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1.1 INTRODUCTION

Electron transfer reactions play a central role in all biologi-
cal systems because they are essential to the processes by
which biological cells capture and use energy. These
electron transfer reactions occur in highly organised ways,
in electron transport chains in which electron transfer
occurs in an ordered way between specific components,
and these electron transfer reactions occur at interfaces. In
this chapter we will explore the principles behind the
organisation and operation of these electron transfer chains
from an electrochemical perspective. We will examine the
guiding physical principles which govern the efficient
operation of biological electron transfer. As we will see,
several guiding principles emerge: the tuning of redox
potentials for different components in the electron transfer
chain to optimise energy efficiency, the control of distance
between redox centres to control the kinetics of electron
transfer and to achieve specificity, the role of an insulating
lipid bilayer to separate charge and store electrochemical
energy. Such a study is informative, not only because it tells
us about the structure, organisation and function of biologi-
cal systems, but also because we can learn useful lessons
from the study of biological electron transfer systems which
have evolved over millions of years which we can use to
guide our design of electrochemical systems. For example,
electrocatalysis of the four-electron reduction of oxygen to
water at neutral pH remains a key barrier to the develop-
ment of efficient polymer electrolyte membrane (PEM) fuel
cells. This same reaction is an important component in the

mitochondrial electron transport chain where it is achieved
using non-noble metal catalytic sites. A detailed under-
standing of this biological reaction may give clues to the
design of new electrocatalysts for fuel cells. Similarly an
understanding of the organisation, light harvesting and
electron transfer reactions in the photosynthetic systems
in plants and bacteria can inform our design of artificial
photosynthetic systems for solar energy conversion. Closer
to home, an understanding of the principles which govern
efficient biological electron transfer is essential if we wish
to exploit biological electron transfer components, such as
oxidoreductase enzymes, NADH-dependent dehydro-
genases or redox proteins, in biosensors, biofuel cells or
bioelectrosynthesis.
This chapter is conceived as a general introduction to

biological electron transfer processes for those with little or
no prior knowledge of the subject, but with a background in
chemistry or electrochemistry. As such it should serve as an
introduction to the more specific material to be found in the
chapters which follow. At the same time I have tried to
emphasise the underlying principles, as seen from an
electrochemical perspective, and to bring out similarities
rather than to emphasise the differences in detail between
the different electron transport chains. Such an interest in
the organisation and principles which guide biological
electron transfer is directly relevant to current interest in
integrated chemical systems [1].
Broadly this chapter is organised as follows. We begin

with a very simple description of the different types of
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biological cell, bacterial, plant and animal, their internal
organisation and the different structures within them. We
then consider the structure of biological cells from an
electrochemical perspective focusing on the processes of
energy transduction and utilisation. This is followed by a
more detailed description of the electron transfer chains in
the mitochondria and in the photosynthetic membrane and
the different redox centres that make up the electron
transport chains in these systems. We then describe the
governing principles which emerge as the important
features in all of these electron transfer processes, before
concluding with a discussion of the way these processes
are used to drive the thermodynamically uphill synthesis
of adenosine triphosphate (ATP).

1.2 BIOLOGICAL CELLS

All living matter is made up of cells and these cells share
many common features in terms of their structure and the
chemical components which make up the cell. The
different types of living cell, from the simplest bacteria
to complex plant and mammalian cells, carry out many of
their fundamental processes in the same way. Thus the
production of chemical energy by conversion of glucose
to carbon dioxide is carried out in a similar way across all
biological cells. This similarity reflects the common
ancestry of all living cells and the process of evolution.
In this section we focus on the internal structure of the

different types of biological cell. For a more detailed

discussion of biological cells the reader is directed to
modern biochemistry or cell biology texts such as that by
Lodish and colleagues which provides a beautifully illus-
trated account of the subject [2]. Biological cells can be
divided into two classes: eukaryotic and prokaryotic
(Figure 1.1). The eukaryotes include all plants and animals
as well as many single cell organisms. The prokaryotes
have a simpler cell structure and include all bacteria;
they are further divided into the eubacteria and archae-
bacteria. In the prokaryotic cell there is a single plasma
membrane, a phospholipid bilayer, which separates the
inside of the cell from the outer world, although in some
cases there can also be simple internal photosynthetic
membranes.

In contrast, in eukaryotes the inner space within the
cell is further divided into a number of additional
structures called organelles. These are specialised struc-
tures surrounded by their own plasma membranes. Thus,
within the eukaryotic cell we find specialised structures,
such as the nucleus, which contains the cell�s DNA and
which directs the synthesis on RNA within the cell,
peroxisomes, which metabolise hydrogen peroxide, mi-
tochondria, where ATP is generated by oxidation of
small molecules, and, in plants, chloroplasts, where
light is captured. It is the last two of these, the mitochon-
dria and the chloroplasts which are of most interest to us
here since both are central to biological energy transduc-
tion and both function electrochemically. These same
functions of energy transduction occur in prokaryotes,

All Biological Cells

Eukaryotes 

all plants (simple ferns to 
complex plants) 

all animals (sponges, insects, 
mammals) 

single celled organisms 
true algae 
amobae 

fungi
moulds

Prokaryotes 
All Bacteria 

archaebacteria – less 
familiar, found in 

unusual environments 
e.g. methanogens, 

halophiles, 
thermacidophiles 

eubacteria –
the majority 

blue-green algae 

Figure 1.1 The general classification of biological cells.
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but in this case they are associated with the outer cell
membrane.
Below we give a more detailed account of the electron

transfer processes which occur in the mitochondrion and
chloroplast, but for now we concentrate on the essential
common features. Both processes, the oxidation of small
molecules to generate energy in the mitochondrion and
the capture of light and its transduction into energy that
the cell can use in the chloroplast, occur across energy
transducing membranes. In both cases the final product is
ATP (see below), a high energy species that is used
elsewhere in the cell to drive catabolism (the synthesis
of molecules within the cell) and other living processes.
An essential feature of the phospholipid bilayers which
make up the plasma membranes of the cell and the
different organelles within the eukaryotic cell is that
although they are permeable to gases such as oxygen
and carbon dioxide, they are impermeable to larger
molecules such as amino acids or sugars and they are
impermeable to ions such as Hþ, Kþ or Cl�. This allows
the cell to control the composition of the solution on the
two sides of the membrane separately, a process which is
achieved by the presence of specific transmembrane
proteins, or permeases, within the cell membrane, which
control transport of molecules and ions across the
membrane.
The energy transducing membranes of eukaryotes and

prokaryotes, that is the plasma membrane of simple
prokaryotic cells such as bacteria and blue-green algae,
the inner membrane of mitochondria and the thylakoid
membrane of chloroplasts in eukaryotes, share many
common features. All of these membranes have two
distinct protein assemblies: the ATPase at which ADP is
converted to adenosine triphosphate (ATP) and the energy
source electron transport chain which provides the ther-
modynamic driving force to the synthesis of ATP. These
two processes are linked by the directed flow of electrons
and protons across the membrane in order to establish an
electrochemical potential which is used to drive ATP
synthesis. This chemiosmotic model of biological energy
transduction, which is essentially an electrochemical
model, was first described by Mitchell in 1961 and was
recognised by the award of the Nobel prize for chemistry
in 1978 [3,4].

1.3 CHEMIOSMOSIS

The key concept in the chemiosmotic theory is that the
synthesis of ATP is linked to the energy source electron
transfer chain through the transmembrane proton motive
force that is set up. This proton motive force is made up of

a contribution from the proton concentration gradient
across the membrane, as well as the potential difference
across the membrane. Figure 1.2 shows a simplified
picture for the mitochondrial membrane and the thylakoid
membrane of the chloroplast. In the mitochondria and
aerobic bacteria, energy from the oxidation of carbon
compounds, such as glucose, is used to pump protons
across the membrane. In photosynthesis, energy absorbed
from light is used to pump protons across the membrane.
In both cases the protons are pumped from the inside,
cytoplasmic face, to the outside, exoplasmic face, of the
membrane. In addition to the production of ATP, this
proton motive force can also be used by the cell to drive
other processes such as the rotation of flagella to allow
bacteria to swim around in solution or to drive the
transport of species across the cell membrane against
the existing concentration gradient. Clearly, an essential
feature of this energy coupling between the transduction
and its use in ATP synthesis or other processes is the
presence of an insulating, closed membrane which is
impermeable to the transport of protons, since without
this it would not be possible to build up a transmembrane
proton motive force.

1.3.1 The Proton Motive Force

In this section we consider the thermodynamics of the
proton motive force. The proton motive force is a combi-
nation of the potential difference across the membrane
and the difference in proton concentration across the
membrane. Both contribute to the available free energy.
Consider an impermeable membrane separating two

solutions, a and b, as shown in Figure 1.3. The electro-
chemical potential of the proton in solution a, �mHþðaÞ, is
given by

�mHþ ðaÞ ¼ m0
Hþ ðaÞþRT ln aHþ ðaÞþFfðaÞ ð1:1Þ

where m0HþðaÞ is the chemical potential of the proton in
solution a under standard conditions, R is the gas constant,
T the temperature inKelvin, aHþðaÞ is the activity of protons
in solution a, F the Faraday constant andfðaÞ the potential.
Notice that there are three contributions to the electrochem-
ical potential of the proton in solution: a chemical term given
by m0HþðaÞ, an activity (or concentration) dependent term,
and a termwhich depends on the potential. Similarly, for the
protons in solution b, we can write

�mHþ ðbÞ ¼ m0
Hþ ðbÞþRT ln aHþ ðbÞþFfðbÞ ð1:2Þ
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Figure 1.2 A general overview of: (A) mitochondrial respiration and (B) photosynthesis.

At equilibrium, by definition the electrochemical poten-
tials in the two solutions will be equal. That is

�mHþ ðaÞ ¼ �mHþ ðbÞ ð1:3Þ

However, a living cell is not at equilibrium. The differ-
ence in the electrochemical potential of the proton across
the membrane, D�mHþ , is a measure of the distance of the
system from equilibrium and is given by

D�mHþ ¼ �mHþ ðaÞ� �mHþ ðbÞ ð1:4Þ

so that

D�mHþ ¼ m0
Hþ ðaÞþRT ln aHþ ðaÞþFfðaÞ

�m0
Hþ ðbÞ�RT ln aHþ ðbÞ�FfðbÞ ð1:5Þ

We can simplify Equation (1.5) since the standard chemi-
cal potential of the proton is the same in both solutions,
thus

m0
Hþ ðaÞ ¼ m0

Hþ ðbÞ ð1:6Þ

After collecting together terms Equation (1.5) becomes

D�mHþ ¼ RT ln
aHþ ðaÞ
aHþ ðbÞ

� �
þFDf ð1:7Þ

or

D�mHþ ¼ � 2:303RTDpHþFDf ð1:8Þ

The proton motive force itself is then

pmf ¼ D�mHþ

F
¼ � 2:303RTDpH

F
þDf ð1:9Þ
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At room temperature

pmf=mV ¼ � 59� DpHþDf ð1:10Þ

Thus the proton motive force is made up of two compo-
nents: the contribution from the difference in proton
concentration across the membrane, and the contribution
from the potential difference across the membrane. Thus
if the membrane is permeable to Cl� or if Hþ exchanges
with another cation (such as Kþ) the contribution from the
potential difference Df will be small but DpH can still be
large. This is the situation for the thylakoid membrane in
photosynthesis. In contrast, if themembrane is impermeable
to anions,Df canmake amore significant contribution. This
is the case in the respiring mitochondrion where the total
proton motive force of around 220mV is made up of a
transmembrane potential of 160mV (with the inside of the
mitochondrion at a negative potential with respect to the
outside – the protons are pumped from inside to out)
together with a 60mV contribution from the one unit pH
difference across the membrane.

1.3.2 The Synthesis of ATP

The second part of the story is the synthesis of ATP from
ADP and inorganic phosphate and we now turn our
attention to the thermodynamics of this process. Adeno-
sine triphosphate, ATP (Figure 1.4), is found in all types
of living organism and is the universal mode of transfer-

ring energy around the cell in order to drive all the
endergonic (DGrxn> 0) reactions necessary for life. These
include the synthesis of cellular macromolecules, such as
DNA, RNA, proteins and polysaccharides, the synthesis of
cellular constituents, such as phospholipids andmetabolites,
and cellular motion including muscle contraction. In hu-
mans it is estimated that on average 40 kg of ATP are used
every day corresponding to 1000 turnovers between ADP,
ATP and back to ADP for every molecule of ADP in the
body each day [5]. In ATP the energy is stored in high-
energy phosphoanhydride bonds and hydrolysis of these
bonds to produceADPorAMP (adenosinemonophosphate)
releases this energy

ATP4� þH2O!ADP3� þHþ þHPO4
2� ð1:11Þ

or

ATP4� þH2O!AMP2� þHþ þHP2O7
3� ð1:12Þ

where HPO4
2� is inorganic phosphate and HP2O7

3� is
inorganic pyrophosphate. In the case of Reaction (1.12),
the inorganic pyrophosphate produced is hydrolysed to
inorganic phosphate by the enzyme pyrophosphatase.
Both reactions, (1.11) and (1.12), have a free energy
change of �30.5 kJmol�1 in the standard state at pH 7.
When we take account of the actual concentrations of the
different species (2.5mM for ATP, 0.25mM for ADP and
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Figure 1.4 The structures of adenosine diphosphate (ADP) and
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Figure 1.3 Scheme for a transmembrane potential.
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2.0mM for HPO4
2�) this gives a value of about �52 kJ

mol�1 in the living cell [6]. If we assume a transmem-
brane proton motive force of, say, 200mV this corre-
sponds to a free energy change for each proton translo-
cated across the membrane of �19.3 kJmol�1. Thus it is
necessary to transfer at least two protons across the
membrane for each ATP molecule synthesised.

1.4 ELECTRON TRANSPORT CHAINS

We now turn our attention in more detail onto the electron
transport chains in mitochondria, in the chloroplast and in
bacteria and focus on the processes occurring in these
electron transport chains. As we have seen, electron
transport in these systems is central to the process of
energy generation in living systems. We can therefore
expect these systems to have evolved to operate efficient-
ly and it is of interest to study the way that they operate
and the underlying principles involved. We begin by
considering the mitochondrial electron transport chain.

1.4.1 The Mitochondrion

The main source of energy in non-photosynthetic cells is
glucose. The standard free energy for the complete
oxidation of glucose to carbon dioxide and water is
�2870 kJmol�1 and in the cell this is coupled to the
synthesis of up to 32 moles of ATP for every mole of
glucose oxidised. In eukaryotic cells, the first stages of
this process occur in the cytosol, the solution contained by
the outer cell membrane, where two moles of ATP are
generated by the conversion of glucose to two molecules
of pyruvate in a process called glycolysis (Figure 1.5). In
addition to two molecules of ATP, the process generates
two molecules of NADH. The pyruvate generated in the
cytosol is transported to the mitochondria where up to 30
further ATP molecules are generated by the complete
oxidation of the pyruvate to carbon dioxide. In addition,
the two molecules of NADH formed in glycolysis reduce
two molecules of NADþ within the mitochondrion, which
are then oxidised back to NADþ by oxygen as part of the
mitochondrial electron transport chain. Thus the mito-
chondrion is the central power plant, or more precisely the
central fuel cell, which powers the eukaryotic cell, and
these cells generally contain hundreds of mitochondria [7].
In humans, for example, it has been calculated that at rest
the typical transmembrane current, summed over all the
mitochondria, amounts to just over 500A (assuming a
power consumption of 116W and a transmembrane poten-
tial of 0.2V) [8]. Given the central role of mitochondria in
energy production, it is not surprising that mitochondrial

defects are implicated with a wide range of degenerative
diseases [7]. It is also worth noting that mitochondria
are also essential in the photosynthetic cells of plants for
the production of ATP during dark periods and for the
generation of ATP in all non-photosynthetic plant cells
(such as root cells).

The mitochondrion is around 1 or 2 microns in length
and 0.1 to 0.5 microns in diameter and is therefore one of
the larger organelles in the eukaryotic cell. The mitochon-
drion, Figure 1.6, contains two separate membranes [9].
The outer membrane is made up of about 50% lipid and
50% of proteins called porins, which allow molecules
with molecular weight up to 10 000Da to pass through.
The inner membrane is much less porous and is about
20% lipid and 80% protein. The inner membrane has a
large number of invaginations, called cristae, which
increase the surface area of the membrane and it is across
this inner membrane that electron and proton transport
occur in the mitochondrial electron transport chain. The

O
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HO
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HO
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H
OHH OH

OH

Glucose

multiple steps
and intermediates

O

O

O

Pyruvate
(2 molecules)

O

O
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+2NADH +2ATP4-

+2NAD + +2ADP 3- +2HPO4
2-

Figure 1.5 The overall reaction for glycolysis.

Figure 1.6 The structure of the mitochondrion.
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solution inside the mitochondrion has a high protein
content, around 50% by weight, and therefore is quite
viscous.
Broadly, three processes occur within the mitochondria.

First, the oxidation of pyruvate to carbon dioxide with the
generation of NADH and FADH2 through the citric acid
cycle (Figure 1.7). Second, the oxidation of NADH and
FADH2, by molecular oxygen in the mitochondrial elec-
tron transport chain, to generate a proton motive force
across the inner mitochondrial membrane. Third, the
generation of ATP from ADP by F0F1 ATPase, driven
by the proton motive force across the inner membrane.
This ATP is then exported from the mitochondrion to
drive processes in other parts of the eukaryotic cell. In this
chapter we will concentrate on the last two of these
processes since they are essentially electrochemical, rath-
er than chemical, in their nature. Here we examine the
mitochondrial electron transport chain, a description of
the F0F1 ATPase is given in a later section.
Overall, the oxidation of one molecule of glucose

produces 10 molecules of NADH and two molecules of
FADH2. This process is reasonably efficient and incurs
only about a 10% energy loss from that originally
available in the glucose. In the electron transport chain,
the reduced coenzymes are reoxidised in several distinct
steps by molecular oxygen rather than in a single step – by
using the electron transfer chain, the energy is released in
a number of small, and therefore thermodynamically more
efficient, steps. Overall, the oxidations of NADH and
FADH2 are strongly exergonic (DGrxn< 0) processes

NADHþHþ þ 1=2O2 !NADþ þH2O

DG ¼ � 220 kJ mol� 1
ð1:13Þ

FADH2 þ 1=2O2 !FADþH2O

DG ¼ � 182 kJ mol� 1

ð1:14Þ
Since the conversion of ADP to ATP requires 30.5 kJ
mol�1, the oxidation of one molecule of NADH or
FADH2 is sufficiently exergonic to generate more that
one molecule of ATP.

Figure 1.8 gives an overview of the mitochondrial
electron transport chain [2,10,11]. It comprises several
large proteins which span the inner mitochondrial mem-
brane. As electrons are passed along the chain from
NADH at one end, to oxygen at the other, protons are
pumped across the membrane at several points as shown

O

OHO O

SCoA
CO2

HCoSA CO2

NAD+ NADH 3NAD+ 3NADH FAD FADH2

HPO4
2-

+ GDP GTP

+
HSCoA

Figure 1.7 The citric acid cycle. HCoSA is free coenzyme A; GDP and GTP are guanosine diphosphate and guanosine triphosphate,

respectively.

Figure 1.8 An overview of the mitochondrial electron transport

chain: (a) Electron transfer from NADH to molecular oxygen; (b)
electron transfer from FADH2 and succinate to molecular oxygen.

I, II, III and IV are the four major transmembrane protein

complexes of the mitochondrial electron transport chain. The

processes leading to the pumping of protons across the membrane

are indicated by the bold arrows. The broken arrow shows the

pathway of sequential electron transfer down the chain. CoQ and

Cyt c are coenzyme Q and cytochrome c respectively.
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in the figure. Oxidation of NADH occurs at the NADH-
CoQ reductase complex (complex I in Figure 1.8a). This
process is accompanied by the transfer of four protons
across the membrane and the electrons from the NADH
are passed to a molecule of coenzyme Q, CoQ, a hydro-
phobic quinone, which takes the electrons from the
NADH-CoQ reductase complex and passes them to the
CoQH2–cyt c reductase complex (complex III inFigure 1.8).
Note that the structures of the individual redox centres in the
different parts of electron transport chains are discussed in
detail later in this chapter – for now we concentrate on the
larger functional picture rather than the molecular detail.
The reduced coenzyme Q passes the electrons to the
CoQH2–cyt c reductase complex, where a further pair of
protons are pumped across the membrane and the electrons
are passed to twomolecules of cytochrome c, cyt c, a soluble
electron transfer protein. The cytochrome c passes the
electrons to the cyt c oxidase complex (complex IV in
Figure 1.8) where a further two protons are pumped across
the membrane and the electrons end up on oxygen, produc-
ing water. The electrons from FADH2 are fed into the
electron transfer chain in a similar way (Figure 1.8b).
FADH2 is oxidised to FAD by the succinate–CoQ reductase
complex (complex II in Figure 1.8b), with the generation of
one molecule of reduced coenzyme Q. No protons are
pumped across the membrane by this reaction. The reduced
coenzyme Q produced from FADH2 joins that from NADH
in passing its electrons to the CoQH2–cyt c reductase
complex and thence to the cyt c oxidase complex and
ultimately to molecular oxygen (Figure 1.8b). The succi-
nate-CoQ reductase complex (complex II in Figure 1.8b)
also catalyses the oxidation of succinate, produced by the

citric acid cycle within the mitochondrion, to fumarate, with
the generation of one molecule of reduced coenzyme Q
which participates in the electron transport chain.
The four protein complexes, I to IV in Figure 1.8, are large

multiunit proteins each containing several redox prosthetic
groups (Table 1.1) and within the individual protein com-
plexes, the redox prosthetic groups are carefully arranged in
three dimensions so that the electrons are passed in an
ordered fashion from one redox component to the next.
Much progress has been made in the last few years in
determining the structures of these large, membrane-bound
proteins and the details of their operation. In the following
sections we discuss electron transfer in each of the com-
plexes in turn.

1.4.2 The NADH–CoQ Reductase Complex

The NADH–CoQ reductase complex, or complex I, is
found in the mitochondria of eukaryotes and in the plasma
membranes of purple photosynthetic bacteria and respira-
tory bacteria. The complex (Figure 1.9a) has an L-shape
with two major sub-units, one predominantly within the
membrane and the other protruding into the inner mito-
chondrial space containing the NADH reaction site
[12–15]. The NADH–CoQ reductase complex is the
most complex and largest of the proton pumping enzymes
in the mitochondrion and is made up of about 30 separate
sub-units; it is also, because of this complexity, the least
well understood. The NADH reacts with a flavin mononu-
cleotide (FMN) prosthetic group. From here the electrons
are passed to several (eight or nine) iron–sulfur centres.

Table 1.1 The four protein complexes of the mitochondrial electron transport chain.

Complex RMM/kDa Redox centres Comments Ref

I NADH–CoQ
reductase

>900 FMN transmembrane, pumps Hþ,
43–46 subunits

[12–15]

8 or 9 Fe-S
2 quinones

II Succinate–CoQ
reductase

120 FAD membrane bound, does not pump Hþ,
4 subunits

[11,22–24]

3 Fe-S
1 Heme b

III CoQH2–cyt c
reductase

240 2 Heme b transmembrane, pumps Hþ, 11 subunits,
exits in membrane as functional dimmer

[28,31]

1 Heme c
1 Fe-S

IV Cyt c oxidase 204 2 Heme a transmembrane, pumps Hþ, 13 subunits [37–39]
2 Cu

8 Bioelectrochemistry



A recent study by Hinchliffe and Sazanov [16] has found a
chain of eight iron–sulphur clusters in the hydrophilic
domain of the complex with edge-to-edge spacings of
less than 1.4 nm with the ninth iron–sulfur cluster some-
what further away (Figure 1.9b). The eight iron–sulfur
clusters form an electron transport chain 8.4 nm long,
which is believed to connect the two catalytic sites of the
enzyme. Reduction of coenzyme Q occurs at the part of the
protein complex which is within the membrane. Overall
the reaction of one molecule of NADH generates one
molecule of reduced coenzyme Q and, it is suggested,
pumps four protons across the membrane

NADHþCoQþ 5Hþ
inside !NADþ þCoQH2 þ 4Hþ

outside

ð1:15Þ

Here the subscripts �inside� and �outside� refer to the
location of the proton with respect to the inner mitochon-
drial membrane. At present there is not a crystal structure
for the NADH–CoQ reductase complex and the precise
pathway of electron transfer within the complex and
the mechanism and stoichiometry of proton transport are
currently not well established, although a crystal structure
of the hydrophilic domain of complex I from Thermus
thermoplilus has recently been obtained [17]. For further
details of the NADH–CoQ reductase complex, readers are
directed to several recent reviews [13,18–21].

1.4.3 The Succinate–CoQ Reductase Complex

The succinate–CoQ reductase complex, also referred to as
complex II, spans the mitochondrial membrane, but does
not pump protons across it – the free energy released by
the reaction of succinate with coenzyme Q is insufficient
to drive the transfer of a proton across the membrane [11].
The complex comprises two hydrophilic sub-units and
one or two hydrophobic sub-units, which are associated
with the membrane [22–24]. Succinate reacts at a flavin,
FAD, prosthetic group in one of the hydrophilic sub-units,
of the complex located on the inside of the membrane.
From here the electrons are passed one at a time to
iron–sulfur centres and thus to the coenzyme Q reduction
site (Figure 1.10). Succinate–CoQ reductase complexes
from some species also contain cytochrome b560 redox
sites [22,23,25].

1.4.4 The CoQH2–Cyt c Reductase Complex

The CoQH2-cyt c reductase complex, also referred to as the
cytochrome bc1 complex or complex III, is a homodimeric
transmembrane protein complex that takes electrons from
the reduced coenzyme Q, produced by the NADH–CoQ
reductase and succinate–CoQ reductase complexes, and
passes the electrons to cytochrome c, a water soluble 13 kDa
electron transfer protein through the so-called Q cycle
[26,27]. In doing so it pumps two protons across the mem-
brane and releases another two from the reduced quinone

CoQH2 þ 2cyt cðFe3þ Þþ 2Hþ
inside

!CoQþ 2cyt cðFe2þ Þþ 4Hþ
outside

ð1:16Þ

Figure 1.11 summarises the scheme. In the complex there
are three catalytic sub-units which contain two cytochrome
b redox centres (b-type hemes), a cytochrome c1 redox
centre and a two iron two sulfur, Fe2S2, centre, respectively.

Figure 1.9 (a)Schematic of the NADH–CoQ reductase complex

(complex I) showing the organisation of the redox sites. N-1, N-2,

N-3 and N-4 are iron sulfur clusters, Qi is an internal quinone,

FMN is flavin mononucleotide and CoQ is coenzyme Q. The full

arrows show the direction of electron transfer and the broken

arrows the direction of proton transfer (based on Hofhaus

et al. [14]). (b) The arrangement of the electron transfer chain

in the hydrophilic (peripheral) arm of the complex (based on

Hinchcliffe and Sazanov [16]. N1a and N1b are two iron two

sulfur clusters; N2, N3, N4, N5, N6a/b, N6b/a and N7 are four iron

four sulfur clusters. The suggested electron transport pathway is

shown by the arrows.
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The reduced coenzyme Q, CoQH2, is oxidised in two steps
with one electron being transferred to a high potential redox
chain to give the semiquinone, CoQ�, which then gives up a
second electron to a separate low-potential redox chain in
what appears to be a concerted electron transfer, since no
intermediate semiquinone can be detected. In the first elec-
tron transfer the electron is transferred to the Fe2S2 cluster
and then to the cytochrome c1 from where it is transferred to
the soluble cytochrome c electron transfer protein. This is
referred to as the high-potential redox pathway, because the
redox potentials of the Fe2S2 cluster and the cytochrome c1
redox centres are significantly more positive (�300mV
vs NHE) than those of the cytochrome b centres in the other
pathway (�50 and�70mVvsNHE). The second electron is
transferred from the semiquinone, CoQ�, to one cytochrome
b and then on to a second cytochrome b, at a site within the
protein complex on the other side of the membrane, where
coenzyme Q is reduced in two steps to CoQH2, the fully
reduced form. This makes up the Q cycle and leads to
pumping of protons across the membrane. Crystallographic
studies by Zhang et al. [28] suggest that a significant
conformational change in the protein is associated with this
direction of the electrons from the reduced coenzymeQ [27].
In one conformation the Fe2S2 cluster is close enough to the
coenzymeQbinding site to pick up an electron. In the second
conformation the Fe2S2 cluster swings away from the coen-
zyme Q binding site, moving through about 1.6 nm, and
approaches close enough to the cytochrome c2 heme to allow
electron transfer. At the same time the Fe2S2 cluster is too far
from the coenzyme Q binding site to collect the second
electron, which is therefore passed to the heme of the
cytochrome b. For a discussion of possible short circuits
between these two pathways in the Q cycle see Osyczka
et al. [29,30].

The crystal structures of CoQH2–cyt c reductase com-
plexes from several organisms have been solved at high
resolution [28,31], so that we know quite a lot about the
relative organisation and distances between the redox
groups within the protein.

1.4.5 The Cyt c Oxidase Complex

The cyt c oxidase complex, or complex IV, is the terminus
for the mitochondrial electron transport and the site for the
reduction of molecular oxygen to water [32–36]. The mito-
chondrial complex has 13 sub-units, two of which have
catalytic functions, while the others are involved in the
binding of the active sub-units and a lipidmolecule [37–39].
The first of the catalytic sub-units contains an unusual Cu
centrewith twoCu atoms,which is thought to be the reaction
site for the cytochrome c. The second of the catalytic

Figure 1.10 A schematic of the succinate–CoQ reductase

complex (complex II) showing the organisation of the redox

sites. The arrows show the direction of electron transfer. FeS are

iron–sulfur clusters, FAD is flavin dinucleotide, cyt b560 is
cytochrome b560 and CoQ is coenzyme Q (based on H€agerh€all
and Hederstedt [23]).

Figure 1.11 A schematic of the CoQH2–cyt c reductase complex
(complex III) showing the organisation of the redox sites. The
arrows show the direction of electron and proton transfer. Qo and Qi

represent the coenzyme Q, CoQ, reaction sites on the outside and
inside of the membrane respectively, cyt c1, cyt bL and cyt bH are
three cytochrome centres with bL and bH being the low and high
potential cytochrome b centres respectively, Fe2S2 is a two iron, two
sulfur cluster. The overall complex is a homodimer, the electron and
proton transfer chains are only shown for one half for clarity.
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sub-units contains two type-a heme centres; one of these
accepts electrons from the first sub-unit. The second type-a
heme forms part of a binuclear centre with a Cu centre. This
binuclear Cu/heme-a centre is the site for oxygen reduction
(Figure 1.12). Transfer of electrons from the reduced cyto-
chrome c, produced by theCoQH2–cyt c reductase complex,
through the Cyt c oxidase complex to molecular oxygen,
leads to the transfer of a further two protons across the inner
mitochondrial membrane for every pair of electrons trans-
ferred

2 cyt cðFe2þ Þþ 4Hþ
inside þ 1=2 O2

! 2 cyt cðFe3þ ÞþH2Oþ 2Hþ
outside ð1:17Þ

The precise molecular mechanism by which the protons
are pumped across the membrane has been investigated
by Fax�en et al. [40].
From an electrochemical perspective, the detailed

mechanism of the reduction of molecular oxygen to
water by the cyt c oxidase complex is of particular interest,
since the design of efficient catalysts for four electron
reduction of oxygen at neutral pH remains a very significant
impediment to the development of PEM fuel cells. At
present, although crystal structures have been obtained for
cyt c oxidase complexes, the resolution is not sufficient to

fully define the geometry of the oxygen binding site.
Furthermore the X-ray structures show only a snapshot of
the structure and cannot reveal the dynamics of protein
movement during the catalytic cycle. Twomechanisms have
been proposed to describe oxygen reduction by the
binuclear Cu/heme-a site. As shown in Figure 1.13, Michel
et al. [35] suggest that the oxygen binds to the heme iron (A)
and then forms a peroxy intermediate (PM), by transfer of an
electron from the Cu, followed by the addition of a second
electron and two protons to produce an oxoferryl state (F).
Further addition of a proton and electron gives a hydroxy
state (H). Protonation and two further electron transfers
return the system to the starting, doubly reduced state (R).
Michel et al. also suggest that there could be an alternative
route if one assumes that the O¼O bond is broken at an
earlier stage. In this case there are several possibilities for the
intermediate species, as shown in the box in Figure 1.13,
depending on where the additional electron is taken from. In
contrast,Wikstr€om [41] has proposed a differentmechanism
in which the two peroxy intermediates, PR and PM, corre-
spond to ferryl, Fe(IV), specieswhere the additional electron
is provided by a nearby tyrosine (YOH) (Figure 1.14). In
both cases the close proximity of the heme iron and the Cu,

Figure 1.12 A schematic of the cyt c oxidase complex (complex
IV) showing the organisation of the redox sites. Hemes a and a3 are
the two heme centres associated with the copper b site, Cub

2þ;
Cua

2þ are the two copper a centres (based on Fax�en et al. [40]).

Figure 1.13 The mechanism for oxygen reduction in the cyt c
oxidase complex proposed by Michel et al. [35]. O is the oxidised
form, E the one-electron reduced form, R the two-electron reduced
form, and A the product formed on oxygen binding. PM and PR are
peroxy intermediates, alternative structures are given in the box on
the right assuming that the O�O bond is already broken in these
states; the missing electron could be provided by a porphyrin ring
(Por�þ), an amino acid residue (res�þ), a copper b site (Cu3þ), or the
heme a3-Fe (Fe

5þ). F is the oxyferryl state and H the hydroxyl state
formed after protonation of the iron-bound oxygen.
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they are within 0.52 nm of each other, is important for the
catalysis.

1.4.6 Electron Transport Chains in Bacteria

In comparison to mitochondria, bacteria tend to contain
redundant electron transport systems [42]. As a result,
bacteria can grow under a variety of conditions and can
switch between different branches of their electron trans-
port chains depending upon the conditions. Bacteria
utilize a range of electron donors in energy generation,
together with either oxygen as the ultimate electron
acceptor, in aerobic respiration, or other species such as
NO3

� or SO4
2�, in anaerobic respiration, although in

these cases less energy is generated. The electron trans-
port chains in bacteria are very similar to those in the
mitochondrion and the principles are the same [43],
although the polypeptide composition of the electron
transport proteins in bacteria is usually simpler than
those in mitochondria and the proteins involved are
located in the cell membrane itself (prokaryotes do not
contain separate mitochondria). Sequential electron trans-
fers between different components in the electron trans-
port chain leads to the pumping of protons across the
membrane. This establishes a proton motive force which
the cell uses to synthesise ATP from ADP. In addition, the
different protein complexes and prosthetic redox centres
are closely related to those of the mitochondrion, although

there are differences in the detailed structures. In fact, this
is not surprising since it is now accepted that the mito-
chondria found in eukaryotes arose more than 1 billion
years ago when an energetically inefficient eukaryotic cell
was invaded by a more energy efficient bacterium, a
process called endosymbiosis. Subsequent transfer of
much of this bacterial genetic information to the nucleus
of the eukaryotic cell led to the invading symbiotic
bacterium being transformed into the structure we know
today as the mitochondrion [44]. As a consequence,
mitochondrial DNA (mtDNA) which codes for the four
respiratory complexes (I to IV) and the ATP synthase
found in the mitochondrial membrane, is distinct from the
rest of the DNA of the organism, uses a different DNA
code, and is strictly maternally inherited [7,44].

As an illustration, Figure 1.15 shows the respiratory
chain of marine Vibrio [45]. Notice, in this case, that there
are three main complexes, an NADH–quinone reductase, a
quinol oxidase, and an NADH–quinone reductase. These
are linked together by quinones. In this case, the organism
pumps both Hþ and Naþ across the membrane to generate
both a proton motive force and a transmembrane difference
in the electrochemical potential of Naþ.

Escherichia coli is able to assemble specific respiratory
chains by the synthesis of the necessary dehydrogenase and
reductase enzymes in response to the conditions in which it
finds itself. As an example, Figure 1.16 shows an electron
transport chain for Escherichia coli during anaerobic respi-
ration [46,47]. In this case, nitrate replaces oxygen as the
ultimate electron acceptor.

1.4.7 Electron Transfer in Photosynthesis

A very similar situation pertains in photosynthesis as in
the mitochondrial electron transport chain, except that this
time the energy is provided by light rather than by

Figure 1.15 The respiratory electron transport chain of marine

Vibrio based on thework ofUnemoto [45]. Q is ubiquinone, FNM is
flavin mononucleotide and FAD is flavin dinucleotide.

Figure 1.14 The mechanism for oxygen reduction in the cyt c
oxidase complex proposed by Wikstr€om [41]. The boxes represent
the binuclear centrewith the nearby tyrosine residue (YOH).O is the
oxidised form, R the two-electron reduced form, A the product
formed on oxygen binding and PM and PR are peroxy intermediates.
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glucose. However, the molecular organisation and the
structures of many of the components involved are very
similar, and the governing principle, that sequential elec-
tron transfers lead to the generation of a proton motive
force across the energy transducing membrane by pump-
ing protons across the membrane, remains the same. In
this section we will look at the photosynthetic electron
transport chain found both in plants and bacteria. Again,
as in respiration, the proton motive force set up by the
photosynthetic membrane is used to drive the formation
of ATP from ADP.
In plants, photosynthesis occurs in the chloroplasts.

These are large organelles found mainly in the leaf cells
of the plant. The principle products of the photosynthetic
metabolism of carbon dioxide are C6 sugars in the form of
sucrose and starch. The sucrose is water soluble and is
transported from the chloroplast to other parts of the plant
to provide energy for metabolism. The starch is stored
within the leaf.
The chloroplast (Figure 1.17) has three membranes.

The outermost membrane of the chloroplast, as with the
mitochondrion, contains a large number of porin proteins,
which make it readily permeable to low molecular weight
species, such as sucrose. Inside this, the second membrane
is the primary permeability barrier of the chloroplast and
contains various permeases, proteins which control in-
gress and egress of species from the chloroplast interior.
Unlike the mitochondrion, the energy transducing mem-
brane of the chloroplast, called the thylakoid membrane,
is separate from the inner membrane of the organelle. The
thylakoid membrane is where the chlorophyll is located
and is the site of energy conversion. Again, note that as
for the mitochondrion, the thylakoid membrane totally
encloses a volume of solution, called the lumen, within

the chloroplast, so that a proton motive force can be
generated across the membrane during photosynthesis.
Within the chloroplast these thylakoid membranes fre-
quently form flattened, pancake-like structures, called
grana, which then form into stacks.
The thylakoid membrane in algae and higher plants

contains two photosystems referred to as photosystem I
and photosystem II or PS I and PS II. Both photosystems
contain chlorophyll and under irradiation, the absorption
of light within the photosystem leads to charge separation
across the thylakoid membrane, with positive charge
being drive to the lumen side of the membrane and
negative charge to the stroma side of the membrane.
The stroma side is the side of the thylakoid membrane
which is on the outside – that is the solution contained
within the chloroplast. Photochemically driven charge
separation in photosystems I and II is coupled together
by a quinone cycle and a cytochrome bf complex
(Figure 1.18). Overall the photochemically driven
reaction is

2H2Oþ 2NADPþ þ 2Hþ
outside�!

hv
O2 þ 2NADPHþ 4Hþ

inside

ð1:18Þ

where electrons are transferred from water to NADPþ.
This reaction is essentially the reverse of the reaction of
respiration in the mitochondrion (NADPH is closely
related in structure to NADH, see below). The measured
values for the quantum requirement (that is the number of
photons required for each molecule of oxygen produced)
in intact leaves, under ideal conditions, are typically nine
or ten, close to the theoretical value of eight with one
photon absorbed by each of the two photosystems for each

Figure 1.16 The electron transport chain for Escherichia coli
during anaerobic respiration (based on Smith and Wood [70], Dym
et al. [47] and Bertero et al. [46]). FAD is flavin, FeS are iron–sulfur
clusters, Q is menaquinone, cyt b is a b-type cytochrome and Mo is
molybdopterin-guanosine-dinucleotide.

Figure 1.17 The structure of the chloroplast.
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electron transported along the chain [6]. This photochem-
ical reaction generates a proton motive force across the
thylakoid membrane in which the inside, lumen, is posi-
tive. This proton motive force is used by the CF0CF1
complex, a large transmembrane protein complex embed-
ded in the thylakoid membrane, to generate ATP from
ADP in much the same way that the FoF1 ATPase
complex in the mitochondrion generates ATP (see
below). The ATP and NADPH generated by the photo-
chemically driven reactions are used within the chloro-
plast to fix carbon dioxide and produce sugars

6CO2 þ 18ATP4� þ 12NADPHþ 12H2O

�!hv C6H12O6 þ 18ADP3� þ 12NADPþ þ 18HPO4
2� þ 6Hþ

ð1:19Þ

The overall efficiency for this process, calculated in terms
of the energy stored over the energy absorbed in the form
of light, comes out at about 27% [6].
In this section we will focus specifically on the electron

transfer reactions which occur within the thylakoid mem-
brane; those who would like to know more about the
photochemical, as distinct from the electrochemical, pro-
cesses which accompany photosynthesis are directed to an
excellent recent text by Blankenship [6]. Figure 1.19
shows the different components in the electron transport
chain of the thylakoid electron transport chain [2,48–50].
The process of photosynthesis begins with the absorp-

tion of light by the light harvesting complex of photosys-
tem II. This energy is passed to the photoreaction centre
of photosystem II where it drives charge separation across
the thylakoid membrane leading to the oxidation of water

Figure 1.18 The overall scheme for the photosynthetic electron transfer pathway showing the two photosystems, photosystem I and

photosystem II, and the direction of electron and proton transfer. NADPþ is nicotinamide adenine dinucleotide phosphate and chl is

chlorophyll.

Figure 1.19 The different components of the photosynthetic electron transfer pathway, showing the light harvesting complexes, LHC,

and photosystems, PS. The arrows show the direction of electron and proton transfer. PQ is plastoquinone, PC is plastocyanin, Fd is

flavodoxin, PS I and PS II are photosystem I and II respectively, NFR is ferredoxin-NADP oxidoreductase, P600 and P700 are the reaction

centre chlorophylls, Mn is the four manganese oxygen evolving complex, cyt f and cyt b are cytochromes, FeS is an iron–sulfur cluster and
FAD is flavin adenine dinucleotide.
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to molecular oxygen, the generation of a reduced mole-
cule of ubiquinone (the equivalent of coenzyme Q in
the plant system) and the translocation of protons across
the membrane. The reduced ubiquinone (QH2) passes the
electrons to the cytochrome bf complex and hence to
plastocyanin, a water-soluble electron transfer protein with
a single Cuþ/2þ redox site. At the same time protons are
pumped across the membrane. From plastocyanin the elec-
trons are passed to photosystem I, where further absorption
of light drives electron transfer across themembrane and the
reduction of NADPþ to NADPH.
Photosystems I and II both have light-harvesting com-

plexes associated with them, but the two are structurally
different and are located in different parts of the thylakoid
membrane. Photosystem II and its associated light-har-
vesting complex is located mainly in the stacked grana
membranes, whereas photosystem I and the CF0CF1
complex are located in the parts of the membrane, the
stroma, which link together the grana. The cytochrome bf
complex is found in both grana and stromamembranes [51].
Since the photosystems are located in physically separate
parts of the thylakoid membrane, relatively long range (tens
of nm) diffusive transport of electrons by the plastoquinone
associated with the membrane and the plastocyanin in the
lumen play an important part in the overall process.
Comparing the overall picture shown in Figure 1.19 for

photosynthesis with that for the mitochondrial electron
transport chain, Figure 1.8, reveals some significant
similarities. Thus, quinone redox species, either coen-
zyme Q or plastoquinone, play an important role in proton
transfer across the membrane; water soluble one-electron
transfer proteins, either cytochrome c or plastocyanin, are
used to couple together electron transfer between large
transmembrane proteins, and, as we shall see below when
we consider the components of the photosynthetic electron
transport chain in more detail, there are striking similarities
between the CoQH2–cyt c reductase complex in mitochon-
dria and the cytochrome bf complex in photosynthesis.
These significant similarities in the operation of the two
major energy transducing systems in biology strongly sug-
gest a common evolutionary origin.

1.4.8 Photosystem II

Photosystem II is a multisub-unit protein complex which
is found embedded in the thylakoid membranes of higher
plants as well as algae and cyanobacteria [52,53]. Associ-
ated with photosystem II there is a light-harvesting
complex, which contains an array of chlorophyll a,
chlorophyll b and carotenoid pigments (Figure 1.20)
[54–56]. The role of the light-harvesting complex is to

capture the energy from incoming light and funnel it to
the photoreaction centre where charge separation occurs,
it also has a role in the non-radiative dissipation of excess
excitation energy to protect the system from damage at
high light levels. The light-harvesting complex is neces-
sary because, even in full sunlight, the light falling on the
plant leaf represents a fairly dilute energy source [6]. The
different pigments in the light-harvesting complex pig-
ments have the effect of extending the range of wave-
lengths of light that the plant can absorb. When light is
absorbed by the pigment array of the light-harvesting
complex, the energy is passed by rapid resonant energy
transfer in less than 1 ns to a pair of the chlorophyll a
pigments in the photoreaction centre of photosystem II.
This special pair of chlorophyll a molecules, P680, play a
central role in energy transduction in photosystem II,
because it is at this stage that charge separation occurs
(Figure 1.21).
The Photosystem II photoreaction centre contains these

two special chlorophyll a molecules (P680) together with
two other chlorophylls, two pheophytin molecules (pheo-
phytin is a metal-free chlorophyll, where the Mg2þ is
replaced by two protons) and two quinones, all arranged
to form an efficient electron transport chain [55,57–61].
Absorption of a photon with wavelength below 680 nm
(corresponding to an energy of 176 kJmol�1) generates
the oxidised form of the chlorophyll a, P680

þ, by electron
transfer via pheophytin and a quinone to the terminal
quinone acceptor molecule on the outer surface of the
thylakoid membrane. The P680

þ is reduced by electron
transfer from the oxygen evolving complex of photosys-
tem II located on the inner side on the thylakoid mem-
brane. This oxygen evolving complex contains a cluster of
four manganese ions as well as bound chloride and
calcium ions. The oxidation of water to molecular oxygen
is a four-electron process

2H2Oþ 4e!O2 þ 4Hþ ð1:20Þ

The cluster of four manganese ions in the oxygen evolving
complex therefore cycles through four different oxidation
states in order to couple the one-electron transfer to P680

þ

to the four-electron oxidation of water [62]. The precise
details of the structure of the oxygen evolving complex
remain the subject of debate [55,59]. With the oxidation of
one molecule of water to oxygen four protons are released
on the inside of the membrane. Thus, photosystem II takes
in energy from the light absorbed by the light-harvesting
complex and uses it to produce oxygen and pump protons
across the thylakoid membrane contributing to the proton
motive force across the membrane.
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1.4.9 Cytochrome bf Complex

The cytochrome bf complex transfers electrons from
photosystem II to photosystem I by catalysing the oxida-
tion of reduced plastoquinone by plastocyanin, Pc

QH2 þ 2Pcþ !Qþ 2Pcþ 2Hþ
outside ð1:21Þ

In some cases, this reaction is accompanied, as in the
corresponding reaction of the mitochondrial CoQH2–cyt
c reductase complex, by the pumping of two additional
protons across the membrane through the operation of a Q
cycle. For the cytochrome bf complex this is not always the
case, however, under some circumstances it can switch to a
mechanism in which the two additional protons are not
pumped across the membrane [49].
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Figure 1.20 Structures of the light-harvesting pigments.
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The cytochrome bf complex (Figure 1.22) is made up of
four subunits and contains a 2Fe2S centre, two b-type hemes
and a c-type heme [48]. The 2Fe2S centre is the site for
oxidation of the reduced plastoquinone. The two b-type
hemes span the hydrophobic core of the complex and are the
basis of the Q cycle (as in the mitochondrial CoQH2–cyt c
reductase complex, see above). The crystal structure of the

cytochrome b6f complex from a cyanobacterium has recent-
ly been reported [63]. However, the full details of electron
transfer in the cytochrome bf complex between the reduced
plastoquinone and the plastocyanin are, as yet, not clear.

1.4.10 Photosystem I

Much of our present understanding of photosystem I is
based on the crystal structure solution for photosystem I
from the cyanobacterium Synechococcus elongatus, by
Jordan et al. [50,58,64,65]. The core of photosystem I is
substantially larger than the corresponding core of photo-
system II, but despite this there is still a single pair of
chlorophyll a molecules at the heart of the charge separation
process. Photosystem I contains significantly more chloro-
phyll than photosystem II, with about 90 chlorophyll
molecules associated with the light-harvesting complex and
six associated with the electron transport chain.
The chlorophylls in the light-harvesting complex are

arranged, along with about 20 carotenoids, in two layers
(Figure 1.23). Once absorbed by the array of pigments in
the light-harvesting complex, the excitation energy is
rapidly passed by resonant energy transfer to a special
pair of chlorophylls, P700, located in the core of the
photoreaction centre, which are the start of the electron
transfer chain. The absorption of this pair of chlorophylls
is at 700 nm, slightly red shifted from that in photosystem

Figure 1.21 A schematic of photosystem II showing the arrangement of the redox sites (based on Loll et al. [55]). QA and QB are
plastoquinones, Chl is chlorophyll, Pheo is pheophytin, P680 are a special pair of chlorophyllmolecules where charge separation occurs, Tyr
are tyrosine residues, Mn4Ca is the four manganese cluster of the oxygen evolving complex, Fe2þ is a non-heme iron.

Figure 1.22 A schematic of the cytochrome bf complex showing
the arrangement of the redox sites (based on Kurisu et al. [63]). The
enzyme is a homodimer, the electron transfer pathway is shown in
one half for clarity. PC is plastocyanin, PQ is plastoquinone and
Fe2S2 is an iron–sulfur cluster.
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II. In photosystem I charge separation occurs by electron
transfer from the excited chlorophyll, P700

�
, through a

chain of four accessory chlorophylls and two phylloqui-
nones to three 4Fe4S clusters, the last of which is located
on the outside of the thylakoid membrane. The chloro-
phylls and phylloquinones are arranged in two branches
and there is still controversy over whether both branches
or only one is involved in the electron transport [64]. The
resulting oxidised chlorophyll, P700

þ, is reduced by plas-
tocyanin on the inside of the membrane. Unlike photosys-
tem II, proton transfer across the membrane does not
accompany the electron transfer. From the terminal 4Fe4S
cluster, the electron is transferred to ferredoxin, a small
(11 kDa) soluble one-electron redox protein containing a
2Fe2S cluster complexed to four cysteines.
The reduced ferredoxin transfers electrons to NADP

reductase, a peripheral protein bound on the inside of the
thylakoid membrane near photosystem I [48]. Its role is to
link the one electron transfers from the ferredoxin, Fd, to
the two-electron reduction of NADPþ

NADPþ þHþ
outside þ 2Fd!NADPHþ 2Fdþ ð1:22Þ

To do this the ferredoxin reductase contains a single FAD
centre with two different binding sites for ferredoxin and
NADPþ [66]. Recent crystallographic studies of photosys-
tem I from a higher plant have shown strong similarities in
structure and in the positions of almost all of the chlor-
ophylls with those in the cyanobacterium, despite their
evolutionary divergence around 1 billion years ago [67].

1.4.11 Bacterial Photosynthesis

There are five different major types of bacteria: cyano-
bacteria, purple bacteria, green sulfur bacteria, green non-
sulfur bacteria and heliobacteria, that are capable of
photosynthesis [6]. Of these only one, the cyanobacteria,
produce oxygen. Photosynthesis in green and purple
bacteria does not generate oxygen, because they only
contain one photoreaction centre, rather than the two
found in green plants, cyanobacteria and algae [2].
Figure 1.24 shows the electron transport chain in purple
bacteria. In this case, the process is cyclic with each cycle
pumping protons across the membrane. The basic com-
ponents of the chain strongly resemble those of the
chloroplast discussed above [68]. Again, this similarity
is not surprising, but demonstrates a common evolution-
ary origin; as for the mitochondrion, it is now generally
accepted that the chloroplast has an endosymbiotic origin,
a view supported by genetic analysis [6].

In contrast to the chloroplast, in bacteria the various
components of the photosynthetic apparatus are located in
the bacteria�s lipid bilayer cytoplasmic membrane. In most
cases this is surrounded by a second, more permeable,
membrane and a tough outer cell wall to provide mechani-
cal stability. The bacterial reaction centre captures light and
uses this to drive charge separation across the bacterial
membrane taking electrons from a reduced soluble cyto-
chrome and passing on to a quinone. The resulting reduced
quinone reacts with the transmembrane cytochrome bc1
complex through aQ cycle leading to the pumping of protons

Figure 1.23 A schematic of photosystem II and its light-harvesting complex showing the arrangements of pigments and redox centres

and the direction of energy (dotted arrows) and electron (solid arrows) transfers (based on Jordan et al. [64] and K€uhlbrandt [65]). PC is
plastocyanin, Fd is ferredoxin, Chl is chlorophyll, PhQ is phylloquinone, Fe4S4 are iron–sulfur clusters and P700 are a special pair of
chlorophylls where charge separation occurs.
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across the bacterial membrane and returning the electrons to
the cytochrome. The proton motive force created by this
photochemically driven redox cycle is used by the bacterial
F0F1 complex to drive the synthesis of ATP.
Electrons can also flow through the photosynthetic

electron transfer pathway of purple bacteria by a linear
(as opposed to cyclic) pathway. In this case, the electrons
are ultimately transferred to NADþ, generating NADH
within the cell and pumping protons across the membrane
at the same time. In this case, the electron required to
reduce the oxidised chlorophyll in the photoreaction
centre comes from hydrogen sulfide (producing elemental
sulfur) or from hydrogen gas.

1.5 REDOX COMPONENTS

As we have seen in the previous sections, energy trans-
duction in living organisms, either by photosynthesis or
respiration, proceeds via a sequence of ordered electron
transfer reactions which generate a proton motive force
across an impermeable membrane. If is also clear from
our discussion so far that there are significant similarities
between the respiratory electron transport chain in pro-
karyotic bacteria and in the mitochondria of eukaryotic
cells, and the photosynthetic electron transport chains
found in green and purple bacteria and in the chloroplast.
In particular, despite the apparent complexity of the
different electron transport chains, nature uses a relatively
limited palette of redox active centres: heme, quinones,
flavins, iron–sulfur clusters, etc. In this section, we
describe the structures and electrochemical reactions of
these different centres.

1.5.1 Quinones

Quinones are two-electron, two-proton redox centres
(Figure 1.25) for which the intermediate semiquinone
radical is accessible and often reasonably stable so that
they can undergo sequential one-electron oxidation or
reduction reactions. Quinones are thus hydrogen atom
carriers and the quinones involved in the energy trans-
ducing electron transport chains couple electron transport
between large, transmembrane protein complexes such as
photosystem II and the cytochrome bf complex or the
NADH–CoQ reductase complex and the CoQ–cyt c reduc-
tase complex, and transport protons across the energy
transducing membrane. Because the redox reaction of the
quinones involves both electrons and protons, the redox
potential of the couple is pH dependent, shifting by 59mV
for each unit change in pH at 298K for the overall two-
electron, two-proton reaction.
To achieve this, all the electron transport chain qui-

nones have a long isoprenoid chain (Figure 1.26) which
makes them lipid soluble so that they can freely diffuse in
the lipid membrane. In coenzyme Q (also called ubiqui-
none because of its ubiquity), this chain comprises be-
tween six and 10 isoprenoid units, depending on the
particular organism; in humans the chain is 10 isoprenoid
groups in length. The redox potential for coenzyme Q is
þ0.100V vs SHE at pH 7. The structure of the plasto-
quinones involved in photosynthesis in the chloroplast is
very similar to that of coenzyme Q (Figure 1.26), with
only slight changes in the substitution of the quinone ring.
These changes lead to a change in the redox potential of
the plastoquinones to þ0.08V vs SHE. Again there is an

Figure 1.24 The photosynthetic electron transport chain in purple bacteria (based on [2]). Q, QA, QB, Qi and Qo are quinones, Chl are a

special pair of chlorophylls, Pheo is pheophytin, Cyt is a soluble cytochrome. The associated light-harvesting complex is not shown.
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isoprenoid chain with between six and nine groups to
ensure lipid solubility of the molecule. Some bacteria
contain napthoquinones, such as menaquinone (redox
potential þ0.07V vs SHE at pH 7 [69]) (Figure 1.26),
as well as coenzyme Q in their respiratory chains [70].
The principle, however, remains the same.

1.5.2 Flavins

Flavin adenine dinucleotide, FAD, and flavin mononucle-
otide, FMN, are also two-electron, two-proton redox
centres [71]. The one-electron oxidation or reduction
semiflavin intermediate is accessible and reasonably sta-
ble (Figure 1.27). As for the quinones, the redox poten-
tials for flavin couples varies with pH.

The two molecules, FAD and FMN, differ in that FAD
has an additional phosphate, ribose and adenosine unit
attached to the ribitol phosphate chain attached to on the
flavin ring (Figure 1.28). This peripheral change, away
from, and not conjugated to, the redox active part of the
molecule does not alter the redox potential of the couple
(�0.21V vs SCE at pH 7). However, the potentials of the
flavin redox centre in different proteins differs widely, a
point we return to below.

1.5.3 NAD(P)H

b-Nicotinamide adenine dinucleotide, NADþ, and b-
nicotinamide adenine dinucleotide phosphate, NADPþ,
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are two-electron, one-proton redox couples for which the
intermediate radical forms are not readily accessible
(Figure 1.29). NADH and NADPH act as hydride carriers
in the biological system and generally undergo oxidation
by hydride transfer in a single step. This hydride transfer
can occur either to or from the alpha or beta face of the
molecule. The choice of the particular face is determined
by the binding of the NAD(P) within the active site of the
enzyme, and is different for different enzymes.
NADþ and NADPþ differ in that NADPþ has an

additional phosphate on the ribose ring of the adenosine.
Again, this is sufficiently removed from, and not conju-
gated to, the redox centre within the molecule, so that the
redox potentials of the two couples are the same. The
change does, however, significantly affect the binding of
the different molecules to proteins and, consequently,
NADH and NADPH perform separate functions within
living cells.
The redox potential for the NAD(P)þ/NAD(P)H couple

is �320mV vs SHE at pH 7. Since the reaction involves
two electron and one proton this potential shifts by
29.5mV for each unit change in pH at 298K.

1.5.4 Hemes

The heme redox centre (also spelt haem) is a porphyrin
ring, comprising four pyrrole rings linked by methylene
bridges, with a single Fe ion coordinated in the centre.
The different heme types, a, b and c differ in the substitution
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pattern found around the porphyrin ring (Figure 1.30).
Because these substituents are directly attached to the ring,
they directly affect the redox potential of the central Fe3þ/2þ

couple. Consequently the redox potentials of different
hemes can vary quite widely.

The cytochrome f found in the photosynthetic cyto-
chrome bf complex is a c-type cytochrome, but has a very
different protein structure; cytochrome f is an elongated
protein with a largely b-sheet secondary structure in contrast
to the usual a-helical structure found for most c-type
cytochromes [6].

1.5.5 Iron–Sulfur Clusters

Iron–sulfur clusters contain iron atoms bonded to both
inorganic sulfur atoms and sulfur atoms on cysteine
residues of the associated protein (Figure 1.31). In some
2Fe2S clusters, so-called Rieske clusters as found in the
cytochrome bf and CoQH2–cyt c reductase complexes, two
of the cysteine ligands are replaced by histidine. The iron
atoms within the clusters have formal oxidation states of
either þ2 or þ3, but in actual fact the charge is delocalised
between the iron atoms within the cluster [72]. The clusters
thus function as multielectron redox centres able to pick up
or release electrons one at a time.

1.5.6 Copper Centres

Copper occurs as a one-electron centre going between the
Cuþ and Cu2þ states. In plastocyanin, the copper is
coordinated by N and S ligands from histidine, cysteine
and methionine amino acid residues in an environment
which is distorted towards tetrahedral geometry. This
helps to stabilise the Cuþ state relative to Cu2þ [73], so
that the redox potential of Cu2þ/þ in plastocyanin in
þ370mV vs NHE, whereas the corresponding value for
the aquo copper ion is þ170mV. In cytochrome c oxidase
the three Cu atoms are in different environments. The single
Cu atom (Cub) is directly associated with the heme group of
the cytochrome a3 at the site of oxygen reaction, whereas the
other two of Cu atoms (the Cua site) are in distorted
tetrahedral coordination, bridged by two cysteine thiolates
and coordinated by either histidine and methionine residues
or by histidine and glutamate residues [39]. As a result, the
two Cua atoms are in different coordination environments
and have been suggested to form a mixed valence complex.

1.6 GOVERNING PRINCIPLES

Having described the electron transport pathways in-
volved in energy transduction in some detail and looked
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at the different redox centres involved, we are in a
position to think about some of the common general
guiding principles that determine the efficient operation
of these systems. For example, it is clear from our
discussion that organisation of the redox species with

respect to the lipid membrane is important, and that it is
essential to ensure that the electron transfer reactions
which occur within the electron transport chains occur
between specific partners within the chain. If this breaks
down, the organism will either not be able to capture
energy efficiently from sunlight or will not be able to
utilise the energy from food to make ATP. Thus, com-
pounds which block the photosynthetic electron transport
chain or intercept the mitochondrial electron transport
chain are highly toxic to living systems. Defects in the
efficiency of proton pumping across the mitochondrial
membrane are associated with a wide range of human
diseases, particularly those affecting the brain and muscle,
where large amounts of ATP are used, although single
organs or combinations of organs can be affected [18,19].
It is also clear that the properties of the phospholipid

membrane, as a barrier to transport of protons between the
inside and outside of the structure and as an environment
in which to embed the large electron transfer proteins, is
crucial in order to establish the proton motive force which
ultimately drives synthesis of ATP in the living cell. We
have also seen that these processes are achieved with a
relatively restricted palette of redox centres and it is
therefore of importance to consider the ways in which
the properties of these redox centres, in particular their
redox potentials, can be tuned within the system to
optimise them for their place within the electron transport
chain. We also need to consider the factors which control
the rates of electron transfer between the different mem-
bers of the electron transfer chain, both within multicentre
redox proteins [74] and between different components. In
this section we consider these different general points in
turn starting with the membrane itself.

1.6.1 Spatial Separation

Phospholipids are amphiphilic molecules with a hydro-
philic headgroup and a hydrophobic tail. To make the
phospholipid membrane, the individual phospholipid
molecules assemble with their headgroups on the outside
and the hydrophobic tails on the inside in a bilayer
membrane (Figure 1.32). This membrane is about 4 or
5 nm thick and is essentially impermeable to ions, includ-
ing protons. The various membrane-bound proteins asso-
ciated with the phospholipid bilayer make up a significant
component of the overall membrane. For example, the
inner mitochondrial membrane is typically 24% lipid and
76% protein, while the chloroplast membrane is only
25–30% lipid and 70–75% protein [75].
The lipid component is made up of a complex

mixture of many different lipids that is different for
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the mitochondrial membrane, the chloroplast and other
biological membranes, and which is different for the
inner and outer layers of the bilayer. This complexity,
there are over 1000 different lipids in mammalian
cells, indicates that there is some tuning of the
properties of the lipid bilayer for different applica-
tions [76–78]. Figure 1.33 shows the structures of
some common glycerophospholipids, that is phospho-
lipids based on phosphatidic acid (3-sn-phosphatidic
acid) esterified with different headgroups.
Galactophospholipids make up as much as 70% of the

lipids in the chloroplast thylakoid membrane. Studies of
the phospholipid composition of chloroplasts and mito-
chondria from avocado and cauliflower showed differ-
ences in the precise composition between the species and

major differences between the chloroplast and mitochon-
drion in both cases [76]. Diphosphatidylglycerol (cardio-
lipin) is highly enriched in the inner mitochondrial
membrane and is not generally present in other cellular
membranes; phosphatidylethanolamine is relatively more
abundant and phosphatidylserine relatively less abundant
in mitochondrial inner membranes [77]. The particular
composition of the phospholipid bilayer determines its
fluidity, which then regulates the properties of proteins
embedded within it. It is also important to note that the
composition of the lipid layer will not be homogeneous;
there is good evidence for a non-uniform distribution of
the different phospholipids within the membrane and
association between specific proteins and specific
phospholipids.
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Figure 1.32 A schematic of the phospholipid bilayer membrane.
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1.6.2 Energetics: Redox Potentials

When we look at the energetics of electron transfer along
the mitochondrial electron transport chain, from NADH at
one terminus to oxygen at the other (Figure 1.34), we see

that the redox potentials of the different couples are orga-
nised in a steadily increasing sequence. At each step some
part of the available free energy is used to drive the kinetics
of electron transfer along the chain, while the remainder is
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against the proton motive force (Figure 1.35). The sequence
of redox potentials (Figure 1.34) also reveals the kinetic
barrier for the reduction of oxygen to water, with by far the
greatest drop in redox potential, �0.2V, occurring in the
final step between Cub/heme a3 of cytochrome c oxidase and
the water/oxygen couple. This is a situation which is mirrored
in current attempts to produce efficient fuel cells, where the
slow electrode kinetics of the oxygen reduction reaction at
neutral or acidic pHare a significant limitationon the efficiency
of current fuel cells and biofuel cells.
An examination of the sequence of redox potentials for

the components of the photosynthetic electron transfer
pathway reveals the same story, albeit in this case there
are two large endergonic steps corresponding to the
adsorption of two photons (Figure 1.36).
This precise tuning of the redox potentials of the

different constituents of the mitochondrial and photosyn-
thetic electron transfer chains is achieved by control of the
coordination sphere and environment of the different
constituent redox centres. Thus, in the case of the heme
proteins, the heme centre is bound to the polypeptide by
two thioether bonds involving two cysteine residues. The
redox potential of the FeIII/FeII centre in the heme is

altered by the coordination of two axial ligands, either a
histidine and a methionine or two histidines above and
below the heme plane, to the Fe centre and by the
interaction of the heme with the surrounding polypep-
tide [79]. If we consider the full range of hemes in
biological systems we find that the potentials for the
Fe(III)/Fe(II) couple span 0.7V from �0.3V in histi-
dine/histidine ligated heme c to þ0.4V vs SHE in histi-
dine/methionine ligated heme c [73]. This wide variation of
redox potentials allows heme redox centres to fulfil roles at
different stages all the way along the redox chain.

In class I cytochromes c, where the two axial ligands are
a histidine and a methionine, the redox potential of the
Fe centre varies fromþ0.2 toþ 0.38V vs SHE [80] and this
is attributed to thep electronwithdrawing effect of the sulfur
atoms of the thioether linkages and the axially bound
methionine, all of which stabilise the Fe(II) state, and the
poor solvent accessibility of the heme within the hydropho-
bic polypeptide pocket, again favouring the less charged
Fe(II) state over the Fe(III) state. The final fine tuning of the
redox potential is caused by changes in the electrostatic
interactions between the charge on the Fe centre and the
charges on polar amino acid residues within, and on the

Figure 1.34 The sequence of redox potentials in the mitochondrial electron transport chain from NADþ to O2. The bars represent the

range of potentials corresponding to the ratio of oxidised to reduced form from 1 : 10 to 10 : 1 (adapted from Smith and Wood [70]).
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surface of, the protein. For example, site directed mutagen-
esis studies ofmyoglobin have shown that replacing a valine
(an uncharged amino acid residue) which is in van derWaals
contact with the heme by glutamate or aspartate (both
negatively charged amino acid residues) shifts the potential
of the Fe(III)/Fe(II) couple by �0.2V. Replacing the same
valine by asparagine (which is uncharged) shifts the redox
potential by�0.08V [81]. In general, for type I cytochromes
c, the modification of internal charges causes a 50 to 60mV
shift, whereas modification of surface charges has a smaller
effect (10 to 30mV) [79,80]. Similar effects have been
demonstrated for cytochrome b562 variants [82].
A similar situation pertains for the flavin two electron,

two proton redox couple. The redox potential of free
flavin in solution at pH 7 is �0.21V vs SHE [71].
However, the redox potentials of flavin in redox proteins
and redox enzymes spans a wide range. In this case, the
redox potential of the flavin is modulated by its immediate
environment and by the significant difference between the
typical dielectric constant for the interior of the protein,
�5, and the much larger value for water, 78. Stacking
interactions with aromatic amino acid residues above and
below the flavin ring within the protein, also exert a

significant effect on the redox potential [83–87]. In the
case of flavodoxins, these effects lead to a large shift
(around �0.45V) of the flavin potential relative to that in
water.
The blue copper proteins are another example where

the potentials of the redox centre span a range of
values [88], in this case from 0.37V vs NHE in P. nigra
plastocyanin to 0.785V vs. NHE in Polyporus versicolor
laccase. Again, these differences can be explained by
differences in the axial ligands around the Cu centre and
by the degree of hydrophobicity of the polypeptide sur-
rounding the redox centre. It is interesting to note that in the
case of the blue copper proteins the coordination geometry
about the Cu centre is virtually identical in the Cu(I) and Cu
(II) redox states. Consequently there is very little reorgani-
sation accompanying the electron transfer and the reorga-
nisation energy (see below) is low, ER� 0.6 to 0.8 eV,
leading to fast electron transfer kinetics.

1.6.3 Kinetics: Electron Transfer Rate Constants

Organising the redox potentials of the individual couples
in the electron transport pathways in sequence is only one
part of the story. The ordering of the redox potentials
controls the thermodynamic driving force for the reaction
between each sequential pair of components in the chain,

Figure 1.35 The redox potentials for the three main complexes

of the mitochondrial electron transport chain showing the number

of protons pumped across the membrane at each stage for the

transfer of two electrons along the chain. I is the NADH–CoQ

reductase complex, II the CoQH2–Cyt c reductase complex and IV
is the Cyt c oxidase complex; Q is ubiquinone and cyt c is
cytochrome c.

Figure 1.36 The sequence of redox potentials in the

photosynthetic electron transport chain (adapted from

Blankenship [6]).

Bioenergetics and Biological Electron Transport 27



but it cannot prevent non-specific electron transfer reac-
tions between disparate components; indeed the thermo-
dynamic driving force for these undesirable reactions may
be significantly greater than for the specific, sequential
electron transfer. Therefore, in addition to ordering of the
redox potentials of the couples, there has to be significant
selectivity in the kinetics of the reactions. This is achieved
in several ways: spatial separation of components across
the membrane, control of the distance for electron trans-
fer, and the use of one- and two- electron couples.
Electron transfer is, at its core, a quantum process (for

an in depth discussion of the theory of electron transfer
see [89]). The basic model for electron transfer reactions
was developed by Marcus, Hush, Levich and Dogonadze
in a series of contributions starting in the 1950s [90,91].
The basic versions of the theory are predicated on the
separation of fast electronic motion and slow nuclear
motion – the Franck–Condon principle. According to
this model, electron transfer occurs by tunnelling between
reactant and product nuclear vibrational surfaces. The
activation energy for the process arises from the reorga-
nisation of the nuclear and solvent coordinates required to
bring the reactant system to a configuration in which the
electron can transfer adiabatically to the product surface.
In the basic treatment of electron transfer kinetics, the
reactant and product energy surfaces are treated as para-
bolic and we have a model, as shown in Figure 1.37. Here

q represents the reaction coordinate and includes both the
inner and outer contributions, where the inner contributions
refer to the nuclear rearrangement of the nuclei of the redox
centres themselves and the outer contributions refer to the
solvent environment around the reactant centres. DG0 is the
thermodynamic driving force and DGz is the activation
energy for the reaction. The rate constant for electron
transfer between the donor and acceptor

DþA!Dþ þA� ð1:23Þ

is given by

kDA ¼ kel
weff

2p
exp

�DGz

RT

� �
ð1:24Þ

In this equation,oeff is the effective frequency of the nuclear
motions which brings the system to the transition state
configuration qz, and kel is the electron transfer probability
at the nuclear configuration of the transition state. Assuming
that the reactant and product energy surfaces are parabolic
and of the same shape the free energy of activation can be
written

DGz ¼ ðER �DG0Þ2
4ER

ð1:25Þ

Equation (1.25) makes explicit the relationship between
the activation energy and the thermodynamic driving
force for the reaction, and predicts a quadratic depen-
dence of ln(kDA) onDG

0. This prediction has been verified
for a number of systems including studies of electron
transfer in ruthenium modified myoglobin [92], in which
ruthenium redox centres were attached to a specific histi-
dine residue on the surface of the protein and the rate of
electron transfer between different ruthenium amine com-
plexes and the active site were measured. In these experi-
ments the thermodynamic driving force for the reaction
was changed by changing the metal in the porphyrin at the
active site (native Fe, Cd, Mg, Zn, Pd and proton) and by
changing the ligands on the ruthenium attached to the
peripheral histidine. In this way, the driving force for the
electron transfer was varied from 0.39 to 1.17 eV giving
around a 1000-fold change in the rate of intramolecular
electron transfer. For the photosynthetic reaction centre,
electron transfer has been shown to follow a quantum
corrected Marcus expression [93].

The quantity ER in Equation (1.25) is the reorganisation
energy. It corresponds to the free energy required to reor-

Figure 1.37 Gibbs free energy surfaceG(q) where q is the reaction
coordinate, for an electron transfer reaction showing the reactant and
product curves. DG0 is the thermodynamic driving force for the
reaction, DGz is the activation free energy for the reaction, ER the
reorganisation energy, qR, q

z and qP are the configurations of the
reactant, transition state and product, respectively.

28 Bioelectrochemistry



ganise the nuclear coordinates for the reactant from those
corresponding to equilibrium for the reactants qR, to those
corresponding to the equilibrium organisation for the pro-
ducts, qP, but without transfer of the electron (Figure 1.37).
The reorganisation energy, ER, includes both the inner and
outer sphere contributions to the reorganisation process.
From Figure 1.37 it is clear that small values of ER,
corresponding to similar structures for reactants and pro-
ducts, and/or broad parabolic free energy surfaces, corre-
sponding to an easy reorganisation process, will give larger
values of the electron transfer rate constant, kDA. In general,
even for fast electron transfer reactions, ER is a large
quantity many times bigger that kT. For biological systems,
the protein surrounding the redox centre plays an important
role in reducing the reorganisation energy and, as a conse-
quence, speeding up electron transfer reactions [94]. A large
part of this reduction in ER is caused by the exclusion of
water. Bulk water has a high dielectric constant (e¼ 78) and
therefore interacts strongly with the charge, and the change
in charge that accompanies electron transfer, at the redox
centre. In contrast, the dielectric constant of the protein is
lower (around five) and the interactions with the redox
centre consequently smaller. Added to this, the constrained
structure of the protein around the redox centre reduces the
inner sphere contribution to ER. For example, the reorga-
nisation energies for self-exchange in redox proteins are
typically of the order of 0.6 to 0.8 eV [94], whereas the
typical values for simple complex ions in aqueous solution
are significantly larger (around 2 eV).
Although the reorganisation process is important in

determining the kinetics of electron transfer between
donor and acceptor, in order to determine the origin of
the selectivity in the kinetics of electron transfer between
specific partners in the biological electron transfer path-
ways, we must turn our attention to the pre-exponential
term kel in Equation (1.24). According to the semi-classical
model kel is given by

kel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p
�h2ERRT

r
H2

DA ð1:26Þ

where H2
DA is the electronic coupling matrix element and

describes the strength of coupling between the reactant
and product states at the nuclear configuration of the
transition state. If we assume that the electron transfer
occurs by tunnelling through a square, uniform barrier
using the Hopfield model, then

HDAðrÞ ¼ HDAðr0Þexp � bðr� r0Þ
2

� �
ð1:27Þ

where r0 is the van der Waals contact distance for the donor
and acceptor and b describes the exponential attenuation of
the overlap with distance between the donor and acceptor.
The simple exponential dependence of the rate of electron
transferwith distancepredicted byEquations (1.24) to (1.27)
can be understood in terms of the drop off of the electronic
wavefunctions of the donor HOMO and acceptor LUMO
orbitals with distance. In general, these will decrease expo-
nentially at larger distances from the redox centre; the
overlap of these two exponentially decayingwavefunctions,
then, itself yields an exponential dependence on the separa-
tion of donor and acceptor. There is some debate as to
whether the distance between donor and acceptor should be
measured between the metal centres in the redox groups in
species such as hemes, or between the edges of the
ligands [94].
The parameter b in Equation (1.27) depends on the nature

of the intervening medium through which the electron
tunnels. For an electron tunnelling through a vacuum, b is
generally taken to be between 30 and 50 nm�1 [94]. How-
ever, when the electron tunnels through an intervening
medium between the donor and acceptor, the value of b is
reduced, because the height of the tunnel barrier is reduced;
the electron is able to travel further. For protein a value of b
of 14 nm�1 has been suggested based on a range of experi-
mental measurement [93]. This means that for every
0.17 nm increase in the distance between the donor and
acceptor, the rate of electron transfer will decrease by a
factor of 10.
The topic of long range electron transfer remains an

area of significant interest, not only within bioelectro-
chemistry, but also in the field of molecular electronics
and nanotechnology [95,96] and there have been many
elegant studies on model systems. One of these that is
particularly relevant to bioelectrochemistry is the work
of Isied et al. [97] who studied the distance dependence of
electron transfer between two metal complexes separated
by an oligoproline bridge (Figure 1.38). Oligoproline
bridges were selected because their rigidity allows the
spacing between donor and acceptor to be well defined;
themolecule cannot fold up to bring the donor and acceptor
ends close to each other. They found an exponential
decrease in the rate of electron transfer with increasing
distance up to three or four proline molecules in the bridge
(corresponding to a donor/acceptor spacing of�2 nm), and
beyond that a levelling off of the electron transfer rate.
They suggest several possible explanations for this change
in terms of different pathways for electron transfer, includ-
ing the possibility of a change from through-space to
through-bond electron transfer.
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The study of electron transfer in proteins has been
significantly advanced over the last 15 years by our
increasing knowledge of the precise three-dimensional
structures of various redox proteins and by the application
of protein engineering to allow the systematic investiga-
tion of the effects of the mutation of individual amino
acids on the rates of electron transfer. The simple Hop-
field model described above treats the protein between the
donor and acceptor sites as a homogeneous, featureless
medium. In practice, the donor and acceptor are separated
by the peptide, which comprises various amino acid
residues in a particular sequence and orientation. This
has led to a vigorous debate as to whether there exist
specific electron transfer pathways within proteins [94,98–
102], or whether the process can be described purely in
terms of a distance dependence [103,104]. In the tunnel-
ling pathwaymodel proposed by Beratan et al. [98,99,105],
the pathway between the donor and acceptor is divided into a
number of segments corresponding to covalently bonded
parts, hydrogen bonded parts, and through-space parts

where there is van der Waals contact. The overall decay of
the tunnelling interaction is then treated as the product of the
decay across each block. There is then an approximately
exponential decay in coupling with the number of blocks in
the tunnelling pathway, so that relatively few pathways
make an important contribution to the coupling between
donor and acceptor within the model. These contributing
pathways are identified using a structure searching algo-
rithm. Support for this model comes from studies of electron
transfer in ruthenium modified cytochromes c [100], where
better agreement is found between the logarithm of the
electron transfer rate and the calculated path length rather
than the physical distance.

According to the pathway model, the coupling through
a b peptide strand should be greater than that through an
a helix, because in the a helix the distance between the
two ends increases much more slowly, and non-linearly,
with the helix length, as compared to the case for the
more linear b strand [102,106] (Figure 1.39). Using site
directed mutagenesis, Langen et al. attached ruthenium
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Figure 1.38 The structures of a set of oligoproline bridged ruthenium–osmium donor–acceptor complexes (based on Isied et al. [97]).
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complexes to histidine residues introduced at different
places along the b barrel of the azurin from Pseudomonas
aeruginosa, and measured the rate of electron transfer
between the ruthenium and the Cu(I) [102]. They found
an exponential dependence of the rate of electron transfer
with distance, with a decay constant of 11.0 nm�1, close to
that predicted for coupling along a b strand by the pathway
model.
The experimental studies described above refer to

intramolecular electron transfer in proteins. In the biolog-
ical system, intermolecular electron transfer also plays a
significant role. Here again we can expect the distance
dependence to play an important role. In the case of
intermolecular electron transfer, particularly when one
or both of the reactants is large, the orientation of the
two molecules will have a significant effect and allows
selectivity to be introduced into the process – electron
transfer will be fast between those components which
bind together in the correct orientation to bring the redox
centres close together. However, from the point of view of
experimental studies, the uncertainty in the precise geom-
etry of the complex formed between the reactants makes it
much harder to study the fine details of electron transfer in
the reaction complex formed by two large proteins.
Recent interest has focused on the role of water molecules
between the two reactants and the existence of electron
tunnelling pathways through the structured water trapped
between the proteins [107].

1.6.4 Size of Proteins

A consequence of the need for selectivity in electron
transfer reactions in electron transport chains, and there-
fore the concomitant need to control the environment

around the redox centre to tune its potential and the
distance dependence of the rate of electron transfer, is
that the redox proteins involved have to be reasonably
large molecules. For example, if we consider the
multicentre transmembrane proteins, such as the NADH–-
CoQ reductase complex or photosystem II, it is clear that
they must be large enough to span the phospholipid
membrane and that, in addition, they need to be larger
enough to separate out the different redox centres within
the protein in order to control the rates of electron transfer
between the different centres. In essence, a separation of
more that about 1.4 nm is required in order to kinetically
limit electron transfer between centres [104].
The possible factors which determine the size of solu-

ble proteins have been described by Goodsell and
Olson [108]. They highlight three effects. First, the
requirement that the length of the poly(peptide) chain is
long enough to enforce the overall shape of the pro-
tein [109]. This is supported by the observation that
many smaller proteins contain disulfide linkages or rigid
metal clusters which enhance the stability of the folded
protein. Second, the suggestion, originally attributed to
Pauling [108], that in order to control association between
proteins it is necessary to decrease the ratio of surface to
volume and to ensure that the surface area is large enough
to allow patterning of the surface, so that there can be
specific interactions between reaction partners [109]. This
effect is seen, for example, in the interaction of plastocy-
anin with cytochrome f in the chloroplast or the interaction
between cytochrome c and the cytochrome bc1 complex in
the mitochondrion. Finally, Goodsell and Olson suggest
that, for some reactions, surface diffusion, where the reac-
tant diffuses across the protein surface to the active site, is an
important factor [110].
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1.6.5 One-Electron and Two-Electron Couples

Looking back at the mitochondrial or photosynthetic
electron transport chains (Figures 1.8 and 1.18), it is
clear that a final factor which provides control and
selectivity over electron transfer is the division between
one-electron redox couples, such as hemes or Cu centres,
and two-electron redox couples such as NADH. For the
NAD(P)/NAD(P)H couple, the one-electron oxidation or
reduction intermediate is not readily accessible and redox
reactions in biological systems proceed by a formal
hydride transfer mechanism. As a consequence, the rates
of reaction between NAD(P)H and one-electron couples
in the electron transfer chain, although thermodynamically
favourable, are slow. This, together with the fact that
oxygen has a triplet ground state, also accounts for the
slow reaction of NAD(P)H with oxygen, another factor
which is vital for the operation of both mitochondrial and
photosynthetic electron transport chains. Thus, the NAD
(P)H couple is able to exchange electron pairs with redox
couples such as succinate/fumarate or lactate/pyruvate,
but not to short circuit electron transfer directly to oxygen
or other components of the electron transport chain.
Clearly the two-electron redox world of NAD(P)H and

the one-electron redox world of the hemes, iron–sulfur
clusters and Cu proteins need to be linked together and
this is achieved by the flavin redox couple which is
equally at home as a two-electron redox couple reacting
with NAD(P)H or as a redox couple reacting in two one-
electron steps via a thermodynamically and kinetically
viable semiquinone radical intermediate [71]. Examples
of this linkage can be found in the crystallographic studies
of ferredoxin-NADPþ reductase [66,111,112] and gluta-
thione reductase [113,114]. These show that the hydride
transfer occurs through a stacked flavin–NADPþ complex
that confers the correct geometry for the hydride transfer
(Figure 1.40).

1.7 ATP SYNTHASE

It is appropriate that we conclude this chapter with a
discussion of ATP synthase. The ATP synthase enzymes
from different organisms, including those from mitochon-
dria, chloroplasts, fungi and bacteria, show a very high
degree of conservation in structure and function. The
enzyme sits in the membrane and utilises the proton
motive force generated by the different electron transport
chains described above to carry out the synthesis of ATP
from ADP and inorganic phosphate.
ATP synthase [5,115–118] (Figure 1.41), is a multisub-

unit enzyme made up of an F0 membrane bound portion

Figure 1.40 The stacked flavin NADPþ structure required for

hydride transfer based on the structure in the binding site of

ferredoxin reductase (based on Karplus and Bruns [111]). Ser 92

and Cys 272 are residues of the ferredoxin involved in binding the

flavin and NADPþ. The aromatic rings of the flavin and NADPþ

are held face to face 0.33 nm apart with the nicotinamide C4

opposite the flavin N5 atom.

Figure 1.41 The general structure of F0F1 ATP synthase from

Escherichia coli (adapted from Capaldi and Aggeler [5]). The a, b,
three a, three b, and d sub-units make up the stator and the nine to
twelve c, g and e sub-units make up the rotator.

32 Bioelectrochemistry



and a soluble F1 portion which can be dissociated by
treatment in low ionic strength buffer. This soluble F1
portion remains catalytically active after dissociation. The
F0, membrane bound, portion of ATP synthase from
Escherichia coli is made up of three sub-units, a, b and
c, in the ratio 1 : 2 : 10–14. The F0 portion provides a specific
proton conduction channel between the c sub-unit ring and
the a unit. The catalytic sites forATP synthesis are located in
the F1 portion of the enzyme, which comprises three sub-
units, a, b and g, in the ratio 3 : 3 : 1. The a and b sub-units
form a hexagon with the three catalytic sites located at the
interface between the units. The helical region of the g sub-
unit passes through the core of the a3b3 hexagon. The other
end of the g sub-unit and the e sub-unit are securely attached
to the c ring. During the catalytic cycle, the passage of
protons through the F0 potion of the enzyme drives the c ring
around and thus causes the helical portion of the g sub-unit
to rotate within the a3b3 hexagon, which is itself held
stationary by viscous drag from the two b sub-units and
the d sub-unit. In the catalytic cycle, the three catalytic sites
pass sequentially through three different conformations –
substrate binding, formation of tightly bound ATP, release
of ATP – brought about by the rotation of the g sub-unit
(Figure 1.42). Each 120� rotation leads to the synthesis, or

hydrolysis, of one molecule of ATP. Thus in ATP synthase,
mechanical rotation is the mechanism by which the free
energy of the proton motive fore is converted into the
chemical potential of ATP.
Evidence for this mechanism comes from a variety of

sources, including radio labelling and specific cross-link-
ing studies [119,120], fluorescent labelling studies [121],
by nmr [122], by cross-linking [123] and through direct
observation of single molecules using epi-fluorescent
microscopy [124–126]. In these experiments, Yasuda
et al. immobilised F1-ATPase from E. coli onto Ni–NTA
modified surfaces by histidine tagging of the a and b sub-
units. The rotation of the g sub-unit was then observed by
attaching a biotinylated, fluorescently labelled actin fila-
ment, around 5 nm in length, through strepavidin to the g
sub-unit. When 2mM ATP was added to the solution, they
observed the continuous rotation of the actin filament in an
anti-clockwise direction when viewed from above (corre-
sponding to the membrane side) with a rotational torque of
�40 pN nm�1. In subsequent experiments [125], they
showed that at low ATP concentration, <mM, the g sub-
unit rotates in a series of discrete 120� steps with an average
mechanical work of 90 pN nm, corresponding to close to
100% efficiency for ATP hydrolysis. Then, using high
speed imaging [126], they were able to resolve the 120�

rotation into 90� and 30� sub-steps, each lasting a fraction of
a millisecond. The 90� sub-step is driven by ATP binding
and the 30� sub-step is postulated to correspond to product
release. More recently, using FRET measurements, Diez et
al. [127] have shown that the g sub-unit rotates in the
opposite direction during ATP synthesis, as expected. In
addition, a further demonstration of the chemomechanical
coupling has been provided by Itoh et al. [128] using
F1–ATPase units immobilised on a surface through histidine
tagging of the a and b sub-units and with the g sub-unit
modified with actin fibres terminated with a magnetic bead.
By using an external magnetic field they were able to drive
the rotation of the g sub-unit and thus drive ATP synthesis.
Despite the significant progress made in understanding the
mechanism of ATP synthase a number of questions remain.
For example, it is unclear how the transport of the three or
four protons through the c sub-units of F0, and the corre-
sponding small rotations of the c sub-unit ring, couple to the
120� rotations of the g sub-unit [5].
The details of the function of ATP synthase are a

fascinating story, which has unfolded over the last 12
years following the determination of the crystal structure
of the F1 portion of the enzyme [129], through ingenious
labelling and modification experiments, and most recently
through X-ray structural studies of the membrane bound
F0 portion [130–132]. The mode of chemomechanical

Figure 1.42 The proposed mechanism for ATP synthesis (based

on Capaldi and Aggeler [5] and Yashuda et al. [126]). The three
catalytic sites (each ab sub-unit pair) are in different conformations;
one is open (b) and ready to bind ADP and inorganic phosphate or
ATP, one is partly open (bADP) and contains ADP and inorganic
phosphate, the third is closed (bATP) and contains ATP. Rotation of
the central g sub-unit drives the catalytic sites sequentially through
the sequence leading to the endergonic conversion of ADP and
inorganic phosphate to ATP.
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coupling of the proton motive force to endergonic chemi-
cal reaction is a fascinating example and a future chal-
lenge to bioelectrochemists.

1.8 CONCLUSION

In this chapter the emphasis has been on the electron
transfer steps in the mitochondrial and photosynthetic
electron transfer chains. As we have seen, our understand-
ing of these processes and the underlying physical prin-
ciples is enormously enhanced and informed by the high
quality structural information available from high resolu-
tion X-ray crystallographic studies of the large membrane
bound proteins involved in these processes. It is amazing
to realise that it is only really within the last 11 years,
starting with the crystal structure determination of cyto-
chrome c oxidase in 1995 that these structures have been
elucidated (the single exception to this is the bacterial photo-
synthetic reaction centrewhichwasfirst determined in 1988).
Clearly, there are still many questions of detail to answer.
Equally, it is also clear that there are many important mes-
sages and challenges for bioelectrochemists to be found in the
way the electron transfer chains are so exquisitely organised
and in the way they drive the endergonic synthesis of ATP.
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