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Introduction

In this article I shall draw attention to the
requirement to re-examine bioenergetics
of cells in the light of recent observations
concerning cellular structures which local-
ise the flow of ions such as the proton and
calcium[1, 2] as well as that of ATP.

The flow of protons is concerned with
the maintenance of different pH values
and potentials in different compartments,
for example the cytoplasm, vacuoles and
vesicles, and their coupling to the energ-
isation of the uptake (or rejection) of both
organic and inorganic materials, and to
the capture of energy from light in
chloroplasts and from oxidation of carbo-
hydrates in mitochondria.[3] The two or-
ganelles are found as compartments of
eukaryote cells but must supply energy to
all other compartments, usually indirectly
through ATP production from proton
gradients.[3] Thus the flow of protons is
central to bioenergetics. The idea that
such ion gradients as that of protons (and
of sodium, potassium, chloride, calcium
ions and many organic molecules) could
be created from hydrolysis of ATP has
been well demonstrated for more than
fifty years and the reverse effect of driving
ATP formation from an organelle proton
gradient was proposed more than forty
years ago.[3, 4, 5] The remaining problem is
the local control of flow in and between
these ion and ATP networks. We start from
ATP formation.

There are two ways in which to analyse
the relationships between the formation

of ATP and an ion gradient in an organelle.
The simplest described by Williams and
Mitchell[4,5] is to assume an equilibrium,
which is not the same as a steady
state, is closely approached. This gives
Equations (1) and (2) first published by
Mitchell[4] from which the total phosphate
thermodynamic potential energy, DG can
be determined.

RT ln
�ATP�
jADPjjPij

� RT lnX (1)

At equilibrium DG can be equated to
the proton gradient energy, the proto-
motive force, generated across or in
mitochondrial or thylakoid membranes
[Eq. (2)] , where m is the electrical potential
across a membrane space due to electro-
genic movement of charge (electrons or
H�) and DpH is the concentration differ-
ence across the same space.

2.303 RT logX � m� 2.303 RT (DpH) (2)

It was supposed by Mitchell that the
ATP synthase which connected the two
worked in equilibrated balance through-
out a whole organelle. (It is now known[6, 7]

that there is a mechanical machine con-
necting the protomotive force and ATP
but we shall ignore the fact that no
machine can work at equilibrium, that is
at 100 % energy efficiency). The alterna-
tive approach is that m and DpH do not
equilibrate in the complete organelle
space, but two-dimensional flow of pro-
tons in and along organelle membranes
gives ATP locally (Figure 1).[3] The struc-
ture, size and shape of the organelle is
critical in this distinction (see below).
Note that in principle any ion or molecule
gradient can replace that of H�, for
example Na�. (Note that flows can be in
a steady state not close to a thermody-
namic equilibrium).

Figure 1. The proposal of proton flow in particles,
the sources and sinks of protons, in membranes. Note
electron flow is of shorter distance. Further proton
flow is along membrane surfaces and not in bulk
aqueous phases.

The mode of production of a pH
gradient across other membranes for
example the cytoplasmic or vacuole
membranes, or indeed of a gradient of
ions such as those of Na�, K�, Clÿ or Ca2�

or even of molecules, is quite different
and uses ATP in P-type ATP-ases.[8] These
ATP-ases operate far from equilibrium and
are effectively irreversible and are con-
trolled by feedback from the ion gradients
themselves. The ion currents which create
ATP and those which use it flow contin-
uously throughout cells but to various
degrees locally and are interactive in
networks. For example the release of a
local current (flow) of calcium from an
initial receptor in a plasma membrane
across the cytoplasm is usually to a local
channel opening in a reticulum (ER)
membrane where it generates an ampli-
fied calcium current which flows more
strongly in the cytoplasm. This is the well-
known calcium pulse. It is often the case
that the membranes of the reticulum and
of the cytoplasm are in close juxtaposition
so as to reduce losses which would arise if
the ion were to diffuse in useless space.
ATP is used to restore the calcium in the
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reticulum and to remove it from the
cytoplasm by Ca2�-activated ATP-ase (P-
type) judiciously placed close to the
release sites.[9, 10] Some of the Ca2� is also
removed to mitochondria (see below).

Early impressions of organelle structures

We return now to the production of ATP
in the chloroplast and the mitochondrion.
As stated the immediate need is to
consider the structures of the two organ-
elles. At the time when equilibrium chem-
iosmotic synthesis of ATP was devel-
oped[3±5] the mitochondria were consid-
ered to be small elliptical objects, even
smaller than bacterial cells (Figure 2). Note

Figure 2. The early impression of mitochondrial
structure. Note the small size, approximately 1 mm in
all dimensions, and the lack of connection from
cristae to the periplasm.[11]

the apparent lack of access of the interior
of the cristae to the periplasm. Evidence
in favour of the model came from isolated
mitochondrial and thylakoid particles,
which are minute spherical vesicles of
the inner membranes,[11] from isolated
mitochondria,[11] which in vitro are also
small, or from spherical swollen isolated
inner membrane preparations.[12] Steady
state kinetics close to equilibrated systems
using these preparations with external pH
controls apparently gave convincing sup-
port to in vivo delocalised equilibrium.

The modern view of organelle structure

It is now apparent that the early descrip-
tions of the structure of mitochondria
were incorrect inferences resulting from
the methods of their study. In these
studies single cross sections of cells were
used for electron microscopy studies
which naturally gave the impression of
elliptical small organelles as well as lead-
ing to images such as those of small
spherical calcizomes many, if not all of

which, are now known to be part of long
weaving tubes of reticula. Once serial
sectioning with tilted-stage electron mi-
croscopy was developed mitochondria
and chloroplasts in vivo were shown to
be long weaving reticula structures (Fig-
ure 3,[13] and Figure 4[14, 15] ), which had
indeed been suggested in outline earlier
but the idea had been ignored.[16] The

cristae membranes are even longer weav-
ing internal units of a variety of structures
and they have, very restricted, connection
with the periplasmic space (Figure 3).[13]

A further feature of the structures of the
mitochondrial cristae is that there are
several distinct cristae not necessarily
directly connected to one another in a
single mitochondrion (Figure 3). The only

Figure 3. a) A cross-section of a cylindrical mitochondrion with depth of focus. The outer membrane is the
concentric circles, while the six (different) cristae are shown as weaving membrane structures. Note small open
contacts to the periplasmic space. The diameter of the cylinder is about 1.0 mm. The cristae have a total width
(two membranes plus intramembrane space) of less than 300 �. b) A longitudinal view of part of the same
mitochondrion cylinder following one of the cristae, marked by arrows in both a and b. Effectively cristae are
isolated from one another. Note that the structures are dynamic. These figures were provided by Dr. C. A.
Manuella (see acknowledgement).
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Figure 4. A view of the chloroplast inner membrane,
the thylakoid, once it was seen to be extremely
extensive.

connection between them appears to be
through the periplasmic space which
suggests that to a large degree they are
independent units.[13] It is extremely un-
likely that such structure could give either
a quick or a totally delocalised response in
the whole organelle. Let us consider the
significance of the revised structures of
the organelles while firstly reminding
ourselves of other structures inside cells.

Linking organelle and other membrane
structures

I shall refer again now to calcium and
other ion gradients energised by ATP.
They are found across both the outer cell
membranes and the inner membranes (in
a reverse sense) of reticula, vesicles and
vacuoles. The pumped gradients associ-
ated with resting states of cells may be of
fixed value over large regions of the cell or
vesicle membranes and can be given a
thermodynamic potential. (This is not an
equilibrium across a membrane). As stat-
ed we know that cells also have localised
switched-on activities when ion flows
enter cell cytoplasm. We need to consider
next the relative disposition of the mem-
branes of the plasma, reticula and of
mitochondria (or chloroplasts) from which
ATP must come to be applied to the
transport systems so as to restore the ion
gradients. Here and there the long struc-
tures of the mitochondria (see Figure 3 b
of reference [13]) have been shown
recently to approach locally both the
outer and the reticula (or vesicle) mem-
branes.[17] Thus the organelle and other
membrane, for example the ER, are locally
adjacent and therefore inhomogeneous.
Consider the effect of a localised input of
Ca2� to the cytoplasm of the cell and then

an organelle at one such point of juxta-
position of the two membranes. The
response of the nearby part of the mito-
chondrial membrane is now known to
take in some of this localised pulse of
calcium aiding relaxation. We need to see
whether the calcium in the local part of
the cytoplasm of the mitochondrion, that
is in a part of a cristae, which is known to
activate dehydrogenases and in turn
generate substrates for oxidative phos-
phorylation will produce local proton
potentials and concentration gradients.
The gradients could then produce ATP for
export to the cytoplasm locally. We can
appreciate the possibilities by examining
the diffusion of charge in cell membranes
and as can be seen by studying
diffusion in aqueous solutions.

Pathways of electrons and protons
in membranes

The proton gradient in mito-
chondrion arises from an initial
flow of electrons from oxidation of
substrates. The electron pathway
is between molecules in cell mem-
branes. These transfers are then
extremely localised in circuits even
down to the Q-cycle and apply
generally to all organelle bioener-
getics. Electronic potentials are
then created locally in membrane
particles. The electron flow is by
tunneling at rates which are
modulated by the distance be-
tween these electron-transfer cen-
tres.[18, 19] Electron transfer over
100 � is fast, that is <10ÿ3 s, so
that electron transfer is usually not
rate limiting for energy capture.
Now in the membranes of mito-
chondria and chloroplasts, both of
which use electron flow initially, it
was maintained by Mitchell,[4] and
subsequently it is stated in many
textbooks, that electrons flow
across the whole of organelle
membranes to generate proton
gradients only in the aqueous
media of the cristae, that is the
black space in Figure 3. This would
leave the problem of any proton
flow, apart now from considera-
tions of equilibria, to that in bulk
aqueous solutions only. Williams

considered this mechanism but preferred
one in which that the electron flowed a
limited distance in the membrane and
that connected subsequent proton flow
could be in or on the membrane surface
(Figure 1).[3±5] This was later called a pro-
ton wire (see reference [20] and referen-
ces therein). It is now known that proton
wiring does exist in the membranes of
mitochondria and chloroplasts so that
proton currents are measurable events
in organelle membrane structures and in
the ATP synthase (Figure 5). The flow of
protons in the membrane (even their
existence in such media was repeatedly
described as impossible in the period
1961 ± 1980[21] ) is in part through bound

Figure 5. a) The nature of proton flow proposed by Wil-
liams[3, 5] can be through water channels or through protein
sidechains. b) A detailed proposal for a proton channel using
water molecules and subsequently called a proton wire.
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H2O channels as shown in Figure 5. The
question arises as to the connection
between the proton wires of the ATP
synthase and the proton wires of the
photo and oxidative systems of the mem-
branes of the organelles. It is this section
of the current flow which will produce
ATP by mitochondria and chloroplasts
ensuring that it is fast and could be local.
The pathway rates are limited by ion
diffusion which we must consider next.

Diffusion pathways in aqueous compart-
ments

We wish to know how far diffusion of ions
limits communication and hence cooper-
ative activity in the cellular compart-
ments. The diffusion constant D in water
at 25 8C of the proton and a simple cation
such as Ca2� are 9.3�10ÿ9 and 2.0�
10ÿ9 m2 sÿ1

, respectively.[22±24] The diffusion
distance in time t is given by X� ��������

2Dt
p

m.
Now the turnover time of the cytochrome
chain and the ATP synthase in all organ-
elles is greater than 103 sÿ1 so that we can
put t< 10ÿ3 s when X< 5.0�10ÿ6 and
3.0�10ÿ6 m sÿ1 for H� and K� or Ca2�,
respectively, that is the greatest linear
distance an ion could diffuse freely in
water during turnover is much less than
105 � sÿ1. In itself this is less than the
length of the aqueous volumes now seen
in the connected cristae and thylakoids or
within the ER (Table 1).[13] This diffusion
distance ignores volume dilution of the
concentration of proton and calcium ions
and trapping of the ions by proteins in the
aqueous phases by membranes and by
the anionic lipids present.[25] Experiment
shows that in fact proton diffusion is
largely restricted to the membrane surfa-
ces and hence between sources and ATP
synthases.[26±29] The ATP synthase which is
highly concentrated also contains many
negative charges (Figure 1). Given the
limited possibility of free diffusion, it is

no longer possible to conceive that the
uptake of protons by the ATP synthases
will be at any greater distance than say
104 � from their origin. The diffusion of
Ca2� is likely to be less before it bonds to
dehydrogenases. The same problems
arise with descriptions of Ca2� ion diffu-
sion in the ER. Here there are densely
packed units of calciquestrin throughout
the ER which are sometimes seen even as
ordered molecular arrays. Calciquestrin,
the structure of which is known, can bind
up to 40 Ca2� ions and release them in a
localised patch.[30] Finally diffusion of ATP
is slower than that of Ca2� and acts locally
at kinases, for example creatine kinase,
associated with adjacent membrane
structures.

Transduction of gradients and electric po-
tentials

The picture of cellular bioenergetic sys-
tems is therefore one of localised stimu-
lated interactive currents and networks of
ions and ATP much as in a computer
where diffusion rates are controlled by
resistors and capacitors. Thus it is to
current flow controlled by wires, resistors
and capacitors to which we must turn to
understand bioenergetics.[10] Relaxation
times for calcium binding have been
analysed quantitatively[10] but those for
protons are less well established. We need
theoretical treatments of reaction diffu-
sion systems involving capacitors and
resistors in very difficult media and struc-
tures. (I thank the referee for this com-
ment).

The transduction of energy from a pH
gradient or a potential occurs in the ATP
synthase. The machinery of this device is
now well known and involves a coupled
F0 proton channel in a membrane and an
enzyme (F1) for the condensation reac-
tion. Initially it was considered by Mitch-
ell[4] that the electric field potential y

could drive the reaction without protons
entering the machinery. This still causes
confusion. The potential is transduced as
is a pH gradient by proton flow in the
membrane,[3][5] which creates mechanical
action. The electric potential y in a
spherical volume is delocalised but in a
structure such as that of mitochondrial
vesicles will be localised. Driving reactions
by y (or DpH), locally confined, requires
less charge transfer across a membrane
than the creation of an equivalent energy
source due to an equilibrium gradient and
is possibly the general method of trans-
duction. (Note y drives local ion flow in
membranes to transfer energy to ATP).[5]

The essential features of all these flows
of H�, Ca2� or ATP is that they connect in
localised micro-circuits within organelle,
vesicle and plasma membranes.

Conclusion

Clearly this localised treatment of flow of
ions and ATP is not in agreement with
delocalised thermodynamic equilibrium
treatments of energy production in whole
mitochondria or chloroplasts.[31] However
none of this description detracts from the
use of Equation 2 if local reaction sites are
treated as close to local equilibrium in
micro-volumes no matter what the mode
of transfer of protons between places of
creation and use of protons (see Figure 3
and references in reference [5]). Note
however that to activate large volumes of
a compartment is in many circumstances
just wasteful of energy.

The great disadvantage of using equi-
librium theories for the understanding of
biological compartmentalisation is that
they lose sight of a fundamental require-
ment of cellular activities. A cell is an
integrated system which can only be
understood by seeing that energy is
constantly applied and used locally in
connected networks. The treatment is
then one of diffusion in systems not of
necessity close to equilibrium, whether in
resting or pulsed states. Looking at the
now known structures of cell compart-
ments, such as the membranes of the
plasma, reticula, and particularly of mito-
chondria and chloroplasts, and their here-
and-there juxtaposition with one another
allows us insight into the reasons for their
newly revealed tube- or plate-like con-

Table 1. The essential structural features of diffusion restrictions on localised ionic activities.

System Vesicle diameter Vesicle length

mitochondria[a] �100� > 105�
chloroplasts[a] �100� > 105�
endoplasmic and [b] �100� > 106�
sarcoplasmic reticula
nerves[b] 104� metres

[a] These systems are disc-like or tube-like. [b] These systems are tube-like.
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struction.[13, 17] They can transfer material
and energy differentially by specific mi-
cro-routes in cells much as the electron
diffuses in computer circuits.[32, 33]

I am deeply grateful to Dr. C. A. Manuella of
the NIT/NCRR Resource for the Visualization
of Biological Complexity, Wadsworth Cen-
ter, Albany, New York, USA for detailed
discussion and electron microscopy pictures
of mitochondria.
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