiple substrates. Some
hydration water molecules may adopt well-defined
positions around macromolecules with functional
roles. Szent-Gyorgyi (1957) first proposed a
biological function consisting of the building and
destruction of water structures and that muscle
contraction happens due to the collapse and
reforming of hydrogen bonds of water molecules
thereby directing alignment of the thick and thin
muscle filaments: the prerequisite of contraction
and relaxation [22]. He also proposed that water
structures around dissolved macromolecules may
have different crystalline structures dependent
upon the polar or non-polar nature of the groups
of that molecule [22]. By way of emphasis at this
point, it is compelling to speculate on the
evolutionary origin of sophisticated molecular and
configurational changes due to intracellular water
structure, and attention is drawn to amoeboid
locomotion, a typical mode of cell migration [23].
Students of biology learn first that amoeboid
movement is by means of a change of the
cytoplasm from gel to sol. It is generally understood
that plasma gel is converted to plasma sol causing
the cytoplasmic slide. However, the mechanism
underlying sol-gel transformation including any
relevant trigger signal and regulating factors
remains unclear and continues to be investigated.
Evidently, from the report by Mitchison and Cramer
(1996), a force is generated by macro-molecules
coupled with LDW/HDW change [24]. What is known
is that inside the amoeba there are proteins that
can be activated to convert the gel into a more
liquid state and Ca++ is said to be important for
that gel-sol conversion. It appears actin filaments
may have multiple roles in cell motility and this
could well be governed in part by their hydration
shell. The resulting increase in HDW (sol) with an
elevation of H₂O activity provides pressure change
[24].
The liquid polymorphs in rapidly exchanging
equilibrium of the hydrogen-bonded H₂O clusters
in two forms have relevance to this hypothesis.
Each polymorph is endowed with different physical
and solvent properties such that partitioning of a

charged solute or group, in one or the other
polymorph is dependent upon the size and
electronic configuration. The polymorph properties
determine the ease by which hydrogen bonds are
broken preceding hydration by one water form or
another. For example, in this regard, it is known that
Na+ ions partition differently from K+ ions [9]. So,
the solvent of choice determines the free energy of
hydration of the species in question and the change
of hydration energy if the polymorph transforms.
The rapid interchange of HDW to LDW or vice versa
results in free energy change (ΔG) dependent upon
the alternative polymorph, which in turn is coupled
with the hydration energy of any species solvating
in either LDW or HDW. It has been shown that the
free energies of hydrolysis of molecules like ATP are
given by the difference between the free energies
of hydration of products and reactants [25]. Based
on this, when two contiguous polymorphs of water
exist in the interstitium of a cell or matrix of
mitochondria, a source of local free energy is
provided coincident with a phase change and
consequent change in the HDW/LDW ratio affecting
the availability of H₂O molecules to solvate a
specified solute or group and thus, in a sense, acts
as a reservoir of energy. ΔGw is larger and more
positive when LDW replaces HDW and reversed
when HDW replaces LDW. This, in turn, accounts
for the change in energy of hydration of any solute
in either polymorph as detailed by Wiggins [26].
Furthermore, when such displacements incur and
the thermodynamic cost is high enough, a protein
molecule may change its configuration by folding if
solvation and folding of a protein are considered a
unitary process [26, 27, 28]. Predictably a folding
or cycling of macromolecular events brought about
by solute change or charged group preference for
one or other polymorph has implications in cyclic
enzyme action. This concept has also been
developed and supported experimentally by
Wiggins and considered here to have significance in
relation to the reversible rotation of the γ-subunit
of the F1F0-ATPase [9]. A decrease in light scatter
of coupled mitochondria suspended in hypertonic
KCl supports the view that depolarisation of the
coupling membrane (by inward diffusion of K+ in
this case), converts matrix LDW to HDW by a critical
amount, uncouples and prevents ATP synthesis. In
contrast to this, the potassium ionophore
Valinomycin (Val) induces ATP synthesis in non-
respiring mitochondria suspended in a K+-free
medium [29]. The preferred interpretation here is
that the ValK+ species unaccompanied by an
internal anion diffuses from the matrix and this
diffusion outward, limited by the build-up of
external positive charge, results in
hyperpolarisation of the coupling membrane. This
increase in external positivity and hyperpolarisation
is believed to cause a configurational change in the
coupling membrane and consequent increase in the
LDW/HDW ratio favouring ATP formation from ADP
and inorganic phosphate. This is in contrast to the
behaviour of mitochondria suspended in hypertonic
KCl when depolarisation results in a decrease in the
LDW/HDW ratio. In the past, mitochondria swelling



studies have been extensive and linked to oxidative
phosphorylation [30]. Subsequent studies have
shown that what would have been interpreted in
earlier studies as swelling could not be reconciled,
in certain experiments, when changes in the actual
size of mitochondria were determined using laser
technology [31]. In these experiments, light scatter
changes were recorded which could best be
interpreted by invoking a change in the LDW/HDW
ratio; the event considered here to be closely linked
to oxidative phosphorylation.
As reviewed by Boyer in 1997, there are three
pertinent catalytic sites on the F1F0-ATPase [32].
The first binds ADP and phosphate, then undergoes
a conformational change providing for a tightly
bound ATP and then a subsequent conformation
change releases this ATP [32, 33]. These αβ
changes come with a rotation of the inner core
of the enzyme (γ subunit) driven by the protons
crossing the mitochondrial membrane [34]. This
rotation is a strong indicator that the oxidation
phosphorylation process is part of a three-
dimensional event involving protein conformational
changes throughout the coupling membrane
powered by a proton gradient or transmembrane
proton motive force (Δp) resulting from electron
transport. A coupled three-dimensional
arrangement of the oxidation phosphorylation
process is of fundamental importance to this
hypothesis and not ostensibly two-dimensional as
in Figure 1. The conformational changes identified
ultimately release tightly bound ATP, supporting the
widely held view now that the proton motive force
is not powering ATP synthesis as directly as Mitchell
predicted initially in 1961 [32, 35, 36, 37]. It is this
author's belief that these are the conformational
events which change LDW/HDW (low-density/high-
density water ratio) providing the mysterious
energy-requiring link between the rotation of α-
subunit and ATP synthesis and release [37]. The
increase in this ratio, when H₂O activity is reduced,
will favour ATP hydration and synthesis at the
F1-ATPase: thus, providing a feasible coupling
mechanism which is more thermodynamically
acceptable than a proton gradient somehow
reversing the F1F0-ATPase directly. According to the
literature, the transmembrane proton and
electrochemical potential Δp from electron
transport are mechanically transmitted to the

hexamer of the αβ-subunits. The step-wise rotation
of the F1/F0 complex is the result when ADP reacts
with Pi to form ATP tightly bound in the first instance
and a second configuration which allows ATP to be
released [35, 38]. Apart from this, another crucial
feature lacking a molecular description is how
rotation driven by Δp is generated, and how rotation
transmits energy into the catalytic sites of the
enzyme to produce the stepping action during
rotation [39]. In 1989, Tsuprun et al. suggested
proton gradient transport, via the embedded
membrane F0 sector, induces a conformational
change in the stalk which in turn alters the catalytic
centre of the F1-ATPase [40]. Whatever are the
sequential conformational changes of the αβ
-subunits and rotation of the γ subunits, the
hypothesis submitted here provides a means
whereby these are powered by LDW/HDW change,
which may also act as a sink for the H+ gradient
enabling it to dissipate across the coupling
membrane. These reactions are thermodynamically
sound; there is no infringement of any
thermodynamic law and a true coupling of the
oxidation reactions and phosphorylation takes
place. In truly coupled chemical reactions the
product of the 1st reaction must become a reactant
of the 2nd. Here the product of the first, the electron
transport reaction and proton gradient, results in
the changed HDW/LDW ratio driving ATP formation
from ADP and inorganic phosphate in the second
reaction of the coupled sequence. According to
Swanson et al. (2007), hydrogen-bonded chains of
water molecules may comprise 'water wires' that
support proton translocation through proteins and
are perhaps controlled by protein motions [41].
Kaila et al. (2014) describe such a process in the
initial step in the mitochondrial and bacterial
respiratory sequence when a transient proton-
conducting water channel is formed by complexes
in the membrane [42]. The same authors conclude:
water-gated transitions may provide a general
mechanism for proton pumping in biological energy
conversion enzymes [42]. Furthermore, Noji et al.
(2017) reported an associated water molecule of
a glutamic acid residue of the β subunit of the
F1-ATPase that enhances proton transfer: all
additional evidence in support of a sheath of water
molecules functionally associated with protein
subunits [43].



In brief: A conformational change induced by charge
separation is believed to alter the LDW/HDW ratio
and when elevated, the reduced activity of H₂O
favours ATP synthesis. The contention here is that
ADP + Pi reacting to form ATP + H₂O is not
thermodynamically feasible without a critical
change in the LDW/HDW ratio that leads to a
reduction in H₂O activity due to a configurational
change of the F1F0-ATPase complex, or part of it.

As a consequence of this the reversible ATPase/ATP
synthase reaction:
ADP + Pi + 2H+ ⇌ ATP + H₂O + 2H
proceeds more favourably to the right with elevated
LDW and is endothermic (+ ΔG). Conversely,
elevated HDW favours the reaction to the left and is
exothermic (- ΔG).

Accounting for three energy
coupling sites along the electron
transport chain
It is essential that the electron transport complexes,
in setting up the transmembrane charge separation
are juxtaposed with a macromolecular close-fit to
the F1F0-ATP synthase. This close-fit is predicted
to create the critical membrane potential change
associated with three of the five ET complexes
identified and the required conformational change
of part of the ATP synthase that results in a shift of

the HDW/LDW ratio of the solvation shell. A critical
lower ratio will result in the formation of ATP tightly
bound to a subunit of the F1F0-ATPase and a second
conformation due also to the proton gradient
releasing this ATP being favoured by a reversal of
the HDW/LDW ratio change.
To whatever extent the structural components I, II,
III, IV etc. have been characterised, conceivably, in
their native state they fit neatly together pursuant
to a gradual refinement in the evolutionary sense
[30, 44, 45]. This organisational progression is

Figure 1

Figure 1
Mitochondrial oxidative phosphorylation in two dimensions.



envisaged to culminate in an efficient three-
dimensional functioning unit of a membrane that
becomes the tubular-like inner mitochondrial
membrane (IMM). The chemiosmotic hypothesis, or
any other, should be able to meet a 3-D
requirement or it is invalidated as a functioning
process delivering ATP from ADP and Pi via coupled
reactions. Although the proton motive force is still
favoured as an accepted component of the
F1F0-ATP synthetase process, the initial membrane
potential and H+ separation set-up must be
reconcilable with a 3-dimensional functional
macromolecular structure of the IMM [46]. The ATP-
ase and redox respiratory chain must have a macro
molecular architecture arranged in a repeating
manner that fits functionally into the well-
documented repeating membrane pattern
identified regularly throughout the plane of the
coupling membrane. An abundance of evidence
from the earliest electron-microscopy images shows
high and low regions of the coupling membrane
such that there must be a contour in the plane of
the membrane with peaks and troughs that could
well be of biophysical significance. The repeating

units of the inner mitochondrial membrane give the
membrane regularity with undulations in the plane
of the membrane. This means that there are thick
and thin portions of the coupling membrane: the
troughs providing regions of greater capacitance,
more so than the peak regions of the membrane.
Any critical density of charge will most certainly
be located at the thin regions of the membrane.
This would make the topography of the cristal
membrane of mitochondria in some way analogous
to that of the myelinated nerve and the benefit
of thick and thin portions of a charge-separating
cellular membrane may not be exclusive to those
neurones. The critical potential created by electron
transport is perceived by the author as a
preponderance of the separated charge, if not all,
held across the thinner regions of the coupling
membrane and not those parts of the membrane
occupied by the F1F0-ATPase. These parts of the
membrane are too thick to act as the preferred
effective condensers (indicated as a dashed circle
in Figure 2) [46].

What protrudes from the membrane is an order of magnitude in nm that permit a close relationship or

Figure 2

Figure 2
Sixfold symmetry structure of coupling membrane.



even binding of the electron transport complexes
with the F1/F0-ATP synthetase. The frequently
reported hexagonal lattice and threefold symmetry
structures of cellular membranes, provide a
structural option for a 3-dimensional 'fit' in the
coupling membrane [5, 6, 47, 48, 49, 50, 51, 52].
Figure 2 is a diagram of the sixfold symmetry
arrangement of coupling membrane components
indicating thick and thin regions of the coupling

membrane. Figure 3 shows how each threefold
symmetry structure of F1F0-ATPase is located with
coupling sites I, III and IV, juxtaposed. Amongst
others, Letts and Sazanov (2017) provide evidence
of a supercomplex where there is a close
association between complex I and complex IV:
further evidence of a three-dimensional
arrangement [45].

The biogenesis and assembly of membrane
complexes remain unexplained. How do the
respiratory chain complexes and ATPase synthase
assemble? There is evidence of double rows of ATP
synthase in paramecium, for example, and these
results suggest an evolution and ultimately an
alignment to optimize efficiency in eukaryotes,
more so than any fluid membrane could provide
[53]. In addition, potato respirasomes differ from
3-dimensional model of bovine respirasomes,
(Bultema et al. 2009) [54]. These authors remain
undecided whether the 'string architecture'
identified is conserved in eukaryotes or differs in
different organisms. Even so, the precursor of the
order in the coupling inner mitochondrial
membrane could well be a relative disorder of
structural components initially but controlled by
evolutionary forces culminating in an effective
alignment providing maximum efficiency. This could
well be the arrangement found in the bovine heart

mitochondria where a P/O ratio close to three is
invariably found. An ordered membrane must be
invoked when developing a hypothesis to explain
the three coupling sites of the respiratory
complexes with the F1F0-ATP synthase. Without
convincing evidence of alternatives to date, the
honeycomb repeating pattern seems to be the most
suitable, if not the only plausible candidate, The
high efficiency of any flat honeycomb structure is
not in question [55]. All that is required to account
for the 3 coupling sites within the plane of the
membrane is for the I, III and IV complexes to be
arranged around the F1F0- ATPase as follows: the
complexes abut on areas of the membrane
constituting the low areas, the thinner surrounds
of the F1 complex (Figure 2), that can provide the
capacitance (condenser) to hold the charge
resulting from electron transport along the chain.
Each complex will provide charge separation across
the coupling membrane: that charged membrane

Figure 3

Figure 3
Threefold symmetry structures. Thick region of membrane.



area is approximately one-third of the surface area
of the ordered membrane in total. The inner
mitochondrial membrane is envisaged as repeating
tripartite structures within a predominantly
hexagonal arrangement. This is in keeping with the
structural studies of Tsuprun et al. [40]. As a
consequence of this, when one ET complex
(complex I, for example) is inhibited one-third of the
membrane capacitor charge is lost and the P/O ratio
is reduced by one. When site III is inhibited also,
two-thirds of the membrane capacitor charge is lost
approximately and so on. This configuration in the
coupling membrane is made possible by virtue of
molecular chirality and Nesci et al. (2015) provide
evidence in support of this such that the chiral α
component of the ATP synthase could be
orchestrating the asymmetry of other subunits: a
phenomenon not uncommon in biological structures
[56, 57]. This becomes significant in this discussion
and could conceivably have relevance to evolution
and the origin of life itself [9]. Apparently, life
evolved toward chirality and the mitochondrion
could well conform to that pattern. Unfortunately,
any link between a confined configuration change
and its functionality is not always clear and can
lead to intriguing speculations, manifest in this
hypothesis [56].
One surprising and incompletely explained
deduction based on the symmetries of c-rings in the
rotor of the enzyme is that the amount of energy
required by the ATP- synthase to make an ATP
molecule does not have a universal value [39]. ATP
synthases from multicellular organisms require the
least energy, whereas the energy required to make
an ATP molecule in unicellular organisms and
chloroplasts is higher, and a range of values has
been calculated. This strongly favours the evolution
of oxidative phosphorylation with three neat

coupling sites not being de novo and universal but
more-so part of a Darwinian process directed
towards the highest efficiency. A change of a
molecular component and configuration of
F1F0-ATPase culminating in the most efficient LDW/
HDW could account for this in a manner consistent
with the evolution of an enzyme-water mutualism,
eventually producing a P/O ratio of approximately
three. The model developed by Song et al. (2013)
to examine the morphology and PMF of the IMM
provides evidence for the inhomogeneity of the IMM
and consequently, the resultant concave geometry
and cristae folding [58]. According to these authors,
proteins, including ATP synthase, are not evenly
distributed in the IMM [58]. Variations in the
structural organisation of the IMM, in particular the
ATP synthetase lends support to the concept of an
evolution of the membrane towards higher
efficiency, approximating the equivalent of three
phosphorylation coupling sites ultimately [59].
Finally, evidence is growing for other roles of ATP
synthases in the inner membranes of mitochondria.
Here the enzymes form supramolecular complexes,
possibly with specific lipids, and these complexes
may contribute to, or even determine curvature and
the formation of the mitochondrial cristae [39, 60].
There is evidence appearing together with six-fold
membrane structures and more infrequently five-
fold symmetry units [60, 61, 62]. This variation in
the spatial organisation of the constituent
structures allows the IMM to fold and cristae to
form. Otherwise, an uninterrupted six-fold
honeycomb pattern of repeating structures
throughout would result in the IMM being a flat
sheet, unable to fold and without sidedness
providing for matrix and external milieu.

Summary
The object of this hypothesis is to explain oxidative
phosphorylation as a three-dimensional
arrangement of macromolecular structures with the
inner mitochondrial membrane. The redox coupling
sites, energised by a change in H₂O-H₂O hydrogen

bonding, are juxtaposed in an organised manner
around the F1F0-ATP synthase to provide for 3
energy coupling sites along the electron transport
chain.
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